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Preface

Lipid droplets (LDs) have now been well recognized as important cellular organelles

that can be found from bacteria to man. LDs comprise a hydrophobic, neutral lipid

core which is enclosed by a monolayer of phospholipids with proteins embedded.

LDs have important roles in cell biology as they not only serve as cellular energy

reservoir, but also take part in membrane trafficking, protein degradation, histone

storage, and even the replication of pathogenic viruses. LDs are also closely associ-

ated with human metabolic disorders such as atherosclerosis, fatty liver, and obesity,

which are characterized by excessive lipid storage and LD growth. In addition, LDs

are highly relevant to plant oil and biodiesel production. However,many fundamental

questions regarding the cell biology of LDs remain unanswered. For instance, where

and how do LDs originate? How is the growth of LDs regulated? How do LDs in-

teract with other cellular organelles? Clearly, more intense investigations into the

cell biology of LDs are required in the near future.

In this special volume, experts have been invited to provide in-depth description

of common techniques used in the study of the LDs. As LDs are conserved from bac-

teria to man, the first section will discuss the techniques used to study LDs in model

organisms, including bacteria (Liu), yeast (Daum), Caenorhabditis elegans (Mak),

Drosophila (Guo), and microalgae (Xu). The second section focuses on LDs in dif-

ferent mammalian cells/tissues as LDs demonstrate different dynamics in different

tissues. These include adipose tissue/adipocytes (Liu), hepatocytes (Lehner), muscle

(Sztalryd), intestine (Buhman), and cells under viral infection (Ott). In the final sec-

tion, specific techniques are discussed on neutral lipid–protein interactions (Silver),

imaging LDs (Wolins), measuring LD fusion and growth (Li), and imaging LDs by

electron microscopy (Fujimoto).

Although this volume does not comprehensively cover all aspects and develop-

ments of the study of LDs, it is hoped that the volume will serve as a general refer-

ence and a stepping stone for more exiting discoveries of LD biology, as well as for

the development of more advanced technologies for the study of LDs.

Finally, we would like to thank the staff of Elsevier/Academic Press, especially

Zoe Kruze and Paul Matsudaira, for their enthusiastic support of our Methods in Cell

Biology volume on Lipid Droplets.

Hongyuan Yang and Peng Li
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Abstract
Lipid droplets (LDs) are an intracellular organelle, consisting of a neutral lipid core

covered by a monolayer of phospholipids and proteins. It primarily mediates lipid

storage, metabolism, and transportation. Recently, research of LDs has emerged

as a rapidly developing field due to the strong linkage between ectopic lipid accu-

mulation and metabolic syndromes. Recently, more than 30 proteomic studies of iso-

lated LDs have identified many important LD proteins that have highlighted and

have also predicted the potential biological roles of the organelle, motivating the

field to develop quite rapidly. This chapter summarizes methods used in proteomic

studies for three representative species reported and discusses their advantages and

disadvantages. We believe that this chapter provides useful information and methods

for future LD proteomic studies especially for LDs in other species.
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INTRODUCTION

Lipid droplets (LDs) store and metabolize almost all neutral lipids in the cell, across

all species, and its formation and dynamics are directly linked to metabolic syn-

dromes in humans and to food production and biofuel development in other organ-

isms (Farese &Walther, 2009; Martin & Parton, 2006; Murphy, 2011; Zehmer et al.,

2009). Although it is an essential cellular organelle, compared to other similar cel-

lular organelles such as the mitochondria and endoplasmic reticulum (ER), our un-

derstanding of LDs still remains elusive, especially its biogenesis, dynamics, and

functions. Therefore, knowing its two only components, namely lipids and proteins,

is of critical importance. Studies of LD lipid and protein composition can be traced

back to 1970s. In the early stage, LDs were isolated and their lipids and proteins

analyzed from mammal tissues and cells, plants, and yeast (Comai, Farber, &

Paulsrud, 1975; DiAugustine, Schaefer, & Fouts, 1973; Hood & Patton, 1973;

Jacks, Yatsu, & Altschul, 1967; Lang & Insull, 1970; Nissen & Bojesen, 1969;

Yatsu, Jacks, &Hensarling, 1971). Information of both lipid and protein composition

provided by those studies is very limited, as lipidomics and proteomics were not yet

employed. In last decade the Human Genome Project and new proteomic technology

allowed proteomic study possible. Our group and other labs have isolated LDs and

performed proteomic analyses on them, and thereafter gained dramatic and useful

knowledge that proposes several putative roles for LDs according to their proteomes,

further evolving the classic definition of LDs, as a lipid inclusion to a functional

organelle (Athenstaedt, Zweytick, Jandrositz, Kohlwein, & Daum, 1999; Bartz,

Zehmer, et al., 2007; Beller et al., 2006; Brasaemle, Dolios, Shapiro, & Wang,

2004; Cermelli, Guo, Gross, & Welte, 2006; Fujimoto et al., 2004; Jolivet et al.,

2004; Liu et al., 2004; Sato et al., 2006; Yang et al., 2012).

Some of these proteomics findings have been supported by further functional stud-

ies. For example, LD-associated lipid synthetic enzymes identified from yeast indicate

that LD functions as one of the cellular lipid synthetic sites (Athenstaedt et al., 1999),

and further verified by in vitro lipid synthesis using isolated LDs. Moreover, the dis-

covery of Rab proteins and SNAREs in Chinese hamster ovary CHOK2 cells suggests

that LDs are involved in membrane trafficking (Liu et al., 2004), which has thereafter

been confirmed by Rab-mediated interactions between LDs and ER (Martin, Driessen,

Nixon, Zerial, & Parton, 2005; Ozeki et al., 2005), as well as LDs and endosome (Liu

et al., 2007). Furthermore, the discovery of proteins moving on and off LDs suggests

that LDs are very dynamic organelles (Bartz, Zehmer, et al., 2007; Brasaemle et al.,

2004). The identification of prostaglandin synthesis pathway shows that LDs produce

signal molecules (Accioly et al., 2008). The observation of ubiquitination-related pro-

teins suggests that LDs are involved in protein degradation (Ploegh, 2007), which has

been confirmed by the identification of LD-mediated HMG-CoA reductase recently

(Hartman et al., 2010). Lastly, the discovery of histone proteins in Drosophila LDs

suggests that LDs behave as a protein-storage depot (Cermelli et al., 2006).

The improvement of LD isolation methods (Ding et al., 2013) and the increas-

ing development of proteomic technologies play an essential role in the recent

2 CHAPTER 1 Lipid Droplet Proteomics



emerging LD proteomics. These proteomic studies have spanned multiple species

from bacteria to humans and demonstrated that LDs have quite different protein

compositions, suggesting that the function of LDs varies between organisms, but

also the regulation. However, more research needs to be conducted as only limited

information is currently available, including further LD isolation and proteomic

studies so as to fully understand the organelle. We have successfully isolated LDs

and carried out proteomic analyses from a bacterium Rhodococcus RHA 1 (Ding

et al., 2012), a nematode Caenorhabditis elegans (Zhang et al., 2012), a mamma-

lian cell line CHO K2 (Bartz, Zehmer, et al., 2007; Liu et al., 2004), and mam-

malian tissues, that is, mouse liver (Bartz, Li, et al., 2007) and skeletal muscle

(Zhang et al., 2011). Herein we provide a detailed experimental procedure that

summarizes and standardizes LD proteomic studies from these three representa-

tive species. We believe that the established method sufficiently allows the iso-

lation of relative purer LDs (Ding et al., 2013) and proteomic analysis

theoretically from all species mentioned.

1.1 EQUIPMENT
1. French press cell (JNBIO, cat. no. JN-3000, high-pressure homogenizer) is used

for homogenization of bacteria such as Rhodococcus sp. RHA 1.

2. Polytron homogenizer (Cole-Parmer, LabGEN 700 homogenizer) is used to

disrupt the cells of C. elegans.
3. Dounce homogenizer (Wheaton, cat. no. 357542) is used to dissect the cells of

mouse skeletal muscle and liver.

4. Nitrogen bomb (PARR Instrument, 4639 cell disruption bomb) is used to

homogenize tissue culture cells, C. elegans, and mouse skeletal muscle and liver.

5. Ultracentrifuge (Beckman, Optima™ L-100 XP ultracentrifuge) and SW40 Ti

rotor are used to separate LDs from other cellular fractions.

6. Ultracentrifuge (Beckman Coulter, OptimaMAXultracentrifuge) and TLA100.3

rotor are used to obtain cytosol (Cyto) fraction.

7. Particle analyzer (Beckman Coulter, Delsa™ Nano C particle analyzer) is used

to analyze LD size.

8. Confocal microscope (Olympus, FV1000) and transmission electron microscope
(FEI, Tecnai 20) are used for morphological study of LDs.

9. Nano-LC-ESI-LTQ mass spectrometer and nano-LC-ESI-LTQ Orbitrap XL mass
spectrometer are used for the proteomic analysis of different LD samples.

1.2 REAGENTS
1. Phosphate buffered saline (PBS) is used to clean samples.

2. Buffer A (20 mM tricine and 250 mM sucrose, pH 7.8) is used to protect

intracellular organelles in the sample homogenization.

31.2 Reagents



3. Buffer B (20 mM HEPES, 100 mM KCl, and 2 mM MgCl2, pH 7.4) is used for

washing the isolated LDs.

4. Chloroform and acetone are used to dissolve the LD lipids and precipitate the LD

proteins.

5. SDS sample buffer (2�, 125 mM Tris, 20% (vol/vol) 4% (wt/vol) SDS,

glycerol, 4% (vol/vol) 2-mercaptoethanol, and 0.04% (wt/vol) bromophenol

blue, pH 6.8) is used to dissolve the proteins that are subsequently separated by

SDS-PAGE.

6. Silver staining and Colloidal blue staining kits are used to stain proteins in SDS-
PAGE. 100% acetonitrile, 10 mM DTT, 55 mM iodoacetamide, 25 mM

ammonium bicarbonate, 10 ng/ml trypsin are used to process the LD protein

samples before mass spectrometry analysis.

1.3 METHODS
We herein summarize methods that have been utilized in our previous LD proteomic

studies using bacteria, C. elegans, and mammalian. These studies have successfully

identified many LD proteins, especially some new LD resident proteins as well as

some new LD marker proteins (Bartz, Zehmer, et al., 2007; Ding et al., 2012; Liu

et al., 2004; Zhang et al., 2011, 2012). In fact, to obtain high quality LDs, not only

a general method is necessary but also developed skills to isolate and analyze LDs are

perhaps more important aspects of the technique.

Step 1 Sample preparation and LD isolation

LDs from different tissues or organisms are prepared as previously described

(Ding et al., 2013). The brief protocols are listed:

1.1 Bacteria (Fig. 1.1A, RHA 1)

Bacterium RHA 1 is cultivated aerobically in nutrient broth in

Erlenmeyer flasks at 30 �C. When OD600 reaches to 2.0 40-ml culture of

cells are harvested by centrifugation and then cultivated for 24 h in 400-ml

mineral salt medium with 0.5 g/l NH4Cl as a nitrogen source plus 10 g/l

gluconate sodium as a carbon source.

1.1.1 400-ml liquid culture (stationary phase) is harvested via

centrifugation for 10 min at 3000�g.
1.1.2 The cell pellet is washed twice with 30 ml PBS and once with

Buffer A.

1.1.3 The cell pellet is suspended in Buffer A.

1.1.4 The cell suspension is homogenized via the French pressure cell.

1.1.5 The sample is centrifuged at 3000�g for 10 min to remove the

nucleus.

1.1.6 8 ml of post nuclear supernatant (PNS) is then loaded into a

SW40 tube.

1.1.7 2 ml of Buffer B is loaded on top of the sample.
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1.1.8 The gradient is centrifuged at 256,136�g in the SW40 tube.

1.1.9 LDs are then collected from the top of the gradient.

Note: RHA 1 is usually passed through the French pressure cell three

times in order to homogenize the cells efficiently.

1.2 C. elegans (Fig. 1.1B, C. elegans)
1.2.1 4�105 worms are washed off from the NGM plates.

1.2.2 The worms are pelleted by centrifugation at 1000�g to remove

contamination of bacteria (i.e., E. coli food source).

1.2.3 Repeat steps 1.2.1 and 1.2.2 thrice.

1.2.4 The worms are washed twice with Buffer A and further

suspended in the Buffer A.

FIGURE 1.1

Protein profile of isolated lipid droplets (LDs) from three species. Proteins extracted from

isolated LDs (LD), total membrane (TM), cytosol (Cyto), and post nuclear supernatant (PNS)

fractions of RHA 1 (A), Caenorhabditis elegans (B), CHO K2 (C) are loaded by equal amount

and separated in SDS-PAGE and stained by Colloidal blue (A and B) or silver staining kit (C).

LDs and PNS are obtained using methods described in Section 3. TM and Cyto are prepared

and described in previous studies. Briefly, 1 ml PNS is placed in a 9.5�38 mm

microfuge tube and centrifuged at 345,287�g for 10 min in a Beckman Optima Max

ultracentrifuge using a TLA 100.3 rotor at 4 �C. The middle part of clean solution is collected

as Cyto fraction and the pellet is treated as TM fraction. Cyto fraction is directly mixed with 2�
SDS sample buffer. TM pellet is washed twice with 1 ml Buffer B, and proteins are

precipitated by 7.2% trichloroacetic acid, washed with 1 ml 100% acetone three times,

and dissolved in SDS sample buffer.

(A) is reproduced from Ding et al. (2012). (B) is reproduced from Zhang et al. (2012). (C) is reproduced

from Bartz, Zehmer, et al. (2007).
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1.2.5 The worms are homogenized by Polytron to release the cells into

the buffer suspension.

1.2.6 The cell suspension of worms is subjected to nitrogen bomb for

further homogenization.

1.2.7 The sample is then centrifuged at 1000�g for 10 min to remove

nucleus.

1.2.8 The steps 1.1.6–1.1.9 are performed.

Note: C. elegans cultured in liquid has less LDs.

1.3 Mammalian tissues or cells (Fig. 1.1C, CHO K2)

CHO K2 cells are cultured in DMEM plus 10% calf serum to 100%

confluence.

1.3.1 The cells are washed with cold PBS and scraped in Buffer A.

1.3.2 The skeletal muscle tissue is homogenized using a Polytron,

then followed by Dounce homogenizer. Liver tissue is

homogenized directly using the Dounce homogenizer.

1.3.3 The suspensions of step 1.3.2 or cultured mammalian cells of

step 1.3.1 are homogenized via nitrogen bomb.

1.3.4 The samples are then centrifuged at 1000�g for 10 min to

remove the nucleus.

1.3.5 Then steps 1.1.6–1.1.9 are performed.

Notes: Liver can be homogenized using Dounce. 250 mM sucrose in

Buffer A is utilized to protect intracellular organelles.

1.4 Collected LD fraction from top of gradient is washed with Buffer B

thrice or washed until no pellets are detectable.

Note: The pellets are contaminated membranes.

Step 2 Quality control of isolated LDs

Several criteria are needed to evaluate the quality of purified LDs.

2.1 Density less than 1 g/cm3

The major composition of LDs is neutral lipids. LDs will float up to the

top of the gradient (Fig. 1.2A).

2.2 Ease of suspension (no apparent visible aggregation)

Since LDs are coated with proteins on the surface, the isolated LDs

should be relatively independent from each other. If some LDs are broken,

they tend to aggregate together. The aggregated LDs can be removed by

washing with Buffer B in such circumstances.

2.3 Milk-like consistency

Although different tissue or cells have different LDs, all isolated LD

suspensions share a common feature, a milk-like consistency (Fig. 1.2B).

2.4 Unique protein profile

LD proteins are precipitated using chloroform and acetone (1:1, vol/vol)

at room temperature. The LD proteins are then dissolved in SDS sample

buffer and separated by SDS-PAGE. The proteins in SDS-PAGE are either

stained with a silver stain kit or Colloid blue kit. The purity of isolated LDs

can be determined by unique protein profile of LDs compared with other
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cellular fractions such as TM (total membrane), Cyto, and PNS

(Fig. 1.1A–C).

2.5 Morphological analysis

Isolated LDs are examined by light microscopy and electron microscopy

(Fig. 1.2C).

2.6 Other membrane or Cyto contaminations

To determine contamination from Cyto and other membrane structures,

protein markers of plasmamembrane, ER, mitochondria, lysosome, endosome,

nuclear membrane, and Cyto are examined by Western blotting (Fig. 1.2D).

Step 3 Preparation of protein samples for LC–MS/MS analysis

3.1 LD proteins are separated by SDS-PAGE and stained with Colloid blue,

and the gel is sliced according to protein bands.

3.2 The sliced gel pieces or total LD proteins are mixed with 10 mM DTT

by incubating at 56 �C for 1 h.

FIGURE 1.2

Quality control of isolated LDs. (A) Wild-type C. elegans worms are harvested, washed, and

homogenized. The PNS is centrifuged at 12,628�g for 1 h at 4 �C. The top light layer is

the LD fraction. (B) Yeast LDs are isolated according to methods discussed. LD suspension in

an Eppendorf tube appears as a milk-like consistency. (C) Purified LDs from CHO K2

cells are fixed, dehydrated, stained, embedded, sectioned, and examined by electron

microscopy. (D) Equal amount of proteins of PNS, TM, LD, Cyto from CHO K2 cells are

separated by SDS-PAGE, transferred to a PVDF membrane, and blotted with indicated

antibodies. Among them, ADRP is a marker protein of LDs; cyclophilin A (Cyc A), and actin

are represented cytosol; caveolin-1 and alkaline phosphatase (AP) are used as markers of

plasma membrane, and EEA1 is utilized to monitor early endosome.

(B) is reproduced from Ding et al. (2013). (D) is reproduced from Bartz, Zehmer, et al. (2007).
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3.3 The sample is alkylated for 45 min by adding 55 mM iodoacetamide in

the absence of light.

3.4 Proteins are then incubated with trypsin solution (10 ng/ml in 25 mM

ammonium bicarbonate) for 30 min on ice.

3.5 After removing excess enzyme solution, 25 mM ammonium

bicarbonate is added.

3.6 Total proteins/proteins in-gel are digested at 37 �C overnight.

3.7 5% formic acid is added to stop the digestion reaction.

3.8 The sample solution is then vortexed and centrifuged, and the

supernatant is collected.

3.9 The gel pieces are further extracted using 60% acetonitrile in 1% formic

acid twice.

3.10 The extracts and the supernatant are combined and dried under

vacuum to get the tryptic peptides mixture.

3.11 The peptides mixture is dissolved in 1% formic acid and then applied

to a C18 trap column.

3.12 The eluted peptide is subjected to nano-LC-ESI-LTQ Orbitrap XL

MS/MS analysis.

3.13 The Orbitrap mass spectrometer is set to operate under the data-

dependent mode and with an initial scan range of 300–1800 Da.

Step 4 MS data analysis and protein identification

All MS/MS data are searched against each individual database for bacteria, C.
elegans, and mammals, and thus parameters may vary. Furthermore, BioWorks (3.31

sp1) Sequest search parameters need to be set as follows: enzyme: trypsin; precursor

ion mass tolerance: 2.0 Da; and fragment ion mass tolerance: 1.0 Da. The variable

modification is set to oxidation of methionine at (Met þ15.99 Da). The fixed

modification is set to carboxyamidomethylation of cysteine at (Cysþ57.02 Da). The

search results are filtered with Xcorr versus charge values of Xcorr (þ2)>2.5 and

Xcorr (þ3)>3.5. Peptide mass accuracy is set at <5 ppm, SP score>500, RSp<5.

Distinct peptides �2 and miss cleavages 2 (Fig. 1.3).

Step 5 Verification of identified LD proteins

There are several ways to verify the MS-identified LD proteins. The following

are standard methods that have been developed.

5.1 Western blot is used to analyze the enrichment of proteins in the LD

fraction (Fig. 1.4A–D).

5.1.1 LD, TM, Cyto, and PNS are collected and proteins prepared as

described above.

5.1.2 Equal amount of proteins are separated by SDS-PAGE and

transferred to PVDF membrane.

5.1.3 Target proteins are identified using specific antibodies. LD

markers are applied as ADRP for mammals, DHS-3 for C.
elegans, MLDS for bacterium RHA 1.

5.2 GFP fusion protein is used to determine protein LD localization

(Fig. 1.4E and F).
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5.2.1 GFP fusion with target protein is constructed.

5.2.2 The construct is transfected into the model organism.

5.2.3 LD location of the target proteins is examined using confocal

microscopy. If the GFP signal formed a ring structure on the

surface of the LDs, this protein is a LD protein.

5.3 Western blot, comparative proteomics, and photobleaching are used to

determine protein on and off LDs.

5.3.1 LD, TM, Cyto, and PNS are collected from samples under

different biological conditions and the proteins determined

using Western blot. Distribution of target proteins represents

their dynamic movement.

5.3.2 LDs are isolated from samples under different biological

conditions and LD proteins determined using protein staining.

Altered protein bands are sliced and subjected to identification

by MS.

5.3.3 Fluorescence of the GFP-fused target protein is photobleached

from LDs and the fluorescent signal recovery determined.

5.4 A functional assay is used to examine the effects of LD proteins on LD

formation, size change, and lipolysis. The depletion and overexpression

of the identified LD proteins in the correspondence organisms are

used to determine whether the target proteins affect homeostasis and

functions of LDs.
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FIGURE 1.3

Proteomic analysis of isolated LDs. The schematic diagram indicates the process of LD

protein extraction, separation, gel slicing, digestion, and MS protein identification. Following

verification of the purity of the isolated LDs by biochemical and morphological examinations,

proteins are precipitated from LDs using chloroform and acetone, then separated by

SDS-PAGE, and stained. Further, the gel is sliced according to protein bands present and

subjected to an in-gel digestion. An example is from the bacterium RHA 1 in which the gel is

sliced into 43 pieces. Alternatively, total precipitated proteins are digested directly. After

digestion, the small peptides are separated and subjected to the mass spectrometer for

further analysis. The silver stained SDS-PAGE is reproduced from Ding et al. (2012).
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1.4 DISCUSSION
Recent LD proteomic studies have provided many useful clues to understand the bi-

ological role of LDs as a cellular organelle. Several groups of functional proteins

have identified, including lipid synthetic enzymes, membrane traffic proteins, sig-

naling proteins, and protein degradation mediators (Yang et al., 2012). Recently,

FIGURE 1.4

Verification of identified LDproteins. (A–D) The samequantity of proteins fromLDs,membranes

(Mem), Cyto, and cell lysates (CL) is separated by SDS-PAGE and subjected to Western

blottingusinganti-ro05869(A),anti-ro04894(B),anti-ro00061(C),anti-ro02258,anti-ro06757,

anti-ro01247, anti-ro02146, anti-ro06190, or anti-ro02104 (D). (E) MLDS (ro02104)

deletionmutant cells of RHA 1 are used for overexpression of GFP vector plasmid (a-1–a-4) and

full length MLDS (b-1–b-4). The cells are then visualized by confocal microscopy. Bar¼5 mm.

(F) A transgenic strain with pvha-6::dhs-3::gfp (single copy) is generated to represent DHS-3

location in wild-type C. elegans. The image is taken using confocal microscopy. Bar¼5 mm.

(A–E) are reproduced from Ding et al. (2012).
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LD marker/structure-like proteins have also been extended using proteomics from

mammalian and Drosophila perilipin family (Kimmel, Brasaemle, McAndrews-

Hill, Sztalryd, & Londos, 2010) to C. elegans DHS-3 (Zhang et al., 2012), green al-

gae MLDP (Moellering & Benning, 2010), and bacterial MLDS (Ding et al., 2012).

However, more research needs to be conducted to further elucidate the full array of

properties and functions of this organelle. The presented method allows for a stan-

dardized isolation and study of LDs.

Despite the dramatic progress of LD protein identification, some uncertainties

remain. A major issue is the purity of isolated LDs, like other organelles and cell

fractions, constant modification of the isolation methods such as varying centrifuga-

tion speed and duration, washing length and times, buffer properties and components

including buffer type, buffer pH, ion type and strength, as well as detergent types and

overall concentration. Although these modifications significantly improve the purity

of isolated LDs, ER proteins and mitochondrial proteins are often detected (i.e.,

mouse skeletal muscle LD isolation) by proteomic analysis. On the other hand,

the presence of ER contaminant is debatable. LDs have been previously proposed

to be constantly associated with ER in yeast (Goodman, 2008) while the existence

of the ER-associated LDs and cytosolic LDs has been speculated (Hayashi & Su,

2003). In addition, an organelle with both partial LD and partial ER elements was

hypothesized (Fujimoto, Ohsaki, Cheng, Suzuki, & Shinohara, 2008). Nevertheless,

physiological contact between LDs and ER results in the presence of ER proteins in

LD proteomes and has become an accepted fact of LD isolation. In fact, the physical

contact between LDs and other organelles has been observed by electron micro-

scope, suggesting that similar to ER, finding proteins of other organelles in isolated

LDs may be due to their physiological interaction, rather than the isolation technique

efficacy. If so, the coisolation of LDs with other organelles may be a useful quan-

tifiable measure of their interaction, when isolated under highly stringent conditions.

Nevertheless, LDs free of other organelle proteins do still occur and are essential for

the identification and characterization of various LD proteins. A new method termed

protein correlation profiles (PCP) was reported recently. PCP aims to increase fidel-

ity of LD proteome (Krahmer et al., 2013), as the method analyzes more than four

cellular fractions that we have established previously (see Fig. 1.1) (Bartz, Zehmer,

et al., 2007; Ding et al., 2012; Zhang et al., 2012). Moreover, LD proteomes andmore

than simply mixtures of LDs as LDs are very diverse in size and protein composition,

with the exception of the unilocular LD found in adipocytes. Interestingly, some pro-

teins may not be localized in all LDs, although some are localized. Thus, to obtain

more accurate LD proteomes, current isolated LDs need to be further purified using

more complicated means such as immune-isolation and sorting based on size or sur-

face marker. In summary, the current LD isolation method needs to be improved to

effectively separate LDs from other organelles more efficiently and further sort sub-

populations of LDs by size and by protein composition.

Only adipocytes contain a unilocular LD per cell, and other types of cells havemul-

tiple LDs with varying size distribution. Moreover, another difficulty in obtaining

proper LD proteome may arise from the isolation procedure. During the isolation pro-

cess, LDs are separated from other cellular fractions using centrifugation. LDs have a
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lower density, but high speed centrifugation may ‘strip off’ some LD surface proteins,

and break large LDs while low speed may retain more nonspecific proteins and cause

the loss of some small LDs. Although detailed information and experimental condi-

tions are provided in our recent methodology paper covering organisms from bacteria

to humans (Ding et al., 2013), to study LDs in an organismwhere the LDs have not yet

been isolated, an experiment to optimize centrifugation speed needs to be conducted.
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Abstract
Lipid droplets (LD) are in the spotlight of lipid research because of the link of lipid

storage to health and disease and the just incipient understanding of their involve-

ment in cellular processes apart from nonpolar lipid metabolism. Yeast is an excel-

lent model organism to study the lipidome and proteome of LD under different

environmental conditions and to address new aspects of LD biology and chemistry.

In this chapter, we describe a versatile protocol for the isolation of LD at high purity

and address specific demands for handling different yeast species. Moreover, we dis-

cuss the analysis of the LD proteome and lipidome based on standard methods

such as thin layer chromatography (TLC), gas liquid chromatography (GLC), mass

spectrometry (MS) as well as GLC/MS. Finally, we point out similarities and dispar-

ities of LD proteome and lipidome from the three different yeasts Saccharomyces
cerevisiae, Yarrowia lipolytica, and Pichia pastoris.

Abbreviations
ER endoplasmic reticulum

FA fatty acids

GLC gas liquid chromatography

HPLC high performance liquid chromatography

LD lipid droplets

MS mass spectrometry

nLC nanoliquid chromatography

PC phosphatidylcholine

PE phosphatidylethanolamine

PI phosphatidylinositol

PS phosphatidylserine

RT room temperature

SE steryl esters

TG triacylglycerols

TLC thin layer chromatography

INTRODUCTION

Yeast is a well-established model organism to study the synthesis and turnover of

nonpolar lipids, which are inevitably linked to a very specific cellular compartment

named lipid droplets (LD) (Athenstaedt & Daum, 2006; Zweytick, Athenstaedt, &

Daum, 2000). They are small spherical organelles with an approximate diameter

of 400 nm in Saccharomyces cerevisiae. Increasing interest in LD biochemistry

and biology is not only due to their universal occurrence in almost all kingdoms

of life, but also to the involvement of lipid storage in health and disease. Moreover,

our understanding of LD participation in cellular processes apart from nonpolar lipid

turnover is steadily increasing but nevertheless just at its infancy.
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A recent review compares the state of the art of LD research ranging from archaea

to mammals with emphasis on the yeast S. cerevisiae as an appropriate model system

(Murphy, 2012). Importantly, a number of parallels between LD from yeast and

mammalian cells have been discovered supporting this view. Examples for such par-

allels are the occurrence of lipid-metabolizing enzymes in both types of LD, such as

the lipases ATGL and Tgl3p, Tgl4p, and Tgl5p, respectively (Athenstaedt & Daum,

2003, 2005; Zimmermann et al., 2004), enzymes of sterol biosynthesis (Caldas &

Herman, 2003; Leber et al., 1998; Milla et al., 2002; Ohashi, Mizushima, Kabeya,

& Yoshimori, 2003; Van Meer, 2001; Zinser, Paltauf, & Daum, 1993), or more spe-

cifically seipin in mammalian cells and Fld1p in yeast (Fei, Du, & Yang, 2011; Fei

et al., 2008; Wolinski, Kolb, Hermann, Koning, & Kohlwein, 2011). Also in plant

LD certain enzymes of lipid metabolism were detected (for review see Baud &

Lepiniec, 2010; Murphy, 2001). The major advantage of the yeast, however, to per-

form studies with LD or other organelles, is the ease of manipulation either by culture

conditions or by genetic means.

The main storage lipids of the yeast are triacylglycerols (TG) and steryl esters

(SE). These biologically inert forms of free fatty acids (FA) and sterols are often

referred to as nonpolar or neutral lipids as they lack charged groups. They mainly

function as a reservoir of energy and building blocks for membrane components,

but at the same time they provide an internal cell protective mechanism against pos-

sible toxic effects caused by an excess of free FA and sterols. LD consist of a highly

hydrophobic core of mainly TG, which is surrounded by shells of SE and covered by

a phospholipid monolayer (Czabany et al., 2008) with specific proteins embedded in

the surface membrane of LD (Athenstaedt, Zweytick, Jandrositz, Kohlwein, &

Daum, 1999; Czabany, Athenstaedt, & Daum, 2007; Leber, Zinser, Zellnig,

Paltauf, & Daum, 1994). Although LD appear to be important for yeast cells under

normal growth conditions their existence is not essential (Sandager et al., 2002).

The biogenesis of LD is still a matter of discussion (Kohlwein, Veenhuis, & Van

der Klei, 2013). However, all biogenesis models have in common that LD are most

likely formed de novo from the endoplasmic reticulum (ER) (Walther & Farese,

2012). The currently most accepted model of LD biogenesis proposes formation

at specific membrane microdomains in the ER where nonpolar lipids accumulate un-

til the size of the LD reaches a critical dimension to bud off forming an independent

organelle-like structure (Murphy & Vance, 1999; Ploegh, 2007; Wältermann et al.,

2005; Zweytick et al., 2000). It has to be noted that LD do not only serve as lipid

storage pool but also fulfill many other functions in lipid metabolism (Zinser

et al., 1993). As an example, Connerth et al. (2010) discussed an indirect role of

LD in maintaining ideal membrane fluidity under environmental stress caused by

exogenous FA. Besides the undisputed influence of LD on lipid homeostasis, func-

tions which are unrelated to lipid turnover have emerged such as storage and degra-

dation of protein aggregates and incorrectly folded proteins (Fei, Wang, Fu, Bielby,

& Yang, 2009; Fujimoto, Ohsaki, Cheng, Suzuki, & Shinohara, 2008). Recent

research on the interaction of LD with other organelles, that is, the ER (Fei et al.,

2009; Jacquier et al., 2011; Wolinski et al., 2011), peroxisomes (Binns et al.,
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2006; Kohlwein et al., 2013), or mitochondria (Pu et al., 2011), as well as the iden-

tification of novel factors influencing biogenesis and dynamics of LD (Adeyo et al.,

2011) accentuates LD as a central topic in cellular biology.

Although occurrence and structure of LD are similar in all eukaryotes, there

are some differences in the lipid composition and the set of proteins, even in

different yeast species and in strains grown on different carbon sources. Mass

spectrometric analysis of lipids and proteins of LD from S. cerevisiae cultivated

on glucose and oleate, respectively, revealed that LD proteome and lipidome can

adapt to environmental changes (Grillitsch et al., 2011). When cultivated on

oleate, peroxisomes proliferate which are the only organelle of the yeast where

b-oxidation of FA occurs. Under these growth conditions, accumulation of nonpolar

lipids was observed accompanied by an altered ratio of TG to SE. Oleate

stimulates the formation of TG at the expense of SE in S. cerevisiaewhich is in sharp
contrast to Yarrowia lipolytica (Connerth et al., 2010; Rosenberger, Connerth,

Zellnig, & Daum, 2009). This effect is only one example for differences

observed with LD from the yeasts S. cerevisiae, Pichia pastoris, and Y. lipolytica.
LD of the oleaginous yeast Y. lipolytica vary in size from 650 to 2500 nm

depending on cultivation conditions and are markedly larger than LD from S. cere-
visiae (Athenstaedt et al., 2006). It was also shown that not only size and

abundance of LD from Y. lipolytica depend on the carbon source but also the lipid

composition and the proteome. Further examples for such effects will be described in

Section 3.

To obtain highly pure LD from S. cerevisiae, P. pastoris, and Y. lipolytica, iso-
lation protocols were established as will be described in Sections 3 and 4. Besides the

protocol for the isolation of LD at high purity we will present quality control by

Western blot analysis adapted to different requirements of the different yeasts. Fur-

thermore, we will discuss the analysis of proteins and lipids from LD based on thin

layer chromatography (TLC), gas liquid chromatography (GLC), mass spectrometry

(MS) as well as GLC/MS. Finally, we will briefly compare LD proteome and lipi-

dome from the three different yeasts S. cerevisiae, Y. lipolytica, and P. pastoris
(Athenstaedt et al., 2006; Grillitsch et al., 2011; Ivashov et al., 2012).

2.1 MATERIALS
2.1.1 Equipment and supplies

Incubator (Heraeus, Thermo Fisher Scientific Inc., Waltham, Massachusetts,

USA)

Table top centrifuge (HettichRotina 46R, Heraeus Fresco 17)

Sorvall RC6 plus centrifuge (Thermo Fisher Scientific Inc., Waltham,

Massachusetts, USA)

Sorvall Ultracentrifuge Combi (Thermo Fisher Scientific Inc., Waltham,

Massachusetts, USA)
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FiberLite® F10-6x500y rotor (Thermo Fisher Scientific Inc., Waltham,

Massachusetts, USA)

Sorvall AH-629 rotor (Thermo Fisher Scientific Inc., Waltham, Massachusetts,

USA)

Ultra-Clear Centrifuge Tube (Beckman Coulter Inc, Brea, California, USA)

Dounce tissue grinder set (working volume 40, 15, and 7 mL)

nLC: ProxeonBiosystems EASY-nLC™ (Odense, Denmark) coupled to

SunCollect MALDI spotting device (SunChrom, Friedrichsdorf, Germany)

Columns (Waters X-Bridge™ BEH 180 C18 300 Å 3.5)

123�81 mm Opti-TOF™ LC/MALDI Insert metal target

4800 TOF/TOF™ Analyzer (ABSciex, Darmstadt, Germany) equipped with Nd:

YAG laser

Microsyringe (Hamilton)

Sample applicator (CAMAG Automatic TLC sampler III, Muttenz, Switzerland)

12-mL Pyrex glass tubes with caps

Glass tubes with ground neck

Silica gel 60 TLC plates (Merck, Darmstadt, Germany)

TLC chamber (CAMAG, Muttenz, Switzerland)

TLC scanner (CAMAG TLC Scanner 3, Muttenz, Switzerland)

GLC–MS (Hewlett-Packard 5890 gas chromatograph, Palo Alto, California,

USA)

FT-ICR-MS hybrid mass spectrometer (LTQ-FT, Thermo Scientific) equipped

with an IonMax ESI source

2.1.2 Media and reagents
YPD (2% glucose, 2% peptone, 1% yeast extract)

SD (2% glucose, 0.67% yeast nitrogen base, amino acid mixture)

YPO (0.1% yeast extract, 0.5% peptone, 0.5% KH2PO4, 0.1% glucose, 0.2%

Tween 80, 0.1% oleic acid)

Zymolyase-20 T (Seikaguku Corporation, Japan)

Ficoll™ PM400 (GE Healthcare, Buckinhamshire, England)

SP-A: 0.1 M Tris/SO4 [pH 9.4]

SP-B: 1.2 M sorbitol, 20 mM KH2PO4 [pH 7.4]

LD-A: 12% Ficoll™ PM400 in 10 mM MES/Tris [pH 6.9], 0.2 mM

Na2EDTA�2H2O

LD-B: 8% Ficoll™ PM400 in 10 mM MES/Tris [pH 6.9], 0.2 mM

Na2EDTA�2H2O

LD-C: 0.25 M sorbitol in 10 mM MES/Tris [pH 6.9], 0.2 mM Na2EDTA�2H2O

Phenylmethanesulfonylfluoride (PMSF): 1 M in DMSO

Chemiluminescence solution: SuperSignal™ (Pierce Chemical Company,

Rockford, IL, USA)

Trichloroacetic acid (TCA)

Sodiumdodecylsulfate (SDS)
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Rabbit antibodies against Erg6p, Wbp1p, Cyb2p, GAPDH from S. cerevisiae
Peroxidase-conjugated secondary antibody

Ammonium carbonate (NH4CO3)

Dithiothreitol (DTT)

Iodoacetamide

Trypsin

Trifluoroacetic acid (TFA)

Alpha-cyano-4-hydroxycinnamic acid

[Glu1]-Fibrinopeptide B

Solvents: acetic acid, acetone, acetonitrile, chloroform, diethyl ether, formic

acid, light petroleum, methanol

Washing solutions for lipid extracts: 0.034% MgCl2; 2 N KCl/MeOH (4:1; v/v);

artificial upper phase (chloroform/methanol/water, 3:48:47; per vol.)

Charring solution: 0.63 g MnCl2�4H2O, 60 mL water, 60 mL methanol, 4 mL

conc. H2SO4

ANSA solution: 40 g K2S2O5, 0.63 g of 8-anilino-1-naphthalenesulfonic acid and

1.25 g of Na2SO3 in 250 mL of water

2.1.3 Databases
MASCOT Database (http://www.matrixscience.com)

Saccharomyces Genome Database (http://www.yeastgenome.org)

Swissprot Protein Database (http://www.uniprot.org/)

2.2 METHODS
2.2.1 Isolation of LD from yeast
LD from S. cerevisiae are isolated from 4 to 5 L of full or selective media. Cultures

are inoculated from a preculture to an OD600 of 0.1 and cells are grown to the sta-

tionary phase at 30 �C with shaking. Yeast cells are harvested by centrifugation at

5000 rpm for 5 min at room temperature (RT) and washed with distilled water

(see Note 1). After determining the cell wet weight cells are incubated with

0.5 g/mL SP-A (0.1 M Tris/SO4 [pH 9.4]) and 1.54 mg DTT/mL SP-A for 10 min

at 30 �C with shaking. Then, cells are washed once in prewarmed SP-B (1.2 M sorbi-

tol, 20 mM KH2PO4 [pH 7.4]) and spheroplasts are generated by enzymatic digestion

of the cell wall using Zymolyase-20 T (Seikaguku Corporation) at a concentration

of 2 mg/g cell wet weight in 6 mL SP-B/g cell wet weight. The incubation takes

30 min–1 h at 30 �C with shaking. The resulting spheroplasts are washed twice with

cold SP-B. From now on, cells must be kept on ice and all solutions must be precooled.

Spheroplasts are resuspended in 1 mL/g cell wet weight LD-A (12% Ficoll 400

in 10 mM MES/Tris [pH 6.9], 0.2 mM Na2EDTA�2H2O) and 1 mM PMSF followed

by mechanical disruption with 30 strokes using a Dounce homogenizer with a loose

fitting pestle. The resulting homogenate is diluted with a half volume of LD-A
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and centrifuged at 7000 rpm for 5 min at 4 �C. The supernatant is collected and the

pellet is resuspended in LD-A. Spheroplast disintegration and centrifugation are

repeated with the same procedure. Both resulting supernatants are combined and trans-

ferred into an Ultra-Clear Centrifuge Tube (Beckman). Each tube is filled up to 1/3

with the supernatant which is then carefully overlaid with LD-A to the top of the tube.

Ultracentrifugation at 28,000 rpm for 45 min at 4 �C using a swing out rotor yields

a white layer on top (crude LD) that can be removed with a spatula and transferred

into a 15-mL Dounce homogenizer. The crude LD are homogenized with 8 strokes

using a loose fitting pestle in the presence of 1 mM PMSF. Then, the sample is

transferred to a new ultracentrifuge tube (1/4 of the total tube volume) and carefully

overlaid with LD-B (8% Ficoll 400 in 10 mM MES/Tris [pH 6.9], 0.2 mM Na2ED-

TA�2H2O). Ultracentrifugation at 28,000 rpm for 30 min at 4 �C results in a top layer

containing LD. This top layer is again removed and transferred to a 15-mL Dounce

homogenizer where the LD are homogenized with 8 strokes using a loose fitting pestle

in the presence of 1 mM PMSF. Prior to the last ultracentrifugation step, buffer LD-C

(0.25 M sorbitol in 10 mMMES/Tris [pH 6.9], 0.2 mMNa2EDTA�2H2O) is filled into

a fresh ultracentrifuge tube up to 3/4 of the tube volume. The homogenized LD are

loaded to the bottom of the tube with the aid of a syringe. The last ultracentrifuge step

at 28,000 rpm for 30 min at 4 �C yields a top layer containing highly purified LD. The

top layer is collected with a pipette and transferred into a 7 mL Dounce homogenizer,

and LD are mixed with 8 strokes using a loose fitting pestle. LD can then be stored at

�80 �C for further analysis. If required, the pellet from the last centrifugation step con-

taining mainly vacuoles can be collected and analyzed as well. Isolation of LD from

P. pastoris and Y. lipolytica can be performed employing the same protocol with minor

modifications (see Notes 2 and 3).

2.2.2 Protein analysis of LD
2.2.2.1 Protein determination
Prior to protein determination LD fractions have to be delipidated. Therefore, lipids

are extracted with two volumes of diethyl ether with repeated vigorous shaking.

After centrifugation at top speed in a table top centrifuge, the organic phase is with-

drawn and residual diethyl ether is removed under a stream of nitrogen (see Notes 4

and 5). Proteins are precipitated with TCA at a final concentration of 10% for 1 h on

ice, and the resulting pellets are solubilized in 0.1% SDS/0.1 M NaOH for protein

quantification. In a typical procedure, 200 mL H2O bidest. and 100 mL TCA

(50%) are added to 200 mL of an isolated, delipidated LD fraction for precipitation.

Proteins are quantified by the method of Lowry, Rosebrough, Farr, and Randall

(1951), which is suitable for the quantification of membrane proteins due to the fact

that detergents such as SDS can be included. Moreover, this method is more sensitive

than the Biuret method (Smith et al., 1985). Bovine serum albumin is used as a stan-

dard. The expected protein concentrations for LD fractions are between 0.01 and

0.2 mg/mL depending on culture conditions and strain background (see Note 6).
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2.2.2.2 Purity control by Western blot analysis
After precipitation of the desired amount of protein as described above, the resulting

pellets are suspended in SDS-loading buffer for analysis by SDS-PAGE using 12.5%

separation gels (Laemmli, 1970). Western blot analysis for testing the purity of iso-

lated LD is performed routinely according to the method of Haid and Suissa (1983)

using rabbit antibodies against marker proteins representing various yeast organelles,

such as Erg1p (LD, ER), Erg6p (LD, ER), Ayr1p (LD, ER), Prc1p (vacuoles), Fox1p

(peroxisomes), Por1p (mitochondria), Cyb2p (mitochondria), and Wbp1p (ER).

Peroxidase-conjugated secondary antibody and enhanced chemiluminescent signal

detection reagents (SuperSignal™, Pierce Chemical Company) are used to visualize

immunoreactive bands.

2.2.2.3 MS of proteins
Different protocols for LD proteome analysis by MS have been published

(Athenstaedt et al., 2006; Ayciriex et al., 2012; Grillitsch et al., 2011; Ivashov

et al., 2012). A typical analysis of LD proteins from S. cerevisiae was described

by Grillitsch et al. (2011). One hundred micrograms of proteins are precipitated

by TCA as described above, and the resulting pellets are dissolved in 100 mL of

25 mM NH4CO3. To reduce disulfide bridges 45 mM DTT is added and the solution

is incubated for 1 h at 60 �C with shaking at 400 rpm. After cooling down to RT,

cysteine residues are alkylated in the presence of 100 mM iodoacetamide for

45 min in the dark. This reaction is quenched after 45 min by adding 12.5 mL
45 mMDTT and another incubation step for 45 min. Trypsin digestion for obtaining

suitable peptides for further analysis is carried out at an enzyme to protein ratio of

1:50 (w/w) for 18 h at 37 �C, which is stopped by addition of 1 mL of 10% TFA.

Then, samples are concentrated in a Speedvac to approximately 8 mL and diluted

to 15 mL with solvent 1 (8% ACN and 0.1% TFA). Separation of tryptic fragments

is performed by nLC on a ProxeonBiosystems EASY-nLC™ system coupled to a

SunCollect MALDI spotting device (SunChrom). This method is also referred to

as shotgun proteomics. Alternatively, precipitated proteins are separated by SDS-

PAGE, bands are excised, and proteins are digested with trypsin. The risk of this

method is that proteins present at low abundance may be lost during electrophoretic

separation. It has to be noted, however, that also the shotgun proteomics method has

disadvantages, such as the missing chance to detect isoforms of proteins.

For desalting, samples are loaded onto a packed 100 mm�30 mm precolumn

filled with Waters X-Bridge™ BEH 180 C18300 Å 3.5 mm for 15 min with 30 mL
of solvent 1. Peptides are then separated on a 100 mm�150 mm column (Waters

X-Bridge™ BEH 180 C18300 Å 3.5 mm) at a flow rate of 400 nL/min. The elution

gradient is linearly increased from 8% to 45% solvent 2 (92% ACN, 0.1% TFA)

within 100 min, to 90% solvent 2 within 20 min which is held for further 10 min

before switching to 8% solvent 2 within 5 min which is held for another 5 min.

The LC-eluent is then mixed with matrix solution containing 3.5 mg/mL alpha-

cyano-4-hydroxycinnamic acid (BrukerDaltonics) dissolved in 70% ACN and 0.1%

TFA, containing 60 fmol [Glu1]-fibrinopeptide B (Bachem) as internal standard.
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The MALDI spotting is performed every 20 s on a blank 123�81 mm Opti-TOF™
LC/MALDI Insert metal target (ABSciex). Mass spectra are acquired on a 4800

TOF/TOF™ Analyzer (ABSciex) equipped with a Nd:YAG laser, emitting at

355 nm at a frequency of 200 Hz. All spectra are obtained in the positive reflector

mode between 700 and 4500 m/z with fixed laser intensity. 750 laser shots per spot

are accumulated. Fragmentation is conducted with 1 kV collision energy using air as

collision gas. Conditions for MS/MS must be optimized regarding sample consump-

tion and multiple selections of identical precursors. The MS/MS precursor selection

is carried out via the instrument’s software with a total of 6 precursors per spot with a

minimum signal-to-noise ratio of 80 for fragmentation. Matrix signals can be

almost eliminated by excluding potential matrix clusters between 700 and 1400

m/z (decimal values 0.030�0.1 m/z). For protein and peptide identification a

Mascot Database search engine v2.2.03 (Matrix Science Ltd.) and the Swissprot Pro-

tein Database as well as the Saccharomyces Genome Database (http://www.

yeastgenome.org) can be used.

2.2.3 Lipid analysis of LD
2.2.3.1 Lipid extraction
Lipids are extracted from LD for further analysis using the method of Folch, Lees,

and Sloane Stanley (1957). An aliquot of LD samples is extracted in 3 mL chloro-

form:methanol (2:1; v/v) in a Pyrex glass tube by vortexing for 1 h at RT. Proteins are

removed by adding 1.5 mL of 0.034% MgCl2. After incubation for 30 min, the

extract is centrifuged at 1500 rpm for 5 min at RT. An upper aqueous phase, a protein

containing interface layer, and a lower organic phase are formed. The aqueous phase

and the interface layer have to be removed. Alternatively, the lower organic phase

can be transferred into a new Pyrex glass tube by sucking off the lower layer with a

Pasteur pipette. To avoid contamination of the lipid extract with proteins the extract

has to be washed several times. First, 1.5 mL of 2 NKCl/MeOH (4:1; v/v) is added to

the organic phase and shaken on a Vibrax for 10 min. After centrifugation at

1500 rpm for 5 min, the upper phase is removed. Then, another washing step with

an artificial upper phase (chloroform/methanol/water; 3:48:47; per vol.) follows,

which can be repeated several times depending on the required purity of the extract.

After shaking on the Vibrax for 10 min and centrifugation at 1500 rpm for 5 min fol-

lowed by removal of the aqueous phase the final lipid extract is dried under a stream

of nitrogen and stored at �20 �C.

2.2.3.2 Thin layer chromatographic analysis of nonpolar lipids
For the analysis of nonpolar lipids, for example TG and SE, an aliquot of LD is

extracted as described above and dissolved in chloroform/methanol (2:1; v/v). An

equivalent to 0.2–0.5 mg protein is spotted onto a Silica Gel 60 TLC plate (Merck)

with a Hamilton syringe or a TLC sample applicator (CAMAG). Additionally, 1, 5,

10, and 15 mg of triolein, ergosterol, and cholesteryl oleate are spotted onto the plates
as standards for quantification.
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For efficient separation and to obtain sharp bands of nonpolar lipids, a two-step

separation system is used. First, lipids are separated on a TLC plate using light

petroleum/diethyl ether/acetic acid (35:15:1; per vol.) as a solvent system until

the front reaches 2/3 of the height of the plate. After drying the plate, the separation

is continued in the same direction using light petroleum/diethyl ether (49:1; v/v) as a

second solvent system until the front reaches the top of the plate. On the dried plate,

ergosterol and ergosteryl esters can be quantified by densitometric scanning with a

TLC scanner (CAMAG) at 275 nm. Ergosterol can be used as standard for both com-

pounds. To quantify the amount of ergosteryl esters, the value calculated from the

densitometric analysis has to be multiplied by factor 1.67 because the average

molecular mass of ergosteryl esters compared to ergosterol is enhanced by this fac-

tor. For irreversibly staining of nonpolar lipids, the TLC plate is incubated in a char-

ring solution of 0.63 g MnCl2�4H2O, 60 mL water, 60 mL methanol, 4 mL conc.

sulfuric acid for 10 s followed by heating at 105 �C. The staining intensity depends

on the heating time, which should be at least 30 min. The scanning of bands for non-

polar lipid quantification should be performed shortly after charring, because the

spot intensity bleaches out with time. SE and TG visualized as described above

can be quantified by densitometric scanning with a TLC scanner (CAMAG) at

400 nm. Triolein is used for the quantification of TG, whereas cholesteryl oleate

can serve as standard for SE.

For the analysis of diacylglycerols (DG), an aliquot of LD is extracted as described

above and solved in chloroform/methanol (2:1; v/v). A 1–2 mg protein equivalent of

the LD fraction and 0.5, 1, 2, and 5 mg of diolein standard are spotted onto a TLC plate.

SinceDG and ergosterol show similar Rf-values with solvent systems described above,

they should preferentially be separated in an ascending manner using chloroform/ac-

etone/acetic acid (45:4:0.5; per vol.) as a solvent system. After drying and irreversibly

staining the lipids as described above, DG can be quantified by densitometric scanning

with a TLC scanner (CAMAG) at 400 nm using diolein as standard.

2.2.3.3 Phospholipid analysis
For a separation of individual phospholipids a two-dimensional TLC separation system

is recommended. Therefore, a LD equivalent to 0.1–0.2 mg protein is extracted, lipids

are solved in chloroform/methanol (2:1; v/v) and applied as single spot to a TLC

plate (10�10 cm) approximately 1–1.5 cm distant from one corner of the plate. Phos-

pholipids are separatedusingchloroform/methanol/25%ammonia (65:35:5; per vol.) as

a first solvent system for approximately 50 min. After drying the TLC plate, lipids are

further separatedusingchloroform/acetone/methanol/aceticacid/water (50:20:10:10:5;

per vol.) as a solvent systemfor the seconddimension for another 50 min.Phospholipids

are visualized on the dried TLC plate by staining with iodine vapor in a saturated

chamber for some seconds. Prior to phosphate determination, the iodine vapor has to

be removed by heating the plate after moistening with deionized water.

Phosphate determination of individual phospholipids is carried out as described

by Broekhuyse (1968). Spots are scrapped off and transferred into a phosphate

free glass tube with ground neck. 1, 2, 4, and 6 mL of a K2HPO4 solution

24 CHAPTER 2 Analysis of Yeast LD Proteome and Lipidome



(1 mg phosphorus/mL) serve as standard. The lipid phosphorus can be measured by

subjecting samples to hydrolysis. Therefore, the samples are incubated with 0.2 mL

of conc. H2SO4/72% HClO4 (9:1; v/v) at 180
�C in a heating block for 30 min. After

cooling down the samples to RT, 4.8 mL of freshly prepared 0.26% ammonium

molybdate/ANSA solution (500:22; v/v) is added to the tubes which are then closed

with glass caps. After careful vortexing, the samples are heated to 105 �C in a heating

chamber for at least 30 min. Then, samples are cooled to RT and centrifuged at

1250 rpm for 3 min to sediment the silica gel and immediately measured spectropho-

tometrically at a wavelength of 830 nm. A blank spot from the TLC plate should be

treated in the same way to serve as background sample. Data are calculated from a

standard curve obtained by measuring K2HPO4 samples.

2.2.3.4 Gas liquid chromatographic analysis of FA
For GLC of FA, an aliquot of LD equivalent to 1.5–2 mg protein is extracted as

described above. FA are analyzed by GLC after hydrolysis and conversion to methyl

esters. Therefore, 1 mL of a 2.5% H2SO4 (v/v) in methanol solution is added to lipid

extracts in a glass Pyrex tube which is carefully closed with the cap. After heating the

samples in a heating chamber at 80 �C for 90 min and cooling them down to RT,

1 mL H2O and 3 mL light petroleum are added. FA methyl esters formed are

extracted by shaking the tubes on the Vibrax for 30 min. After centrifugation at

1500 rpm for 5 min at RT, the organic phase is transferred into a new Pyrex tube

and the extraction procedure is repeated with another 3 mL of light petroleum.

The collected organic phases are dried under a stream of nitrogen, samples are dis-

solved in 100 mL light petroleum, and transferred into GLC vials. FA methyl esters

are separated by GLC using a Hewlett-Packard 6890 gas chromatograph equipped

with an HP-INNOWax capillary column (15 m�0.25 mm inner diameter�0.5 mm
film thickness). Aliquots of 1 mL are injected in split mode with helium as a carrier

gas at a flow rate of 1.4 mL linear velocity 30 cm/s. The following program is used:

160 �C (5 min) with 7.5 �C/min to 250 �C (15 min). Finally, FA are identified by

comparison to commercially available FA methyl ester standards (NuCheck, Inc.,

Elysian; MN, USA) (see Note 7).

2.2.3.5 GLC/MS of sterols
Sterol analysis is performed by the method of Quail and Kelly (1996). For GLC/MS

analysis of sterols, an aliquot of LD equivalent to 0.5–2 mg protein is extracted and

dried as described above. Then, a freshly prepared mixture of 0.6 mL methanol,

0.4 mL 0.5% (w/v) pyrogallol in methanol, and 0.4 mL 60% (w/v) aqueous KOH

solution is added to each sample. After addition of 5 mL cholesterol solution

(2 mg/mL in ethanol) which serves as an internal standard, samples are heated in

a water or sand bath at 90 �C for 2 h. Then, samples are cooled to RT and lipids

are extracted with 1 mL n-heptane. After centrifugation at 1500 rpm for 3 min at

RT, the upper phase is transferred into a new Pyrex tube. Lipid extraction with

1 mL n-heptane is repeated twice. Then, the collected upper phases are dried under

a stream of nitrogen. Lipid extracts are resolved in 10 mL pyridine with addition of
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10 mL of N0O0-bis(trimethylsilyl)-trifluoroacetamide, incubated at RT for 10 min

and diluted with 30 mL ethyl acetate. GLC/MS is performed on a Hewlett-Packard

5890 gas chromatograph equipped with a mass selective detector (HP 5972) and

HP5-MS capillary column (crosslinked 5% phenyl methyl siloxane) with

30 m�0.25 mm�0.25 mm film thickness. Aliquots of 1 mL are injected at 270 �C
injection temperature in the splitless mode with helium as a carrier gas at a flow rate

of 0.9 mL/min (constant flow). The following temperature program can be used:

1 min at 100 �C with 10 �C/min to 250 �C and with 3 �C/min to 310 �C. Mass

spectra are obtained in scan mode with 3.27 scans/s using a scan range of

200–500 amu. Individual sterols are identified according to their retention time

and mass fragmentation pattern.

2.2.3.6 MS of nonpolar lipids and phospholipids
A detailed protocol for mass spectrometric analysis of nonpolar lipid and phospho-

lipid species has been described by Grillitsch et al. (2011). For this analysis, lipids

extracted as described above are diluted 1:100 in acetonitrile/2-propanol (5:2; v/v),

1% ammonium acetate, 0.1% formic acid. 5 mM of TG (species 51:0) and phospha-

tidylcholine (species 24:0) are added serving as internal standards. Thermo Hypersil

GOLD C18 column (100�1 mm, 1.9 mm) with solvent A (water with 1% ammo-

nium acetate, 0.1% formic acid) and solvent B (acetonitrile/2-propanol, 5:2; v/v;

1% ammonium acetate; 0.1% formic acid) are used for chromatographic separation

of lipid species. The gradient changes from 35% to 70% solvent B within 4 min, and

further to 100% solvent B in 16 min. These conditions are held constant for 10 min

with a flow rate of 250 mL/min. MS is performed by HPLC direct coupling to a FT-

ICR-MS hybrid mass spectrometer (LTQ-FT, Thermo Scientific) equipped with an

IonMax ESI source. The mass spectrometer is operated at a mass accuracy of

<2 ppm with external calibration and resolution of 200,000 full width at half

height at 400 m/z. The spray voltage is set at 5000 V, the capillary voltage at

35 V, the tube lens at 120 V, and the capillary temperature at 250 �C. Peak areas

are calculated by QuanBrowser for all lipid species identified according to their exact

mass and retention time.

2.3 RESULTS AND DISCUSSION
2.3.1 SDS-PAGE and Western blot
LD are present at low abundance in yeast cells grown under standard conditions.

Nevertheless, they can be isolated at high purity without significant contamination

by other organelles such as mitochondria or microsomes. Yeast LD contain a distinct

and characteristic set of proteins which can be used for the quality control of isolated

LD fractions. To test the enrichment of LD over the homogenate, the sterol 24-C-

methyltransferase Erg6p can be employed as a suitable marker protein. Contamina-

tion of the LD fraction with other organelles is usually low as can be seen by the

analysis of marker proteins characteristic for various organelles. A Western blot

26 CHAPTER 2 Analysis of Yeast LD Proteome and Lipidome



analysis using a typical set of antibodies directed against marker proteins from

S. cerevisiae is shown in Fig. 2.1. Antibodies against GAPDH and Erg6p can also

be used for the quality control of subcellular fractions isolated from P. pastoris
and Y. lipolytica. Alternatively to Cyb2p, an antibody against the porin Por1p can

be used as marker for the mitochondria fraction. Additionally, marker proteins fused

to a Myc-, HA-, or a GFP (green fluorescent protein)-tag can be used to check the

purity of different fractions if suitable antibodies are not available.

However, due to the tight interaction and contacts of LD to other organelles like

the ER, mitochondria, and peroxisomes (Kohlwein et al., 2013) on one hand, and

slight contamination of LD with other subcellular fractions which can never be

avoided on the other hand, highly sensitive MS proteome analyses do not only detect

“true” LD proteins, but also contaminations. Krahmer et al. (2013) recently reported

a novel methodology for LD protein identification based on MS and the so-called

protein correlation profiling. This profile allows the identification of LD proteins

with high confidence by using quantitative, high-resolution MS and by correlating

their purification profile to that of known LD proteins.

In addition to MS analysis, the presence of many proteins in LD was confirmed

by fluorescence microscopy studies. SDS-PAGE revealed different protein patterns

of LD fractions depending on the cultivation conditions, for example when glucose

or oleate was used as carbon source. This effect was observed with S. cerevisiae and
Y. lipolytica (Athenstaedt et al., 2006; Grillitsch et al., 2011).

FIGURE 2.1

Quality control of lipid droplets (LD) isolated from S. cerevisiae. Cells were grown to the

stationary phase on glucose medium. Western blot analysis of 10 mg protein from each

fraction was performed as described in Section 2. Homogenate (H), LD (LD), 30,000�g

microsomes (M30), 40,000�g microsomes (M40), mitochondria (M), and cytosol (C).

Antibodies were directed against marker proteins from S. cerevisiae. Erg6p (sterol

24-C-methyltransferase; LD marker), Wbp1p (dolichyl-diphosphooligosaccharide-protein

glycotransferase; ER marker), Cyb2p (cytochrome b2; L-lactate cytochrome-c

oxidoreductase; mitochondrial marker), and GAPDH (glyceraldehyde-3-phosphate

dehydrogenase; cytosolic marker).
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2.3.2 Proteome analysis of LD
Proteome analysis of LD from S. cerevisiae, P. pastoris, and Y. lipolytica revealed

that LD proteins can be classified into certain functional families (Athenstaedt et al.,

2006; Fei, Zhong, et al., 2011; Grillitsch et al., 2011; Ivashov et al., 2012). Enzymes

of lipid metabolism comprise the biggest group next to glycosylation and protein

synthesis, cell wall organization, and ER-unfolded protein response. The most

abundant LD proteins from S. cerevisiae are Ayr1p, Dga1p, Eht1p, Erg1p, Erg27p,
Erg6p, Erg7p, Faa1p, Faa4p, Fat1p, Gat1p, Hfd1p, Pet10p, Pgc1p, Slc1p, Tgl1p,

Tgl3p, Tgl4p, Tgl5p, Tsc10p, and Vps66p. The number of LD proteins detected

in P. pastoris (Ivashov et al., 2012) and Y. lipolytica (Athenstaedt et al., 2006) iden-
tified so far is low compared to S. cerevisiae. Different abundance of proteins in dif-
ferent yeast genera but also different methods employed for proteome analysis

may be the reason for this observation. For an overview of proteome analysis of

the different yeasts the reader is referred to the abovementioned publications.

The proteome of S. cerevisiae shows an adaptive response to environmental con-

ditions. As an example, additional LD proteins have been found in cells grown on

oleate compared to growth on glucose (Grillitsch et al., 2011). Fei, Zhong, et al.

(2011) reported that the LD proteome is influenced by size and phospholipid com-

position of the droplets as shown with yeast mutants producing “supersized” LD.

Differences in the LD proteome between the investigated yeast species and caused

by variation of cultivation conditions led to the speculation that a basal set of LD

proteins is sufficient to maintain structure and function of this organelle.

Structural and topological investigations of LD proteins as well as targeting of

proteins to this organelle are just in their infancy (Hickenbottom, Kimmel,

Londos, & Hurley, 2004). Initial experiments to address this issue led to the conclu-

sion that hydrophobic domains near the C-terminal end of LD proteins may play a

role in their distribution between LD and the ER as demonstrated for Erg1p, Erg6p,

and Erg7p (Müllner, Zweytick, Leber, Turnowsky, & Daum, 2004). Another inter-

esting feature of LD proteins seems to be that they do not harbor transmembrane

spanning domains. This property can be explained by the fact that LD proteins need

to be accommodated in the surface phospholipid monolayer of the organelle.

2.3.3 Lipid analysis of LD
Nonpolar lipids of LD can be routinely analyzed by TLC and identified by compar-

ison to standard mixtures. Figure 2.2 shows a typical analysis of nonpolar lipids from

LD samples and standards as mentioned in Section 2. For the TLC shown in Fig. 2.2A

lipids were separated by a two-step procedure using light petroleum/diethyl ether/

acetic acid (35:15:1; per vol.) as a first solvent system and light petroleum/diethyl

ether (49:1; v/v) as a second solvent system. Two micrograms of cholesteryl oleate,

triolein, and ergosterol, respectively, and 0.15 mg protein equivalent of LD sample

from S. cerevisiaewere loaded. As shown in Fig. 2.2A, LD from S. cerevisiae contain
approximately equal amounts of TG and SE. It is worth mentioning that SE and TG
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from yeast LD show slightly lower Rf-values than cholesteryl oleate and triolein.

Additionally, small amounts of squalene on the top and free sterols on the bottom

of the TLC plate can be observed. Lipids in the TLC shown in Fig. 2.2B were sepa-

rated using chloroform/acetone/acetic acid (45:4:0.5; per vol.) as a solvent system

(see Section 2). 2.5 mg of ergosterol and diolein, respectively, and 1 mg protein equiv-
alent of LD sample from S. cerevisiaewere loaded. As can be seen fromFig. 2.2B, LD

from S. cerevisiae contain very low amounts of DG and free sterols. However, these

two classes are well separated and can be identified by standards. Similar to TG and

SE, DG show a slightly lower Rf-value than pure diolein. SE and TG are not separated

in this TLC system and accumulate on the top of the TLC plate.

Phospholipids of LD are usually separated by two-dimensional TLC and analyzed

as described in Section 2. Figure 2.3 shows a characteristic separation of individual

phospholipids from 15 mg protein equivalent of yeast LD. Phosphatidylethanolamine,

phosphatidylcholine, and phosphatidylinositol are the most abundant phospholipids

from S. cerevisiae LD.

2.3.4 Lipid composition of LD from S. cerevisiae, P. pastoris, and
Y. lipolytica
As described above, TG and SE are major compounds of yeast LD. However, the

lipid composition of LD from different yeast genera can vary dramatically

FIGURE 2.2

Nonpolar lipid analysis of LD from S. cerevisiae. For the thin layer chromatography (TLC)

analysis of nonpolar lipids different solvent systems were used (see Section 2). Cells were

grown to the stationary phase on glucose medium. Lipids were extracted and separated using

light petroleum/diethyl ether/acetic acid (35:15:1; per vol.) as the first, and light petroleum/

diethyl ether (49:1; v/v) as the second solvent system in the same direction (A). For the

TLC shown in (B), chloroform/acetone/acetic acid (45:4:0.5; per vol.) was used as a solvent

system. ST, standard mixtures.
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(Athenstaedt et al., 2006; Ivashov et al., 2012; Leber et al., 1994). In contrast to S.
cerevisiae, where nearly equal amounts of TG and SE form the hydrophobic core of

LD, TG is the major and predominant nonpolar lipid class in P. pastoris and

Y. lipolytica (Fig. 2.4). Only minor amounts of SE can be found in LD from these

yeast species. The amount of phospholipids is similar in all three yeasts.

The abovementioned yeast genera do not only differ in the relative distribution of

nonpolar lipid classes in LD, but also in the absolute amount of lipids. Table 2.1

shows total amounts of lipids per mg protein in LD isolated from S. cerevisiae,
P. pastoris, and Y. lipolytica grown to the stationary phase on glucose as a carbon

source. These data demonstrate that the methylotrophic yeast P. pastoris is able

to accumulate TG at much higher amount than S. cerevisiae cultivated under stan-

dard conditions. Total amounts of TG can be strongly increased by growing yeast

cells on carbon sources different from glucose. As an example, S. cerevisiae grown
on oleate containing medium shows a �3-fold increase of total TG (Grillitsch et al.,

2011). In Y. lipolytica, amounts of TG can be increased up to 40% when industrial

fats or glycerol are used as carbon sources (Papanikolaou & Aggelis, 2002).

FIGURE 2.3

Phospholipid analysis of LD from S. cerevisiae. Two-dimensional TLC of individual

phospholipids from S. cerevisiae LD was performed as described in Section 2. Cells were

grown to the stationary phase on glucose medium. Lipids were extracted and separated using

chloroform/methanol/25% ammonia (65:35:5; per vol.) as a solvent system for the first

dimension; and chloroform/acetone/methanol/acetic acid/water (50:20:10:10:5; per vol.) as

a solvent system for the second dimension. Start, starting point of the separation; LP,

lysophospholipids; PI; phosphatidylinositol; PS, phosphatidylserine; PA, phosphatidic acid;

PC, phosphatidylcholine; PE, phosphatidylethanolamine; CL, cardiolipin; DMPE,

dimethylphosphatidylethanolamine.
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Noteworthily, LD from S. cerevisiae, P. pastoris, and Y. lipolytica exhibit further

differences in their lipid profiles. First, the sterol composition from yeast LD can vary

significantly. Sterol analysis of S. cerevisiae LD revealed that �75% of total SE are

formed from ergosterol, whereas only minor amounts of zymosterol, fecosterol, and

episterol esters were found (Czabany et al., 2008). In contrast, SE from P. pastoris
contain only 30% ergosterol esters, but larger amounts of esterified sterol precursors

(Ivashov et al., 2012). The amount of zymosterol in SE from P. pastoris is similar to

ergosterol (26%), and also substantial amounts of episterol, 4-methylzymosterol,

fecosterol, lanosterol, and 4,14-dimethylcholesta-8,24-dienol were detected. The

phospholipid pattern of LD from S. cerevisiae and P. pastoris is rather similar. Phos-

phatidylcholine, phosphatidylethanolamine, and phosphatidylinositol are the most

abundant phospholipids forming the surface phospholipid monolayer of LD in both

FIGURE 2.4

Major components of LD from S. cerevisiae, P. pastoris, and Y. lipolytica. Data were obtained

from Athenstaedt et al. (2006), Ivashov et al. (2012), and Leber et al. (1994). Relative

amounts of TG (triacylglycerols), SE (steryl esters), ergosterol, phospholipids, and protein

were calculated according to analytical data.

Table 2.1 Analyses of LD Isolated from Saccharomyces cerevisiae, Pichia pastoris,

and Yarrowia lipolytica (Athenstaedt et al., 2006; Ivashov et al., 2012; Leber et al.,

1994)

S. cerevisiae
(mg/mg protein)

P. pastoris
(mg/mg protein)

Y. lipolytica
(mg/mg protein)

Protein 1 1 1

TG 19.8 59.1 16.6

SE 17.2 3.1 1.53

Ergosterol 0.1 1.6 0.12

Phospholipids 0.5 1.09 0.4

Yeast strains were grown to the stationary phase on glucose media and individual components were
analyzed as described in Section 2. SE, steryl ester; TG, triacylglycerols.
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yeast genera (Grillitsch et al., 2011; Ivashov et al., 2012). Phosphatidylserine was also

detected in LD, and cardiolipin and phosphatidic acid were found at minor quantities.

Although the major FA in LD from S. cerevisiae, P. pastoris, and Y. lipolytica is
oleic acid (C18:1), the total FA composition can vary notably. S. cerevisiae LD con-

tain mainly unsaturated FA with nearly equal amounts of oleic acid (C18:1) and pal-

mitoleic acid (16:1) (�40% of total fatty acid, each) (Czabany et al., 2008). Minor

amounts of palmitic acid (C16:0) and stearic acid (C18:0) were detected. P. pastoris
LD contain mono- as well as polyunsaturated FA (Ivashov et al., 2012). Oleic acid

(18:1), linoleic acid (18:2), linolenic acid (C18:3), and palmitic acid (C16:0) are the

major FA in these LD. The FA distribution in LD from Y. lipolytica is in sharp con-

trast to S. cerevisiae and P. pastoris (Athenstaedt et al., 2006). Oleic acid (18:1) is

also the most abundant FA of Y. lipolytica LD (50% of total FA), but palmitic acid

(C16:0) is ranked second with �22% of total FA followed by minor amounts of

C16:1, C18:0, and C18:2.

Lipidome data obtained by mass spectrometric analysis gave a detailed insight

into nonpolar lipid and phospholipid species (Grillitsch et al., 2011) present in

LD from S. cerevisiae. Since major FA of S. cerevisiae are C16 and C18, species

patterns are rather simple. The most abundant species of TG are 52:1; 52:2, 52:3,

and 54:2 containing one C16 and two C18 FA. These lipid species make up to

65% of total TG of LD. The remaining TG species contain two or three C16 FA,

either saturated or unsaturated. Species patterns of individual phospholipids vary sig-

nificantly. In phosphatidylethanolamine and phosphatidylcholine of LD, the 32:2

(C16:1/C16:1) species is highly enriched compared to the homogenate. Additionally,

the 34:2 species (C16:1/C18:1) is highly abundant in these phospholipid classes. In

phosphatidylcholine 32:2 and 34:2 occur at similar levels. In contrast, 34:1 is the

most abundant lipid species of phosphatidylinositol and phosphatidylserine. Two

fully saturated species, namely 34:0 (C16:0/C18:0) and 36:0 (C18:0/C18:0), are

found in phosphatidylserine from S. cerevisiae LD. Ivashov et al. (2012) demon-

strated that the species pattern of phospholipids from S. cerevisiae LD differs from

P. pastoris where C36 and C34 species are the majority of all phospholipid classes.

Noteworthily, phosphatidylcholine and phosphatidylethanolamine occur as several

polyunsaturated species such as C36:2, C36:3, C36:4, and C36:5.

Differences in the lipid profiles of LD from different yeast genera largely reflect

their overall lipid biosynthetic capacity. As example, the lack of polyunsaturated FA

production in S. cerevisiae compared to P. pastoris (Grillitsch et al., 2011; Ivashov

et al., 2012) also results in genera specific FA patterns of LD. Consequently, LD pro-

vide a pool of lipid components which matches the requirements of the whole cell if

needed.

In summary, analytical methods described here contributed significantly to our

understanding of yeast LD biology. Isolation of pure LD by the protocol presented

here is the prerequisite for detailed analysis. Identification and quantification of

lipids and proteins from LD by -omics approaches are a major contribution to inves-

tigate molecular biological, cell biological, and regulatory aspects of LD biogenesis.

These approaches will enable researchers to develop an integrated picture of LD in

cellular processes in future research.
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2.4 NOTES
1. When harvesting cells cultivated on oleate, washing with 0.1 % bovine serum

albumin is required to remove the excess of the fatty acid on the cell surface.

2. The same buffers and protocols can be used for the isolation of LD from

P. pastoris. To obtain highly pure LD it is recommended to prolong the last

ultracentrifugation step to 1 h (Ivashov et al., 2012).

3. The same protocols and buffers can be used for LD isolation from Y. lipolytica.
The highest purity of LD can be achieved by adding an equal volume of 9 M urea

to the recovered floating layer of the third ultracentrifugation step. The urea

containing LD solution is gently agitated for 10 min at RT. The suspension is

overlaid with LD-C and centrifuged at 28,000 rpm for 30 min at RT (Athenstaedt

et al., 2006).

4. Delipidation of LD samples prior to TCA precipitation is not absolutely

necessary, but disturbing effects during SDS-PAGE might be observed. Washing

the precipitated protein pellet with ice cold acetone helps to avoid negative

effects during SDS-PAGE.

5. An alternative protocol for delipidating LD and precipitation of proteins is the

method of Wessel and Flügge (1984). LD samples of 150 mL are mixed with

600 mL methanol and 150 mL chloroform and vortexed. Then, 400 mL water are

added and samples are thoroughly vortexed. After 1 min of maximum speed

centrifugation in a table top centrifuge at RT, the upper organic phase is

withdrawn without disturbing the interphase which contains the proteins. Then, at

least 450 mL methanol are added and samples are thoroughly vortexed. After 1–

2 min of centrifugation at RT at maximum speed in a table top centrifuge the

supernatant can be removed and the precipitated proteins can be air dried. The

precipitate can be taken up in an appropriate volume of SDS-loading buffer.

6. An average LD purification yields 0.2–0.5 mg of LD protein from 5 to 6 L culture

volume. The average protein concentration of LD samples is 0.01–0.2 mg/mL
which can be increased by an additional centrifugation step using a table top

centrifuge at maximum speed for 15 min. The excess amount of buffer below the

LD layer accumulating at the top can be removed with a syringe.

7. Alternatively, FA can be hydrolyzed and converted to methyl esters by the

method of Morrison and Smith (1964). For this purpose, 1 mL of BF3–methanol

is added to the dried lipid extract and heated to 95 �C in a sand bath for

10 min. After cooling the samples down to RT, 0.86 mL of benzene is added and

heated to 95 �C for another 30 min. The extraction procedure is then

continued with 1 mL water and 3 mL of light petroleum as described above.
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Abstract
The powerful forward and reverse genetic tools, and emerging sets of biochemical

assays for fat metabolites, make Caenorhabditis elegans an attractive model organ-

ism for elucidating conserved mechanisms in fat storage. The ability to observe lipid

droplets in live animals at single cell resolution offers a unique advantage for study-

ing cellular fat storage in vivo. In this chapter, we describe transgenic technologies

for expressing fluorescent lipid droplet marker proteins at near-physiological levels.

Methods to visualize these markers using sensitive confocal microscopy systems are

detailed. Additional methods for visualizing lipid droplets by transmission electron

microscopy and detection of lipid droplet associated proteins by immunoelectronmi-

croscopy are described.

INTRODUCTION

Lipid droplets are ubiquitous fat storage organelles consisting of a neutral lipid core

that is enclosed by a phospholipid monolayer (Walther & Farese, 2012). The delimit-

ing phospholipid monolayer can be used to readily distinguish lipid droplets by trans-

mission electron microscopy (TEM) (Blanchette-Mackie et al., 1995; Robenek et al.,

2009; Tauchi-Sato, Ozeki, Houjou, Taguchi, & Fujimoto, 2002). This is because all

other intracellular organelles are bound by membranes composed of a phospholipid

bilayer instead. In Caenorhabditis elegans, lipid droplets can be found in the intes-

tine, the hypodermis, and the gonad (Brooks, Liang, & Watts, 2009; O’Rourke,

Soukas, Carr, & Ruvkun, 2009; Yen et al., 2010; Zhang, Box, et al., 2010; Zhang,

Trimble, et al., 2010). The intestine spans almost the entire length of an animal

(�1 mm) and is composed of 20 cells that are endowed with a large number of ve-

sicular structures (Altun & Hall, 2009; Leung, Hermann, & Priess, 1999). In the ab-

sence of specialized adipose tissues in C. elegans, the intestine is the major site of fat

storage. It is also responsible for fat absorption, synthesis, and export (Brock,

Browse, & Watts, 2006; Grant & Hirsh, 1999; Hall et al., 1999; Kimble &

Sharrock, 1983; Van Gilst, Hadjivassiliou, Jolly, & Yamamoto, 2005). Since the ma-

jority of C. elegans body fat is stored in the intestine, it is not surprising that it con-

tains the highest number of lipid droplets (�200 per cell). The median diameter of

these lipid droplets is 1 mm in wild-type animals.

The wealth of forward and reverse genetic tools and an emerging set of biochem-

ical assays for fat metabolites have made C. elegans an attractive system to explore

how fat storage is regulated at the cellular and organismal levels (Elle, Rødkær,

Fredens, & Færgeman, 2012; Mullaney & Ashrafi, 2009; Perez & Van Gilst,

2008; Watts, 2009). Since there is a high level of conservation in genes that act in

metabolic and intercellular signaling pathways, discovery inC. elegansmay be read-

ily translated to mammalian systems. The demand for high-throughput monitoring of

lipid droplets in C. elegans has prompted the development of methods that rely on

staining of live or fixed animals with lipophilic dyes such as Sudan Black, Nile Red,
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Oil-Red-O, and BODIPY. These methods have been described in detail elsewhere

(Ashrafi et al., 2003; Brooks et al., 2009; Kimura, Tissenbaum, Liu, & Ruvkun,

1997; O’Rourke et al., 2009; Yen et al., 2010; Zhang, Trimble, et al., 2010). Lipophilic

dye staining on fixed animals seems to reliably label lipid droplets and serve as a semi-

quantitative way to estimate fat content. The use of flow cytometry allowed a large

number of stained animals of a given genotype to be analyzed (Klapper et al.,

2011). However, it is technically challenging to extend these techniques for large scale

genetic and functional genomic surveys. More recently, a number of laboratories have

developed label-free lipid imaging techniques to measure fat content in liveC. elegans
animals (Hellerer et al., 2007; Le, Duren, Slipchenko, Hu, &Cheng, 2010;Wang,Min,

Freudiger, Ruvkun, & Xie, 2011; Yen et al., 2010). These techniques are based on the

detection of CdH bond vibrations in lipids that can be detected by coherent anti-

Stokes Raman scattering (CARS) or stimulated Raman scattering (SRS). In one study,

the fat content of live animals was measured by SRS microscopy, after 272 individual

gene inactivations by RNA interference (Wang et al., 2011). This suggests that SRS

microscopy can be applied to whole genome surveys. However, microscopy systems

for CARS and SRS are far from common. Therefore, there is a need for the establish-

ment of complementary approaches to visualize lipid droplets.

In this chapter, we will focus on the use of lipid droplet associated proteins as

lipid droplet markers in live animals. The Perilipin family of proteins, which are stan-

dard lipid droplet markers in mammalian cells, cannot be found in C. elegans
(Bickel, Tansey, &Welte, 2009). However, the C. elegans orthologs of a triglyceride
lipase (ATGL) and a triglyceride synthesis enzyme (DGAT-2) appear to localize to

lipid droplets (Xu et al., 2012; Zhang, Box, et al., 2010). We describe strategies for

generating transgenic strains that express fluorescent protein tagged lipid droplet as-

sociated proteins and how they can be visualized in two different commercial con-

focal microscopy systems. In addition, methods for examining lipid droplets and

lipid droplet associated proteins by electron microscopy are described.

3.1 TRANSGENIC EXPRESSION OF LIPID DROPLET
MARKERS IN C. elegans
Subcellular localization of proteins may be dependent on expression levels. Overex-

pression of proteins may cause mistargeting or altered turnover. Therefore, care

should be taken to express lipid droplet associated proteins at physiological levels

in order to visualize lipid droplets specifically. To achieve this in C. elegans, single
copy transgenes can be generated by the Mos1 single copy insertion technology

(Frokjaer-Jensen, Davis, Ailion, & Jorgensen, 2012; Frokjaer-Jensen et al., 2008).

Mobilization of a Mos1 transposon at a defined location of the genome causes a

DNA break, which can be repaired by a template that contains a transgene for fluo-

rescent fusion protein expression (Fig. 3.1). To visualize lipid droplets, we generated

single copy transgenes that express the green fluorescent protein (GFP) or mono-

meric Ruby (mRuby) red fluorescent protein, fused to a C. elegans ortholog of a dia-
cylglycerol acyltransferase (DGAT-2) (Xu et al., 2012). DGAT-2 is the terminal
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enzyme for triglyceride synthesis and it is constitutively localized to the lipid droplet

surface in C. elegans (Xu et al., 2012; Yen, Stone, Koliwad, Harris, & Farese, 2008).

In mammalian cells, the DGAT-2 ortholog also associates with lipid droplets

during active triglyceride synthesis after lipid loading (Kuerschner, Moessinger,

& Thiele, 2008; McFie, Banman, Kary, & Stone, 2011; Stone et al., 2009). Since

the intestine is the major fat storage tissue in C. elegans, the transgenes were driven
by the intestinal specific vha-6 promoter (Oka, Toyomura, Honjo, Wada, & Futai,

2001). Other intestinal specific promoters, such as those from the elt-2 and ges-1
genes, can also be used (Aamodt, Chung, & McGhee, 1991; Fukushige, Hawkins,

& McGhee, 1998). To ensure that the GFP::DGAT-2 and mRuby::DGAT-2 fusion

proteins were functional, we showed that they could support lipid droplet expansion

and compensate for the loss of endogenous DGAT-2 protein in dgat-2(�) mutant

animals (Xu et al., 2012). The repertoire of lipid droplet associated proteins in

C. elegans has been greatly expanded recently through a comprehensive proteomic

study (Zhang et al., 2012). More than 300 proteins were identified and at least one of

them (DHS-3) is localized to lipid droplets when fused to GFP. We expect the num-

ber of lipid droplet markers for live imaging in C. elegans to increase exponentially

in the near future.

Mos transposase mediated 
transposon excision

L RMos1

unc-119(+) vha-6 prom. gfp dgat-2 cDNA let-858 3’UTRL R

L R

unc-119(+) vha-6 prom. gfp dgat-2 cDNA let-858 3’UTRL R

L Runc-119(+) vha-6 prom. gfp dgat-2 cDNA let-858 3’UTR

homology arms guided recombination
transgene insertion

FIGURE 3.1

Generation of single copy transgenes. Mutant unc-119(�) animals carrying a single Mos1

transposon in the genome are used for single copy transgene insertion. The red boxes

depict the left (L) and right (R) homology arms that flank the Mos1 transposon. The same

homology arms flank the vha-6p::gfp::dgat-2::let-858 3’UTR transgene, placed next to a

genomic fragment of the C. briggsae unc-119(þ) gene. Rescue of the unc-119(�) paralysis

phenotype indicates potential insertion events.

Adapted from Frokjaer-Jensen et al. (2008).
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3.2 VISUALIZATION OF LIPID DROPLET ASSOCIATED
PROTEINS BY LASER SCANNING CONFOCAL MICROSCOPY
3.2.1 Background
Visualization of fluorescent fusion proteins that are expressed at physiological levels

demands the use of highly sensitive microscopy systems. Attempts to visualize GFP::

DGAT-2 and mRuby::DGAT-2 in wide-field microscopy systems largely failed be-

cause of fluorescence bleaching upon prolonged excitation. The prevalent autofluor-

escent signals (from lysosome-related organelles, LROs) in the C. elegans intestine
present additional challenges (Schroeder et al., 2007; Zhang, Trimble, et al., 2010).

This is because the 488-nm laser for excitation of the GFP in confocal systems will

also strongly excite autofluorescent material (Fig. 3.2A) (Xu et al., 2012). Further-

more, the emission spectra of GFP and autofluorescence substantially overlap

(Fig. 3.2A). We overcame these challenges by (1) establishment of reference emis-

sion spectra of GFP, mRuby, and autofluorescence on a Zeiss LSM710 laser scan-

ning confocal microscopy system; (2) linear unmixing of fluorescent signals using

the Zeiss Zen software.

3.2.2 Methods
The embryonic development ofC. elegans occurs under the protection of an egg shell
in utero and after egg-laying. Hatched animals then progress through four larval

stages before becoming reproductive adults. We routinely imaged animals that are

at the fourth larval stage (L4). Progressive increase of intestinal autofluorescent sig-

nals in adult animals makes older animals more challenging to image. Live animals

are transferred to an agarose pad on top of a glass slide before being covered by a

glass cover slip. Two methods can be used to immobilize the animals during imag-

ing. One involves the use of 2 mM tetramisole (in 1� PBS), an agonist of acetylcho-

line receptors in C. elegans, which causes hypercontraction of body wall muscles.

Another method utilizes polystyrene nanoparticles (100 nm in diameter) (Kim,

Sun, Gabel, & Fang-Yen, 2013). This method avoids the use of drugs and improves

the success rate of animal recovery after imaging. We use a Zeiss LSM710 confocal

system, equipped with a 40�, NA1.2 water C-Apochromat objective. A 488-nm la-

ser is used for excitation, and its output power is minimized to prevent bleaching and

phototoxicity. Detector gain is adjusted to avoid overexposure. Images are taken in

lambda mode that affords fluorescence detection in 32-channels from 421 to 723 nm

(in 9.7 nm increments) simultaneously. Spectrally resolved signals collected in each

channel are used to generate emission spectra for GFP and autofluorescence

(Fig. 3.2A). Using the Zeiss Zen software, linear unmixing was performed to deter-

mine if a pixel is occupied by GFP or autofluorescent signals. The same procedure

can be performed when the mRuby::DGAT-2 fusion protein is imaged. In this case, a

561-nm laser is used for excitation.
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3.2.3 Discussion
Since the autofluorescent signals are confined in LROs, additional control experi-

ments can be performed in mutant animals that lack LROs. Loss of GLO-1/Rab

GTPase, GLO-2/Pallidin, GLO-3, or GLO-4/guanine nucleotide exchange factor

blocks LRO biogenesis but has no apparent effect on lipid droplets (Hermann

et al., 2005, 2012; Rabbitts et al., 2008; Schroeder et al., 2007; Zhang, Trimble,

et al., 2010). In principle, GFP::DGAT-2 will mark lipid droplets in glo-1, 2, 3,
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FIGURE 3.2

Visualization of GFP::DGAT-2 by laser scanning confocal microscopy. A young adult animal

was imaged and the anterior intestine is shown. (A) Reference spectra of green fluorescent

protein (GFP) (green) and autofluorescence (magenta) used for linear unmixing. (B) GFP

signals after linear unmixing. (C) Autofluorescence signals (pseudocolored magenta) after

linear unmixing. (D) Merge of (B) and (C) showing clear spatial separation of GFP and

autofluorescent signals. Scale bar, 10 mm.
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or 4 animals without the complication of autofluorescence. Imaging in lambda mode

should therefore yield signals that conform solely to the GFP emission spectrum.

3.3 VISUALIZATION OF LIPID DROPLET ASSOCIATED
PROTEINS BY SPINNING DISK CONFOCAL MICROSCOPY
3.3.1 Background
A spinning disk confocal microscope, when coupled with a sensitive charge coupled

device (CCD) camera, can exceed the sensitivity of a laser scanning confocal micro-

scope system. The fast acquisition time of a spinning disk confocal microscope also

allows the collection of three- or four-dimensional data that may not be possible on

other systems. For example, it takes seconds rather than minutes to acquire data of a

15-mm Z-stack with individual slices separated by 0.25 mm (68 mm by 68 mm field of

view). The actual acquisition time is dictated by the intensity of the fluorescence sig-

nal, which depends on protein concentration and laser power, and the sensitivity of

the camera. Since the immobilization of live animals may not be complete, fast

acquisition time also minimizes the probability of sample movement during image

acquisition. This in turn allows high quality reconstruction of all signals in a three-

dimensional space. The use of spinning disk confocal microscopy is instrumental for

comprehensive quantitative measurement of lipid droplet size in a given cell, using

GFP::DGAT-2 or mRuby::DGAT-2 as markers. The diameter of individual lipid

droplets can be accurately measured in a three-dimensional rendering program such

as Imaris (Bitplane).

3.3.2 Methods
Animals are mounted onto glass slides following the same procedures described in the

previous section. L4 larval animals are imaged on a PerkinElmer Ultraview spinning

disk confocal microscope, equipped with a 100�, NA1.45 oil Plan-Apochromat ob-

jective and a Hamamatsu Orca-R2 CCD camera. The system is controlled by the Volo-

city software (PerkinElmer). For GFP, a 488-nm laser is used for excitation and signals

are collected with a 500–555-nm emission filter (Fig. 3.3A). For mRuby, a 561-nm

laser is used for excitation and signals are collected with a (415–475 nm)

(580–650 nm) dual-pass emission filter. To capture autofluorescence from LROs, a

488-nm laser is used for excitation and signals are collected with a (415–475 nm)

(580–650 nm) dual-pass emission filter (Fig. 3.3B). The output power of each laser

is adjusted to avoid bleaching. Optical sections were taken at 0.25-mm intervals.

3.3.3 Discussion
Linear unmixing cannot be easily implemented in a conventional spinning disk con-

focal system. One challenge is to distinguish GFP versus autofluorescent signals that

are collected through the 500–555-nm emission filter (Fig. 3.3A). Our strategy is to
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acquire an additional image of the same field of view using the 488-nm laser and an

emission filter that collects signals at the 580–650-nm range. This allows the pref-

erential collection of autofluorescence with minimal GFP signals (Figs. 3.2A and

3.3B). An overlay of (GFPþautofluorescence) and autofluorescence images allow

clear distinction of GFP signals from autofluorescence (Fig. 3.3C).

3.4 VISUALIZATION OF LIPID DROPLETS BY TEM
3.4.1 Background
The defining feature of lipid droplets is the phospholipid monolayer that serves as a

delimitingmembrane. This distinguishes lipid droplets from all other cytoplasmic or-

ganelles that are bound by membranes composed of phospholipid bilayers. TEM has

been used successfully to identify lipid droplets based on its phospholipid monolayer

membrane. A number of protocols are available for preparing C. elegans samples for

TEM (Hall, Hartwieg, & Nguyen, 2012). Depending on fixation and processing con-

ditions, lipid droplets inC. elegans can be electron lucent (Leung et al., 1999) or elec-
tron opaque (Albert & Riddle, 1988). We adopted a method that employed high

pressure freezing and freeze-substitution (Hall et al., 2012; McDonald, 2007), which

allowed the detection of the phospholipid monolayer around electron lucent lipid

droplet structures (Zhang, Box, et al., 2010; Zhang, Trimble, et al., 2010).

3.4.2 Methods
1. Fixation is initiated by subjecting adult animals to high pressure freezing on a

Leica EM-PactI in a solution of 20% BSA in M9 buffer at �2050 bar.

Emission: 500–555 nm Emission: 580–650 nm Merge 

A B C

FIGURE 3.3

Visualization of GFP::DGAT-2 by spinning disk confocal microscopy. A young adult animal

was imaged. Projection of a 6-mm Z-stack centered on the second intestinal segment is

shown. (A) Signals obtained using the 500–555-nm emission filter. (B) Signals obtained

using the 580–650-nm emission filter. (C) Merge of (A) and (B). Scale bar, 10 mm.
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2. Transfer the samples under liquid nitrogen to a Leica AFS unit, perform freeze-

substitution in 2% osmium tetroxide/0.1% uranyl acetate/acetone.

3. Keep the samples for 24 h at�85 �C and then hold at the following temperatures:

�60 �C (17 h); 0 �C (2 h). The rate of temperature increase is set at 5 �C/h.
4. Bring the samples to room temperature in 1 h, followed by three changes of

absolute acetone.

5. Infiltrate the samples with increasing concentrations of Epon over several days.

6. Polymerize the samples at 60 �C for 2 days.

7. Section the samples at 70 nm and place them on formvar-coated slot grids.

8. Stain sections with uranyl acetate (1%) and lead citrate (1%) for 6–10 min at

room temperature.

9. Image stained sections on an FEI Tecnai 12 BioTwin transmission electron

microscope.

3.5 VISUALIZATION OF LIPID DROPLET ASSOCIATED
PROTEINS BY IMMUNOELECTRON MICROSCOPY
3.5.1 Background
A number of methods were attempted to visualize lipid droplet associated proteins by

immunoelectron microscopy (immuno-EM) in C. elegans samples. The standard

post-embedding labeling gave poor signals because the resin for embedding limited

epitope accessibility. Ultra-cryo on-section immunogold labeling allowed better epi-

tope presentation, but the lipid droplet morphology was poorly preserved. To over-

come these deficiencies, we adopted a method that was initially devised for

immunostaining of dissected intestine (Francis, Barton, Kimble, & Schedl, 1995).

Pre-embed immunogold labeling of dissected intestine combined with silver en-

hancement preserved the morphology of lipid droplets and gave strong specific sig-

nals. We were able to detect GFP::DGAT-2 in the vicinity of the lipid droplet surface

(Xu et al., 2012).

3.5.2 Methods
We performed immuno-EM on transgenic animals that carry the single copy trans-

gene for GFP::DGAT-2 expression.

1. Fix dissected C. elegans intestines with 2% formaldehyde for 4 h at room

temperature.

2. Permeabilize the samples by incubation with 0.1% Triton X-100 in 1� PBS for

15 min and block in 1� PBSþ1% BSA for 1 h at room temperature.

3. Incubate the samples with primary and secondary antibodies at 4 �C for 16 h

with gentle rocking. Use anti-GFP antibody (Invitrogen, mAb 3E6, 1:200) and

goat-anti-mouse super small gold IgG antibody (Electron Microscopy Sciences,

25121, 1:50) as primary and secondary antibodies, respectively.
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4. Fix the samples with 2.5% glutaraldehyde in 1� PBS for 10 min at room

temperature and wash with distilled water.

5. Enhance gold staining signal with a silver enhancement kit according to

manufacturer’s instructions (Aurion) and wash with distilled water.

6. Postfix the samples in 1% OsO4 containing 1.5% potassium ferrocyanide in 1�
PBS for 30 min at room temperature and wash with distilled water.

7. Dehydrate the samples in a series of ethanol washes (30%, 50%, 70%, 80%,

90%, 95%, and 100%, room temperature, 15 min each).

8. Embed the samples in epoxy resin at room temperature for 2 days, followed by

polymerization at 60 �C for 2 days.

9. Cut 50–70-nm thick sections, transfer to formvar-coated grids and stained with

aqueous uranyl acetate (1%) and lead citrate (1%) for 6–10 min at room

temperature.

10. Analyze sections on a FEI Tecnai 12 BioTwin transmission electron microscope.

SUMMARY

The robust method for generating single copy transgenes (Frokjaer-Jensen et al.,

2012), and the identification of hundreds of lipid droplet associated proteins by pro-

teomics (Zhang et al., 2012), provides exciting opportunities for many new lipid

droplet markers in C. elegans. New technologies have been developed for long-term

culturing and time-lapse imaging (Krajniak & Lu, 2010). It should be possible to ad-

dress questions on how the number and size of lipid droplets are regulated in unprec-

edented detail, all in the context of a live animal. Correlative fluorescence electron

microscopy offers exciting opportunities to pinpoint protein localization at the nano-

meter scale (Watanabe et al., 2011). Given the close proximity of lipid droplets with

other organelles such as the endoplasmic reticulum (Blanchette-Mackie et al., 1995;

Jacquier et al., 2011; Robenek et al., 2009; Wolinski, Kolb, Hermann, Koning, &

Kohlwein, 2011; Xu et al., 2012), nanoscopy should definitively address the local-

ization of proteins at the interface of two organelles.
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Abstract
The lipid droplet (LD) is a unique cellular organelle containing a neutral-lipid core

enclosed by a phospholipid monolayer and associated proteins. Despite the important
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function of LDs at the hub of cellular energy homeostasis regulation, major questions

in the field of LD biology are still unanswered. Drosophila melanogaster has been
used as a model organism to make fundamental discoveries in biology for over a cen-

tury. In recent years, genome-wide unbiased reverse genetic screens using Drosoph-
ila cells or transgenic lines have been proven to provide valuable knowledge to the

field of LD biology. Here we summarize the methods we use for functional genomic

screens in Drosophila S2 cells to identify genes involved in LD biology, and the

methods used for studying LD function in vivo using Drosophila as a model to com-

bat metabolic diseases.

4.1 GENOME-WIDE RNA INTERFERENCE SCREENS
IN DROSOPHILA CELLS TO IDENTIFY REGULATORS FOR
LD BIOLOGY
Three Drosophila genome-wide RNAi screens have been performed in recent years

aimed at discovering regulators for lipid droplet (LD) biology in cells (Beller et al.,

2008; Guo et al., 2008) and fat storage in whole organisms (Pospisilik et al., 2010).

Of the three screens, two were performed inDrosophila culture cells (S2 cells in Guo
et al., Kc167 cells in Beller et al.), and one used transgenic RNAi lines (Pospisilik

et al., 2010). Here we describe the design, rationale, screening procedure, and results

of our S2 cell screen.

4.1.1 S2 cells and their advantage for RNAi screens
Drosophila Schneider 2 (S2) cells were derived from primary cultures of 20–24-h-

old Drosophila embryos more than 40 years ago (Schneider, 1972). It is the most

commonly used Drosophila cultured cell line and can be grown at room temperature

without the use of tissue-culture incubators. They grow both in suspension and as a

loose monolayer and thus can be lifted by gentle pipetting. Drosophila S2 cells con-
tain numerous small LDs under basal culture conditions and rapidly form LD clusters

upon fatty acid supplement in the medium (Guo et al., 2008). Many human lipid me-

tabolism genes are conserved in flies (Baker & Thummel, 2007; Kuhnlein, 2012).

These features make S2 cells a good model to study LD biology in vitro. S2 cells

robustly uptake double-stranded RNAs (dsRNA) from culture medium through scav-

enger receptor-mediated endocytosis (Ulvila et al., 2006). The endocytosed dsRNAs

induce efficient RNA interference responses in S2 cells. The targeted genes are

downregulated 80–90% on average (Goshima et al., 2007; Guo et al., 2008). These

features ensure efficient RNAi and greatly reduce the cost of performing genome-

wide RNAi screens compared to using mammalian cells, which require costly

methods to introduce siRNA or shRNA into the cells and is difficult to achieve a high

knockdown efficiency.
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4.1.2 RNAi library
Previous to our screen, many RNAi screens have been performed in Drosophila cul-
ture cells to investigate various cellular phenomena. In 2006, two reports focused on

the problem of “off-target” effects (downregulation of genes other than the intended

ones) of genome-wide RNAi screens (Kulkarni et al., 2006; Ma, Creanga, Lum, &

Beachy, 2006). The dsRNAs used in most Drosophila cell screens are usually a few

hundred base pairs long compared to the 21–23 bp siRNAs or shRNAs used in mam-

malian systems. Inside the cells the long dsRNAs are processed into smaller RNAs.

As many dsRNAs used in previous screens contain tandem trinucleotide repeats and

regions that match unintended targets, the off-target false-positive effects were high.

To minimize the off-target effects, we used the specially designed UCSF DmRNAi

libraries (Goshima et al., 2007) and also performed a secondary screen using dsRNAs

targeting different regions than the ones used in the primary screen. The UCSF

DmRNAi library version 2 was designed to minimize off-target effects by computa-

tionally selecting dsRNA-targeted regions that avoid low-complexity repeats and those

with significant sequence homology elsewhere in the genome. With this design, 90%

of the library avoids 21 bp identical sequence overlapping with to any unintended

genes. In addition to these cautiously designed libraries we synthesized a second

set of dsRNAs to target a different region for the 847 genes we identified from the

primary genome-wide screen to confirm the effects in the secondary screen.

4.1.3 Screening materials
UCSF DmRNAi library version 1 and version 2 (1 mg/well predried in 96-well

tissue-culture plates)

Drosophila S2 cells and culture medium (with 10% fetal bovine serum (FBS), 1%

penicillin–streptomycin)

96-well tissue-culture plates and glass-bottom plates

Oleate/BSA stock (7.5 mM)

BODIPY493/503, DAPI, Concanavalin-A (Con-A), formaldehyde, PBS

IC100 (Beckman) or ImageXpress Micro (Molecular Devices) automated

microscope

4.1.4 Screening procedure
1. Aliquot 1 mg dsRNA per well in 96-well tissue-culture plates, air dry, and store

at �80 �C.
2. Transfer healthy S2 cells both in medium and on the bottom of the flask by

gentle pipetting to conical tubes, wash with serum free medium (SFM) once,

add SFM, and count cell numbers.

3. Dilute the cells to 2.7�106 cells/ml, and apply 35 ml/well to dsRNA preloaded

96-well culture plates. Incubate at 25 �C for 50 min, and then add 65 ml 15%
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FBS–1.5% penicillin-streptomycin containing medium. Seal the plates with

parafilm and Saranwrap, and grow cells at 25 �C for 3 days.

4. Dilute oleate/BSA stock (7.5 mM) to 2 mM in 10% FBS–1% penicillin-

streptomycin containing medium. Add 100 ml/well (1 mM oleate final

concentration) to the plates and incubate at 25 �C for 1 more day.

5. Prepare Con-A-coated glass-bottom plates: 1 day before use, coat 96-well glass-

bottom plates with 40 ml/well of 50 mg/ml Con-A solution, incubate at 30 �C
until absolutely dry.

6. Resuspend cells thoroughly by pipetting up and down at least 20–30 times

(takes at least 2 h for 10 plates), try to avoid foaming. Transfer 30 ml (�1/6) of

total cells to Con-A-coated glass-bottom plates, add 20 ml medium, and incubate

at room temperature for at least 120 min.

7. Add 50 ml 8% formaldehyde/2� PBS to fix at room temperature for 1 h,

wash with 1� PBS twice, stain with 2 mg/ml BODIPY493/503 and 0.3 mM
DAPI in 1� PBS for 1 h, wash with 1� PBS twice, add 100 ml/well 50%
glycerol/1� PBS. The plates can be imaged at this time or stored at �20 �C.

8. Image the plates on automated microscopes using a 40�0.95 numerical

aperture PlanApo dry objective lens (Nikon) for both BODIPY493/503 and

DAPI signals. Six image fields were taken per well to image 400–600 cells per

RNAi condition.

9. Score LD number, size, and cellular distribution visually by two independent

observers who are blinded to gene identities for the 95,000 images, and also

analyze the images by automated image analysis (Guo et al., 2008).

10. Synthesize dsRNAs targeting different regions in the 847 genes identified from

the primary screen and repeat (1–9) to confirm the primary screen hits.

Notes:We routinely use several control dsRNAs (Pavarotti for cell morphology,mid-
way orCct1 for LDmorphology) to batch test the cell culturemedium and FBS before

performing any RNAi experiments. For unknown reasons, the S2 cells do not grow

well in some batches of the medium or FBS, and thus the RNAi efficiency can be low

under those circumstances.More detailed discussion about S2 cell RNAi experiments

in general can be found in previous reviews (Bettencourt-Dias & Goshima, 2009;

Goshima, 2010). For our screen, we pre-reserved adequate amounts of batch-tested

medium and FBS to ensure the whole screen was performed with the same culture

medium. Under optimal culture conditions, 90% confluent S2 cells from one

225 cm2 tissue-culture flask are enough to seed ten 96-well screening plates. We

propagated an adequate amount of cells and stacked the screen procedure so the entire

screen was seeded within 2 weeks to ensure the cells were from similar passages.

4.1.5 Screening results and discussion
In our primary screen, 15,683 Drosophila genes were knocked down individually in
S2 cells to screen for novel regulators for LD biology.We combined the visual screen

by two independent observers and computational analysis to score changes in LD
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number, size, and cellular distribution. We identified 847 candidate genes from the

primary screen and followed up with a secondary screen using a distinct set of

dsRNAs. With this highly stringent analysis, we identified 227 genes that are

involved in LD biology (Guo et al., 2008). We categorized these genes into five phe-

notypic classes (Fig. 4.1). The LD phenotypes range from greatly reduced LD storage

in Class I to greatly increased LD size in Class V. To our satisfaction, many genes

belonging to the same phenotypic class are in the same protein complex (Class III

genes) or regulate the same biological pathway (Class V genes). Here we focus

our discussion on these two classes.

FIGURE 4.1

Genome-wide RNAi screen in Drosophila S2 cells to identify regulators for lipid droplet (LD)

biology. (A) Outline for strategy to screen for genes involved in LD biology. (B) Genes

involved in the screen for LD biology fall into distinct phenotypic classes. The phenotypes

were classified according to LD number, size, and dispersion. From this classification,

five major classes emerged and a graphic representation (top row), an example image

(middle, image row), and some gene examples are shown (table below). Scale bars¼3 mm
in (B).

This figure was reproduced from Guo et al. (2008) with permission from Nature Publishing Group.
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4.1.5.1 Class III Arf1/COPI complex regulates LD breakdown
ADP-ribosylation factor 1 (Arf1) and coatomer protein complex I (COPI) regulate

Golgi to endoplasmic reticulum (ER) retrograde vesicular transport (D’Souza-

Schorey & Chavrier, 2006). We were surprised to observe knocking down eight

subunits of the Arf1/COPI complex specifically caused slightly larger and more dis-

persed LDs in S2 cells (Guo et al., 2008). We referred to this striking phenotype as

“marbles on the table” during our visual scoring. This phenotype is evolutionary con-

served in mammalian cells and yeast. We also discovered that the ARF-GDP form is

enriched on LD surfaces and the ARF-GTP form promotes LD breakdown. The

COPI complex has also been identified as a lipid homeostasis regulator from an in-

dependent RNAi screen in Drosophila Kc167 cells using a different RNAi library

(Beller et al., 2008). Although this phenotypic class has been independently

confirmed by several groups (Soni et al., 2009; Takashima et al., 2011), it remains

controversial at this point whether the LD phenotype is through Arf1/COPI complex

dependent transport of adipose triglyceride lipase (ATGL) to LD surfaces.

4.1.5.2 Class V phosphatidylcholine biosynthesis genes regulate LD size
Class V is the most visually appealing phenotype identified in our screen. Knocking

down genes in this class, we observed most cells contained a few giant LDs com-

pared to the LD clusters in the control condition (Fig. 4.1). Genes in this class reg-

ulate phosphatidylcholine (PC) biosynthesis in Drosophila.
The most abundant phospholipid on S2 cell LD surfaces was PE (phosphatidyleth-

anolamine), followed by PC, then PS (phosphatidylserine) and PI (phosphatidylinosi-

tol). Only the knockdown of PC biosynthesis enzymes specifically caused LD fusion to

form the giant LDs (Krahmer et al., 2011). In subsequent studies, we identified the rate

limiting step enzyme in PC biosynthesis, CTP:phosphocholine cytidylyltransferase

(CCT), which targeted LD surfaces and mediated LD expansion (Krahmer et al.,

2011). PC is uniquely crucial among phospholipids to stabilize growing LDs and pre-

vent their coalescence. This might be attributed to its unique biophysical property

of having a larger head group and thus being more cylindrical compared to other phos-

pholipids. This characteristic leads to better shielding of the neutral lipid stored within

the LD core and might make the negatively curved fusion intermediate less energet-

ically favorable to prevent LD fusion events (Krahmer et al., 2011).

Genome-wide RNAi screens provide an unbiased approach to identify novel reg-

ulators for biological processes. Our experience with RNAi screens inDrosophila S2
cells shows that by combining thoughtful design with robust readout and stringent

validation, biological processes can be studied on a genome-wide scale within a rea-

sonable time frame and at affordable cost in a standard academic laboratory setting.

Several screens focused on LD biology in the past few years provide the initial road-

map to understanding this fascinating cellular organelle.

We also acknowledge that there are general limitations in both the cell-based

screens and the organism-level screens. For the two cell-based LD screens (Beller

et al., 2008; Guo et al., 2008), both S2 and Kc167 cells are cultured Drosophila cell

lines derived from late stage Drosophila embryos (Bourouis & Jarry, 1983;
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Schneider, 1972). They respond to fatty acid loading to form LDs, but they are not

primary adipocyte cultures. The fatty acid concentration and treatment duration used

in the screens are optimized to allow additional up- and downregulations of LD stor-

age by the RNAi manipulations, but might not reflect the physiological condition

in vivo. Another limitation for cell-based screens is the lack of capacity to reflect

tissue–tissue communication, as obesity is a complex problem involving multiple

tissues in vivo. Thus, systematic in vivo validations are required in follow-up studies
for the cell-based screens. Taking these limitations for the cell-based screens into

account, it is highly significant that both the S2 and Kc167 cell LD screens pinpointed

the COPI complex as a novel regulator for LD biology. Fifty-four genes among the

227 genes identified in the S2 cell LD screen were also identified in the Kc167 cell LD

screen (among 526 genes). This is despite the difficulty to directly compare the hit

lists obtained, since different dsRNA libraries, cell types, and different phenotypical

readouts were used for these two screens.

Conversely, the organism-level screens on a genome-wide scale are limited to a

single genetic manipulation at limited time points, and biochemical readouts feasible

in a high-throughput manner (Pospisilik et al., 2010). The whole fly triacylglyceride

measurement used in the genome-wide RNAi screen is a complex readout involving

multiple tissues. Thus, sorting out the complex tissue interplay and cellular mecha-

nisms leading to organism triacylglyceride level changes could be a long and chal-

lenging task.

4.2 LD DYNAMICS IN DIFFERENT DROSOPHILA
DEVELOPMENTAL STAGES
Drosophila is one of the fastest developing multicellular model organisms and has

contributed a great deal to our understanding of metabolism and energy homeostasis

(Kuhnlein, 2011). During embryonic development, which lasts about 24 h, the em-

bryos are solely dependent on the energy source deposited maternally within the

eggs, mainly in the form of LDs and yolk proteins. During the first few hours of em-

bryonic development (including the stages of syncytial blastoderm, cellularization,

and the beginning of gastrulation), LDs within the embryo undergo developmental

stage-dependent bidirectional transports at the periphery of the embryo (Welte,

Gross, Postner, Block, & Wieschaus, 1998). Because LDs give rise to the visually

turbid characteristic of the embryo under light microscopy, such gross movement

of LDs with the progress of development can be examined in live embryos under

a standard light microscope. Extensive genetic and biophysical studies have charac-

terized that individual LDs indeed undergo bidirectional transports carried by molec-

ular motors along polarized microtubule tracks (Shubeita et al., 2008; Welte et al.,

1998). Even though a large quantity of LDs swamps the embryos, the movement tra-

jectory of individual droplets can be precisely tracked with differential interference

contrast microscopy. Furthermore, it is also feasible to “trap” an individual LD in
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live embryos by optical tweezers. Such techniques enable precise measurement of

molecular forces executed on individual droplets that correlate with LD transports.

While the embryonic development of Drosophila strictly depends on maternal

energy deposition, by the end of embryogenesis functional muscular and nervous

systems have developed. These enable the newly hatched larvae to seek external food

sources. Flies have a simple digestive system that is highly analogous to the verte-

brate gastrointestinal tract in terms of functional modality. The precursor for the

adipose tissue (fat body) has also been specified by the end of embryonic develop-

ment from the mesoderm (Hayes, Miller, & Hoshizaki, 2001). The hatched larvae

spend about 4 days feeding continuously and grow to more than 200-fold of their

original size with two rounds of molting. This continuous feeding period not only

is essential for cell proliferation and tissue growth, but also is accompanied by large

accumulation of nutrient storage in the form of triacylglycerides and glycogen,

mainly within the larval fat bodies. By the end of larval development, neutral lipids

can account for as much as 30% of the larval body weight, in contrast to the typical

10–15% body composition of fat in adult flies (Nelliot, Bond, & Hoshizaki, 2006).

By the mid-third instar larval development, larvae cease foraging and commence a

period of increased locomotor activity, which is referred to as wandering third instar

larvae. Usually this is a good period to study LDs within the larval fat body, since

triacylglyceride contents remain relatively constant within this time window

(Carvalho et al., 2012). Besides fat bodies, LDs are found within the digestive system

under fed conditions (Billeter, Atallah, Krupp, Millar, & Levine, 2009; Kuhnlein,

2011). Those LDs are abundant in number and miniature in size, which is distinc-

tively different from the giant droplets found within larval fat bodies. Oenocytes,

which locate as regular clusters underneath the larval epidermis, are required for de-

pleting stored lipids from the fat body during fasting (Gutierrez, Wiggins, Fielding,

& Gould, 2007). Indeed, oenocytes become the principal cell type accumulating LDs

during starvation when a large quantity of lipids is mobilized from the fat body. Such

dynamic shuttling of LDs between fat bodies and oenocytes in fly larvae is equiva-

lent to that between white adipocytes and hepatocytes in mammalian physiology.

LDs accumulated in larval fat bodies are critical energy sources for the next de-

velopmental stage. Around 24 h after becoming wandering third instar larvae, flies

begin the process of metamorphosis, a static phase of development in which most

larval tissues are reabsorbed through autophagic cell death, and imaginal tissues

undergo extensive morphogenetic changes to form adult structures (Baehrecke,

1996).This process lasts about 5 days. The larval fat body is unique amongDrosophila
larval tissues in that it undergoes morphological remodeling at the onset of

metamorphosis but persists throughout pupal development to provide an energy

source for pupae and newly enclosed adults (Chien, Chen, Wu, & Chang, 2011;

Nelliot et al., 2006). Within 12–18 h after puparium formation, the larval fat body re-

models from a single-cell thick sheet to completely dissociated single cells floating in

the open space inside the pupae (Chien et al., 2011). Although the functional

significance of persisting larval fat bodies during pupal development is obvious, it re-

mains poorly understood how the larval fat body escapes the autophagic cell death of

other polyploidy larval tissues until early adulthood.
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The larvae/pupae developmental transition provides an excellent platform to

study LD dynamics in a single tissue undergoing distinct physiological processes

in terms of energy homeostasis. Larval development is largely associated with

continuous growth of lipid storage at the site of fat body LDs, while during pupal

development these LDs are steadily mobilized to support animal survival and

development as the major energy source (Chien et al., 2011).

The larval fat body cells persist 3 days into adulthood, until the adult fat body is

fully differentiated. Adult fat body arises from a different mesodermal lineage, likely

from imaginal disk-associated adepithelial cells (Aguila, Hoshizaki, & Gibbs, 2013;

Aguila, Suszko, Gibbs, & Hoshizaki, 2007; Hoshizaki, Lunz, Ghosh, & Johnson,

1995). The adult fat body is also a multifunctional organ. In addition to its role in

metabolic regulation as the major energy depot, the adult fat body is essential for

regulating innate immunity, aging, courtship behavior, and detoxification (Arrese

& Soulages, 2010). Because it is less accessible for imaging, we will focus the meth-

odology of LD studies on larval fat body cells in the following sections.

4.2.1 Genetic manipulations of fat bodies for LD study
The tissue-specific binary expression system makes Drosophila a very appealing

model to study the effect of perturbation of a given gene in physiology and devel-

opment (Southall, Elliott, & Brand, 2008). In short, to manipulate gene expression

in the larval fat body, a fat-body specific Gal4 driver (made by putting the Gal4 open

reading frame under the control of a fat-body specific enhancer) can be combined

with one or multiple UAS-transgenes to either overexpress the transgenes or down-

regulate the targeted genes by RNA interference.

Several fat-body specific Gal4 lines have been established (Asha et al., 2003;

Benes, Spivey, Miles, Neal, & Edmondson, 1990; Colombani et al., 2003). We

use the CgGal4 line as an example here. All the other lines could be used in the

same manner. CgGal4 is made by fusing the 2.7-kb regulatory region between

the Cg25C and vkg genes to Gal4 (Asha et al., 2003) and drives high expression

in both larval and adult fat bodies. A CgGal4, UAS-mCherry recombined strain is

used to observe fat-body morphology changes during development. Because the fat

body in this strain strongly expresses red fluorescent protein, the gross morphology

of fat bodies in live flies can be easily observed under a standard fluorescent ste-

reoscope (Fig. 4.2A).

We can also use this CgGal4, UAS-mCherry strain to cross to transgenic

libraries of UAS-RNAi strains. These libraries contain flies carrying UAS-RNAi

transgenes targeting most genes in the fly genome. A few independent genome-

wide libraries are publically available through several stock centers. The ones

available at the Vienna Drosophila RNAi Center (VDRC, Austria) and those at

the National Institute of Genetics (NIG-Fly, Japan) make long dsRNAs of up

to several hundred base pairs long, while the Transgenic RNAi Project lines gen-

erated at Harvard Medical School make short hairpin RNAs (Dietzl et al., 2007;

Ni et al., 2008).
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FIGURE 4.2

Imaging LDs in Drosophila larval fat bodies. (A) Live third instar larvae of the CgGal4,

UAS-mCherry strain was imaged directly under a standard fluorescent stereoscope. Left

image shows the bright-field image of larvae and right image shows fat bodies labeled with

mCherry. (B) Flies with bmm knockdown (bottom panels) in the larval fat body have

larger LDs than control (w1118, top panels). LDs were stained with BODIPY493/503 in fixed

larval fat bodies and imaged under the LSM 710 confocal microscope. Fat bodies were

labeled with mCherry. (C) LD morphology was imaged under an Olympus two-photon

microscope using the coherent anti-Stokes Raman scattering function. Fresh fat bodies were

imaged in a label-free manner for LDs. Scale bars¼10 mm in (B) and 20 mm in (C).
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4.2.2 Imaging LDs in fixed fat bodies using confocal microscopy
The effects on LD morphology from knocking down any fly genes can be assessed

with confocal microscopy (Fig. 4.2B). After wandering third instar larvae are col-

lected, their fat bodies are dissected and briefly fixed in 4% paraformaldehyde/

1� PBS for 10 min. LDs in the fat body are stained with 2 mg/ml BODIPY493/

503 for 5 min. Prolonged fixation (i.e., >30 min) or staining (>24 h) might alter

LD morphology in the fixed fat bodies. Thus prompt examination under a confocal

microscope is essential to accurately recapitulate the status of LDs.

4.2.3 Imaging LD dynamics in vivo using coherent anti-stokes
Raman scattering microscopy
Coherent anti-Stokes Raman scattering (CARS) microscopy has developed in recent

years as a very promising imaging platform for long-term, noninvasive and label-free

observation of LD dynamics in cells and developing animals (Min, Freudiger, Lu, &

Xie, 2011). CARS microscopy employs the property of the Raman scattered photons

exhibiting molecular vibration specific frequency shifts. It is very well suited for

detecting lipid-rich cellular structures (such as LDs) using a spectral beating fre-

quency matching that of the symmetric stretch vibration of CH2 groups abundant

in fatty acid side chains.

Although CARS microscopy can be used to image fixed samples, its greatest

advantage is obvious when used for live samples without any dye labeling (which

might cause LD morphology changes by itself or the solvent in which it is dissolved,

Fukumoto & Fujimoto, 2002). Because the emission spectrum of CARS falls within

a wide range overlapping with that of the red and far-red fluorescent proteins, we

avoid using those fluorescent proteins in the samples for CARS imaging. We used

an Olympus two-photon microscope equipped with an XLPlanN 25x/1.05w MP

objective lens, and theMai Tai DeepSea laser (Spectra-physics) was tuned to 800 nm.

Specifically, we dissect larval fat bodies from wandering third instar larvae and

keep the freshly isolated fat bodies in PBS sandwiched between a microscope slide

and a coverslip. This mini imaging chamber is made by using two coverslips on the

sides as spacers and sealed by nail polish on all four sides. One should avoid applying

physical force on the samples during mounting as it will cause LD fusion and change

the morphology. Dissected fat bodies can survive in this imaging chamber for at least

a few hours, allowing detailed morphological studies of LDs with CARSmicroscopy

in a label-free manner (Fig. 4.2C).

CARS microscopy has been used recently to image LDs in anesthetized, intact

second instar larvae (Chien et al., 2011). The size and physical viscidity of third in-

star larvae makes it harder to image the fat body within the live larvae. The pupal

stage of Drosophila development is immotile. For this reason, it offers the optimal

time window to observe long-term changes of LD dynamics within intact live ani-

mals. Because the pupal case interferes with imaging due to its lack of optical trans-

parency, we hand peel off the pupal case with a pair of fine tweezers to prepare
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“naked” pupae (a detailed description for the procedure and the setup for imaging can

be found in Zitserman and Roegiers, 2011). This preparation is then carefully placed

onto a cellulose membrane dish (such as the lumox dish from Sarstedt), with the dor-

sal thorax surface of the pupal epidermis abutting the cellulose membrane. Residual

water brought with the “naked” pupae during dissection helps to “glue” the dorsal

thorax onto the membrane dish. After depositing drops of water on the dish to prevent

desiccation of the “naked” pupae during imaging, the dish is then inverted with the

membrane side up for imaging under the upright Olympus two-photon microscope.

Because plenty of fat body cells reside just underneath the dorsal epidermis at the

thorax, it is convenient to locate those with CARS. Continuous label-free imaging

can be done over many hours with this setup. Chien et al. have used a similar CARS

setup to continuously observe fat body remodeling in live pupae for more than a day.

The development process is unperturbed under the long-term noninvasive label-free

CARS imaging conditions (Chien et al., 2011).

4.3 LD FUNCTIONS IN DROSOPHILA PHYSIOLOGY
In the past decade, more than a dozen proteomic studies have identified hundreds of

proteins associated with LDs (Yang et al., 2012). These include the LD structural

proteins, lipid synthesis and hydrolyze enzymes and cofactors, sequestered highly

hydrophobic proteins, and many proteins without identified functions in LD biology.

The Drosophilamodel, equipped with versatile genetic tools and conserved LD reg-

ulatory pathways, is an ideal system in which physiological and molecular/cellular

level investigations have been conducted. Several LD-associated proteins are

reviewed for their physiologic roles.

4.3.1 LD structural proteins
Fly perilipins (DmPLIN1 and DmPLIN2; lipid storage droplet 1 and 2) are members

of the evolutionarily conserved protein family that were first identified as mamma-

lian PAT domain proteins (perilipin, adipophilin/adipose differentiation-related pro-
tein, and tail-interacting protein 47) (Beller et al., 2010; Brasaemle, 2007).

DmPLIN1 indiscriminately labels LDs of varying sizes whereas DmPLIN2 localizes
to smaller LDs (Bi et al., 2012). DmPLIN1 exclusively locates on LDs while

DmPLIN2 presents both in the cytoplasm and on LD surfaces (Beller et al.,

2010). Consistent with different LD preference and cellular distribution, the physi-

ological functions of DmPLIN1 and DmPLIN2 are also distinct. DmPLIN1 has dual
functions in both promoting and preventing lipolysis whereasDmPLIN2 functions to
only prevent lipolysis (Bi et al., 2012). More specifically, DmPLIN1 recruits dHSL
(fly hormone-sensitive lipase) upon adipokinetic hormone (AKH) stimulation to me-

diate acute lipolysis. DmPLIN1 mutant flies have larger LDs, develop obesity in

adulthood (consistent with impaired lipolysis) (Arrese et al., 2008; Beller et al.,

2010), but show a significantly decreased life span upon starvation challenge
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(Bi et al., 2012). On the other hand, DmPLIN2 mutants had smaller LDs, apparently

due to lack of DmPLIN2 function in protecting LDs from brummer-mediated lipol-

ysis (Bi et al., 2012; Gronke et al., 2007). Lipid storage function in theDmPLIN1 and
DmPLIN2 double mutant is further impaired, exhibited by even smaller LDs in these

double-mutant flies. However, it is important to note that the double-mutant flies still

formed LDs, suggesting that there are additional PLIN 1/2-independent mechanisms

for storing lipids in the form of LDs.

4.3.2 Lipases
Hormone-sensitive lipase (HSL) was the first lipase known to hydrolyze triacylgly-

cerides in rat adipose tissue (Holm et al., 1988) until the identification of ATGL

(Jenkins et al., 2004; Villena, Roy, Sarkadi-Nagy, Kim, & Sul, 2004;

Zimmermann et al., 2004). While HSL could catalyze the hydrolysis of triacylgly-

cerides and diacylglycerides as well as various cholesterol ester species (Holst et al.,

1996), ATGL showed high substrate specificity for triacylglycerides (Zimmermann

et al., 2004).

dHSL is a homolog of human HSL, interacts closely with DmPLIN1, and is the

key lipase to breakdown LDs (Bi et al., 2012). Although the details need to be elu-

cidated, the signaling from the AKH receptor (AKHR) results in DmPLIN1 and

dHSL phosphorylation in a similar manner as mammalian b-adrenergic signaling

(Beller et al., 2010; Bi et al., 2012; Kuhnlein, 2011). The role of dHSL in acute

lipolysis was demonstrated by starvation challenge. dHSL mutant third instar larvae

had significantly larger LDs under starved conditions, an indication of a profound

lipolysis defect.

Similar to the lack of an obese phenotype in HSL knockout mice, the dHSL
mutant is only slightly fatter than wild-type flies under normal feeding conditions.

Conversely, a loss-of-function mutation in the brummer gene (bmm, ortholog of

the mammalian ATGL) results in obesity in adult flies, and maternal bmm mutants

died during the embryonic stage, pinpointing its role in mediating lipolysis under

basal situations. The bmm and AKHR double-mutant fly presents an extremely obese

phenotype (Gronke et al., 2007), suggesting bmm and dHSL act in a synergistic man-

ner. Under starvation conditions, adult bmm mutants outlived the controls, appar-

ently owing to the more abundant fat storage prior to starvation.

4.3.3 dSeipin
Seipin, an ER resident protein, was named after a physician, Dr. Seip, who first

reported a few cases of a generalized congenital lipodystrophy in children, along

with Dr. Berardinelli’s subsequent reports, that were later defined as Berardinelli–

Seip congenital lipodystrophy 2 (BSCL) (Berardinelli, 1954; Magre et al., 2001;

Seip & Trygstad, 1963). Patients with BSCL lack significant adipose tissue and ex-

hibit diverse clinical symptoms such as hepatic steatosis, muscular hypertrophy,

hypertriglyceridemia, and insulin resistance due to ectopic lipid storage (Magre
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et al., 2001). However, it is not known whether lipid storage in nonadipose tissues,

a key pathogenic aspect of BSCL, is a result of lipid breakdown in adipose tissue

(extrinsic) or autonomous accumulation of lipids in affected tissues such as the liver

and muscle (intrinsic). Providing insights into this question, the dSeipin (fly homolog

of mammalian seipin) knockout decreased lipogenesis in the fat body (the adipose

tissue in flies) and increased ectopic lipid accumulation in the salivary gland in a

tissue-autonomous manner (Tian et al., 2011). Similarly, seipin knockdown in mam-

malian nonadipose cell lines (e.g., HeLa cells) increased TAG synthesis and induced

formation of small LDs (Fei et al., 2011). These findings suggest that seipin might

function to inhibit lipogenesis in adipose tissue, and that seipin could play distinct

roles in different tissues (Fei, Du, & Yang, 2011; Payne et al., 2008).

These selected examples illustrated the diverse, yet conserved, roles of

LD-associated proteins. When detrimental mutations occur to these proteins, various

disorders result, ranging frommetabolic disorders to neurodegeneration. The roles of

LDs and LD-associated proteins have just begun to be elucidated. With the con-

served pathways in LD regulation, the Drosophila model is ready to lead novel dis-

coveries as it has done for other fields for the past one hundred years.
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Abstract
Microalgae are diverse groups of eukaryotic organisms capable of efficiently convert-

ing sunlight into chemical energy through photosynthesis with carbohydrates and oils

asmajor storage products. Like other eukaryotes, microalgae store oils in dynamic sub-

cellular organelles named oil droplets. In this chapter, we present a detailed description

of basic procedures that can be followed for the isolation of mutants defective in oil

droplet biogenesis and for the imaging and analysis of oil droplets in the model uni-

cellular green alga Chlamydomonas reinhardtii. Several commonly used methods for

isolating and purifying oil droplets in microalgae are discussed.

INTRODUCTION

Microalgae are extremely diverse group of eukaryotic organisms that thrive in a wide

range of habitats including fresh and salt water, blackish, marine and soil environ-

ments. They are the most efficient primarily biomass producer, accounting for the
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fixation of 30–50% of the inorganic carbon from the atmosphere (Longhurst,

Sathyendranath, Platt, & Caverhill, 1995). Many microalgal species are exceedingly

rich in oil (Hu et al., 2008), which has been widely regarded as potential feedstocks

for the production of biodiesel as a renewable alternative to petroleum fuels (Wijffels

& Barbosa, 2010). Realizing this potential, however, demands in-depth knowledge

of algal biology in general, and oil biosynthesis and storage in particular.

The unicellular green alga Chlamydomonas reinhardtii is a well-established pho-
tosynthetic model organism for the study of many aspects of biological processes

(Harris, 2001) including lipid metabolism (Liu & Benning, 2012; Moellering,

Miller, & Benning, 2009; Riekhof & Benning, 2009). Like many other microalgae

(Hu et al., 2008; Wijffels & Barbosa, 2010), Chlamydomonas cells accumulate oil in

oil droplets under stress conditions such as N deprivation or high salinity (Goodson,

Roth, Wang, & Goodenough, 2011; Siaut et al., 2011). It is now well recognized that

oil droplets are dynamic organelles that play crucial roles in cellular energy homeo-

stasis and lipid metabolism and trafficking, rather than inert carbon and energy stores

(Beller et al., 2008; Guo et al., 2008; Martin & Parton, 2006; Olofsson et al., 2009).

The current model of oil body biogenesis favors formation of oil droplets through

budding from the endoplasmic reticulum (ER) (Thiele & Spandl, 2008; Walther

& Farese, 2009). According to this hypothesis, oil droplets originate from specialized

ER subdomains enriched with enzymes involved in oil biosynthesis. Because the

newly formed oils in these ER domains are unable to integrate into membrane bila-

yers due to lack of polar head groups, they accumulate in the hydrophobic region

between the two leaflets of the ER membrane leading to swelling of the membrane

bilayer and eventually the budding of growing oil bodies from ER into the cytosol.

Alternative hypotheses propose the formation of oil droplets at the ER through bi-

layer excision or vesicular budding (Walther & Farese, 2009). Despite some recent

efforts, direct evidence supporting any of these models is still lacking. Many ques-

tions remain regarding the mechanism and machinery involved, the exact site of ini-

tiation, and growth of oil droplets as well as how oil droplet proteins are targeted into

oil droplets. In addition, the ontogeny of oil droplets is likely to vary among different

organisms and even between different species of the same organism. For example,

recent data from our own (Fan, Andre, & Xu, 2011) and other (Goodson et al., 2011)

laboratories indicated that oil droplets in Chlamydomonas likely originate from the

envelope membranes of chloroplasts, instead of ER. In this chapter, we will present a

detailed description of procedures that can be used to analyze the oil droplets in

microalgae and to isolate genetic mutants defective in oil droplet biogenesis and

oil accumulation in the model alga C. reinhardtii.

5.1 NILE RED AS A PROBE FOR OIL DROPLETS
As a lipid-soluble fluorescent dye, Nile red is a lipid probe due to its specific in-

teraction with hydrophobic molecules (Greenspan, Mayer, & Fowler, 1985). Over

the past two decades, Nile red has been widely employed for detection of oil
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droplets and for quantification of intracellular lipid content in various biological

systems, such as mammalian cells (Fowler & Greenspan, 1985), ciliates (Cole,

Fok, Ueno, & Allen, 1990), bacteria (Spiekermann, Rehm, Kalscheuer,

Baumeister, & Steinbüchel, 1999), yeast (Kimura, Yamaoka, & Kamisaka,

2004), fungus (Kamisaka, Noda, Sakai, & Kawasaki, 1999), and microalgae such

as diatom (McGinnis, Dempster, & Sommerfeld, 1997), Botryococcus (Lee, Yoon,
& Oh, 1998), haptophyte (Eltgroth, Watwood, & Wolfe, 2005), Scenedesmus and
Neochloris (da Silva, Reis, Medeiros, Oliveira, & Gouveia, 2009); Nannochloropsis
(Elsey, Jameson, Raleigh, & Cooney, 2007), Chlorella (Chen, Zhang, Song,

Sommerfeld, & Hu, 2009), and Chlamydomonas (Moellering & Benning, 2010).

However, staining protocols using this dye, especially with microalgae, vary greatly

and indeed the accuracy of Nile red staining method might be affected by many

factors, such as cell type, cell concentration, dye concentration, staining duration,

staining temperature, wavelengths for excitation and emission. The thick and rigid

cell walls associated with some microalgae, like Scenedesmus dimorphus, may pre-

vent the Nile red dye from effectively penetrating the cell wall and cytoplasmic

membrane and the subsequent binding with the intracellular neutral lipid. In this

situation, a modified protocol with staining at an elevated temperature, or even

assisted by a microwave and/or using the solvent dimethyl sulfoxide as the stain

carrier was developed (Chen, Sommerfeld, & Hu, 2011; Chen et al., 2009). The

Nile red staining conditions for microalgae have recently been optimized by

Cirulis, Strasser, Scott, and Ross (2012).

Besides being employed as a neutral lipid probe for visualizing oil droplets and

quantifying neutral lipid content, Nile red is widely used in high-throughput forward

genetic screens for lipid mutants in Chlamydomonas. This is made possible because

plasmid-mediated insertional mutagenesis has become one of the most powerful

tools in forward genetic studies aimed at identifying genes in a given process inChla-
mydomonas (Dent, Haglund, Chin, Kobayashi, & Niyogi, 2005). We use the cell

wall-less strain dw15-1 for insertional mutagenesis with plasmid pHyg3 carrying

hygromycin B resistance as the positive selection marker (Berthold, Schmitt, &

Mages, 2002). Nuclear transformation is achieved by the glass bead method as de-

scribed (Kindle, 1998) except that the plasmid is linearized with NdeI prior to trans-
formation and transformed cells are suspended in 0.5 mL Tris–acetate–phosphate

(TAP) medium and plated onto 2% agar supplemented with hygromycin. Using this

method, we have routinely produced several thousand independent hygromycin-

resistant transformants per experiment and transformation efficiency is no longer

limiting for mutant isolation. To screen for mutants defective in oil accumulation,

we grow transformed cells in mediumwith limited nitrogen (1 mM) in 96-well plates

to induce oil biosynthesis. After 4 days of growth, an appropriate amount of cells are

transferred to a new 96-well plate. Specific fluorescence is recorded using a plate

reader with fluorescence spectrometric capability before and after the addition of

Nile red. This first round of measurement may yield gain-of-function mutants that

produce oil under noninducing conditions or mutants that overproduce oil due to de-

fects in oil breakdown. Nile red specific fluorescence ratios are quantified again after
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7 days of growth (e.g., Fig. 5.1). This second measurement may recover mutants that

cannot produce oil or generate oil droplets. In these loss-of-function mutants, genes

encoding structural and regulatory genes essential for oil biosynthesis and storage

may be disrupted. Colonies with abnormal Nile red fluorescence ratios from both

measurements are subjected to further analysis by fluorescence microscopy. The pu-

tative mutants are rescreened by thin-layer chromatography in combination with mi-

croscopic examination. We screened approximately 7000 individual colonies in 4

months and identified more than 10 putative mutants with decreased oil content

(Fig. 5.2A) or changes in oil droplet morphology. Shown in Fig. 5.2B is one mutant

line with fewer but larger oil droplets in comparison with the wild type strain cultured

under identical conditions. The disrupted genes can be identified by a combination of

plasmid rescue and PCR-based approaches (Dent et al., 2005). A detailed protocol

for lipid mutant screening in Chlamydomonas is described below.

5.1.1 Materials
1. Mutant colonies.

2. Sterile toothpicks.

3. Sterile 96-well liquid culture plates (2 mL per well).

4. Black 96-well plates for fluorescence applications with no well-to-well

interference

5. Nile red stock solution, 1 mg/mL in acetone.

6. Sterile 10 mM NH4
þ TAP medium.

7. Sterile 1 mM NH4
þ TAP medium.

FIGURE 5.1

Analysis of nitrogen-starved primary transformants cultured in a 96-well plate by a

fluorescence plate reader. Excitation was set at 485 nm, emission at 535 nm. The ratio of

fluorescence in the presence of Nile red divided by fluorescence prior to Nile red addition

is shown. The culture in well # 1 is wild type. Putative mutants with strong reductions in

fluorescence ratios (well # 85 and 89) are present.
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FIGURE 5.2

Putative mutants with changes in oil contents or oil droplet morphology. (A) A thin-layer

chromatogram of lipid extracts is shown. Algal cells were grown in Tris–acetate–phosphate

(TAP) medium lacking NH4 for 3 days. Mutants with increased or decreased oil accumulation

are indicated by red or black asterisks, respectively. Lipids were loaded on an equal-cell-

number basis. Oils were visualized by iodine staining. Soy oil was included as a standard. (B)

Nile red staining of Chlamydomonas cells cultured for 1 week inmedia lacking NH4
þ. Note an

increase in size but decrease in number of oil droplets in the mutant line 15-66.

Bars¼10 mm.
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8. Sterile plastic reservoir.

9. Sterile 200 and 1200 mL pipette tips for eight-channel pipettor.

10. Eight-channel pipettors for transferring 5, 100, and 1000 mL liquid culture.

5.1.2 Methods
1. To each well of autoclaved 96-deep-well plate, add 800 mL–1 mL TAP medium.

For N deprivation and induction of oil accumulation, use TAP medium

containing 1 mM instead of 10 mM ammonium chloride.

2. The mutant colonies appeared on hygromycin-selected plates are picked with

toothpicks and used to inoculate the culture of 96-well plate (always reserve

the first or last well as wild type control), cover the plate with a sterilized lid.

3. Place the inoculated 96-well plates in incubator with constant light at 22 �C,
pulse-vortex the plates twice a day, let cells grow 3–7 days.

4. Pipette 100 mL of 4- or 7-day old cultures to a black 96-well plate using a

multichannel pipettor, measure the cells autofluorescence using a 96-well plate

reader with a filter set at 485-nm excitation and 535-nm emission.

5. Add 5 mL Nile red stock solution (1 mg/mL in acetone) to each well of the black

plate (a final concentration of 50 mg/mL).

6. Allow 10–15-min incubation to let the dye to enter the cells, measure the cells

fluorescence again with the same filter set.

7. Calculate the fluorescence ratio (fluorescence recorded in the presence of Nile

red divided by autofluorescence without Nile red staining). Colonies with

significantly higher or lower fluorescence ratios than the ratio of the control are

putative lipid mutants.

8. Confirm the putative mutants by repeating the screen procedure described above.

5.2 CONFOCAL AND TRANSMISSION ELECTRON
MICROSCOPIC OBSERVATION
TheNile red fluorescence staining of oil droplets inmicroalgae yields brilliant yellow

fluorescence, which allows us to examine the size, shape, and number of the oil drop-

lets with confocal or epifluorescence microscopy. Several studies have reported the

confocal microscopy of oil droplets in Chlamydomonas (Moellering & Benning,

2010;Wang, Ullrich, Joo,Waffenschmidt, &Goodenough, 2009). However, to better

understand the mechanism underlying the oil droplet dynamics and the biogenesis of

oil droplets and their potential interactions with other organelles, ultrastructural anal-

ysis with transmission electron microscopy (TEM) is desirable (see example in

Fig. 5.3). Below is the TEM sample preparation protocol optimized in our laboratory.

5.2.1 Materials
1. Phosphate buffer: 0.1 M sodium phosphate (pH 7.2)

2. Primary fixative: glutaraldehyde: 5% (w/v) in 0.1 M sodium phosphate (pH 7.2)
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3. Osmium tetroxide: 1% (w/v) in 0.1 M sodium phosphate (pH 7.2), supplied in 2%

water.

4. Ethanol: 30%, 50%, 70%, 80%, 90%, 95%, and 100% (v/v) and propylene oxide.

5. EMBed-812: in a dry plastic container, mix 13 mL EMBed-812, 8 mL DDSA,

and 7 mL NMA, at last add 1.5% DMP-30. Stir at low speed for 1–2 h to allow

complete mixing.

FIGURE 5.3

Oil droplets are present in the chloroplast and the cytosol. Representative electron

micrographs of the starchless mutant (BAFJ5) grown in complete medium (A) or cells shifted

to TAPmedium containing 80 mM acetate for 16 h (B), 2 days (C), and 6 days (D) are shown.

Scale bars represent 1 mm. G, golgi apparatus; LD, lipid droplets; M, mitochondria; N,

nucleus; P, pyranoid; Thy, thylakoid membranes; V, vacuoles.
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6. Uranyl acetate: 2.0% (w/v) in ethanol. Add 1 g of uranyl acetate to 50 mLof freshly

made 50% ethanol. Cover with foil and stir overnight. Store solution at 4 �C.
7. Lead citrate: add chemicals in distilled water in the following order: lead nitrate

1.33 g, sodium citrate dihydrate 1.76 g, 1 N NaOH 5 mL, freshly made boiled

distilled water 30 mL, stir for 10 min to dissolve and add additional 15 mL of

distilled water. Solution becomes cloudy when sodium citrate is added, and clear

when NaOH is added. Store solution at 4 �C.

5.2.2 Methods
1. Double fixation

Pellet 1–2 mL cells at 2000�g for 5 min in an Eppendorf tube, resuspend in 500 mL
TAPmedium, add equal volume of primary fixative to the tube (2.5% glutaraldehyde

final), and incubate 2 h at room temperature with occasional mixing.

Pellet the cells as above, resuspend the pellet in minimal volume of 2–3% low gel

temperature agarose (premelted and cooled to 37–40 �C), then dice the agarose/cells
block into 1 mm cubes after solidifying.

Rinse the cubes in phosphate buffer three times each for 15 min to completely

remove the glutaraldehyde, postfix with 1% osmium tetroxide in phosphate buffer

for 2 h at room temperature or 4 �C overnight. Cells will turn black, agarose will

not. Then wash blocks three times for 15 min each with phosphate buffer.

2. Dehydration

Dehydrate to graded ethanol series, 30%, 50%, 70%, 80%, 90%, and 95% ethanol

(v/v) for 15 min each and then through 100% ethanol twice, 20 min each, 100% pro-

pylene oxide twice, each 15 min. Remove propylene oxide from the tube, leaving a

little solution in the tube so the cells will not dry out.

3. Infiltration

Replace propylene oxide with the 1:1 mixture of EMBed-812 resin:propylene oxide

and infiltrate 3 h to overnight.

Change to 2:1 mixture of resin:propylene oxide, 8 h to overnight recommended.

Replace with 100% resin, let infiltrate 2–3 days before embedding, replace with

fresh resin once a day.

All the infiltration steps are performed at room temperature and a specimen ro-

tator is set at the lowest speed.

4. Embedding

Embed cells/agarose cubes in flat embedding molds or embedding capsules, and

bake in 60 �C oven for 24 h.

5. Sectioning
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This step requires experience. First cut semithin sections (0.2–0.5 mm), stain with to-

luidine blue O, observe the sections under light microscope, trim the block further if

needed. Then ultrathin sections (60–90 nm) are cut and collected with copper grids.

6. Section staining and observation

Grids are first stained with 2% uranyl acetate for 3–5 min in dark at room temper-

ature, washed with distilled water to remove any unreacted uranyl acetate, and then

stained with 1% lead citrate for 20–30 min. Sections on grids are observed under a

JEM-1400 transmission electron microscope (JEOL Inc., Peabody, MA, USA).

5.3 ISOLATION AND PURIFICATION OF OIL DROPLETS
To further understand the structure of oil droplets and their associated proteins, oil

droplets need to be isolated and purified from the cells. The purified oil droplets are

supposed to maintain their integrity and display electrostatic repulsion and steric hin-

drance on their surface and the proteins nonspecifically associated with or trapped

within should be removed (Tzen, Peng, Cheng, Chen, & Chiu, 1997). However, ap-

parent contamination of subcellular preparations in Chlamydomonas seems to be a

common challenge, although in some cases it is not easy to distinguish the contam-

ination from the genuine association between oil droplets and other organelles

(Moellering & Benning, 2010; Nguyen et al., 2011). The protocol developed by

Nguyen et al. (2011) appears to yield a highly purified oil body preparation as judged

by the oil content and the SDS-PAGE profile.

SUMMARY

Despite recent research efforts, oil droplets are understudied organelles and many

aspects of cell biology of oil droplets remain unknown, even in yeast and mammalian

model systems (Farese & Walther, 2009; Walther & Farese, 2009, 2012) and we are

just beginning to understand the dynamics and ontogeny of oil droplets in microalgae

(Fan et al., 2011; Goodson et al., 2011). The protocol described here provides a basic

guide for the imaging of oil droplets in living cells, lipid quantification, and genetic

mutant screens based on Nile red fluorescence staining and ultrastructural analysis of

oil droplet biogenesis, growth, and their interactions with other cellular compart-

ments by TEM.
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Abstract
3T3-L1 adipocytes are widely used as a model system for studying hormone-

stimulated lipolysis. However, these cells were limited in their utility for gain-

and loss-of-function studies due to the low efficiency of their transfection with

plasmid DNA or small interfering RNA (siRNA) oligos. In this chapter, we provide

a review of two methods established for manipulation of protein expression in
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differentiated mature adipocytes. The use of electroporation allows a high-efficiency

delivery of siRNA oligos and subsequent knockdown of specific gene expression.

A centrifugation-assisted infection with recombinant adenovirus, on the other hand,

enables robust overexpression of ectopic proteins. Most importantly, by combining

siRNA electroporation with adenovirus infection, simultaneous manipulation of

levels of two different proteins can be achieved in differentiated adipocytes. Through

subsequent analyses of lipase activity in cell extracts and fatty acid or glycerol

release from living cells, mutual interdependence between the two proteins in the

context of basal and hormone-stimulated adipocyte lipolysis can be evaluated.

INTRODUCTION AND RATIONALE

Adipose tissue or fat is loose connective tissue consisting mainly of adipocytes

(Nakajima, Yamaguchi, Ozutsumi, & Aso, 1998; Sethi & Vidal-Puig, 2007). There

are two types of adipose tissues: white adipose tissue (WAT) and brown adipose tissue

(BAT) (Saely, Geiger, & Drexel, 2012). While BAT consumes energy (Cannon &

Nedergaard, 2004; Frontini & Cinti, 2010), WAT is the main energy store in the body

of mammals. Upon food intake, excess dietary fatty acids (FAs) are esterified to

triacylglycerols (TGs) and stored in the lipid droplets of adipocytes (Oller do

Nascimento, Ribeiro, & Oyama, 2009; Saely et al., 2012). In response to cold expo-

sure, TG stores in brown adipocytes are mobilized via a hydrolytic process called

lipolysis to supply FAs for b-oxidation and subsequent heat production (Cannon &

Nedergaard, 2004; Frontini & Cinti, 2010). During chronic fasting or extended

physical exercise, lipolysis inwhite adipocytes is stimulated to release free FAs (FFAs)

into circulation for the purpose of providing energy to other peripheral tissues

(Ahmadian, Wang, & Sul, 2010; Greenberg et al., 2011; Watt & Spriet, 2010).

Although nonadipocyte cells are able to esterify FFAs into TGs and rehydrolyze

the latter upon demand, they do not secrete FFAs but instead utilize them locally

for ATP production and/or lipid synthesis. Thus, the provision of FFAs as systemic

energy substrate is a unique function of lipolysis in white adipocytes (Lass,

Zimmermann, Oberer, & Zechner, 2011). In obesity, alterations in lipolysis contribute

to elevated circulating FAs and the development of peripheral lipotoxicity and insulin

resistance (Arner et al., 2008; Deng et al., 2012; Langin et al., 2005; Moro et al., 2009).

Accordingly, the precise mechanisms for lipolytic regulation have attracted immense

research interest over the years.

Lipolysis in adipocytes is mediated by a complex proteome comprised of specific

acylglycerol lipases and their regulators (Kolditz & Langin, 2010). The adipose

lipases include adipose triglyceride lipase (ATGL), hormone-sensitive lipase

(HSL), and monoacylglycerol lipase (Lass et al., 2011). ATGL favors TG substrates

and catalyzes the rate-limiting first step of lipolysis. HSL, on the other hand, is be-

lieved to function as a diacylglycerol lipase in vivo (Haemmerle et al., 2002; Osuga

et al., 2000; Schweiger et al., 2006; Zimmermann et al., 2004). Research conducted
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in the past decade has revealed that phosphorylation of lipid droplet coat protein

perilipin 1 by cAMP-dependent protein kinase (PKA) plays a critical role in control-

ling the lipid droplet localization of HSL in adipocytes (Brasaemle, Levin, Adler-

Wailes, & Londos, 2000; Egan et al., 1992; Sztalryd et al., 2003). Others and we have

demonstrated that ATGL also undergoes perilipin 1-dependent lipid droplet translo-

cation upon b-adrenergic stimulation (Bezaire et al., 2009; Wang et al., 2011; Yang

et al., 2010). While HSL is mainly regulated by PKA phosphorylation (Brasaemle

et al., 2000; Egan et al., 1992; Sztalryd et al., 2003; Wang et al., 2009), ATGL’s ac-

tivity is coactivated by the protein comparative gene identification-58 (CGI-58) and

inhibited by the protein G0/G1 switch gene 2 (Lass et al., 2006; Yang et al., 2010).

Recent reports have indicated a mechanism for ATGL activation in adipocytes that

involves the dissociation of CGI-58 from phosphorylated perilipin 1 (Granneman

et al., 2007; Granneman, Moore, Krishnamoorthy, & Rathod, 2009; Miyoshi

et al., 2007; Subramanian et al., 2004; Yamaguchi, Omatsu, Matsushita, &

Osumi, 2004). Experiments reconstituting interactions using ectopically expressed

proteins have demonstrated that in unstimulated cells, CGI-58 is in complex with

perilipin 1 at the surface of LDs and therefore is separated from ATGL. Upon stim-

ulation, perilipin is phosphorylated on Ser492 or Ser517 by PKA, thereby releasing

CGI-58 to act on ATGL (Granneman, Moore, Krishnamoorthy, & Rathod, 2009).

Although the basic mechanisms for lipolysis have been elucidated, the regulative

signaling pathways are much more complicated. Lipolysis is now known to be

regulated by various extracellular signals, namely adenosine, atrial natriuretic

peptide, b-hydroxybutyrate, endothelin-1, insulin, glucocorticoids, growth hormone,

lactate, leptin, melanocortins, neuropeptide Y, peptide YY, prostaglandin

E2, thyroid-stimulating hormone, and tumor necrosis factor a (Carmen & Victor,

2006; Chaves, Frasson, & Kawashita, 2011; Duncan, Ahmadian, Jaworski,

Sarkadi-Nagy, & Sul, 2007). When and how these signals exert their regulation

remains largely unclear. Moreover, comparative mass spectrometry analysis has

revealed proteins differentially associated with lipid droplets in adipocytes under

basal and lipolytically stimulated conditions. For example, 17-hydroxysteroid dehy-

drogenase (type 7) was identified only in basal condition, whereas ACSL3/4 and two

short-chain reductase/dehydrogenases were found on lipid droplets upon stimulation

(Brasaemle, Dolios, Shapiro, &Wang, 2004). The function of these proteins in lipol-

ysis is still unknown. Furthermore, it is likely that the development of new technol-

ogies such as mass spectrometry of higher sensitivity and small interfering RNA

(siRNA) library screening will lead to future discovery of more and more proteins

involved in the lipolytic control in adipocytes. Consequently, a reliable system

model for the functional characterization of proteins regulating lipolysis in mature

adipocytes is highly desirable if not imperative.

During the past decade, loss- and gain-of-function studies using genetically engi-

neered animals have greatly advanced our knowledge on lipolysis. Most notably, the

lack of obese phenotypes in HSL-null mice prompted an intense search for a separate

TG lipase (Haemmerle et al., 2002; Okazaki et al., 2002; Wang et al., 2001;

Zimmermann et al., 2003) and led to the eventual discovery of ATGL (Jenkins
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et al., 2004; Villena, Roy, Sarkadi-Nagy, Kim,& Sul, 2004; Zimmermann et al., 2004).

Knockout and transgenic mouse models of ATGL have provided valuable information

that helps to establish ATGL as a key TG lipase in both adipose and nonadipose tissues

(Ahmadian et al., 2009;Haemmerle et al., 2006, 2011;Ong,Mashek, Bu,Greenberg,&

Mashek, 2011;Reid et al., 2008;Wuet al., 2011).Despite the obvious advantages, how-

ever, there are several limitations to the use of mouse models for studying adipose

lipolysis. Firstly, it routinely takes 1–2 years to construct such an animal model, espe-

cially knockout mice. The process can be longer in the case of creation of an adipose

tissue specific knockoutmouse. Secondly, hormone-stimulated lipolysis only occurs in

mature adipocytes, which originate from preadipocytes via adipogenic differentiation.

It is possible that the effect of loss or gain of a particular gene of interest on lipolysis as

revealed in a mouse model may be secondary to that on adipocyte differentiation other

than lipolysis per se. Thirdly, the phenotypic changes observed in transgenic or knock-
out mice often reflect a chronic and systemic influence of a protein on lipolysis. Impact

on lipolysis could be a result of complementation during the course of development and

thus indirect. Lastly, lipolysis ismediated via a coordinated action ofmultiple enzymes

and regulators. Given that they are usually separate models for one individual gene or

protein, knockout and transgenic mice are not suitable for studies of interplay between

two ormore proteins involved in the lipolytic control. Though technically possible, it is

costly and time-consuming to manipulate expression of more than one gene in mice.

Accordingly, a new cell-based model is needed to provide a setting for studying the

function of multiple proteins in adipocyte lipolysis.

HeLa cells loaded with exogenous sources of FAs (oleate or palmitate) can form

lipid droplets mimicking those in adipocytes (Smirnova et al., 2006; Soni et al., 2009;

Yang et al., 2010). Due to their readiness for transfection with exogenous DNA or

siRNA, these cells have become a widely employed model for studying the roles of

proteins involved in lipid droplet turnover. However, despite valuable information

derived from these studies, the protein makeup of lipid droplets in HeLa cells does

not allow hormone-responsive lipolysis like the one observed in adipocytes. For

example, ATGL, HSL, perilipin, and other proteins essential for adipocyte lipolysis

are expressed at low levels endogenously in HeLa cells (Miyoshi, Perfield, Obin, &

Greenberg, 2008; Yang, Heckmann, Zhang, Smas, & Liu, 2013). In addition, in

HeLa cells ATGL is constitutively located at the surface of lipid droplets

(Smirnova et al., 2006; Soni et al., 2009), whereas in adipocytes it resides in cytosol

in the basal state and translocates to lipid droplets in response to b-adrenergic stim-

ulation (Bezaire et al., 2009; Wang et al., 2011; Yang et al., 2010).

3T3-L1 cell line, a highly adipogenic clone derived from Swiss mouse embryo

tissue (Green &Meuth, 1974; Vogel & Pollack, 1973), is one of the most commonly

used model for the studies of WAT. 3T3-L1 preadipocytes can differentiate into

mature adipocytes when stimulated with an appropriate hormonal regimen

(Madsen et al., 2003; Sadowski, Wheeler, & Young, 1992). During the process of

adipocyte conversion, these preadipocytes lose their primitive mesenchymal charac-

ter, accumulate TG-containing lipid droplets, and acquire adipocyte-like phenotypes

(Ducharme & Bickel, 2008). In particular, differentiated 3T3-L1 cells are known to

possess the complete LDs and protein machinery that support hormone-stimulated
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lipolysis (Liu, Zhou, Abumrad, & Su, 2010; Snyder, Esselstyn, Loughney, Wolda, &

Florio, 2005; Yang et al., 2010). To make them a feasible model for functional studies

on lipolytic regulators, however, it is essential to develop effective methods for manip-

ulation of gene expression in these cells. In this regard, thewell-recognized difficulty in

introducing DNA or siRNA-targeting genes of interest into mature 3T3-L1 adipocytes

has presented a major technical challenge (Ross, Song, Burney, Kasai, & Orlicky,

2003). For ectopic gene expression, some investigators used electroporation method

to deliver plasmid DNA in differentiated cells (Jiang, Chawla, Bose, Way, & Czech,

2002; Martin, Lee, & McGraw, 2006; Okada, Mori, & Pessin, 2003; Watson et al.,

2003). While it produces a sufficient number of positive cells for imaging analysis,

the technique has limited usage due to the low transfection efficiency and thus is often

unreliable for assays that are dependent on examining a majority of the cell population.

Other investigators also attempted adenoviral gene transfer with varying degree of

success. To enhance the infection efficiency, Ross et al. have generated stable clones

of 3T3-L1 preadipocytes that exogenously express the coxsackie–adenovirus receptor

(Ross et al., 2003). However, how efficiently cells from those stable clones can be

differentiated into mature adipocytes with full lipolytic capacity remains unclear.

This chapter describes methods to effectively overexpress or knockdown specific

gene of interest in differentiated 3T3-L1 adipocytes. Knockdown is accomplished by

electroporation of cells in suspension with siRNA oligos. A centrifugation method is

employed to enhance the overexpression mediated by recombinant adenovirus.

Additionally, we describe the usage of these two methods in combination to achieve

manipulation of two different proteins simultaneously for the purpose of studying the

relevance of their interplay in the regulation of lipolysis.

6.1 MATERIALS AND REAGENTS
6.1.1 Equipment and materials
• Gene Pulser Xcell™ (Bio-Rad)

• Electroporation cuvette (4-mm gap, Molecular Bioproducts, #5540)

• Misonix sonicator (Qsonica, LLC, #XL-2000)

• Scintillation counter (Beckman, #LS6500)

• 15- and 50-mL conical tubes (BD Falcon, #352097 and #352098)

• Six-well and 15-cm tissue culture plate (vacuum gas plasma treated, BD Falcon,

#3506 and #353025)

• 12�75 mm glass test tube (VWR, #47729-570)

• 5-mL polypropylene round-bottom tubes (BD Falcon, #352063)

6.1.2 Reagents
• Dulbecco’s phosphate-buffered saline/modified (DPBS, �calcium–magnesium,

Thermo Scientific, # SH30028)

• Dulbecco’s modified Eagle’s medium (DMEM with 4.5 g/L of glucose,

Cellgro®, #10-013-v)
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• DMEM without phenol red (4.5 g/L of glucose, Invitrogen, #31053-028)

• Fetal bovine serum (FBS, Invitrogen, #10437)

• Newborn calf serum (NCS, Invitrogen, #16010)

• Collagen type I (250�, 4.05 mg/mL, BD Biosciences, #354249)

• Trypsin–EDTA (0.05% and 0.25% solutions, Invitrogen, #25300 and #25200)

• Isobutylmethylxanthine (IBMX; Sigma I-7018)

• Dexamethasone (Sigma, D-4902)

• Insulin (bovine; Sigma, I-5500)

• Penicillin/streptomycin (100� P/S, Thermo Scientific, # J120051)

• L-Glutamine (100� G, Invitrogen, #25030)

• Polybrene (Sigma, #107689)

• Triolein (Sigma, #T7140)

• [3H]-triolein (PerkinElmer, #NET431001MC)

• Phosphatidylcholine (Sigma, #P3556)

• Phosphatidylinositol (Sigma, #P5954)

• Protein inhibitor mini tablet (Roche, # 11836170001)

• Sucrose (Fisher, #S5-500)

• DTT (Sigma, #43815)

• FFA detection kit (Zenbio, #LIP-2-NC-L1)

• Glycerol detection kit (Zenbio, #LIP-1-NC-L1)

• Bovine serum albumin, essentially FA free (Sigma, A6003)

• Custom and GC-matched control Stealth siRNA oligos (Invitrogen)

• Recombinant adenovirus (custom generated)

6.1.3 Media and stock solutions
• DMEM/10% NCS

• 50 mL NCS

• 5 mL 100� P/S

• 5 mL 100� G

• 440 mL DMEM

• DMEM/10% FBS

• 50 mL FBS

• 5 mL 100� P/S

• 5 mL 100� G

• 440 mL DMEM

• IBMX stock solution

• 0.25 mM IBMX in 0.5 N KOH solution

• Sterilize through a sterile 0.22-mm filter and store at �20 �C
• Insulin stock solution

• 167 mM (1 mg/mL) in 0.02 M HCl

• Sterilize through a sterile 0.22-mm filter

• Store at �20 �C for long term, 4 �C for 1 month.
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• Dexamethasone stock solution

• 10 mM in 100% ethanol (store at �20 �C)
• Differentiation Media I

• DMEM/10% FBS

• 1:500 IBMX stock solution

• 1:1000 insulin stock solution

• 1:10,000 dexamethasone stock solution

• Differentiation Media II

• 10% FBS/DMEM

• 1:1000 insulin stock solution

• DMEM/2% BSA

• 2% FA-free BSA in DMEM without phenol red

• DMEM/0.5% BSA

• 0.5% FA-free BSA in DMEM without phenol red

• Polybrene stock solution

• 10 mg/mL in water

• Sterilize through a sterile 0.22-mm filter

• Stealth siRNA solution

• 100 mM in sterile DEPC-treated water (aliquots stored at �20 �C)

6.2 METHODS
6.2.1 Adipocyte culture and differentiation
3T3-L1 preadipocyte cells have a fibroblast-like morphology and differentiate into

an adipocyte-like phenotype under appropriate conditions. Differentiated cells are

sensitive to lipogenic and lipolytic hormones and drugs, including epinephrine, iso-

proterenol, and insulin. For culturing and differentiating 3T3-L1 preadipocytes, we

have adapted a protocol originally developed by Rubin, Lai, and Rosen (1977).

1. Preadipocyte maintenance and passage

Mouse 3T3-L1 preadipocytes are maintained in DMEM/10% NCS in a

humidified atmosphere containing 10% CO2 at 37
�C. They are generally split at

a ratio from 1:5 to 1:10 depending on need, using 0.05% trypsin–EDTA. During

passage preadipocytes should be plated evenly and maintained at low density

(i.e., less than 70% confluence) at all times unless induction of differentiation is

planned. Spontaneous and partial differentiation would be triggered in

preadipocytes when high confluence is reached. If grown past 70% confluence

and subsequently passaged, preadipocytes that have experienced partial

differentiation will lose their ability to fully differentiate following hormonal

stimulation. Moreover, most cell lines are maintained in 5% CO2 atmosphere.

However, 10% CO2 appears to enhance the differentiation efficiency of

preadipocytes in comparison to 5% CO2.
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2. Induction of adipogenic differentiation

1. Prior to differentiation, 3T3-L1 preadipocytes are routinely maintained in

15-cm plates with 25–30 mL of DMEM/10% NCS.

2. Upon reaching confluence, cells are replaced in fresh DMEM/10% NCS

and incubation is allowed to continue for 2 more days. This step further

promotes preadipocyte proliferation so that high cell density is achieved

to induce growth arrest and as a result improves the differentiation efficiency.

At the end of day 2, preadipocytes should appear tightly packed with

individual cells assuming narrow spindle-like morphology. Flat and spread

out cell shape often predicts a low efficiency differentiation after

hormonal induction.

3. To initiate differentiation, postconfluent preadipocytes are replaced in 25 mL

of Differentiation Media I (Day 0) freshly made from stock solutions of

different components. After thawing, insulin solution may be kept at 4 �C for

up to 1 month. IBMX solution should be stored at �20 �C continually,

which can be thawed and frozen up to three times. Since dexamethasone is

dissolved in ethanol, itwill remain in liquid formevenat�20 �Cand is stable up

to 1 year.

4. Three days later (Day 3), the media become more viscous possibly

due to increased accumulation of FFAs and chondroitin sulfate proteoglycan-

I (versican) (Okada et al., 2008) secreted by the cells. The media is

then carefully removed and changed to 25 mL of Differentiation Media II.

5. Two days later (Day 5), media is removed and cells are replaced in 25 mL of

normal DMEM/10% FBS.

6. Two to three days later (Day 7–Day 8), cells should be fully differentiated

and ready for subsequent functional experiments. For siRNA knockdown

or adenoviral overexpression experiments, at least 90% of the cells

present should be mature adipocytes with full and well-developed lipid

droplets. When plating cells into six-well plates after knockdown or

before virus infection, undifferentiated fibroblasts will quickly attach to the

six-well plate and begin proliferating prior to the attachment of mature

adipocytes, resulting in a large portion of the cells on the plates being

fibroblasts rather than adipocytes. In addition, usage of adipocytes that

have exceeded Day 8 of differentiation is not recommended, as they

are overly mature, do not easily attach to the plates, and are prone to

clumping.

6.2.2 Manipulation of gene expression
For knockdown of expression of particular genes, we routinely deliver specific

siRNA oligos into adipocytes by using an electroporation method adapted from a

plasmid transfection protocol (Okada et al., 2003). For ectopic gene expression,

we have established an adenovirus-mediated method that is enhanced by polybrene

and centrifugation.
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1. siRNA knockdown via electroporation

1. DPBS and DMEM/10% FBS media are prewarmed to 37 �C in water bath

prior to conducting the experiment.

2. Differentiated adipocytes (Day 7 or 8) in 15-cm plates are washed twice

with DPBS. The protocol below is optimized for one 15-cm plate of

adipocytes. Corresponding volumes of reagents or materials need to be used

for multiple plates of cells.

3. 5 mL of ice-cold 0.25% trypsin–EDTA solution is added followed by gentle

swirling to ensure even coating of the cells. We recommend using a high

concentration of trypsin (i.e., 0.25%) to detach adipocytes so that cell

clumping is minimized and a complete dispersion can be achieved.

4. The trypsin–EDTA solution is removed by aspiration and the cells are

placed in the culture incubator for 5–10 min. To gauge the degree of

detachment, the cells are examined under a phase-contrast light microscope

every 2 min. Once detachment of the cells is complete, 10 mL of DMEM/

10% FBS is added to wash off the cells.

Note: Tilt the plate and add the media to the top so that the cells flow to the

bottom of the plate. Make sure to NOT pipet cells, as this is a potential

avenue for cell damage.

5. Cells along with the media are transferred to a 50-mL conical tube and more

DMEM/10% FBS is added to adjust the total volume to approximately

30 mL.

6. Cells are centrifuged for 5 min at 200�g at room temperature. To ensure the

formation of a firm pellet, the deceleration speed of the centrifuge should

be set to its minimum value (i.e., slowest speed).

7. The supernatant is carefully removed by aspiration without disturbing the

cell pellet. After the addition of 30 mL of DPBS, the cell pellet is

resuspended by gentle inversion of the tube for five to six times.

8. The tube is placed in a tube rack for 1–3 min at room temperature. The

clumped cells would settle to the bottom of the tube, which then can be

removed by gentle aspiration with a 5-mL pipette. Ensure to remove asmany

of the cell clumps as possible, as they would create a nonuniform mixture

altering the dynamics of the cell suspension during electroporation.

9. The cell suspension is centrifuged for another 5 min at 200�g at room

temperature.

10. Repeat steps (7)–(9).

11. The final cell pellet is resuspended in 500 mL of DPBS after supernatant

is removed. Use a P-1000 pipettor to mix the cells as gently and thoroughly

as possible. It is important to have a uniform suspension, ensuring even

current distribution during electroporation.

12. In a separate tube, add 25 mL of 100 mM control or gene-specific siRNA

solution to the bottom.

Note: Make sure to use RNase-free tubes to prevent possible degradation of

siRNA.We typically use a 5-mL polypropylene round-bottom tube fromBD

Falcon (#352063).
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13. Transfer the cell suspension from (11) into the tube containing siRNA and

mix by gentle pipetting three times using the P-1000 pipettor. The final

concentration of siRNA in the electroporation mixture is 5 mM. Note:
siRNA concentration necessary for efficient knockdown is gene dependent.

We suggest varying siRNA doses from 2 to 10 mM during the initial

tries. Additionally, a better knockdown effect may be achieved by mixing

siRNA oligos targeting different sequences in a gene of interest.

14. The mixture of cells/siRNA is transferred into an electroporation cuvette.

Immediately place the cuvette into the Bio-Rad Gene Pulser electroporator

and deliver a single pulse at 950 mF and 160 V.

15. After pulse delivery, 1 mL of DMEM/10% FBS is added to the cells in

the cuvette. Immediate addition of the media is essential for readjusting the

pH following current delivery and ensuring continued cell viability.

16. Transfer the electroporated cell suspension to a 15-mL conical tube

containing 11 mL of DMEM/10%, gently mix three times and incubate for

15 min at room temperature. This incubation period aids in both cell

recovery and separation of cellular debris (i.e., dead cells) that will float to

the surface of the suspension.

17. Carefully remove the floating cell debris with a P-1000 pipettor.

18. Split the cell suspension into four wells of a six-well plate by adding

3 mL/well. Distribute cells across the plate evenly by shaking gently and

then place in a tissue culture incubator.

19. The following day, carefully change themedia and incubate for another 2 days.

Note: If there appears to be a loss or lack of cell attachment, plates may be

precoated with collagen solution to promote adherence as described in (2) of

“Adenovirus-mediated overexpression assisted by centrifugation” in

Section 2.2.

20. Three days following electroporation, cells are ready for lipolysis assays.

While 3 days is typically good for maximal knockdown, genes do vary

slightly and it may be necessary to adjust this time frame according to the

particular gene of interest.

2. Adenovirus-mediated overexpression assisted by centrifugation

1. DPBS and DMEM/10% FBS are prewarmed to 37 �C in water bath before

the experiment.

2. Six-well plates are precoated with collagen solution. Make a 1:250 dilution

of collagen type I solution in DPBS and add 2.5 mL/well diluted collagen

solution to the plates. To allow establishment of a collagen base, plates are

placed in a tissue culture incubator for 1 h and then washed with DPBS

prior to the seeding of cells. It is an important step for the subsequent

centrifugation and virus infection protocols, since the presence of collagen

helps cells to remain adherent under stressful circumstances.

3. Differentiated adipocytes (Day 7 or 8) in 15-cm plates are washed twice with

DPBS.

Note: Again, differentiation efficiency needs to be at least 90% for

adipocytes to be useful.
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4. 5 mL of 0.25% trypsin–EDTA solution is added to each plate followed by

gentle swirling to evenly coat cells.

5. The trypsin–EDTA solution is removed by aspiration and the cells are

placed in the tissue culture incubator for 3–5 min.

6. 10–15 mL of DMEM/10% FBS is added into each plate. Cells are dispersed

by gentle pipetting and then transferred to a 50-mL conical tube. The

volume is adjusted to �40 mL. After further mixing by inversion, the cells

are then split (3 mL/well) into the six-well plates precoated with collagen.

Gentle shaking is applied to distribute the cells evenly.

Note: One 15-cm plate of adipocytes can be divided into 12 wells of 2 six-

well plates.

7. After 2 days of standard incubation at 37 �C, cells are washed twice with

room temperature DPBS.

8. 2.0 mL serum-free DMEM containing 5 mg/mL of polybrene and an

appropriate amount of adenovirus (2�108 pfu) is added into each well.

Note: Please ensure that no serum is present since it may reduce the infection

efficiency of the virus. Moreover, we recommend varying the titer of virus

between 5�107 and 2�108 pfu/well during the initial tries, as this

parameter can differ substantially between different genes.

9. The plates are sealed with parafilm, placed securely in microplate adaptors,

and centrifuged for 1 h at 800�g at room temperature. Note: Make sure

to tightly seal each plate with parafilm to prevent the entrance of bacteria

and other possible pathogens as well as the overspill of virus. Be sure to

set the deceleration speed of centrifuge to its minimum value. In order to

ensure the same centrifugal force of each well in the plate, following 30 min

of centrifugation the plate can be inverted for another 30 min of

centrifugation.

10. After centrifugation, parafilm is removed and the plates are placed in the

tissue culture incubator.

11. After 4 h, 2.0 mL of DMEM/10% FBS is added to each well in a step to aid

cell recovery. Note: Do not remove the virus-containing media at this point.

12. After an overnight incubation, the virus-containing media is removed and

replaced with fresh DMEM/10% FBS. This media change is essential to

ensure the health of the cells as adenovirus andpolybrene both have anoverall

negative impact on cell viability during/following long-term incubation.

13. After 2 more days of incubation, the cells are ready for functional analyses.

While the given time of 3 days is typical for efficient expression of

adenovirus-encoded proteins, anywhere in the range of 2–4 days following

infection could be ideal depending on the particular gene of interest.

3. Combinational siRNA knockdown and adenoviral overexpression

1. Adipocytes are transfected with siRNA by electroporation and plated in six-well

plates as described in “siRNA knockdown via electroporation” of Section 2.2.

2. After 1 day following siRNA transfection, cells are washed twice with DPBS

and adenoviral infection is performed as detailed in “Adenovirus-mediated

overexpression assisted by centrifugation” of Section 2.2.
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3. After 1 day of adenovirus treatment, the media is replaced by DMEM/10%

FBS.

4. After a total 3 days following siRNA transfection or 2 days following

adenovirus infection, cells are ready for functional studies (Fig. 6.1).

6.2.3 Functional assays for lipolysis
To assay lipolysis, we typically measure both TG hydrolase activity in cell extracts

and FA or glycerol release from living cells. For TG hydrolase activity assay,

we have adapted an assay protocol published by Holm and Osterlund (Okada

et al., 2003). Specifically, the TG hydrolase activity is measured in adipocyte

extracts by using emulsified triolein as substrate. Free oleic acid released during

the hydrolytic reaction is captured onto BSA, separated into the aqueous phase,

Adipogenic induction
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TG hydrolase activity

Western blot   

Knockdown Overexpression 

Trypsinization + replating Trypsinization 

Replace in 1.5 mL/well of
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FIGURE 6.1

Summary of the experimental procedures for (A) knockdown, (B) overexpression, or

(C) knockdownplus overexpression of genes of interest in fully differentiated 3T3-L1adipocytes.
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and quantified as the readout for the enzyme activity. Since lipolysis in adipocytes

produces both FFAs and glycerol, the lipolytic rates can be easily measured by de-

termining the per hour release of FFA and glycerol from the cells into the culture

media.

1. TG hydrolase activity assay

Substrate preparation

1. Prepare 10 mL of 20% FA-free BSA in 0.1 M potassium phosphate

buffer (pH 7.0).

Note: The inclusion of BSA in the reaction mixtures serves the purpose

of capturing free oleic acid released from triolein hydrolysis in the water

phase.

2. Prepare a 0.1 M boric acid solution in potassium bicarbonate and adjust

pH to 10.5.

Note: Final concentration of potassium bicarbonate should also be 0.1 M.

3. For 4 mL of substrate solution, add the following to a 12�75 mm glass

test tube: 5.9 mg of unlabeled triolein, 5�107 cpm of [3H]-triolein,

and 30 mL of phospholipid solution (20 mg/mL phosphatidylcholine:

phosphatidylinositol, 3:1). Mix thoroughly by pipetting.

4. Evaporate the solvents by placing the 10-mL glass test tube under a

constant nitrogen (N2) stream.

5. Following complete evaporation, transfer the test tube to a desiccator

and dry under vacuum for an additional 15 min. It is imperative to

completely remove residual of any organic solvents.

6. After complete drying, add 2 mL of 0.1 M potassium phosphate buffer

(pH 7.0) and sonicate for two cycles using a Misonix sonicator at an

output setting of 1–2. Each cycle should be 1 min in duration at room

temperature with a 1-min recovery interval on ice between cycles.

7. Add an additional 1 mL of 0.1 M potassium phosphate buffer (pH 7.0)

and continue to sonicate for four cycles of 30 s each at room temperature,

with 30-s recovery intervals on ice between cycles. Output setting

remains at 1–2.

8. Following sonication, add 1 mL of 20% FA-free BSA in 0.1 M

potassium phosphate buffer (pH 7.0) and mix thoroughly by pipetting.

Adipocyte extraction

9. Prepare cell extraction buffer consisting of 0.25 M sucrose, 1 mM

EDTA, 1 mM DTT, and protease inhibitors (1 mini tablet/10 mL) as

desired in molecular biology grade water.

10. Add 0.5 mL/well of extracts buffer to adipocytes in six-well plates and

scrape cells into a 1.5-mL microcentrifuge tube.

11. Sonicate the cells using the Misonix sonicator for three cycles of 10 s

each at an output setting of 5, ensuring a recovery interval of at least

30 s between cycles.

Note: Keep extracts on ice during and after sonication to maintain

protein integrity.
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12. Following sonication, centrifuge the adipocyte extracts at 5000�g for

10 min at 4 �C. After collecting the supernatants, determine and

normalize protein concentration among different samples.

Enzyme assay

1. Begin the assay by combining 100 mL of adipocyte extract with 100 mL
of substrate solution in a 15-mL conical tube. Thoroughly mix by

pipetting. Incubate the reaction mixture at 37 �C for 1 h.

Note: As with any enzyme reaction, timing of the substrate addition and

length of the incubation are critical in producing reliable results. Be sure to

accurately time the reactions.

2. As the reaction is proceeding, prepare the MCH/STOP buffer by

thoroughly mixing 200 mL of methanol, 180 mL of chloroform, and

140 mL of heptane (10:9:7).

3. At the end of the reaction period, add 3.25 mL of MCH/STOP buffer

and 1.0 mL of boric acid solution (described in Section 1.3) to each

sample. Mix thoroughly by vortexing for 15 s. Again please ensure that

timing is correct.

4. Spin all tubes at 800�g for 15 min at room temperature.

5. Transfer 1.0 mL of the clear supernatant to a scintillation vial containing

10 mL of scintillation (counting) cocktail. Be careful to avoid the

lower phase.

6. Determine radioactivity using a scintillation counter.

2. Lipolysis assay

1. Adipocytes in six-well plates are washed twice with DPBS and then incubated

in 2 mL/well of serum-free DMEM/0.5% BSA.

2. After 3 h of serum starvation, the media is replaced with 2 mL/well of

serum-free, phenol red-free DMEM/2% BSA either containing or not

containing 10 mM of isoproterenol (ISO). Serum starvation ensures

quenching of cAMP levels and 2% BSA in DMEM is important for capturing

any FFAs released from the cells into the media.

3. Without disturbing the cells, remove 100 mL of the media at 0.5, 1, 2, or 3 h

time points following ISO treatment. Aliquots of the media can be stored

at �20 �C if FFA or glycerol content is not measured immediately.

4. At the conclusion of the media collection, wash the cells with ice-cold DPBS

and proceed to lysis/extraction of proteins for immunoblotting analysis.

5. Determine the glycerol or FFA content released into the media using

commercially available reagent kits as described in Section 1.2.

6.2.4 Case study—evaluating the roles of perilipin 1 and CGI-58
in ATGL-mediated lipolysis
The goal of this study was to examine the respective impact of perilipin 1 and CGI-58

on ATGL action in differentiated 3T3-L1 adipocytes (Yang et al., 2013). To this end,

we first subtracted endogenous perilipin 1 or CGI-58 through siRNA knockdown and

96 CHAPTER 6 Loss- and Gain-of-Function Studies in Adipocytes



then added ectopic ATGL using a recombinant adenovirus encoding mouse ATGL

(Ad-ATGL). Compared with endogenous protein levels in cells receiving a

GC-matched control siRNA, less than 15% of perilipin 1 and less than 10% of

CGI-58 were present in cells electroporated with siRNA-targeting respective proteins

(Figs. 6.2A and 6.3A). Infection with Ad-ATGL, on the other hand, led to a profound

increase in the expression of ATGL when compared with the levels of endogenous

protein in null virus (Ad-null)-infected cells (Figs. 6.2A and 6.3A). In the control

knockdown cells, overexpression of ATGL increased the TAG hydrolase activity in

the total cell extracts by�80% (Fig. 6.2B). Knockdown of perilipin 1 further increased

the activity derived from overexpressed ATGL (Fig. 6.2B), indicating an inhibitory

effect of endogenous perilipin 1 on ATGL activity. Moreover, overexpression of

ATGLwas able to significantly increase both basal and isoproterenol-stimulated glyc-

erol release in control knockdown cells (Fig. 6.2C). In cells with reduced expression of

perilipin 1, overexpression of ATGL drastically enhanced basal glycerol release with-

out significantly affecting the stimulated lipolysis (Fig. 6.2C). In contrast to perilipin 1

knockdown, depletion of CGI-58 resulted in a pronounced decrease in the basal glyc-

erol release from cells infected with both Ad-null and Ad-ATGL (Fig. 6.3B). Interest-

ingly, the impact of CGI-58 reduction was modest on stimulated lipolysis (Fig. 6.3B).

Taken together, these data suggest that under basal conditions, perilipin 1 suppresses

and CGI-58 activates the enzyme action of ATGL in adipocytes. In response to

b-adrenergic stimulation, the further activation of ATGL-mediated lipolysis is depen-

dent on the presence of perilipin 1 but less on that of CGI-58.

CONCLUDING REMARKS

Here we describe some techniques that allow studying the function of proteins,

individually or in combination, in the lipolytic pathways of mature adipocytes.

For knockdown of specific gene expression, siRNA oligos are effectively delivered

into differentiated 3T3-L1 adipocytes in suspension via an electroporation-based

method. The method was originally developed by Pessin laboratory as an easy

and fast way for transfection of adipocytes with plasmid DNA (Okada et al.,

2003). However, a large amount of purified plasmid (i.e., up to 600 mg per electro-

poration) is usually required to achieve an expression efficiency that is greater than

50%. As a result, the cell survival rate is extremely low after plasmid electroporation

and severe damage is often observed in adipocytes that remain viable. In comparison,

siRNA electroporation is much less damaging to the cells due to the fact that the du-

plex oligos are usually only 20–25 base pairs in length and thus a considerably smal-

ler amount of siRNA is needed. Over the years we have had great success in knocking

down various genes in 3T3-L1 adipocytes using Stealth siRNA custom designed and

generated by Invitrogen (Heckmann, Yang, Zhang, & Liu, 2013; Langlais et al.,

2012; Yang et al., 2010; Yang, Zhang, Heckmann, Lu, & Liu, 2011). The testing

results provided by Invitrogen indicate that the Stealth modification increases both

the siRNA stability and their specificity for targets when compared to conditional,

unmodified siRNA.
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FIGURE 6.2

Effects of overexpression adipose triglyceride lipase (ATGL) on TAG hydrolase activity and

lipolysis in adipocytes with reduced perilipin 1. 3T3-L1 adipocytes were electroporated with

either control or perilipin 1 specific small interfering RNA (siRNA) oligos. Twenty-four hours

after electroporation, cells were infected with either a null adenovirus (Ad-null) or a

virus-containing ATGL cDNA (Ad-ATGL) followed by incubation for another 48 h. (A) Cells

were lysed and then protein expression was analyzed by immunoblotting with antibodies

specific for perilipin 1, ATGL, and b-actin. (B) The TAG hydrolase activity in the cell extracts

was measured using 3H-labeled triolein as substrate. The activity was normalized with the

total protein levels. (C) Cells were pretreated for 0.5 h in serum-free Dulbecco’s modified

Eagle’s medium (DMEM)/0.5% BSA and then were switched to fresh medium without or with

isoproterenol for another 1-h incubation. The glycerol concentrations in the medium were

measured, and the data are presented as the means�S.E. of three independent

experiments. *, p<0.05, **, p<0.01, and ***, p<0.001. For details please refer to

Yang et al. (2013).
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For adenovirus-mediated overexpression, a centrifugation step is employed to

achieve high-efficiency infection of adherent adipocytes. The spin method has been

used widely for promoting the infection of cells in suspension culture by recombinant

adenovirus and lentivirus. For differentiated 3T3-L1 adipocytes adhered to the plate

surface, we have found that the spin infection method works surprisingly well in

enhancing the infection of adenovirus complexed with the positively charged poly-

brene molecules. It is possible that the centrifugation promotes the binding of the
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FIGURE 6.3

Effect of overexpression ATGL on lipolysis in the absence of comparative gene identification-58

(CGI-58). 3T3-L1 adipocytes were electroporated with either control or CGI-58 specific siRNA

oligos. Twenty-four hours after electroporation, cells were infected with either a null adenovirus

(Ad-null) or a virus-containing ATGL cDNA (Ad-ATGL) followed by incubation for another 48 h.

(A) Cells were lysed and then protein expression was analyzed by immunoblotting with

antibodies specific for CGI-58 and ATGL. (B) Cells were pretreated for 0.5 h in serum-free

DMEM/0.5% BSA and then were switched to fresh medium without or with isoproterenol

for another 1-h incubation. The glycerol concentrations in the medium were measured, and

the data are presented as the means�S.E. of three independent experiments. *, p<0.05, **,

p<0.01 and ***, p<0.001. For details please refer to Yang et al. (2013).
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virus–polybrene complex to the adipocyte surface and thereby increases the uptake of

the virus into the cells. We have also found that the adherent adipocytes are highly

endurant of any potential stress caused by such centrifugation, as they stay healthy with

intact lipid droplets and responsive to hormones such as insulin and isoproterenol after

the procedure. Therefore, of all methods developed for ectopic gene expression in

adipocytes, centrifugation-mediated enhancement of adenoviral infection demon-

strates considerable promise because it permits a high-efficiency transduction in

mature 3T3-L1 adipocytes known to express receptors for adenovirus at low levels.

The fact that cells can easily reattach to culture plates after electroporation has

made it possible to conduct siRNA knockdown and adenoviral overexpression in

a sequential manner. This is especially useful when the interplay between two dif-

ferent proteins needs to be interrogated. As described in the case study in Section 2.4,

we were able to evaluate the impact of CGI-58 or perilipin 1 on ATGL action through

overexpression of ATGL with or without simultaneous knockdown of endogenous

CGI-58 or perilipin 1. Since the studies are conducted in fully differentiated adipo-

cytes, these methods enable the investigators to exclude any confounding effects of

potential developmental or adipogenic defects caused by loss- or gain-of-function

manipulations. Furthermore, though they were specifically developed for studying

hormone-stimulated lipolysis, the techniques should be equally useful for elucidating

protein functions related to many other aspects of adipocyte biology.
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Abstract
The liver plays an important role in triacylglycerol (TG) metabolism. It can store

large amounts of TG in cytosolic lipid droplets (CLDs), or it can package TG into

very-low density lipoproteins (VLDL) that are secreted from the cell. TG packaged

into VLDL is derived from TG stored within the endoplasmic reticulum in lumenal

lipid droplets (LLDs). Therefore, the liver contains at least three kinds of LDs that

differ in their protein composition, subcellular localization, and function. Hepatic

LDs undergo tremendous changes in their size and protein composition depending

on the energetic (fasting/feeding) and pathological (viral infection, nonalcoholic

fatty liver disease, etc.) states. It is crucial to develop methodologies that allow

the isolation and analyses of the various hepatic LDs in order to gain insight into

the differential metabolism of these important lipid storage/transport particles in

health and disease. Here, we present detailed protocols for the isolation and analysis

of CLDs and LLDs and for monitoring CLD dynamics.

INTRODUCTION AND RATIONALE

All organisms and cell types investigated so far can store triacylglycerols (TGs), ste-

rol esters in lipid droplets (LDs). Until recently, LDs were largely considered to be

inert organelles, functioning only as lipid-storing bodies. However, it is now clear

that LDs are active and dynamic organelles that play multiple roles in lipid

metabolism, signal transduction, protein storage, and lipid trafficking (Olofsson

et al., 2009; Walther & Farese, 2012).

The liver plays a central role in lipid metabolism and storage. In addition to the

critical role of this organ in TG synthesis, storage, and provision of substrates for

b-oxidation and ketogenesis, the liver is a specialized organ that secretes TG into

the blood in apolipoprotein B (apoB)-containing very-low density lipoprotein

(VLDL) particles. Therefore, hepatocytes contain several types of LDs, each with

a specific subcellular localization and distinct protein composition. In addition to

cytosolic LDs (CLDs) that are present in most other cell types, hepatocytes contain

at least twomore types of LDs in the lumen of the endoplasmic reticulum (ER) where
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VLDL is assembled: the lumenal apoB-free lipid droplets (LLDs) and the

apoB-containing particles (VLDL and its precursors). LLDs have been proposed to

provide TG source for the bulk lipidation of VLDL precursors. Because the hepatic

CLDs, LLDs, and VLDL are important contributors to whole body energy homeosta-

sis, it has become important to characterize these intracellular TG storage entities.

The most challenging issue in characterization of CLDs, LLDs, and the nascent VLDL

is a reliable method to separate these very distinct LDs. Added complication is the rap-

idly changing composition of LD-associated proteins with various metabolic states of

the hepatocyte (feeding/fasting, stress induced by viral infection, etc.). It is therefore

important to take into consideration these factors when studying hepatic LDs.

CLDs are composed of a lipid core, mainly TG, cholesterol esters (CE), and

retinyl esters, surrounded by an amphipathic lipid monolayer (phospholipids and free

cholesterol) decorated with LD-associated proteins including the PAT (Perilipin1,

ADRP/Perilipin2, TIP47/Perilipin3) protein family (Bickel, Tansey, & Welte,

2009; Farese & Walther, 2009; Kuhnlein, 2012; Yang et al., 2012). Hepatic CLDs

also contain numerous proteins that are also found on CLDs in adipocytes and other

cell types, such as ER-resident proteins, Rab GTPases, and cytoskeleton

components, indicating that LDs might share similar regulation in all cell types.

To date, only a few studies have been performed investigating protein composition

of hepatic CLDs. One of these studies was performed in rat liver following partial

hepatectomy, where 50 proteins were identified, including perilipin 2, ER-resident

proteins, lipid and vitamin metabolism enzymes, cytoskeletal components, cell

signaling and cell activation regulation proteins, and a number of proteins that par-

ticipate in diverse intracellular trafficking pathways and exocytosis (Turro et al.,

2006). Another work performed in the HuH7 hepatoma cell line identified 17 pro-

teins, including perilipin 2 and lipid and steroid metabolism enzymes as the most

abundant proteins (Fujimoto et al., 2004). Except for the presence of PAT protein

family, hydroxysteroid dehydrogenases, and Rab5 GTPase, no similarities in

protein contents between the two LD compositions were observed, possibly reflect-

ing the differences between human hepatoma cell line (HuH7) and the liver, and/or

differences in the metabolic state of the cells. Lack of overlap between the

proteomes published by different groups also to a certain degree reflects the various

degree of contamination present in all subcellular organelles isolated by density

centrifugation. Even though a large amount of contaminants are removed

while LDs partition across layers of a density gradient, it is impossible to remove

all, especially since most common contaminations arise from hydrophobic

proteins nonspecifically interacting with LDs, as well as from abundantly

expressed proteins. It is also likely that some LDs are in the continuum with the

ER (the site of LD origin), thus a small amount of the ER proteome may copurify

with LDs.

Similarly, studies investigating hepatic LLDs are limited, mainly because they

have proved very challenging. Light microscopy is not suitable for observing LLDs

since their size is within or below the range of lipoproteins (ranging from 7 to

200 nm) and is under the detection limit of conventional light microscopy. Even with

the state-of-the-art super resolution microscopy techniques, it is difficult to
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distinguish LLDs from presecretory VLDL or VLDL precursor particles. The only

reported success in observing LLDs was by immunogold electron microscopy, where

they were identified as VLDL-sized particles in the smooth ER lacking immunode-

tectable apoB (Alexander, Hamilton, & Havel, 1976). Subsequently, chylomicron-

sized LLDs were detected in the ER of enterocytes lacking apoB expression,

further supporting this observation (Hamilton, Wong, Cham, Nielsen, & Young,

1998). No further progress has been made to provide additional evidence for the

presence of these LDs. We have developed a method to purify LLDs by subcellular

fractionation and to biochemically characterize protein and lipid properties of the

isolated LLDs, thus providing an approach to biochemically study the formation

and metabolism of LLDs. The purification of LLDs will become a powerful tool

to study events involved in the lipidation step of VLDL assembly. LLDs were

found to be heterogeneous in size, possibly reflecting the various states of synthe-

sis/turnover (Wang, Gilham, & Lehner, 2007). Whereas in mouse CLDs, TG

accounts for up to 80% of total lipids, phospholipid for about 15%, and cholesterol

with CE for the remaining 5%, LLDs contained on average a lower percentage of TG

(60%) and a higher percentage of phospholipid (25%) (Wang et al., 2007); lipid ratios

similar to those found in mature VLDL. Proteomic analysis of LLDs revealed

the presence of microsomal TG transfer protein (MTP), protein disulfide isomerase

(PDI), apolipoprotein E (apoE), and several other ER-resident proteins including

two members of the carboxylesterase family, carboxylesterase 3/triacylglycerol

hydrolase (Ces3/TGH, Ces1d) and carboxylesterase 1/esterase-x (Ces1/Es-x, Ces1g)

(Wang et al., 2007).

Despite the important functions LDs serve in many cellular processes, our

knowledge of the cell biology of LDs lacks behind that of other intracellular organ-

elles. It is generally believed that LD biogenesis in eukaryotes initiates from the ER

where TG biosynthesis takes place. However, little is known about the mechanism by

which nascent LDs accrue additional TG and grow in size after nascent formation.

This gap is in part due to the lack of good tools to visualize the flux of lipids.

Traditional lipophilic dyes such as BODIPY 493/503, Nile Red, and LD540 are ex-

cellent tools to visualize the morphology of already formed CLDs by fluorescence

microscopy; however, they do not allow tracking the dynamics of initial LD

formation and cannot distinguish different pools of LDs at the different stages of

biogenesis. Thus, a method is needed that distinguishes between preformed and

newly synthesized CLDs. Additionally, CLD formation is a rapid process that

occurs almost immediately (within 15 min) after OA addition (Wang et al., 2010).

Thus, real-time cell imaging is necessary to capture this short window during

CLD formation.

Many lipid analogues have been developed in the past decade, including a

variety of fluorescent fatty acid analogues, thus enabling the tracking of initial lipid

incorporation into CLDs with real-time microscopy. These analogues include, but

are not limited to, NBD-conjugated fatty acids (Chattopadhyay, 1990),

BODIPY-conjugated fatty acids (Pagano, Martin, Kang, & Haugland, 1991),
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polyene-fatty acids (Kuerschner et al., 2005), etc. With these tools in hands, we are

able to start answering important questions regarding the mechanism of CLDs bio-

genesis, such as the formation of nascent CLDs and addition of lipids to preformed

CLDs.

This protocol covers the isolation of CLDs and LLDs from the liver of fasted

C57BL/6J mouse maintained on chow diet. Analysis protocols related to the char-

acterization of CLDs and LLDs and visualization of CLD dynamics will also be

briefly discussed.

7.1 MATERIALS
7.1.1 Isolation of CLDs
Reagents:

1. Phosphate-buffered saline (PBS): NaCl 137 mM, KCl 2.7 mM,

Na2HPO4�2H2O 10 mM, KH2PO4 2.0 mM, pH 7.4

2. Hypotonic medium (HM): 20 mM Tris–HCl, pH 7.4, 1 mM EDTA. Prepare

fresh, keep refrigerated

3. 60% sucrose-HM: HM supplemented with 60 g/100 ml sucrose. Prepare fresh,

keep refrigerated for no more than 1 day

4. 5% sucrose-HM: HM supplemented with 5 g/100 ml sucrose. Prepare fresh,

keep refrigerated for no more than 1 day

All hypotonic media contain protease and phosphatase inhibitors at their optimal
concentrations.
5. Sodium dodecyl sulfate (SDS) 10% (w/v)

Other materials and equipment:
6. Plastic tubes

7. Eppendorf tubes (1.5 ml)

8. Low-speed refrigerated centrifuge with appropriate centrifuge tubes

9. Ultracentrifuge with swinging-bucket rotor

10. Thin-walled polycarbonate ultracentrifuge tubes

11. Reagents and equipment for SDS–PAGE and immunoblotting

7.1.2 Isolation of LLDs
Reagents:

1. Tris-buffered saline (TBS): 20 mM Tris–HCl, 150 mM NaCl

2. Homogenizationbuffer: 250 mMsucrose,20 mMTris–HCl,pH 7.4,1 mMEDTA

3. Washing buffer: 20 mM Tris–HCl, 0.5 M NaCl (pH 7.4)

4. 1 mM Tris–HCl, pH 8.8

5. Glycerol

6. Protease inhibitor cocktail (Roche)
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7. Goat anti-apoB antibody (Chemicon)

8. 4� SDS–PAGE sample buffer: 200 mM Tris–HCl, pH 6.8, 8% SDS, 40%

glycerol (v/v), 40% b-mercaptoethanol (v/v), 0.4% Bromophenol Blue

Other materials and equipment:

9. Surgical tools for removing the mouse liver

10. Motor-driven Potter–Elvehjem tissue homogenizer with loose-fitting Teflon

pestle (Wheaton), 15 ml capacity

11. Table-top refrigerated centrifuge with swinging-bucket rotor

12. Beckman ultracentrifuge with SW41Ti swinging-bucket rotor

13. 15 ml Falcon conical bottom tubes

14. Beckman 13.2 ml Ultra-ClearTM or thin-wall polyallomer ultracentrifuge tubes

Additional reagents and equipment for:

15. SDS–PAGE and immunoblotting, lipid extraction, thin-layer chromatography

(TLC) plates (lipid analysis), and fast protein liquid chromatography (FPLC)

and Superose 6 (gel filtration column for determining particle size).

7.1.3 Use of BODIPY fatty acids to visualize CLD dynamics

Reagents:

1. Collagen solution from calf skin (type I): 0.1% solution in 0.1 M acetic acid

2. PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4

3. Bovine serum albumin (BSA): essentially fatty acid free (Sigma)

4. Hepatocyte culture media: Dulbecco’s modified Eagle’s medium (DMEM),

10% FBS (heat inactivated at 56 �C for 30 min), 100 U/ml penicillin, and

100 mg/ml streptomycin

5. 20� oleic acid complexed to BSA (OA/BSA): 7.5 mM OA, 10% BSA,

dissolved in DMEM (see Section 2.3.2. for protocol)

6. Labeling mediumA: DMEM, 1�OA/BSA, 6 mMBODIPY FLC12 or BODIPY

558/568 C12 (Molecular Probes)

7. Labeling medium B: QTB fatty acid uptake reagent (Molecular Devices)

reconstituted in 10 ml DMEM containing 1� OA/BSA

8. BODIPY 493/503 dye: 1 mg/ml in DMSO (Molecular Probes)

Other materials and equipment:

9. Spinning-disk confocal microscope with 488 and 543 nm laser or similar

10. Environment chamber for live-cell imaging with temperature control and CO2

supply

11. Stage adaptor and culture chamber for live-cell imaging

12. Volocity software for image capture and processing
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7.2 METHODS
7.2.1 Isolation of CLDs from mouse liver
Before we start: all samples and solutions throughout the preparation of LDs should

be kept on ice, and make sure that protease inhibitor cocktail is freshly added to all

buffers used during the preparation.

7.2.1.1 Mice, diets, and feeding states
In order to have a successful (purer) CLD fractionation, the amount of lipid present

in the liver should be considered before starting any LD isolation procedures. As a

general rule, the larger amount of lipid in the tissue, the higher the chance of con-

tamination of LDs with other organelles. Therefore, three key interrelated issues

must be taken into account before isolating CLDs from mouse livers: (i) the diet,

(ii) the fasting time, and (iii) the amount of TG present in the tissue. First, high-fat

diets increase the amount of TG in the liver but also make the tissue much more

brittle thereby increasing the likelihood of obtaining contaminated LD fractions. On

the other hand, low-fat diets may result in livers with less TG, but CLDs become

easier to isolate since the chances of contamination with other intracellular mem-

branes are minimized. Second, and equally important, is the feeding state of the

animals: it is known that fasting induces the accumulation of hepatic TG and there-

fore CLD number, size, and also protein composition vary depending on the feed-

ing states of the animals. Fasting times longer than 24 h are not recommended for

the mouse, since the animal enters into a starvation mode at such a prolong fasting

period, and the proteome does not represent a normal physiological state. On the

other hand, we determined that refeeding times (after a 24 h fast) should be no lon-

ger than 6 h if one is to study CLD composition in animals with defined nutritional

states. This is as a mean of synchronicity: after a 24 h fast, animals are eager to eat,

thus all mice feed at a fairly constant pace for at least 5 h. From 6 h on, mice start to

eat less and at a different pace from each other, which has an impact on CLD size,

number, and protein/lipid composition. Refeeding times shorter than 6 h might re-

sult in a significant overlap in CLD protein composition between fasting and

refeeding states. Third, the amount of lipid present in the liver may be first eval-

uated taking into account the genetic background of the animal, since defined liver

lipid phenotypes have been described for different strains of mice. For instance,

Ces1�/� mice present with obesity and mild steatosis (Quiroga et al., 2012). Sim-

ilarly, virus-induced knockdown of Atgl also results in hepatic steatosis (Ong,

Mashek, Bu, Greenberg, & Mashek, 2011).

7.2.1.2 CLD fractionation
CLDs are isolated by methods developed by Brasaemle and Wolins (2006) with

some modifications specific to the liver tissue (Table 7.1). Mice should be anesthe-

tized by inhalation with isoflurane and exsanguinated by cardiac puncture. Quickly

but carefully, livers are harvested, perfused with ice-cold PBS, and cleaned from any
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leftover adipose tissue. Individual livers are transferred to a beaker containing ice-

cold PBS and are thoroughly rinsed. Then, livers are weighed and immediately sub-

jected to soft homogenization on ice in HM (20% homogenate, w/v) by 10 gentle

strokes with a motor-driven Potter–Elvehjem homogenizer set at a speed of 3. This

step is crucial to preserve LD integrity and to prevent damage to intracellular organ-

elles (such as the ER, which would otherwise leak lumenal contents including VLDL

and LLDs that would contaminate CLD preparations). Homogenates are transferred

to 15 ml tubes and centrifuged 10 min at 500�g, 4 �C. The supernatant containing
the floating fat layer (fat cake) is then spun at 15,000�g for 10 min to remove mito-

chondria and to further allow fat cake separation. Fat cakes are then recovered into new

tubes and washed twice with ice-cold HM at 15,000�g for 10 min. Recovered fat

cakes are then diluted with 1:3 (v/v) of ice-cold HM containing 60% sucrose to yield

a final 20% sucrose-adjusted homogenate. Aggregates of LDs should be finely and

thoroughly dispersed by gentle pipetting. It is highly recommended to use a pipet

tip with a wide opening. Diluted CLD aggregates are now carefully layered at the bot-

tom of ultracentrifuge tubes and overlayed with double the volume HM containing 5%

sucrose. These tubes are now carefully overlayed with same volume of HM. Tubes

should be ultracentrifuged at 28,000�g for 30 min. After ultracentrifugation, fat cakes

are carefully recovered (using a pipet or a slicer) and kept in Eppendorf tubes for fur-

ther analysis. This step could be repeated after further dilution of recovered fat cake

with 60% sucrose in order to get a highly enriched (purified) CLD fraction.

After isolation, recovery and purity of LDs should be evaluated by SDS–PAGE

followed by immunoblotting (see below how to solubilize CLD-associated proteins).

Table 7.1 Lipid Droplet Isolation from Mouse Livers

1. Harvest livers quickly and carefully
2. Clean livers from any other tissues
3. Rinse livers thoroughly in ice-cold PBS
4. Homogenize livers by soft homogenization in HM on ice
5. Transfer homogenates to 15 ml tubes
6. Centrifuge at 500�g for 10 min at 4 �C
7. Spin the supernatant at 15,000�g for 10 min at 4 �C
8. Recover fat cakes into new clean tubes
9. Wash twice at 15,000�g for 10 min at 4 �C
10. Dilute fat cakes with 1/3 volume of ice-cold HM containing 60% sucrose (final

concentration 20% sucrose)
11. Disperse aggregates of LDs by gently pipetting
12. Layer the diluted aggregates carefully at the bottom of ultracentrifuge tubes
13. Overlay these tubes with double the volume HM containing 5% sucrose
14. Carefully overlay the tubes with same volume of HM
15. Ultracentrifuge tubes at 28,000�g for 30 min
16. Recover LDs carefully (use a pipet or a slicer) into Eppendorf tubes
17. Analysis

(modified from Brasaemle & Wolins, 2006)
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Known CLD proteins should be immunoblotted as controls using specific antibodies.

For this purpose, perilipin 2 is an excellent marker for CLD recovery in the liver. In

order to determine the purity of the preparation, cytosolic proteins and resident poly-

topic membrane proteins from other organelles such as the ER and mitochondria

should be analyzed by immunoblotting with specific antibodies. Polytopic ER mem-

brane proteins (such as phosphatidylethanolamine-N-methyltransferase) are good

markers for the absence of ER contaminations from CLDs. Likewise, fumarase, with

mitochondrial and cytosolic localizations, is a reliable marker for contamination of

CLDs with mitochondrial components.

7.2.1.3 Solubilization of CLD-associated proteins for immunoblotting
In order to solubilizeCLD-associatedproteins, freshCLDfractions shouldbemixedwith

10%SDS (1:1, v/v) and incubated for 1–2 h at 37 �C in a sonicatingwater bathwith con-

stant agitation. Then, samples should be centrifuged in a microcentrifuge for 10 min at

maximumspeed at room temperature and the infranatants containing the solubilized pro-

teins should be collected frombeneath the floating lipid layer. For this purpose, it is very

helpful to use a 200 ml tip inserted very carefully through the floating fat cake all theway
down to the bottom of the tube. It is important not to disrupt the lipid cake; should this

happen, recentrifugation should be performed. Transfer the infranatant to a 1.5 ml tube

and add equivalent volumes of 2� SDS electrophoresis sample buffer. Then, boil sam-

ples for 10 min and finally load them onto a discontinuous SDS–PAGE gel.

7.2.2 Isolation of LLDs from mouse liver
7.2.2.1 Preparation of the mouse
To prepare mice for LLD isolation, we fast mice overnight (12–16 h) before exper-

iments because under fasting conditions, large amounts of LDs are accumulated in

the liver. Instead of simply removing food from the mice, fasting should be done by

transferring mice into a clean cage with free access to water. Usually up to four livers

are used for an experiment. If the study requires comparing different feeding condi-

tions, then muchmore material is required. The followingmethod is performed using

fasted mice.

7.2.2.2 Isolation of the liver and tissue homogenization
Anesthetize the mice to a state suitable for surgery by inhaling of metophane or iso-

flurane. Vital signs should be monitored during this procedure. Exsanguinate the

mice via cardiac puncture and carefully remove the liver, which is immediately

transferred to ice-cold TBS (Table 7.2). After rinsing with TBS, livers are weighed

and homogenization buffer is added to make a final 20% (w/v) homogenate. For

homogenization, we use a motor-driven Potter–Elvehjem homogenizer (Wheaton

Science Products, Millville, NJ) at medium speed (levels 3–4) for 10 strokes in ho-

mogenization buffer. Proper homogenization is one of the most important steps for

the preparation in order to efficiently break cells while maintaining the integrity of

subcellular content. Alternative devices such as Polytron or loose-fitting Dounce
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homogenizer can also be used but conditions should be optimized carefully. In order

to monitor the proper separation, recovery, and integrity of subcellular fractions, an

aliquot should be saved for each of the following purification steps. These aliquots

will include: cytosol, microsomes, microsomal membrane, immunoprecipitate (IP),

post-IP supernatant, microsomal lumen, and fractions #1–6.

7.2.2.3 Isolation of microsomes
Microsomes fromC57BL/6Jmouse liver homogenates are prepared by sequential cen-

trifugation essentially as previously described (Lehner & Kuksis, 1993). Remove cel-

lular debris by centrifugation at 500�g for 10 min in a table-top centrifuge and the

resulting supernatant is centrifuged subsequently at 15,000�g for 10 min to pellet

crude mitochondria. The 15,000�g supernatant contains microsomes and cytosol

(plus CLDs), which can be separated by ultracentrifugation at 106,000�g for 1 h.

The supernatant (cytosol plus CLDs) from this step is transferred into a new tube

for further analysis and pellet (microsomes) is resuspended in washing buffer. To

resuspend the pellet, we use the Potter homogenizer to gently disrupt the pellet before

pipetting up and down since the pellet tends to stick to pipette tips. Washing is an

Table 7.2 Isolation of Lumenal Lipid Droplets from Mouse Liver

1. Harvest livers quickly and carefully
2. Clean livers from any other tissues
3. Rinse livers thoroughly in ice-cold TBS
4. Gently homogenize livers with Potter homogenizer in homogenization buffer on ice to

make 20% homogenate
5. Transfer homogenates to 15 ml tubes
6. Centrifuge at 500�g for 10 min at 4 �C
7. Spin the supernatant at 15,000�g for 10 min at 4 �C
8. Spin the supernatant at 106,000�g for 1 h at 4 �C
9. Resuspend the pellet in ice-cold washing buffer
10. Spin at 106,000�g for 1 h at 4 �C and collect pellet (microsomes)
11. Resuspend microsomes in 1 mM Tris–HCl (pH 8.8)
12. Incubate on ice for 30 min
13. Gently homogenize to disrupt microsomes and release lumenal content
14. Spin at 106,000�g for 1 h at 4 �C and collect supernatant
15. Adjust supernatant to 50 mM Tris–HCl, 150 mM NaCl (pH 7.4)
16. Add anti-apoB polyclonal antibodies
17. Rotate end-over-end overnight at 4 �C
18. Add protein A Sepharose beads
19. Rotate end-over-end for at least 2 h at 4 �C
20. Pellet beads by centrifugation for 30 s at 6000�g and collect supernatant (post-IP)
21. Combine 2 ml of post-IP with an equal volume of glycerol
22. Transfer mixture to a Beckman 13.2 ml Ultra-ClearTM tube
23. Sequentially overlay with 4 ml of homogenization buffer and 4 ml of TBS
24. Centrifuge in Beckman SW40 rotor at 35,000 rpm (160,000�g) for 2 h at 8 �C
25. Carefully puncture the bottom of the tube to collect fractions
26. Collect 2 ml per fraction for a total of six fractions for analysis
27. Analyses
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important step to remove proteins and CLDs peripherally associated with the micro-

somal membrane. Microsomal membranes are pelleted by ultracentrifugation at

106,000�g for 1 h, while peripheral proteins (cytosolic side) remain in the

supernatant.

7.2.2.4 Release of microsomal lumenal content
To release microsomal lumenal contents, pelleted microsomes are resuspended in

1 mM Tris–HCl (pH 8.8) in a volume equivalent to 1/3 of the original homogeniza-

tion buffer and incubate on ice for 30 min. This step swells microsomes by osmotic

pressure and preserves the integrity of LLDs and the associated proteins. At the end

of the incubation, the swelled microsomes are disrupted by homogenization with

Potter by three strokes at low setting to release lumenal contents. The mixture is then

centrifuged at 106,000�g for 1 h to obtain lumenal contents (supernatant) and

microsomal membranes (pellet).

7.2.2.5 Separation of LLDs from VLDL precursors
At least two types of LDs are present in the microsomal lumen: the apoB-containing

particles (including mature VLDL and VLDL precursors) and the apoB-free LLDs.

To remove apoB-containing particles from LLDs, the microsomal lumenal contents

obtained from the previous step are adjusted to 50 mM Tris–HCl, 150 mM NaCl

(pH 7.4), and apoB-containing particles are immunoprecipitated using anti-apoB

polyclonal antibodies (goat anti-apoB from Chemicon). It is important that the im-

munoprecipitation is performed in the absence of detergents in order to preserve the

integrity of LLDs. Two forms of apoB are present in the rodent liver: apoB48

(�250 kDa) and apoB100 (�500 kDa). The antibodies we use recognize both forms

of apoB. For each milliliter of lumenal content, usually 5 ml of antibodies are added
and the mixture is incubated while rotating the tubes end-over-end at 4 �C overnight.

Then 20 ml protein A Sepharose beads prewashed with PBS are added and incubated

with the mixture end-over-end at 4 �C for 2 h to form protein–bead complex, which

is subsequently pelleted by centrifugation for 30 s at 6000�g. The IP is then washed

3� with PBS and prepared for SDS–PAGE and immunoblotting. The supernatant

(post-IP) is collected for further purification, which is described below.

7.2.2.6 Isolation of microsomal LLDs by density gradient
ultracentrifugation
Two milliliters of post-IP supernatant are combined with an equal volume of glycerol

and transferred to a transparent ultracentrifuge tube suitable for SW40 swing bucket

rotor. We prefer the Beckman Ultra-ClearTM centrifuge tube, since it allows for good

inspection of the gradient set up. The glycerol-adjusted samples are then overlayed

with 4 ml of homogenization buffer and an additional layer of 4 ml of TBS. The gra-

dient should be set with great care. We find using a long needle of 18G or narrower is

helpful to gently deliver overlay solutions without disturbing the lower layer. Once the

gradient is set, the samples are centrifuged in a Beckman SW40 rotor at 35,000 rpm

(160,000�g) for 2 h at 8 �C. Be sure to use a swinging bucket and avoid fixed angle
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rotors for this step since LLDs tend to stick to the wall of the centrifuge tube and thus

cause cross-contamination in the various gradient fractions. Immediately after centri-

fugation, the bottom of the tube is carefully punctured with a fine needle and fractions

are collected into collection tubes. Alternatively, a tube slicer can be used to collect

fractions and minimize carry over from other fractions. Two milliliters per fraction

are collected for a total of six fractions, labeled fractions #1–6, with #6 being the

top (most buoyant) fraction. The fractions, together with aliquots from the various

steps of preparation, are then used for analysis for their biochemical compositions

and physical prosperities. The following are examples of analyses we performed.

7.2.2.7 Sample analysis
7.2.2.7.1 Analysis of protein composition by SDS–PAGE and
immunoblotting
After purification, samples should first be analyzed for recovery and contamination

by immunoblotting. We use ER-resident proteins such as PDI as markers for recov-

ery of ER lumenal content, and immunoblot for apoB to monitor the degree of con-

tamination of LLDs with apoB-containing VLDL precursors. SDS–PAGE and

immunoblotting procedures are similar to standard procedure used for most proteins;

however, it is important that 2–5% SDS (final concentration) should be included to

dissolve lipids. The sample buffer we use for immunoblotting of LLD-associated

proteins is listed in Section 1. Due to the low abundance of LLDs and large volume

collected from the density gradient, fractions #4–6 are concentrated 15-fold using

centrifugation-based protein concentrators (Pierce) with molecular weight cutoff

of 10 kDa. By comparing proteins enriched in each fraction obtained from the gra-

dient with aliquots saved during the preparation, fractions #4–6 are LLD fractions

with distinct associated proteins. An ER lumenal lipase, Ces3/TGH, can be used

as a marker for fraction #4 (corresponding to smaller LLDs), and apoE for fraction

#6 (corresponding to larger LLDs).

Fractions can be analyzed for protein and lipid compositions using established

methodologies described elsewhere.

7.2.2.7.2 Analysis of LD particle size by FPLC and native PAGE
These analyses are performed in combination with protein and lipid composition

analysis. Information obtained from these analyses is useful not only to understand

the physical property of LLDs, but more importantly, as a read out for protein and

lipid compositions associated with the various subsets of LLDs. This information is

especially beneficial when comparing between different experimental conditions,

such as genetic backgrounds, nutritional states, or drug treatments.

Gel filtration chromatography. Combined LLD fractions are concentrated and ap-

plied to a Superose 6 size exclusion FPLC column (Pharmacia, Uppsala, Sweden). Elu-

tion of various TG-rich LLD subfractions is determined by on-line detections of TG

content. Specifically, eluted fractions are mixed in-line with the InfinityTM Triglycer-

ide Reagent (Thermo Fisher Scientific, Inc., Waltham, MA) using a post-column

T-connector/Solvent Delivery Module (model 110B, Beckman Coulter, Mississauga,
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Ontario, Canada) and passed through a CH-30 Column Heater (Eppendorf, Missis-

sauga, Ontario, Canada) set at 37 �C. Reaction products are monitored at 500 nm in

real time using a Programmable Detector Module (model 166, Beckman Coulter). Un-

der this setup, fractions that elute from the 22nd to 25th minute contain VLDL-sized

particles and fractions that elute from the 38th to 53th minute contain HDL-sized par-

ticles. To analyze protein contained in different fractions, we collect one fraction every

4 min (2 ml) from the 22nd to 58th minute, precipitate proteins with 2 volumes of ice-

cold acetone for 30 min at�20 �C, resuspend the protein pellet in 50 ml of SDS–PAGE
sample buffer, and analyze the protein content by SDS–PAGE and immunoblotting.

Several reference proteins, including Ces3/TGH, MTP, and apoE, can be used to eval-

uate successful separation of LLDs of varies size. We found that Ces3/TGH is present

in eluent from 26 to 58 min and peaks around 42 to 58 min, apoE is eluted at around

26–38 min, while MTP elutes later than apoE, at around 42–58 min.

Gradient native PAGE. Twenty five microliter aliquots of isolated LLDs are mixed

with an equal volume of 2� native PAGE loading buffer and applied to a 2–10% gra-

dient nondenaturing polyacrylamide gel, casted with a gradient maker (Hoefer, Inc.).

Proteins are resolved in native PAGE running buffer without SDS at 80–120 V using a

BioRad Mini-PROTEAN system. Particle size is determined by comparison with the

migration of purified lipoprotein standards listed in the table below:

Size Category Molecular Mass (kDa) Diameter (nm)

HDL1 440–669 12.2–17.0

HDL2 232–440 10.5–12.2

HDL3/preb1 66–232 7.1–10.5

7.2.3 Use of BODIPY fatty acids for visualization of CLD
dynamics (Table 7.3)
7.2.3.1 Preparation of mouse hepatocytes grown on the cover slip or
glass bottom dish
This protocol uses primary mouse hepatocytes isolated by collagenase perfusion of

the mouse liver. Details of the preparation can be found in previous publications

(Yao & Vance, 1988). We use fasted mice. The isolation should be performed im-

mediately before each experiment since cultured primary hepatocytes gradually lose

their metabolic properties, such as expression of some key enzymes involved in lipid

metabolism. Hepatocytes should not be older than 72 h and preferably used within

48 h after seeding (Table 7.3). We seed 0.2 � 106 cells for each well in a six-well

plate. For proper imaging of cells by confocal microscopy, cells should be plated

on glass cover slips with thickness compatible with the microscope objectives to

be used. If a microscope has a culture chamber or adaptor for live-cell imaging, cells

can be seeded onto a regular round cover slip placed at the bottom of a six-well plate;
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the diameter of the cover slip should be suitable for the adaptor. Otherwise, a glass

bottom culture dish (e.g., MatTek dishes) can be used instead. To coat cover slips or

glass bottom dishes with collagen, pipette collagen solution (Sigma) into wells con-

taining the cover slip, let the solution sit briefly, then remove the collagen solution,

and rinse wells twice with PBS. Collagen solutions can be reused if kept sterile. Cells

are then maintained in hepatocyte culture media at 37 �C in humidified air containing

5% CO2 for at least 4 h to allow attachment of the cells to the collagen matrices.

7.2.3.2 Oleic acid and BODIPY fatty acid incubations of hepatocytes
It is recommended that endogenously preformed CLDs should be reduced as much as

possible by incubating cells grown on collagen-coated cover slips in serum-free

DMEM overnight. Even though preformed CLDs always exist in hepatocytes iso-

lated from wild-type mice, this step helps reduce the stored TG pool and reduce

the background.

To visualize preformed LDs using exogenous fatty acid source, the intracellular

TG storage is first augmented by incubations with OA for at least 4 h. OA is com-

plexed to BSA to avoid lipotoxicity induced by free fatty acids. To make a 20� OA/

BSA complex, dissolve 5 g of FA-free BSA in 50 ml DMEM and warm up the mix-

ture to 56 �C in a water bath. Weigh out 106 mg OA in a glass beaker (100 ml) using

analytical balance and warm up at 56 �C water bath for 2 min. This step should be

done immediately before adding BSA in order to minimize oxidation. Add BSA so-

lution to the warmed up OA and stir vigorously using a stirring bar for 2 min. The

solution should clear, an indication that OA has been complexed with BSA. Filter-

sterilize the solution while it is still hand-warm and store at 4 �C.
Labeling of preformed LDs is performed by mixing the red fluorescent fatty acid

analogue, BODIPY 558/568 C12, during OA loading (labeling medium A). After 4 h

incubation, cells are washed with PBS and incubated with labeling media containing

the fluorescent green fatty acid analogue, BODIPY FL C12. For imaging and quan-

tification of nascent LD formation under real-time conditions, we use labeling media

B for this step since a quencher is included in the labeling medium B to absorb

Table 7.3 Visualization of Lipid Droplet Dynamics using BODIPY Fatty Acids

1. Coat cover slips with collagen solution and place in a six-well plate
2. Seed 0.2 � 106 freshly prepared hepatocytes per well
3. Incubate cells in serum-free DMEM overnight
4. Incubate cells with labeling medium A containing 558/568 C12 for at least 4 h
5. Setup microscope for imaging with 491 and 543 nm laser lines
6. Transfer cover slips onto a culture chamber placed on themicroscope in an environment

chamber thermostated at 37 �C and supplied with 5% CO2

7. Find fields of interest and record stage location
8. Carefully rinse once with PBS without disturbing stage locations
9. Carefully add labeling media B (time 0)
10. Immediately start image acquisition every 1 min over a period of 30 min with Z-slices of

0.5 mm steps
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background fluorescent signals in the media so that only signals from the fluoro-

phores incorporated into LDs are collected. For this purposes, labeling medium B

should be added into the culture chamber on the microscope, immediately before

image capture (see Section 2.3.3).

In principle, the choice of fatty acid analogues can be reversed, that is,

BODIPY FL C12 for preformed and BODIPY 558/568 C12 for nascent CLDs. We

have demonstrated by both microscopy and TLC that these analogues are

similar in their capabilities to incorporate into TG/LDs. However, we prefer using

BODIPY FL C12 for nascent LD formation in live-cell imaging for the following

reasons: (1) compared to BODIPY 558/568 C12, BODIPY FL C12 gives brighter

signal and sharper image; (2) as a consequence, lower laser power can be used

for live-cell imaging, which is crucial to keep cells healthy during imaging and

for avoiding artifacts in quantification due to bleaching of the fluorophore; (3)

chemical quencher for BODIPY FL C12 is readily available in the commercial kit

mentioned above.

7.2.3.3 Microscope setup and imaging
The spinning-disk confocal microscopes suitable for this experiment should be

equipped with green and red laser lines for excitation of the fatty acid analogues.

It is essential to have a temperature-controlled environment chamber. It is preferable

to have CO2 supply; however, cells can be maintained in medium containing 50 mM

HEPES for at least 30 min without CO2. Samples should be secured to the stage with

an adaptor that completely restricts movement of the samples when reagents are

added during imaging. For this reason, a culture chamber is preferable to a glass bot-

tom dish, as the latter usually does not fit tightly to the stage adaptor. It is also ex-

tremely helpful to have multistage control and autofocusing to image multiple cells

during the same imaging session. Taking Z stacks of cells is helpful to bypass focus

fluctuations during long-term imaging.

For our setup, cells grown on cover slips are mounted onto a culture chamber

(Chamlide, Seoul, Korea) and placed in an environment chamber thermostated at

37 �C and supplied with 5% CO2. Labeling media B is carefully added to cells in

the culture chamber immediately before image capture (time 0). Confocal micros-

copy is performed on a spinning-disk microscope (WaveFx from Quorum Technol-

ogies, Guelph, Canada) setup on an Olympus IX-81 inverted stand (Olympus,

Markham, Canada). Images are acquired through a 60� objective (N.A. 1.42) with

an EMCCD camera (Hamamatsu, Japan). Fluorescent fatty acid analogues BODIPY

FL C12 and BODIPY 558/568 C12 are successively excited by a 491 nm (GFP chan-

nel) and a 543 nm (Cy3 channel) laser line (Spectral Applied Research, Richmond

Hill, Canada), respectively. Z-slices of 0.5 mm steps are acquired using Volocity soft-

ware (Improvision) through the cells using a piezo z-stage (Applied Scientific Instru-

mentation, Eugene, USA) with image capture every 1 min over a period of 30 min.

Quantification of fluorescent intensity is done using Volocity software (Ver. 5.0.0)

(see below).
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7.2.3.4 Image processing and analysis
Image analysis can be performed by a variety of software, including open architec-

ture software, such as Image J and CellProfiler, commercial imaging software, such

as MetaMorph and Volocity, or a high-level language for data analysis and visual-

ization, such as MATLAB. Each of the abovementioned software has its own

strength and weakness, but in all cases, object segregation is the most challenging

task in order to identify objects as well as possible. This is especially valid when

CLDs are vastly different in their sizes, because it might be difficult, if possible

at all, to precisely identify all objects. Parameters should be optimized so that when

different samples are compared, it is reasonable to assume the same error for the ob-

ject of interest in all samples. Therefore, relatively large data sets should be obtained

for quantification.

For our processing and analysis, images captured with time-lapse microscopy are

processed with Volocity software (PerkinElmer). Brightness, contrast, density, and

blackness are adjusted to obtain sharp images, and photobleaching is corrected for

quantification. For our data set, one can calculate the transfer of newly synthesized

lipids (BODIPY FL C12) to preformed LDs (BODIPY 558/568 C12). Performed

CLDs are defined as areas containing red fluorescent signal, selected by choosing

objects within a defined density threshold in the Cy3 channel. A single cell is defined

as the region of interest (ROI), and objects within the ROI are refined by setting ob-

ject size and shape references. Touching objects are separated and objects selected

under these criteria are defined as the preformed CLD area. Data from all time points

are corrected for photobleaching. Fluorescence intensity within preformed CLD area

at each point is quantified for both GFP and Cy3 channels and presented as the per-

centage of initial fluorescent intensity (at time “0”). The results are exported to

Microsoft Excel for plotting as line graphs, in which the rate of incorporation can

be reflected clearly: red signals in the preformed LD are relatively stable, suggesting

of low turnover, while signals from the green channel increase gradually with time,

suggesting continuous incorporation of the newly synthesized TG, either by lipolysis

and reesterification of new LDs, or by fusion of newly synthesized and preformed

LDs. When hepatocytes from different genetic background were compared,

differences in fatty acid transfer rate from nascent to preformed CLDs can be clearly

observed (Wang et al., 2010).

7.3 DISCUSSION
The importance of CLDmetabolism in tissues other than adipose resulted in the need

of methodologies that would lead to the recovery of highly purified CLD prepara-

tions. Due to the high proportion of neutral lipids and the relative low concentration

of proteins, CLDs would appear to be easy to isolate compared with other organelles.

However, a care has to be undertaken in homogenization and centrifugation proto-

cols that allow preparations of highly purified CLD fractions.
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Technically, the study of CLD metabolism in the liver should not represent a

problem, provided mild homogenization protocols are followed that preserve the in-

tegrity of intracellular organelles and avoid contamination of CLDs with lumenal

TG-rich lipoproteins and LLDs. Therefore, the study of hepatic CLDs components

has added complexity compared to CLDs from other cells and tissues. A few studies

have been performed to describe the proteome of hepatic CLDs (Fujimoto et al.,

2004; Turro et al., 2006). An early method for isolating hepatic CLDs involved dis-

continuous density gradient centrifugation and yielded six discrete bands of lipid par-

ticles, rich in TG and cholesterol (Ontko, Perrin, & Horne, 1986). Unfortunately, due

to the lack of knowledge of CLD-associated proteins (PAT family of proteins was

discovered nearly a decade later), the purity and protein composition of the various

fractions method has not been adequately validated.

Here, we describe amethod for isolatingCLDs from the liver, based on amethod by

Brasaemle and Wolins (2006), and a method to isolate LLDs. The use of a soft tissue

homogenization is crucial to preservation of CLD integrity of LDs. Simple two-step

low-speed centrifugation and a single ultracentrifugation step using a discontinuous

density gradient yield highly purified CLD preparations. We have used this method

to analyze aCLDproteome in fasted and re-fed conditions. TheCLDproteome changes

dramatically depending on the feeding state of the mouse and therefore it is highly

advisable that CLDs are prepared from animals in a controlled metabolic state.

It is important to note that this method of CLD isolation can be applied to evaluate

a wide range of metabolic processes such as lipid metabolism in different feeding

states, biochemical determinations such as enzyme activities, particle size, etc.

The analysis of the dynamic nature of these organelles not only provides the tools

for the understanding of molecular mechanisms involved in CLD formation and mo-

bilization, but also paves the road to development of novel therapies for treatment of

pathological conditions.

The research on LLDs has been challenging for multiple reasons: (1) it is dif-

ficult to resolve LLDs from apoB-containing VLDL and its precursors; (2) it is

difficult to compromise the integrity of the microsomal membranes without af-

fecting the integrity of LLDs; (3) LLDs are present in low abundance; (4) con-

tamination from ER-resident proteins needs to be avoided; (5) LLDs are too

small to be visualized by light microscopy, and there had been only limited suc-

cess with electron microscopy in studying LLDs. The protocol we developed

overcomes most of these difficulties and represents a practical and effective

way to purify LLDs.

To separate LLDs from apoB-containing VLDL and its precursors, we used im-

munoprecipitation to remove apoB-containing particles, which was proved success-

ful since apoB was absent from the post-IP fraction, while the LLD-associated

carboxylesterase 3/TGH was recovered in this fraction (Wang et al., 2007). How-

ever, care should be taken to maintain the integrity of particles during immunopre-

cipitation procedure; immunoprecipitation should be performed in the absence of

detergents, as they would destroy lipid particles, and/or change protein and lipid

composition of isolated LLDs. Similarly, the method using high pH carbonate
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(0.2 M Na2CO3, pH 11) for extraction used for studying topologies of polytopic

membrane proteins is unsuitable as this method might denature proteins and/or strip

proteins from the LLD surface.We used hypotonic solution to swell and compromise

microsomal membrane integrity to release LLDs. Because LDs do not contain aque-

ous phase within the core, they are not susceptible to hypotonic osmotic pressure.

One of the challenges we have encountered in the preparation of LLDs is their

low abundance. Our studies have suggested that less than 3% of the intrahepatic

TG is contained in LLDs. This problem is compounded by the relatively low recov-

ery. For obtaining sufficient amount of LLDs for subsequent studies, usually two to

four mouse livers are necessary. However, it is challenging to adapt this method to

cultured hepatocytes unless one uses radioactive tracers to monitor LLD recovery.

As mentioned above, an alternative approach to release microsomal lumenal con-

tents is through the use of high pH Na2CO3 (Sundaram et al., 2010). This method

is more efficient at breaking microsomes than the hypotonic method we used, and

therefore results in a higher recovery of lumenal contents. However, because

Na2CO3 will also strip proteins and CLDs peripherally associated with membranes

in addition to LLDs, this might result in contamination of LLDs with CLDs that

remained associated with microsomes. Readers should choose carefully which

procedure is preferable depending on the experimental needs. The following

publications maybe referred to for comparison (Wang et al., 2007; Yao, Zhou,

Figeys, Wang, & Sundaram, 2013).

To assess the purity of the isolated LLDs and to estimate the degree of contam-

ination, protein composition needs to be determined. The LLD fractions should

be free of apoB, transmembrane proteins, and CLD markers. However, many ER

lumenal proteins are found in LLDs. This may be due to the ER–LD connection,

as by high-confidence LD proteomics studies, many proteins were found to have dual

localization in the ER and on LDs (Krahmer et al., 2013). Using mass spectrometry,

we also found some cytosolic and mitochondria associated proteins in LLDs fraction.

These are inevitable contaminations that exist in essentially all subcellular purifica-

tions. Thus, further combining LLD purification with a high-confidence proteomics

approach such as SILAC would be beneficial to identify bona fide LLD proteins.

This approach would further assist in identifying specific protein markers for LLDs.

So far, proteins confirmed to be present on mouse liver LLDs are carboxylesterases 1

and 3, apoE, MTP (Wang et al., 2007), and apoCIII (Sundaram et al., 2010). How-

ever, these proteins are not exclusively associated with LLDs but are also present in

their “lipid-free” form in the ER lumen.

The isolation and analysis of LLDs provided direct biochemical evidence that

LLDs are true entities that possess different biochemical properties from that of

CLDs and VLDL. This protocol can be adapted to a wide variety of applications

to study the mechanism of LLD formation, the role of LLD-associated proteins in

VLDL secretion, as well as genetic, nutritional, and pharmaceutical influence on

these processes.

This protocol also provides an example of using BODIPY fatty acid analogues to

study dynamics of LD formation and metabolism. BODIPY fatty acids are available
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in different chain length, and both BODIPY-C16 and BODIPY-C12 are reported to

incorporate well into cells (Thumser & Storch, 2007). We have only used BOD-

IPY-C12 since with the inclusion of the BODIPY head group the analogue mimics

the natural chain length of OA. BODIPY-C12 is esterified into both phospholipids

and neutral lipids and labels the same LDs as those stained with conventional LD

dyes (BODIPY 493/503 and Nile Red), thus showing properties similar to natural

long-chain fatty acids (Wang et al., 2010).

We used primary hepatocytes in this protocol due to our specific need to compare

cells of different genetic backgrounds; however, this method can be easily adapted to

other cell types. When a new cell type is used, several control experiments should be

performed to ensure that the analogues are metabolized as would be expected from

native fatty acids. Controls should include: (1) confirmation of esterification into

phospholipids and neutral lipids by TLC; (2) monitoring dynamics of analogue up-

take and incorporation, preferably compare these with radiolabeled OA; (3) coloca-

lization with conventional neutral lipid dyes.

This method can also be used to study the localization of nascent CLD formation,

interactions of proteins, and nascent LDs immediately after fatty acid loading of cells.

However, these applications require either transient expression of fluorescently tagged

proteins, or immunostaining of a protein of interest. Immunofluorescence staining of

LD-associated proteins is challenging since lipids cannot be fixed by general fixatives.

Some recently published protocols addressed this problem (DiDonato & Brasaemle,

2003; Ohsaki, Maeda, & Fujimoto, 2005). Primary hepatocytes are known for being

difficult to transfect. Liposome-based transfection reagents, such as Lipofectamine

2000, are able to deliver plasmid DNAs into hepatocytes when the ratio of transfection

reagent DNA is optimized; however, the transfection efficiency is generally very low,

less than 15%. We found that a cell type-specific reagent, Targefect-Hepatocytes,

together with its enhancer Virofect (Targeting Systems, CA), provides a much higher

transfection efficiency (Wang et al., 2010).

CONCLUSION

We have provided detailed protocols and expected outcomes for the purification and

analysis of hepatic LDs, including CLDs and LLDs. We have also presented a cell

biological method for monitoring LD dynamics in hepatocytes. These protocols can

be extended to study liver LD metabolism under different metabolic states.
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Abstract
Cellular energy homeostasis is a crucial function of oxidative tissues but becomes

altered with obesity, a major health problem that is rising unabated and demands

attention. Maintaining cardiac lipid homeostasis relies on complex processes and

pathways that require concerted actions between lipid droplets (LDs) and mitochon-

dria to prevent intracellular accumulation of bioactive or toxic lipids while providing

an efficient supply of lipid for conversion into ATP. While cardiac mitochondria

have been extensively studied, cardiac LDs and their role in heart function have

not been fully characterized. The cardiac LD compartment is highly dynamic and

individual LD is small, making their study challenging. Here, we describe a simple

procedure to isolate cardiac LDs that provide sufficient amounts of highly enriched

material to allow subsequent protein and lipid biochemical characterization. We also

present a detailed protocol to image cardiac LDs by conventional transmission

electronic microscopy to provide two-dimensional (2D) analyses of cardiac LDs

and mitochondria. Finally, we discuss the potential advantages of dual ion beam

and electron beam platform (FIB–SEM) technology to study the cardiac LDs and

mitochondria by allowing 3D imaging analysis.

INTRODUCTION AND RATIONALE

Maintaining appropriate cellular lipid homeostasis is crucial to heart function, and

numerous studies have established that lipid homeostasis is compromised in

obesity-induced cardiomyopathy, a rapidly rising health problem (Cornier et al.,

2008; Lopaschuk, Ussher, Folmes, Jaswal, & Stanley, 2010; Szczepaniak, Victor,

Orci, & Unger, 2007). To better understand molecular underpinnings of cardiomy-

opathy and develop targeted preventive and therapeutic treatments, we need to iden-

tify the pathways and genes regulating cardiac cellular lipid homeostasis. Distinct

among features of cardiomyopathy in obese and diabetic patients are association

of increased incidence of heart failure with the accumulation of cardiomyocyte lipid

droplets (LDs) (Borradaile & Schaffer, 2005; Khan, Drosatos, & Goldberg, 2010;

Lopaschuk et al., 2010; Wende & Abel, 2010). Ample evidence indicates that

LDs play a critical, cardioprotective role in lipid homeostasis by mediating transient

storage of excess fatty acid (FA) in the form of triglycerides (Listenberger et al.,

2003; Liu et al., 2007). Cardioprotection by LD from accumulation of bioactive

lipids or production of toxic lipid species occurs at times when FA supply exceeds

demand, for example, fasting, as demonstrated in both rodent and human heart tissue

(Jacob, 1987; Reingold et al., 2005). However, role of LDs in cardiomyopathy re-

mains underappreciated and controversial (Brindley, Kok, Kienesberger, Lehner,

& Dyck, 2010; Park, Yamashita, Blaner, & Goldberg, 2007). Excess fat in cardi-

omyocytes is associated with cardiac lipotoxicity/dysfunction in mice models

with specific heart overexpression or downregulation of genes involved in lipid
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metabolism (Chiu et al., 2001, 2005; Son et al., 2007; Zimmermann et al., 2004),

while other transgenic models display similar amounts of cardiomyocyte LDs but

are free of cardiac function abnormalities (Liu et al., 2007; Pollak et al., 2013;

Wang et al., 2013). Overall, it is clear that development of cardiac tissue lipotoxi-

city/dysfunction is not due to the simple presence of ectopic fat in this tissue but

rather due to alterations in LD function as they attempt to manage appropriately ex-

cess energy. This has also been shown clinically by the recent observation that myo-

cardium from patients with dilated cardiomyopathy has decreased cardiac

triglycerides (TG) but increased diacylglycerols and ceramides, implied defects in

cardiac LD packaging associated with human heart failure (Chokshi et al., 2012).

Directly examining cardiomyocyte LD function will address the nature of link(s) be-

tween excess cardiomyocyte LDs, LD dysfunction, and disease state.

LDs are now recognized as bona fide cellular organelles, and work supporting

their importance in cellular and whole body energy homeostasis has been recently

reviewed (Coen & Goodpaster, 2012; Greenberg et al., 2011). They are composed

of a core of neutral esterified lipids, uniquely surrounded by a monolayer of phos-

pholipids where LD-associated proteins dock and regulate the LD function. LD bio-

genesis is a fundamental cellular function; most mammalian cells store nonesterified

fatty acid (NEFA) as triglyceride (TG) in LDs when grown in the presence of FA

(Listenberger et al., 2003). LD accumulation in “normal” cells maintains low intra-

cellular NEFA levels but sufficient for essential purposes, for example, beta-

oxidation, membrane phospholipid synthesis, and steroid production, depending

on cell type and developmental state. Cardiac and skeletal muscle cells mainly

use NEFA for energy, while liver uses them for very low density lipoprotein produc-

tion, mammary epithelial cells for milk production, and specialized lung cells make

surfactant. These cell-specific uses imply that the LD compartment where TG accu-

mulates must be highly dynamic, absorbing excess NEFA and releasing NEFA to

accommodate individual cell requirements. Thus, the LD compartment interacts with

other cellular compartments where TG is formed (presumably endoplasmic reticu-

lum, ER) and where NEFA is utilized (cytosol, mitochondria, endosomes).

Cardiomyocytes have high and fluctuating energy demands and are therefore

prime cellular models to investigate mechanisms responsible for efficient coupling

between energy storage in LDs and utilization in mitochondria (Marı́n-Garcı́a &

Goldenthal, 2008). Mitochondrial dysfunction results in prominent lipid accumula-

tion and cardiomyopathy in both mice and humans (Marı́n-Garcı́a & Goldenthal,

2008). Conversely, lack of some LD-associated proteins has been associated with

increased mitochondrial b-oxidation of FA in adipose cells (Beller et al., 2008;

Nishino et al., 2008; Saha, Kojima, Martinez-Botas, Sunehag, & Chan, 2004).

New studies are revealing an emerging relationship between cardiac LD hydrolysis

and levels of peroxisome proliferator-activated receptor gamma coactivator 1-alpha

expression, an important transcription factor for mitochondrial function (Haemmerle

et al., 2011). In addition, spatial interaction between these two organelles has

been anecdotally reported in electron microscopic studies of adipocytes, heart

and liver (Blanchette-Mackie & Scow, 1983; Liu et al., 2007; Shaw, Jones, &
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Wagenmaker, 2008). In skeletal muscle cells where lipids are utilized for energy,

interaction between LDs and mitochondria is enhanced by exercise (Tarnopolsky

et al., 2007). More recently, it was shown that perilipin 5, a LD-associated protein,

stabilizes LDs in close proximity to mitochondria (Bosma et al., 2012; Wang et al.,

2011). Therefore, continuing work is required to elucidate mechanisms underlying

physical and metabolic relationships between cardiac LDs and mitochondria as well

as its physiological and pathological relevance.

Development of robust techniques is important to analyze the cardiac LD-

associated proteins and the spatial organization of the network of mitochondria

and LDs from heart tissues; determination of content and distribution could provide

crucial information. Major limitations to study cardiac LDs are their relative small

size and low abundance in the heart. While the remarkable lipid storage capacity of

white adipocyte LDs can be readily visualized by microscopic observation, cardiac

LDs are best visualized by electron microscopy under the most physiological con-

ditions possible. Mature adipocytes have a single LD whose size can range from

25 to 150 mm diameter occupying most of the cell volume; steatotic liver can contain

LD with a size reaching 10 mm, while cardiac LD size usually averages less than

1 mm in diameter and are always in close association to mitochondria. Here, we pro-

vide detailed protocols that are the basis for our published methods for isolating car-

diac LDs and for analyzing cardiac LD proteins by western blot. Also included is a

protocol we have used to image cardiac LDs by conventional transmission electronic

microscope. In addition, we discuss the potentiality of novel three-dimensional (3D)

methodologies for imaging and quantifying cardiac LD and mitochondrial size using

Dual beam FIB–SEM.

8.1 ISOLATION OF CARDIAC LD PROTEINS AND PREPARATION
OF CARDIAC LDs FOR ANALYSIS BY WESTERN BLOT
There are many published techniques to isolate LDs from cells and tissues of

different organisms (Brasaemle & Wolins, 2006; Ding et al., 2013; Harris, Shew,

Skinner, & Wolins, 2012). All these techniques rely on fractionation by differential

centrifugation, benefiting from the relative low density of these organelles that

makes them float in aqueous solution. A major and common caveat of LD fraction-

ation is the remaining level of unwanted membranes/proteins from other cellular or-

ganelles in the low density LD fraction, especially from ER and mitochondria.

Conditions used for cell lysis or tissue homogenization are likely to be the main fac-

tor determining the levels of these unwanted contaminants. Attempts to remediate

have commonly included additional washes at similar or increased pH (carbonate

wash buffer at pH 10). However, these additional steps run a risk for loss of the

scarce amounts of extractable LDs from the heart. Cardiac LDs are in low abundance

and are very labile upon nutritional conditions. For example, they are almost unde-

tectable in mice studied in fed conditions, but their presence increases with increas-

ing time of fasting (Pollak et al., 2013; Wang et al., 2013). In addition, the abundance
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of fibrillar material in heart muscle makes LD isolation particularly challenging. We

developed a simplified protocol for isolating cardiac LDs that has been shown to be

effective to study some of the LD-associated proteins by providing sufficient yield

and quality as assessed by a secondary measurement of western blot. A schematic for

the isolation procedure is presented in Fig. 8.1.

8.1.1 Materials
8.1.1.1 Reagents
1. Protease inhibitor cocktail tablet (Roche, cat. no. 11873580001)

2. Tris HCl (Sigma-Aldrich, cat. no. T1503)

Tissue homogenization

Slow speed centrifugation

800 rpm, 4 �C, 10 min

Pellet 1Supernatant

High speed centrifugation

50,000 rpm, 4 �C, 2 h

Pellet 2InfranatantLDs Pellet 1 &Pellet 2

Acetone precipitation

Pellet 3

Solubilization Solubilization

Westernblot

FIGURE 8.1

Schematic of the key steps in the fractionation method used to isolate cardiac LDs.
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3. NaCl (Sigma-Aldrich, cat. no. S7653)

4. KCl (Sigma-Aldrich, cat. no. P9333)

5. Na2HP04 (Sigma-Aldrich, cat. no. S5136)

6. KH2PO4 (Sigma-Aldrich, cat. no. P5655)

7. Sodium dodecyl sulfate (Sigma-Aldrich, cat. no. L3771)

8.1.1.2 Buffers
1. Tris–EDTA–sucrose buffer (10 mM Tris, pH 7.4, 1 mM EDTA) supplemented

the day of the experiment with 1 tablet of protease inhibitor cocktail for 50 ml

buffer and 10% final sucrose.

2. PBS, pH 7.4.

3. 2� concentrate Laemmli sample buffer containing 4% SDS, 20% glycerol, 10%

2-mercaptoethanol, 0.004% bromphenol blue, and 0.125 M Tris HCl, pH �6.8

(Sigma-Aldrich, cat. no. S3401).

8.1.2 Equipment
1. Refrigerated table top Microfuge (Beckman 22R)

2. Refrigerated Centrifuge (Beckman Allegra 22X-R)

3. Ultracentrifuge (Bekman Optima L 90K)

4. 200 ml pipet tips with large orifice (VWR, cat. no. 53503-612)

5. SW55 Ti rotor (Beckman Coulter, cat. no. 331302)

6. 5 ml Ultracentrifuge Tube (Beckman, cat. no. 326819)

7. 1 ml syringe (BD, cat. no. 309602) and 27G1/2 needle (BD, cat. no. 305109) cut

to provide a blunt end

8. Glass Dounce homogenizer and fitted pestle (Wheaton, cat. no. 357542)

9. 50 ml conical centrifuge tube (Corning, cat. no. 430828)

10. Liquid nitrogen cryogenic container

11. Biosqueeze cryogenic tissue clamping (Fisher Scientific, cat. no. 200489)

12. 4–12% pre-poured gels for protein analysis (Life Technologies, CA, cat. no.

NP0330)

13. Nitrocellulose membrane (GE Healthcare, NJ, cat. no. RPN203D)

14. Enhanced chemiluminescence (ECL) system (GE Healthcare, cat. no.

RNP2232)

15. Super Signal West Dura (Pierce Biotechnology, cat. no. 37071) or West Femto

(Pierce Biotechnology, cat. no. 34094)

8.1.3 Experimental design
1. Mice are euthanized by cervical dislocation, heart tissue is then excised and

immediately snap-frozen using cryogenic tissue clamps. Frozen tissues are

quickly weighed, reduced to powder using a small ceramic mortar cooled with

liquid nitrogen, and maintained on dry ice. Frozen powered tissues are carefully

collected and set in a glass bounce homogenizer (ratio 100 mg heart tissue/1 ml

ice-cold Tris–EDTA buffer pH 7.4 with cocktail inhibitors) on ice.
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2. Individual mouse heart is manually homogenized using the fitted glass pestle,

and keeping the homogenizer and tissue on ice until the tissue is completely

homogenized.

3. Homogenates are obtained and pooled from five mouse hearts together into a

50 ml conical centrifuge tube.

4. Homogenates are centrifuged at 100 gavg. at 4 �C for 10 min (Refrigerated

Centrifuge, Allegra 22 X-R), collect 10 ml twice for later protein determination,

and then transfer the supernatant to a 5 ml ultracentrifuge tube. Pellets are kept

on ice to be later processed.

5. Supernatant is centrifuged at 237,020 gavg. for 2 h at 4 �C (Ultracentrifuge,

Beckman Optima).

6. The LDs will concentrate in a thin white band at the top of the tube. LDs are

collected using a 200 ml pipette tip with large orifice and transferred to an

Eppendorf tube, trying to obtain the most LDs with the least amount of buffer.

7. Collect remaining infranatant, add 1:1 amount of 2� concentrate Laemmli gel

sample buffer solution, and freeze at �80 �C.
8. Wash pellets collected after the low-speed centrifugation and high-speed

centrifugation steps by resuspending pellets with 200 ml of Tris–EDTA buffer

pH 7.4 and centrifugation at 18,000 gavg. for 30 min at 4 �C (Microfuge,

Beckman 22R). Finally, pellets are solubilized in 200 ml of Tris–EDTA buffer

pH 7.4 containing 10% SDS and 200 ml 2� sample buffer solution.

9. LDs are separated from the remaining buffer by centrifuging at 18,000 gavg. for

30 min at 4 �C (Microfuge, Beckman 22R).

10. Working rapidly to avoid warming the layer of LDs, the solution underlying the

LDs is removed using a 1 ml syringe fitted with a 27G1/2 needle cut with a blunt

end.

11. 200 ml of Tris–EDTA buffer pH 7.4 is added to the LDs by releasing the buffer

close to where the lipid layer is sticking to the plastic centrifuge tube and LDs

are resuspended by gentle tapping on the tube. Two 10 ml aliquots of LDs
containing solution are taken and frozen at �20 �C to be used later for LDs

protein determination.

12. Proteins are then acetone-precipitated from the remaining LD containing

solution by adding 1:3 (v/v) of acetone, vortex and freeze at �20 �C overnight.

13. The following day, collect the LD acetone-precipitated proteins by centrifuging

the Eppendorf tubes for 1 h at 18,000 gavg. at 4 �C and decant the tube. Let the

tube dry briefly on ice in the hood.

14. Add 80 ml of 10% SDS, 20 ml of 10 mM DTT, and 100 ml of 2� concentrate

Laemmli sample buffer to solubilize the precipitated proteins.

8.1.4 Analysis of LDs by western blot
1. Separate the LD proteins using 4–12% Bis–Tris gels according to the standard

methods.

2. Transfer the proteins to a nitrocellulose membrane (Amersham Biosciences, NJ)

by following the standard procedures.
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3. Blot the target proteins using appropriate antibodies according to the standard

methods.

4. Detect the signals using an ECL system (GE Healthcare, cat. no. RNP2232)

according to the manufacturer’s instructions. For low abundant proteins, we use

Super Signal West Dura (Pierce Biotechnology, cat. no. 37071), or West Femto

(Pierce Biotechnology, cat. no. 34094).

8.1.5 Results and discussion
To assess the effectiveness of this method, heart tissues from fed or 12 h fasted mice

were homogenized. To determine the extent of the purity of the LDs obtained, the

cardiac LD fraction was analyzed with an immunoblot with antibodies against pro-

teins reported to be restricted to specific organelles (Fig. 8.2). Organelle-specific

markers for cardiac LDs used are the following: the LD-associated protein perilipin

2, member of the perilipin protein family; for cytosolic proteins, lactate dehydroge-

nase; for ER transmembrane protein, calnexin; for mitochondria protein, ATP

synthase a. Due to the difficulty to homogenize heart and its small amount of cardiac

LDs, it is not possible to directly assess the distribution of organelles across other

fractions due to a limitation to resuspend the isolated LDs in a small volume. The

figure provided is indicative that the selected antibodies against protein-specific

FIGURE 8.2

Selected protein expression of specific organelle markers in LD, infranatant, and pellet

fractions isolated by differential centrifugation from heart of fed or overnight fastedmice. Each

lane contains equal volume 20 ml of sample loaded for perilipin 2 (Progen Biotechnik, cat.

no. GP4), perilipin 5 (Progen Biotechnik, cat. no. GP31), perilipin 3 (Progen Biotechnik,

cat. no. GP36), calnexin (Abcam, cat. no. 191-100), LDH (Cell Signaling Technology, cat. no.

2012), and ATP synthase a (MtioSciences, cat. no. MS502) from fed and fasted mice.

One representative experiment is shown.
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organelles are working. As fractionations are never pure, it is always recommended

for each preparation to be assessed for the level of specific organelle markers in the

LD fraction. We also used two additional members of the LD protein, perilipin 5, a

LD-associated protein previously shown to be nutritionally regulated and also to be a

major cardiac LD protein, as well as perilipin 3, another member of the perilipin pro-

tein family whose expression by contrast has been shown not affected by fed and

fasted conditions (Dalen et al., 2007). Both perilipin 5 and perilipin 3 are termed ex-

changeable LD-associated proteins as they can be in the cytosol or bound the surface

of LDs (Brasaemle & Bickel, 2006). In contrast, perilipin 2 is only found bound to

LDs and thus its expression can be used as a LD-specific marker (Straub et al., 2013;

Xu et al., 2005). These organelle-specific markers show that this method produces

highly enriched in LDs from heart tissue (Fig. 8.2). Perilipin 2 signal is only detected

in the LD fraction, while perilipin 5 and specifically perilipin 3 can be detected in all

three fractions. Perilipin 5 content increases highly with starvation; however, there is

no change in the detected signals for calnexin and LDH in the other fractions.

ATPase is found essentially in the pellet but is also found associated with the LD

fraction in fasting conditions. We and others have previously shown that perilipin

5 mediates physical interactions between LDs and mitochondria by a yet unknown

mechanism (Pollak et al., 2013; Wang et al., 2013). The increased presence of mi-

tochondria proteins in the LD fraction may be due to increased presence of perilipin 5

in this fraction.

To normalize sample loading and allow comparison between cardiac LDs samples

isolated from different physiological conditions, samples loaded on the gel can be

normalized by the amount of proteins measured in the samples or the amount of start-

ing tissue when volume used remained in equal proportions. In our hands, we have

experienced more variation from sample to sample when measuring the amount of

proteins using a commercial Bradford commercial assay, likely due to the high lipid

content. We are now routinely normalizing our samples by initial heart weights and

maintaining volumes in proportion to allow comparison between samples (Fig. 8.2).

Here, we demonstrate the feasibility to isolate cardiac LDs, a particularly chal-

lenging task due to the low abundance of LDs and the difficulty to isolate them due to

the fibrous nature of the tissue. This methodology is compatible with secondary as-

says such as proteomics, lipids, and proteins determination that will provide neces-

sary information to understand the role of the LDs in the heart.

8.2 ANALYSIS OF CARDIAC LDS BY 2D ANALYSIS OF LDs
BY CONVENTIONAL TEM
Light microscopy analysis of LDs in heart histological sections has been fairly lim-

ited to visualize the total amount of neutral lipid content by using common lipid

stains such as Oil Red O (Christoffersen et al., 2003; Kuramoto et al., 2012;

Sharma et al., 2004). Recently, visualization by histocytochemistry of a very number

of LD-associated proteins, restricted to the LD coat proteins perilipins 2, 3, and 5,
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have been published and still do not offer quality resolution and information

(Kuramoto et al., 2012; Wang et al., 2013). Conventional TEM has been commonly

used to image cardiac LDs (Chiu et al., 2001, 2005; Chokshi et al., 2012; Liu et al.,

2007; Pollak et al., 2013; Son et al., 2007; Wang et al., 2013; Zimmermann et al.,

2004) and revealed the close physical association between LDs and mitochondria.

We are describing here an optimized protocol to allow imaging of these organelles

and morphometry analyses of LDs and mitochondria.

8.2.1 Materials
8.2.1.1 Reagents and buffers
1. Mixture of 4% paraformaldehyde and 1% glutaraldehyde in phosphate buffer:

mix 2.5 ml 16% paraformaldehyde (Electron Microscopy Sciences, cat. no.

15710), 1 ml 10% glutaraldehyde (Electron Microscopy Sciences, cat. no.

16120), 5 ml 200 mM phosphate buffer and adjust final volume to 10 ml with

water.

2. Mixture of 2% paraformaldehyde and 2.5% glutaraldehyde in phosphate buffer:

mix 1.25 ml 16% paraformaldehyde (MP Biomedical, USA, cat. no.

0219998320), 2.5 ml 10% glutaraldehyde (MP Biomedical, USA, cat. no.

02189659510), 5 ml 200 mM phosphate buffer, and adjust final volume to 10 ml

with water.

3. Uranyl acetate: 3% solution in water, stored in the dark at 4 �C.
4. Ethanol (C2H5OH): 30%, 50%, 70%, 90%, 100% solutions in water.

5. Spurr’s resin (EMS): mix 8.0 g DER 736 (diglycidyl ether of propylene glycol),

10.0 g ERL 4221, 25.0 g NSA (nonenyl succinic anhydride), and 0.3 g DMAE

(dimethylaminoethanol), for a total volume of �40 ml.

6. Toluidine blue stain: mix one part deionized water, one part 5% (w/v) toluidine

blue, and one part 2% (w/v) sodium borate, filter, and store at room temperature.

Phosphate buffer: 200 mM solution, pH 6.8. Prepare solution A (200 mM

monobasic sodium phosphate) and solution B (200 mM dibasic sodium

phosphate). Mix 190 ml of solution A with 810 ml of solution B and adjust pH to

7.4 by using additional Solution A or B.

8.2.2 Equipment
1. Transmission electron microscope, 120 keV (Tecnai T12, FEI Co.)

8.2.3 Experimental design
1. Mice are euthanized by cervical dislocation before dissection. Left heart

ventricle tissue is excised quickly and soaked immediately in 4%

paraformaldehyde and 1% glutaraldehyde in phosphate buffer (Trump’s

Fixative) and cut into roughly 5 mm2 pieces using a razor blade and stored at

4 �C in fixative.
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2. Within 24 h, the tissue is being processed. Small pieces of heart tissue are

transferred on a glass slide and further trimmed under the dissecting microscope

in a fume hood. The orientation of the heart muscle bundle is discernible at

10–20� magnification. Using a sharp surgical blade, heart muscle tissue is

trimmed into 1 mm � 1 mm � 2 mm pieces with the long axis parallel with the

direction of the myofibril bundles. A transparency film printed with 1 mm2

gridded pattern can be placed underneath the glass slide as a size guide. A drop

of fixative containing 2% paraformaldehyde and 2.5% glutaraldehyde in

phosphate buffer is added onto the muscle piece to prevent drying during

trimming.

3. After trimming, tissue pieces left in 2% paraformaldehyde and 2.5%

glutaraldehyde for another 30 min, washed with two changes of 100 mM

phosphate buffer, 2 min each time, quenched in 100 mM glycine in 100 mM

phosphate buffer for 15 min, and washed with phosphate buffer three times,

5 min each time. It is important to completely remove traces of aldehyde

solution before the osmium staining step.

4. After washing, specimens are postfixed with 1% osmium tetroxide in 100 mM

phosphate buffer for 1 h and washed three times in water (10 min each wash).

5. After washing, specimens are postfixed with 1% osmium tetroxide in 100 mM

phosphate buffer for 1 h and washed three times in water (10 min each wash).

6. Specimens are then en bloc stained with 3% UA in deionized water for 1 h at

room temperature and washed three times in deionized water (10 min each

wash).

7. This is followed by dehydration in a graded ethanol series including incubation

in 30, 50, 70, 90% ethanol (10 min each), and two successive 10 min

incubations in 100% ethanol. Care should be taken that incubation of the

specimen in ethanol is not prolonged to minimize the chances of lipid

extraction.

8. Tissue pieces are then infiltrated with 1:1 ethanol/spurs resin, 2:1 ethanol/spurs

resin for 1 h each, and pure spurs resin overnight.

9. The followingmorning, specimens are transferred to a new tube containing pure

spurs resin for 1 h and then transferred with a wooden toothpick into a flat

embedding mold with either the long side of the specimen placed perpendicular

or parallel to the tip of the mold.

10. Polymerization of the resin is achieved at 60 �C for 24–48 h. The embedded

blocks are trimmed as a trapezoid with the parallel sides at �0.5–1 mm in size.

Survey sections of 150–250 nm thickness are collected onto glass slides, and

stained with toluidine blue to confirm the orientation of the myofibrils:

longitudinal or transversal.

11. Judging from the orientation of the myofibrils, the angle of the resin block can

be adjusted in order to obtain the largest possible area of sections with a

longitudinal cut of the muscle fibers. Silver-colored ultrathin sections at

�70 nm thickness are collected onto 200 mesh Cu grids and directly viewed in

the electron microscope without further uranyl acetate or lead poststaining.
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12. Morphometry analysis can be performed using collected 2D images. LD size

and mitochondria measurement are performed on 20–30 (heart) fields

containing longitudinally arrayed myofibrils, photographed from each section

at the 3200� magnification. Scanned micrographs are analyzed using ImageJ

software (http://rsb.info.nih.gov/ij) to manually generate masks of

mitochondrial and LD contours that are used for the calculation of

mitochondrial and LD areas maximum and total mitochondrial and LD numbers

(Wang et al., 2013).

8.2.4 Results and discussion
In the preparation of specimens for TEM, the most common stain for LDs is osmium

tetroxide (Hayat, 1970). Various modifications of the osmium staining procedure can

enhance the electron density of LDs in TEM. These include ferrocyanide-reduced

osmium (de Bruijn, Schellens, van Buitenen, & van der Meulen, 1980) or

imidazole-buffered osmium tetroxide (Angermuller & Fahimi, 1982) as well as

osmium-thiocarbohydrazine liganding, termed the OTO method (Guyton, Bocan,

& Schifani, 1985). Inclusion of tannic acid and p-phenylenediamine as mordant after

the initial osmium fixation step has also been reported to enhance the staining of LDs

(Guyton & Klemp, 1988). However, some of these treatments may lead to artifactual

staining or disruption of other cellular components (Neiss, 1983). Another important

common consideration when designing EM preparation protocols for LDs is the risk

of lipid loss and/or loss of the osmium stain during sample preparation. Depending

on the degree of lipid or osmium extraction during preparation, LDs may exhibit an

electron translucent center of various sizes, or, in the case of complete loss, may re-

semble empty vacuoles (Neiss, 1983). Although the loss of lipids/osmium most

likely occurs during the dehydration steps, others have also reported that extraction

may occur at poststaining steps with other heavy metals such as uranyl acetate and

lead citrate (Neiss, 1983). Although the exact chemical reactions of these extractions

of lipids and/or osmium are still unclear, it has been shown that the translucent center

of the LDs is a result of the loss of osmium. It may be speculated that osmium ox-

idation in the center of the LDs may not be complete and thus is more prone to be

extracted during the remaining of the embedding process. However, increasing the

osmium concentration or extending the time of osmium treatment does not seem to

increase the electron density of LDs (Guyton & Klemp, 1988). The depth of pene-

tration may be a limiting factor.

Here, we compare LDs stain with or without additional poststain procedures: ura-

nyl acetate and lead citrate or OTO (Fig. 8.3). LDs appear homogenously stained

using the TEM preparation method we described earlier (Fig. 8.3A and (Wang

et al., 2013)). Figure 8.3A and B shows marked differences in the appearances of

LDs, mitochondria, and myofibrils of the ultrathin section collected from the same

specimen preparation with (Fig. 8.3B) or without (Fig. 8.3A) uranyl acetate (10 min)

and lead poststaining (5 min), a procedure routinely applied to TEM specimen to en-

hance the contrast (Hayat, 1970). While membranes are well contrasted by using the
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uranyl acetate and lead stain (Fig. 8.3B and B0), LDs are not uniformly stained

and few LDs appear to be without any lipid content (Fig. 8.3B). Often, the extent

of lipid extraction varies from one specimen to another but is always proportional

to the staining time and number of heavy metal staining. Effort to enhance the

staining of the LDs in TEM sample preparation may backfire too. The heart muscle

TEM specimen stained by the OTO method exhibits greatly enhanced membrane

of the LDs (Fig. 8.3C). However, the edges of the LD membrane show irregularities

and pitting, an appearance not observed in the control specimen when LDs were

stained with only osmium and uranyl acetate during the embedding process

(Fig. 8.3B0).
In order to maximize the ultrastructural preservation of not only the LDs but also

of the aqueous cytoplasmic content as well as organelles such as mitochondria and

FIGURE 8.3

(A) Left heart ventricle from an overnight fasted mice was excised and fixed with Trump’s

fixative, post-fixed in 1% osmium tetroxide, and investigated with transmission electron

microscopy. (B) Thin sections were processed as (A) and stained with lead citrate and uranyl

acetate and then investigated with transmission electron microscopy. (B0) Sample is

processed as (B) but visualized with high magnification. (C) Sample is processed as (A) and

further stained with OTO. Black arrows indicate mitochondria (M) and lipid droplets (LDs).

Respective magnification is reported on the micrograph in white.
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myofibrils, we recommend here a more traditional TEM embedding protocol for

heart muscle tissue to avoid LD lipid extraction. Special attention is given to the

small size of the specimen to ensure optimal stain penetration, and to minimal de-

hydration and infiltration times required during the embedding process. This method

consistently yields well-preserved LDs, mitochondria, myofibrils, and other subcel-

lular components in the heart muscle tissue. Moreover, the method does not require

expensive instrumentation.

8.3 PROGRESS IN 3D EM TECHNOLOGY MAY PROVIDE NEW
TOOLS TO STUDY CARDIAC LDs AND MITOCHONDRIA
INTERACTIONS
In heart muscle tissue, LDs are closely associated with mitochondria (Fig. 8.3).

While traditional two-dimensional (2D) TEM imaging provides semiquantitative in-

formation as to the number and the size of LDs, it does not convey a spatial, 3D per-

spective that would allow a better appreciation of the interaction(s) between LDs and

other cellular organelles, more specifically between LDs and mitochondria, an accu-

rate determination of these organelles volume. For instance, branched or lobular mi-

tochondria may appear as multiple small mitochondria when sectioned along

different planes within the tissue. Similarly, two fused LDs may not appear as such

unless the sectioning is perpendicular to the fusion plane.

Modern fluorescent microscopy and optical sectioning techniques provide tools

to perform 3D imaging of cells or pieces of tissue. However, the resolution at best is

limited to 100–200 nm in the x–y dimension and �200–400 nm in the z dimension

(Cox & Sheppard, 2004). This neither provides the resolution needed to investigate

possible LD membrane fusion events nor the resolution to study the dynamic inter-

actions between LDs and mitochondria or other organelles. High-resolution 3D im-

aging of tissue or cell specimens has been achieved by electron tomography

(McIntosh, Nicastro, & Mastronarde, 2005). In this method, the electron beam is

directed through a specimen at incremental tilt angles. Images are collected and

back-projected to generate a 3D image of the entire volume, called a tomogram.

Some information will, however, be missing owing to the maximum allowable tilt

angle in the TEM column being ��60o or 70o, thus creating a missing wedge

(McIntosh et al., 2005). Furthermore, specimen thickness increases at high tilt angles

and is usually restricted to�250–500 nm. Therefore, to obtain 3D imaging of tissues

of larger sizes (>10 mm) would require collecting serial sections and building up a

tomogram from each section (serial section TEM). This is a technically demanding

and labor-intensive approach that is not suitable for routine analysis.

In recent years, newmethodologies have been developed to collect back scattered

(BSE) SEM images of serial sections of biological specimens in a electron micro-

scope at a thickness beyond the reach of traditional TEM tomography (Murphy

et al., 2010, 2011). Dual beam SEM uses alternating ion and electron beams to
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remove a thin layer of specimen and then record the image of the newly exposed

surface. This milling and imaging sequence can be repeated using preset parameters

in an automated fashion, thus allowing the collection of stacks of images for a whole

cell or large volumes of tissue. The potential of this technique is illustrated by recent

publication of 3D image analyses of a whole yeast cell (Wei et al., 2012), mammalian

cell (Bennett et al., 2009; Heymann et al., 2006, 2009), and brain tissue (Knott,

Marchman, Wall, & Lich, 2008, Knott, Rosset, & Cantoni, 2011). Furthermore, it

has been used to demonstrate differences in the volume and surface curvature of

mitochondria in diseased versus normal liver tissue, suggesting it may be possible

to apply this technique in a clinical screening situation (Murphy et al., 2010). We

present here our preliminary data on the 3D analysis of LDs in resin-embedded

mouse heart tissue. Since this work is still in progress, the purpose of this section

is not to provide the reader with a detailed protocol but to demonstrate the potential

of this newmethodology and to stimulate discussion with respect to the pros and cons

and the challenges of this 3D imaging method.

To pilot the FIB–SEM application to the study of cardiac LDs, we used hearts

specimen isolated from mice with cardiac myocyte targeted Plin5 expression

(MHC-Plin5) (Wang et al., 2013). Increased perilipin 5 expression in these trans-

genic mice leads to storage of excessive triacylglycerol in LDs and cardiac steatosis

(Pollak et al., 2013;Wang et al., 2013). A total of 219 FIB–SEM image series of heart

muscle from a MHC-Plin5 transgenic mouse were collected at 20 nm thickness per

slice using a Zeiss Auriga cross beam FIB/SEM platform. In Fig. 8.4, we present

selected images progressing through an �600 nm depth of the heart muscle speci-

men. These series of images clearly demonstrates the limitations of 2D viewing

FIGURE 8.4

Selected FIB–SEM image slices. From slice 54 to slice 83 progressing through �600 nm

depth of the heart muscle specimen are presented. The fusion event between two LDs (white

arrow) will most likely be missed by conventional TEM.
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of individual slices. Only when examined in series can the extent of the interactions

between mitochondria and LDs be truly revealed. Figure 8.4 also illustrates one of

the challenges of EM analysis of LDs in a complex tissue, that is, the identification of

a processing method that preserves all organelles and the cellular content in condi-

tions most representative of their natural state and most suitable for imaging. In order

to stabilize the specimen and increase signal strength, sample preparation for

FIB–SEM imaging often requires additional heavy metal staining, a process known

to cause the unwanted extraction of LD stains. Although mitochondria and myofi-

brils are well preserved and stained, staining of LDs in this particular specimen is

not homogenous and as the stain may have been extracted during sample processing.

3D volume reconstruction of the image stack reveals that the stain loss occurs in the

inner core of the LDs (Fig. 8.5) and allows to slice through the block of tissue at var-

ious angles so as to view the interaction of LDs and mitochondria in the xy, yz, and xz
planes (Fig. 8.5). A region of interest can be identified (subvolume) and selected for

segmentation of LDs and mitochondria to examine the spatial arrangement and

interactions between these two organelles. Figure 8.6 shows the 3D segmentation

of LDs in a subvolume of 31.2 mm3 as indicated in Fig. 8.5A (framed in blue line).

FIGURE 8.5

FIB–SEM image processing and reconstruction. (A) 3D visualization of a stack of 219 image

slices from a transgenic mouse heart muscle embedded in Durcupan resin. Each slice

thickness is 20 nm. A subvolume (framed in blue line) was selected for segmentation.

(B) Example of one de-noised and shade corrected image slice before segmentation.

(C) Segmentation of lipid droplets (blue) and mitochondria (red) of the image slice shown

in (B).
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It is estimated that 33.2% of this subvolume is filled by LDs. One mitochondrian is

segmented in Fig. 8.6B to illustrate the spatial arrangement and interactions between

these two organelles and the change of mitochondria morphology due to the presence

of large volume of LDs in this particular heart muscle specimen.

Although we are still in the process of improving the sample preparation method

for FIB–SEM 3D analysis, we demonstrate the feasibility of studying LD fusions and

LD–mitochondria interactions in cardiac muscle using FIB–SEM 3D imaging tech-

niques. The automated image collection and relative easy sample preparation follow-

ing traditional TEM sample processing will allow us to incorporate 3D EM for

routine analysis of LDs in cardiac muscle tissue, study their interaction with mito-

chondria and its effect on the overall architecture of the heart muscle.

CONCLUSIONS

Elucidation of the mechanisms regulating cardiac LDs will continue to provide valu-

able information regarding the progression of cardiac dysfunction in metabolic dis-

eases. The LD storage compartment is relatively small and is highly dynamic urging

the needs to develop biochemical and imaging methodologies to better characterize

the cardiac LD storage compartment and their interactions with mitochondria. Car-

diac LD isolation and analysis of LD protein content are feasible but results will re-

quire confirmation by other in situ methodology that does not require organelles ex
vivo fractionation.

While conventional TEM allows visualization and simple morphometric analysis

of cardiac LDs, the 3D imaging approach using FIB–SEM may be a powerful and

promising tool to study the dynamic interactions between LDs, mitochondria, and

other organelles; especially because it can also be used to quantitatively analyze the

interaction volume, surface area, and the architecture of heart muscle tissue. Combin-

ing FIB–SEM 3D imaging with immunolabeling or other antigen tagging techniques

FIGURE 8.6

3D segmentation of a subvolume. (A) Segmentation of all LDs in the region of interest was

performed and represented (blue) and (B), one single mitochondrian was selected to be

segmented (yellow).
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will allow us to study protein distribution and protein–protein interactions in a 3D vol-

ume and clearly validate or disprove a LD protein localization in various physiological

or disease states. In addition, it may provide important information on cardiac LDs

biogenesis and LD growth by localizing key proteins acting in these pathways.
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Abstract
The primary function of the small intestine is digesting and absorbing nutrients from

consumed food. Because of this, the small intestine is often thought of as a nutrient

thoroughfare—enterocytes taking up nutrients on the apical side and then secreting

nutrients from the basolateral side. The small intestine is not commonly thought of as

a lipid storage organ; however, when meals and diets containing high amounts of
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fat are consumed, some dietary fat is stored in cytoplasmic lipid droplets (CLDs).

The balance between storage and secretion of dietary fat by enterocytes is

important in determining the physiological fate of dietary fat, including regulating

blood lipid concentrations and energy balance. The existence of CLDs within

enterocytes has likely evolved for three important physiological functions: (i) to

allow the small intestine to efficiently absorb large amounts of energy dense fat,

(ii) to control the rate of dietary fat entering circulation, and (iii) to alleviate lipotoxi-

city to enterocytes induced by high concentrations of free fatty acids, especially

when a high fat meal is consumed. The purpose of this chapter is to provide methods

for imaging CLDs in enterocytes and assessing different aspects of dietary fat

absorption.

Abbreviations
CARS coherent anti-Stokes Raman scattering

CLD cytoplasmic lipid droplet

TAG triacylglycerol

INTRODUCTION AND RATIONALE

The primary function of the small intestine is digesting and absorbing nutrients from

consumed food. In this chapter, we will focus on methods used to image cytoplasmic

lipid droplets (CLDs) in enterocytes and assess the process of dietary fat absorption.

The digestion and absorption of triacylglycerol (TAG) by the small intestine is a

highly efficient process with greater than 95% of dietary fat consumed being

absorbed. In the intestinal lumen, dietary fat, in the form of TAG, is hydrolyzed

to monoacylglycerol and fatty acids, incorporated into micelles, and presented to ab-

sorptive cells of the intestine, enterocytes, for uptake. Once in enterocytes, the diges-

tive products are reincorporated into TAGs, phospholipids, and cholesteryl esters.

These products are primarily packaged in chylomicrons for secretion into circulation

via the lymphatic system. However, under high fat feeding conditions, some of these

lipids are stored in CLDs within enterocytes (Zhu, Lee, Buhman, & Cheng, 2009).

The balance between lipid storage and secretion is a dynamic process. The postpran-

dial triglyceridemic response, or the increase and decrease in blood TAGs after a

meal, and lipid storage in CLDs are influenced by multiple factors, including the

amount of TAG, type of fatty acids consumed, other components of the meal, genet-

ics, time post meal, and time of day (Lee, Fast, Zhu, Cheng, & Buhman, 2010; Lee,

Zhu, Wolins, Cheng, & Buhman, 2009; Uchida, Slipchenko, Cheng, & Buhman,

2011; Uchida et al., 2012, 2013).

Amechanistic understanding of dietary fat absorption is essential for determining

factors important in regulating energy balance and blood lipid concentrations—

contributors to obesity, cardiovascular disease, and diabetes. This chapter begins

with an introduction to the small intestine for collection of tissue from mice for
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analysis. It then highlights imaging methods including an emerging imaging

method, coherent anti-Stokes Raman scattering (CARS) microscopy, which allows

direct visualization of CLDs in cells and tissues without fixation or staining

(Cheng, 2007). In addition, biochemical and physiological methods for assessing

dietary fat absorption are included as these methods are needed in combination

for a thorough understanding of the process of dietary fat absorption.

9.1 MATERIALS AND METHODS
9.1.1 Collection of intestine tissue from mice for analysis
The small intestine is a complex organ with three different sections and multiple cell

types. The three sections of the small intestine include duodenum, jejunum, and

ileum. The anatomical marker between the duodenum and the jejunum is the liga-

ment of Treiz. In mice, the ligament of Treiz is found where the duodenum passes

beneath the transverse colon. Unfortunately, the jejunal–ileal junction is not clearly

identified. Therefore, the intestine is measured and proportionally divided for collec-

tion to normalize for similar regions of the intestine being studied. The majority of

dietary fat absorption occurs in the jejunum; however, each section has the capacity

for involvement in the process of dietary fat absorption. Several epithelial cell types

are present lining the lumen of the small intestine, including enterocyte, goblet,

paneth, and enteroendocrine cells. Enterocytes are the epithelial cell type within

the small intestine that are responsible for mediating dietary fat absorption. Entero-

cytes are produced by stem cells in the villus crypt. These cells migrate toward the

villus tip, die, and are sloughed off and excreted in a 3–4 day cycle (Crosnier,

Stamataki, & Lewis, 2006).

Collecting intestine tissue from mice. After euthanizing the mouse, make a mid-

line incision in the abdomen of the mouse, and rapidly remove the small intestine.

Gently remove any mesenteric fat from the outside wall of the small intestine without

damaging the tissue. This is more challenging in obese mice than lean mice. Using

sharp dissecting scissors, gently run the blade along the outside of the intestine wall

to remove mesenteric fat. Tweezers may also be helpful to remove mesenteric fat.

Not removing the mesenteric fat will prevent accurate determination of tissue lipid

content.

Measure the length of intestine by laying the tissue out lengthwise on a clean sur-

face without stretching, cut the desired sections, and immediately put the samples

into ice-cold PBS. In an adult mouse, the length of the intestine can vary anywhere

from 25 to 40 cm, and often correlates with the size of the mouse. Measuring the

length of the intestine and dividing it into six equal length parts allows for the com-

parison of similar regions of the intestine from mouse to mouse. Approximate def-

initions of the regions of the intestine moving proximal to distal in relation to the

stomach: duodenum (section 1), jejunum (sections 2 and 3), jejunal–ileal junction

(section 4), and ileum (sections 5 and 6). If more precise intestine length
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measurements are needed, attaching a small weight to the bottom of the intestine and

hanging the intestine is a more precise method for determination of intestine length.

Do not let the tissue sit out at room temperature or dry out which will significantly

affect the morphology for imaging and quality of tissue sample for biochemical

analysis.

Gently wash the lumen of the small intestine with ice-cold PBS. To do this, fill a

10-ml syringe with ice-cold PBS, and attach a blunt needle or a pipette tip to the

syringe. Gently flush out all the chyme from the lumen of the tissue. Continue to

flush the tissue until the liquid coming out is clear.

9.1.2 Imaging CLDs in enterocytes
In this section, we describe different methods of visualizing intestinal CLDs. As

mentioned above, intestinal CLDs are dynamic cellular organelles, and their visual-

ization requires attention to timing after a meal or gavage, meal or diet composition,

and location of the intestine sampled.

9.1.2.1 Coherent anti-Stokes Raman scattering (CARS) microscopy
CARS microscopy is a label-free imaging technique that is based on molecular

vibrational spectroscopy. Vibrational spectroscopy relies on the intrinsic chemical

properties of the molecule of interest. In a CARS process, pump (op), Stokes

(os), and probe (o0
p) frequencies interact with the sample to generate a coherent

optical signal at the anti-Stokes (oas) frequency. When the difference in frequency

between the pump and the Stokes beams (op�os) is in resonance with a molecular

vibration, the CARS signal can be significantly enhanced. The CARS energy dia-

gram and schematic of the CARS microscope are shown in Fig. 9.1. The advantages

of CARS are that there is no need for exogenous labeling, the samples do not have to

be fixed, and the signals are highly specific and sensitive to the molecule of interest

(Cheng, 2007; Evans & Xie, 2008). For imaging TAG in intact intestinal tissue, the

symmetric CH2 vibration was measured.

9.1.2.1.1 Materials
1. 35 mm glass bottom petri dish

2. Dulbecco’s modified Eagle’s medium (DMEM) with 20 mM HEPES, 100 U/ml

penicillin–streptomycin, and 10% fetal bovine serum

3. 12-well tissue culture plates

4. Micro/spring scissors and fine tip tweezers

5. Pipette and pipette tips

9.1.2.1.2 Methods
1. Collect and clean the intestine as described in Section 1.1.

2. Cut a 5 mm section of interest and place into a 12-well tissue culture plate with

DMEM. Keep tissue plate on ice.
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3. Cut the section of interest longitudinally with a sharp pair of spring scissors being

careful not to crush the villi in surrounding areas.

4. On a glass bottom petri dish for imaging, pipet 100 ml of DMEM and using a

fine tip tweezer gently lay open the intestine flat on the DMEM droplet for

luminal imaging. Gently remove most of the DMEM from the petri dish, and

allow the tissue to lightly attach to the surface of the petri dish.

5. Small intestine tissue is ready for imaging. All imaging should be completed

within 3 h of harvesting the tissue.

6. CARS imaging procedures (Zhu et al., 2009): Pump and Stokes lasers are

generated from two synchronized Ti:sapphire lasers (Tsunami, Spectra-Physics,

Mountain View, CA), with a pulse width of 5 ps. These two lasers are tightly

synchronized (Lock-to-Clock, Spectra-Physics), collinearly combined, and

directed into a laser scanning confocal microscope (FV300/IX71, Olympus

America, Center Valley, PA). The average powers of the pump and Stokes beams

at the sample are 40 and 30 mW, respectively. The epi-detected CARS (E-CARS)

signals are collected by the same objective for focusing, while the

FIGURE 9.1

Schematic of the CARS microscope. The pump and Stokes lasers generated from two

tightly synchronized Ti:sapphire lasers (Tsunami, Spectra-Physics) are collinearly combined

and directed into a laser scanning confocal microscope (FV300þIX71, Olympus Inc.).

External PMTs are used to detect the CARS signal. The CARS energy diagram is shown above

the setup.
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forward-detected CARS (F-CARS) signals are collected using an air condenser

(N.A.¼0.55). External photomultiplier tube (PMT) (H7422-40 and R3896,

Hamamatsu, Japan) detectors are used to receive the E-CARS and F-CARS

signals. The same intensity scale should be used for each set of experiment.

9.1.2.1.3 Results
Figure 9.2 shows E-CARS images of the upper jejunum (section 2) from three dif-

ferent chow-fed, female mice. The left panel is from a mouse that has been fasted for

6 h prior to euthanasia. The middle panel is from a mouse that has been fasted for 6 h

and then gavaged with 200 ml olive oil 2 h prior to euthanasia. The right panel is from

a mouse that has been fasted for 6 h and then gavaged with 200 ml olive oil 4 h prior

to euthanasia. The middle panel has the strongest signal from the CLDs as observed

by the white signals present in the villi. These images show the dynamic nature of

CLDs in the small intestine—appearance and disappearance of lipids from dietary

sources.

9.1.2.2 Oil Red O
The mechanism of Oil Red O staining is based on the physical properties of the dye

itself, in which it is more soluble in neutral lipids rather than in the solvent that it is

dissolved in. For Oil Red O staining, fixed tissue is required. One limitation of this

method is that fixing the tissue can lead to inadvertent extraction of lipid from the

tissue. Alternate dyes such as Sudan Black B or fluorescent dye may also be used for

visualizing TAG in tissues.

9.1.2.2.1 Materials
1. 10% formalin

2. 10% sucrose in PBS

3. Tissue-Tek O.C.T. compound

4. Mold or aluminum foil

FIGURE 9.2

CARS images of the jejunum in mice. (A) Fasted for 6 h prior to euthanasia. (B) Fasted for 6 h

and then gavaged with 200 ml olive oil. Mice were euthanized 2 h post gavage. (C) Fasted

for 6 h and then gavaged with 200 ml olive oil 4 h post gavage.
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5. Liquid nitrogen or dry ice

6. Superfrost Plus microscope slides

7. Cover slips and mounting medium

8. Cryostat

9. Oil Red O stock solution (stable for 6 months)

Oil Red O: 0.5 g

Isopropanol: 100 ml

10. Oil Red O working solution (make fresh)

Stock Oil Red O solution: 24 ml

Distilled water: 16 ml

Combine the stock solution and the distilled water. Let the mixture stand for

10–15 min, then filter using a 0.2 mm syringe filter to remove undissolved

particulates before use.

11. 60% isopropanol in water (wash solution)

9.1.2.2.2 Methods
1. For the best results, cardiac perfusion fixation of the mouse should be done

using 10% formalin. However, the desired portions of small intestine can be

excised and incubated in 10% formalin for 2 h at room temperature.

2. After fixing, the lumen of the small intestine is cleaned and tissue stored in 10%

sucrose in PBS at 4 �C overnight.

3. Cut the small intestine tissue into 5–7 mm pieces and embed with Tissue-Tek O.

C.T. compound using desired mold and orientation. Snap-freeze molds

containing tissue and O.C.T. and store at �80 �C until use.

4. Using a cryostat, prepare 10–12 mm frozen sections and mount on Superfrost

Plus microscope slides. Sectioned tissues can be stored at �20 �C.
5. Remove histological sections on slides from the freezer. Allow to dry and return

to room temperature. Rehydrate sections in distilled water for 5 min. Blot excess

distilled water.

6. Dip slides in 60% isopropanol for 30 s using 5-place slide mailers or 50 ml

conical tubes.

7. Dip slides into Oil Red O working solution for 15 min.

8. Destain tissue with 60% isopropanol for 30 s.

9. Rinse under running tap water for 2 min.

10. Counterstain with hematoxylin, if desired.

11. Cover slip using desired mounting medium.

12. Image using a light microscope.

9.1.2.3 Results
Figure 9.3 shows Oil Red O images of the jejunum (section 2) from two different

high fat-fed male mice. The left panel is from a mouse that has euthanized in the

fasted state. The right panel is from a high fat-fed mouse that has been euthanized

in the fed state (2 h after the start of the light cycle). In these images, the CLDs are

stained red.
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9.1.3 Assessing dietary fat absorption
Capturing CLDs in enterocytes of the small intestine is complicated because of its

dynamic nature. CLDs initially increase after a meal, but then decrease over time

in part due to the secretion of TAG into circulation. Three important physiological

and biochemical aspects of dietary fat absorption that are valuable to fully appreciate

the images obtained include (1) intestinal TAG concentration, (2) quantitative dietary

fat absorption, and (3) postprandial triglyceridemic response/intestinal TAG secretion.

9.1.3.1 Biochemical TAG quantification in intestinal mucosa
Biochemical determination of TAG concentration in intestinal mucosa provides a

quantitative number to reflect results observed in imaging.

9.1.3.1.1 Materials
1. Polytron homogenizer

2. Vortex

3. UV–Vis microplate spectrophotometer

4. 1 M Tris–HCl pH 7.4

5. HIP solution (hexane:isopropanol 3:2)

6. L-Type TG Measuring Kit (Wako)

7. BCA assay (Pierce)

8. 15 ml glass test tubes

9. Glass pasteur pipettes and rubber bulbs

10. 96-well plates

11. Nitrogen flow

9.1.3.1.2 Methods
1. Clean the desired sections of the small intestine as described in Section 1.1. Cut

open the small intestine longitudinally on a clean, glass plate resting on ice. Any

FIGURE 9.3

Oil Red O images of the jejunum in mice. (A) High fat-fed mouse that has euthanized after an

overnight fast (16 h). (B) High fat-fed mouse that has been euthanized in the fed state

(2 h after the start of the light cycle).
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residual food and/or chyme may be cleaned off using a cotton tip applicator

dipped in PBS.

2. With the lumen facing upward, use a clean, glass microscope slide to gently

scrape the mucosal layer of the intestine. There will be a thin layer of intestine

left on the glass plate. The intestinal mucosa will mostly stick on the glass slide.

The mucosal scrapings will include enterocytes, as well as other epithelial cell

types and the submucosa.

3. Aliquot intestinal mucosa scrapings into 1.5-ml microcentrifuge tubes (or 2-ml

cryotubes) and freeze rapidly in liquid nitrogen. Intestinal mucosa scrapings

from a 5 cm section can be aliquoted into two or three tubes with ample tissue

for TAG, mRNA, and/or protein analysis. Store samples at �80 �C until

analysis.

4. Add 1 ml of 1 M Tris–HCl pH 7.4 to an intestinal mucosa sample collected in

step 3.

5. Homogenize the intestine sample in the same tube as collected with a polytron

homogenizer until smooth, approximately for 15 s. Remove 300 ml of the
homogenate and place in a 15 ml glass test tube for lipid extraction. Remove

10 ml of the homogenate and place in a 1.5 ml microcentrifuge tube for protein

analysis.

6. Add 5 ml HIP and 1 ml of milli-Q water to the 15 ml glass test tube containing

the intestine homogenate. Vortex for 30 s every 10 min, for 30 min. Allow the

mixture to separate at room temperature.

7. Remove the upper layer (organic phase) and place in a clean, 15-ml test tube.

8. Re-extract the intestinal homogenate by adding 4 ml HIP to the remaining

aqueous layer and vortex for 30 s. Allow the mixture to separate at room

temperature.

9. Remove the upper layer (organic phase) and combine with the previously

extracted upper layer for that sample.

10. Dry the upper layer under nitrogen flow in a 50 �C water bath. A white or

clear film will develop on the bottom of the glass test tube. This is the extracted

lipid.

11. Redissolve the lipid in 400 ml of isopropanol. Vortex lightly to remove any lipid

film attached to the side of the tube.

12. Use 10 ml (in duplicate) for determination of TAG concentration using a Wako

L-Type TGMKit. Use the “Microtiter Procedure” provided byWako and dilute

standards in isopropanol. Keep in mind that samples collected from mice fed a

high fat diet or gavaged with oil may need to be further diluted to be in range for

the TAG kit.

13. Use 10 ml of the intestinal mucosa homogenate (saved at step 5) for

determination of protein concentration by the BCA protein assay. This sample

will likely need to be diluted 10-fold in order to be in range for the BCA kit.

9.1.3.1.3 Results
Using the results of TAG and protein concentrations, calculate the mg of TAG per

mg of protein.
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9.1.3.2 Dietary fat absorption—assessed by percent lipid in feces
Quantitative fat absorption allows for determining how much of the ingested fat is

absorbed and not excreted in feces. One method for assessing whether fat malabsorp-

tion is present is to assess the percent of lipid present in feces. This is determined by

collecting the feces and quantifying how much lipid remains in the feces. Fecal lipid

is expected to be less than 5% in a healthy mouse without fat malabsorption.

9.1.3.2.1 Materials
1. Wire fasting racks (Ancare)

2. Mechanical blender (or mortar and pestle)

3. Folch solution (chloroform:methanol 2:1)

4. Whatman #2 filter paper

5. Funnels

6. Glass Pasteur pipette and bulbs

7. 15 ml glass test tubes (screw top preferred)

8. Scintillation vials

9. Drying oven

10. Analytical balance (0.000 g)

11. Nitrogen flow

12. Vortex

9.1.3.2.2 Methods
1. House mice individually in cages with wire rack bottoms. Allow the mice to

adapt to this cage for at least 24 h before collecting feces. This is important for

accurate quantitative measure of feces excreted, because mice eat their feces.

2. Collect feces daily for 3–5 days. Store feces in the freezer until ready to analyze.

Keep feces collected from each day in a separate container so that dried stool

output can be determined (g/day).

3. Dry collected feces in an oven at 65–80 �Covernight. To double-check that drying

is complete, weigh the container with the drying fecal samples and once the

weight stops decreasing, drying is complete. Record weight and determine stool

output (g/day). As a control, also dry 1.0 g of diet of known lipid content.

4. Grind the feces and control diet into a fine powder with a mechanical blender (or

using a mortar and pestle).

5. Extract lipid from 0.2 to 0.5 g of ground feces or diet using the Folch method.

Quantitatively measure and record the amount of ground feces or diet used.

6. Add 5 ml of Folch reagent to a screw top glass test tube containing the ground

feces or diet and stir gently. If not using a screw top glass test tube cover with

aluminum foil. Incubate in a water bath or on a hot plate at 65 �C for 1 h.

7. Mix the contents of the test tube every 15 min by vortexing at the lowest setting.

8. Filter the mixture, using a #2 filter paper and a funnel. Collect filtrate in a clean

glass test tube. Precise filtering method:

a. Pre-rinse the filter paper with Folch.

b. Pour feces or diet and Folch mixture through the filter system.
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c. Rinse the test tube that contained the feces or diet with Folch, and pour

through the filter system.

d. Rinse filter with Folch mixture.

9. Bring the volume of the filtrate to approximately 10 ml.

10. Add 2 ml of water, vortex, and allow the mixture to separate.

11. Pre-weigh scintillation vials, weighing them to three decimal places.

12. Pipette off the top layer (aqueous phase), then pour the lower layer (organic

phase) into the scintillation vials.

13. Evaporate organic solvent in scintillation vials under nitrogen.

14. Place the vials in an oven (80–90 �C) for 15 min.

15. Allow the vials to cool to room temperature and weigh immediately. The

difference in the weights of the empty vial and vial with lipid extract is the lipid

content of the measured amount of feces or diet used for the extraction.

9.1.3.2.3 Results
This experiment will provide two different sets of numbers: (1) stool output (g/day)

and (2) lipid content (% lipid/stool). The extracted lipid can be redissolved in chlo-

roform, separated by thin layer chromatography using hexane:ether:acetic acid

(80:20:1), and visualized using iodine vapor. This will allow for a quick characteri-

zation of the lipid species in the extracted fecal fat (Uchida et al., 2011). The majority

of lipid excreted should be free fatty acids if digestion of dietary fat is not inhibited.

High levels of TAG may indicate a problem in digestion as opposed to absorption or

secretion.

9.1.3.3 Blood TAG in response to dietary fat
Assessing the rate of appearance of TAG in circulation will allow for determining the

rate at which the TAGs are being secreted out of the intestine, as well as the rate at

which the other organs process the dietary fat. Understanding the intestinal rate of

TAG secretion and the postprandial triglyceridemic response also helps determine

ideal timing for imaging and tissue collection.

9.1.3.3.1 Materials
1. 0.5 M EDTA pH 8.0

2. Goldenrod Lancet (MediPoint Inc.)

3. L-Type TG Measuring Kit (Wako)

4. Gavage needles 20 G (Instech)

5. Oil (olive/peanut/vegetable)

6. 1 ml syringe with 25 G needle

7. Vis microplate spectrophotometer

8. Tyloxapol (Sigma)

Weigh out Tyloxapol in a small beaker, and then add the appropriate amount of

PBS into the beaker (0.25 g/ml in PBS). Stir the mixture using a small stir bar.

Tyloxapol can take several hours to completely dissolve in PBS.
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9.1.3.3.2 Methods
1. Fast mice to eliminate TAG in blood from a previous meal. This time period may

be different depending on the diet the mouse is consuming. Generally, 4 h of

fasting at the beginning of the light cycle is appropriate unless a high fat diet is

being consumed. Before starting the blood collection, it is important to weigh the

mouse to estimate maximum blood collection volumes (less than10% of their

bodyweight) for a survival bleed.

2. Collect blood via submandibular bleed (vasculature behind the jaw bone) using

a lancet. Collect �50 ml of blood into a microcentrifuge tube with 0.5 ml of
0.5 M EDTA. Place the tube on ice. Alternatively, blood collection may be done

via tail bleed using a capillary tube, if desired.

3. For postprandial triglyceridemic response—gavage the mouse with oil, the

amount of oil depends on the question being addressed. To mimic a high fat meal

in a mouse, 200 ml of oil is appropriate. Start the timer and collect blood at

1, 2, 3, and 4 h post oral oil gavage. Keep blood samples on ice until further

processing and analysis.

4. For TAG secretion rate—inject the mouse via IP with Tyloxapol solution at a

dose of 500 mg/kg, wait 30 min, and gavage the mouse with oil. To mimic a high

fat meal in a mouse, 200 ml of oil is appropriate. Start the timer and collect blood

at 2 and 4 h post oral oil gavage.

5. After collecting all time points, centrifuge the blood at 4 �C at 3000�g. Analyze
plasma for TAG concentration immediately.

6. For postprandial triglyceridemic response—use 10 ml plasma (in duplicate) for

measuring TAG by Wako L-Type TG M Kit (Microtiter Procedure).

7. For TAG secretion rate—the plasma after spinning will likely be opaque with a

white/pinkish tint. Dilute the plasma collected at 2 h by 10 and the plasma

collected at 4 h by 20 in PBS. Use 10 ml (in duplicate) diluted plasma for

determination of TAG concentration by Wako L-Type TG M Kit (Microtiter

Procedure). If samples do not fall within the standard curve, dilute as appropriate.

9.1.3.3.3 Results
Plot the results from the TAG concentrations over time (Fig. 9.4). For the postpran-

dial triglyceridemic response, if the mice were gavaged with 200 ml of oil, TAG
levels will peak at either 1 or 2 h and a decrease to baseline by 4 h. The response

will vary depending on the volume of oil gavaged. For the TAG secretion rate,

the points at 0, 2, and 4 h should result in a linear fit. This line can be used to calculate

a slope.

9.2 DISCUSSION
A mechanistic understanding of dietary fat absorption is essential for determining

factors important in regulating energy balance and blood lipid concentrations—

contributors to obesity, cardiovascular disease, and diabetes. This chapter highlights

162 CHAPTER 9 Imaging CLD in Enterocytes



an emerging imaging method, CARS microscopy, which allows direct visuali-

zation of CLDs in cells and tissues without fixation or staining (Cheng, 2007).

This chapter also includes biochemical and physiological methods for assessing

dietary fat absorption as these methods are needed in combination with the images.

Moreover, another objective of this chapter was to emphasize the dynamics dietary

fat absorption and the importance in capturing the progression using different

methods.

The first section of this chapter highlights methods for collecting intestine tissue

from mice for assessing CLD biology and dietary fat absorption. Because the small

intestine contains specific regions, with distinct purposes in dietary fat absorption,

clearly defining the region of the small intestine being studies is important. In addi-

tion, because the process of dietary fat absorption and the presence of CLDs within

enterocytes is part of a dynamic process that is dependent on diet composition, the

timing post meal and composition of the diet are essential in interpreting and com-

paring results from mouse to mouse and study to study (Zhu et al., 2009). Often stud-

ies are completed in animals in the fasting state or intestine tissue collected from

humans after fasting due to surgical procedures involved. Significant CLD accumu-

lation in enterocytes during fasting is likely only present when a significant block

in chylomicron synthesis or secretion is present such as in chylomicron retention

disease (Peretti et al., 2010).

CARS microscopy has several benefits over traditional imaging (Cheng, 2007;

Evans & Xie, 2008). One benefit is being able to detect molecular structures without

the need for labels or fixation of the sample. This is particularly beneficial for

imaging CLDs in cells and tissues because fixation procedures often result in lipid

extraction. In addition, labels for lipids are often not specific. A second benefit is that

CARS microscopy can be combined with fluorescence imaging for the investigation
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Postprandial triglyceridemic response and TAG secretion rate. (A) Postprandial

triglyceridemic response in mice gavaged with 200 ml of olive oil. (B) TG secretion rate in mice

gavaged with 200 ml of olive oil.
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of proteins associated with CLDs (Lee et al., 2009; Zhu et al., 2009). We previously

found that two members of the perilipin family of proteins are present in the small

intestine of mice, plin2 and plin3 and differentially regulated in response to acute and

chronic dietary fat challenges (Lee et al., 2009). Finally, CARS microscopy is fast

and does not result in photodamage to the sample. Since CARS does not require one-

photon or two-photon electronic resonance, photodamage induced by multi-photon

absorption is minimized with longer excitation wavelengths (Fu, Wang, Shi, &

Cheng, 2006). Nondestructive CARS imaging of living cells over a period of

300 s has also been demonstrated (Nan, Potma, & Xie, 2006).

There are a few considerations that should be made when performing and

analyzing images generated using CARS microscopy. First, when comparing

images for similarities and differences between groups, images should be collected

in the same session. Furthermore, when recording a CARS spectrum or quantita-

tively comparing the CARS intensities between different samples, calibration of

the system using the nonresonant signal from a standard sample such as a cover

glass is recommended. Second, CARS microscopy will not detect structures that

are less than 100 nm, therefore small lipid droplets or lipoproteins present within

cells will not be identified. Finally, routine check of the spatial overlap of the pump

and Stokes laser foci is required since the generation of CARS depends on the tight

overlap of the two laser beams. For a complex biological sample, the tightness of

the foci may be deteriorated by objects in the focusing path and the efficiency of

CARS generation highly depends on the optical penetration depth; careful attention

must be paid when interpreting the depth intensity profile (Cheng, Jia, Zheng, &

Xie, 2002).

Assessment of TAG concentration in the intestine needs to be carefully inter-

preted depending on the method used. Biochemical assessment of TAG concentra-

tion in intestine has strengths and weaknesses. Although determining the amount of

TAG in a mucosal scraping provides a concentration for the region of intestine

scraped, it does not provide information about cellular or tissue localization. When

scraping intestinal mucosa samples, TAG from mesenteric fat, other cell types, or

within lymphatics may also contribute to the total TAG concentration in a sample.

That said, interpreting amounts of TAG from images also has its limitations. Images

often reflect only a single villus or even a single cell at a particular time point. Much

cell to cell and villus to villus variability is present in terms of TAG abundance within

the intestine. In fact, two cells next to each other often contain different amounts of

TAG, the location of the enterocyte along the length of the villus is often associated

with the amount of TAG stored (villus tips often having more TAG storage, than

crypts), and often, one side of a villus may have more TAG storage than the other.

Conclusions based on imaging need to be assessed from samples from multiple mice

and several views of the intestine.

Assessment of dietary fat absorption using the gravimetric method described

here provides a gross analysis of whether fat malabsorption is present. Other methods

of assessing dietary fat absorption may provide more sensitivity or collection of

only a sample of feces. These methods include tracking radiolabeled fatty acids
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(Yen et al., 2009), using a dual tracer method (Buhman et al., 2002), and/or using

behenic acid as a nonabsorbable lipid marker (Jandacek, Heubi, & Tso, 2004).

CARS imaging is a unique technology for imaging intestinal CLDs. In combina-

tion with biochemical and physiological methods for assessing dietary fat absorption,

this technique provides a powerful and efficient method to visualize and quantify

CLDs. As mentioned throughout this protocol, the CLDs in the intestine are

constantly changing with time after a meal or gavage, meal or diet composition,

and location of the intestine sampled. The protocols outlined will serve to maximally

interpret and provide reliable results in capturing the dynamic process of dietary fat

absorption.
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Abstract
The lifecycle of several viruses is intimately tied to the lipid metabolism of their host

cells, and lipid droplets (LDs) have emerged as crucial organelles in the propagation

of these viral infections. Investigating the roles of LDs in viral infection requires

expertise in both virology and cell metabolism pertaining to LDs. In this review,

we offer an updated list and review of the multiples methods we have used in our

laboratory to study both the role of LDs in viral infection and the effect of viral

infection on cellular LDs, with a special emphasis on hepatitis C virus and other

RNA viruses.

INTRODUCTION

Long regarded as inert fat particles, lipid droplets (LDs) have long been ignored by

cell biologists. In the last decade, however, LDs have been increasingly recognized

as dynamic organelles with central roles in cell metabolism. Their metabolic role is

highlighted by the fact that many intracellular pathogens usurp LDs during their life-

cycle. Included in this ever-expanding group of pathogens is a diverse array of

human microbes, including Chlamydia trachomatis, Mycobacterium tuberculosis,
and Plasmodium falciparum, as well as several RNA viruses. Although much

remains to be discovered about the mechanisms involved in these host/pathogen in-

teractions, evidence suggests that the energy storage capacity of LDs is often crucial

for these diverse pathogens. Moreover, several viruses such as positive-strand RNA

viruses, hijack cellular membranes for their replication, and viral proteins are closely
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associated with membranes (Fig. 10.1). In this chapter, we will focus only on viruses

and provide a list and review of the methods used to study the interactions between

these viruses and host LDs.

Interactions between viruses and LDs
The implication of LDs in the lifecycle of viruses was first documented in 2007

with hepatitis C virus (HCV) (Miyanari et al., 2007), which continues to be the best

understood example of how viruses interact with LDs. Thus, this chapter will focus

predominantly on the methods used to study the interplay between HCV and LDs.

Other viruses, mainly RNAviruses, also rely on LDs for part of their replication. These

include dengue virus (DENV), rotavirus (RV), orthoreovirus, and hepatitis B virus

(HBV). We will also provide examples of the different types of interactions described

thus far between viruses and cellular LDs, which are summarized in Table 10.1.

FIGURE 10.1

Processing and membrane association of HCV and DENV proteins. (A) HCV genome is a

positive-sense single-strand uncapped RNA molecule of �9.6 kb. Genome translation

yields a polyprotein precursor which is co- and post-translationally processed into 10

proteins. (B) DENV genome is a positive-strand capped RNA molecule of �11 kb. Genome

translation and subsequent processing of the polyprotein result in 11 proteins.
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Table 10.1 Summary of Interactions between Viruses and LDs

Virus Virus Family Interactions Between Virus and LDs
Implicated Step in
Infection References

Hepatitis C
virus

Flaviridae ss, (þ)
RNA

Virions circulate as lipoviroparticles Infectious virion (Andre et al., 2002; Nielsen et al.,
2006, 2008; Thomssen et al., 1992)

Viral entry requires low-density
lipoprotein receptors

Entry (Sabahi, 2009)

Membranous vesicles required for RNA
replication contain lipid rafts NS5A
interacts with TIP47

RNA replication (Aizaki, Lee, Sung, Ishiko, & Lai,
2004; Shi, Lee, Aizaki, Hwang, &
Lai, 2003; Vogt et al., 2013)

Core and NS5A translocate to LDs via
DGAT1

Assembly (Camus et al., 2013; Herker et al.,
2010)

Virions use the low-density lipoprotein
secretion pathway for release

Virion release (Chang, Jiang, Cai, & Luo, 2007;
Gastaminza et al., 2008; Huang
et al., 2007)

Core expression induces steatosis (Clement et al., 2011; Moriya et al.,
1997, 1998)

Dengue virus Flaviridae ss, (þ)
RNA

Capsid protein colocalizes with LDs Assembly (Carvalho et al., 2012; Samsa et al.,
2009)

Viral infection causes increase in LDs Assembly (Samsa et al., 2009)

Viral infection causes autophagy-
dependent depletion of LDs

RNA replication (Heaton & Randall, 2010, 2011)

NS3 protein recruits FASN to sites of
RNA replication

RNA replication (Heaton et al., 2010)

Rotavirus Reoviridae ds,
RNA

Inclusion bodies (viroplasms) colocalize
with perilipin and ADRP

RNA replication,
viroplasm formation,
cell death

(Cheung et al., 2010)

Orthoreovirus Reoviridae ds,
RNA

m1 protein colocalizes with LDs LDs as a protein-
storage depot

(Li et al., 2012)

Hepatitis B
virus

Hepadnavirus
partial ds, DNA

HBx expression causes lipid
accumulation

Transcription (Kim, Kim, Kim, & Cheong, 2008;
Kim et al., 2007; Na et al., 2009)

ss, single-standed; ds, double-stranded; (þ), positive-sense, FASN, fatty acid synthase.



Viruses that localize to LDs
The lifecycle of HCV, a member of the Flaviridae family, is intimately tied to the

lipid metabolism of its host cell: (1) HCV circulates in the blood as a lipoviroparticle

rich in cholesterol esters and containing apolipoproteins, such as apoE and apoB

(Andre et al., 2002; Nielsen et al., 2006, 2008; Thomssen et al., 1992); (2) entry

of HCV depends on specific receptors, including the low-density lipoprotein

(LDL) receptor and the scavenger receptor class-B/type-I, both of which are

involved in lipoprotein uptake (Sabahi, 2009); (3) viral RNA replication induces

extensive membrane alterations and the formation of vesicular structures that exhibit

many characteristics of lipid rafts (Aizaki et al., 2004; Shi et al., 2003); (4) HCV

assembly requires localization of some HCV proteins to host LDs (Miyanari

et al., 2007), and the release of progeny virions is strongly associated with the very

low density lipoprotein (VLDL) secretion pathway (Chang et al., 2007; Gastaminza

et al., 2008; Huang et al., 2007).

Although the detailed role of LDs in viral assembly and egress is unknown,

two HCV proteins, the nucleocapsid core and regulatory protein NS5A, are translo-

cated from the endoplasmic reticulum (ER) onto LDs through the actions of the host

protein diacylglycerol acetyltransferase-1 (DGAT1), one of two triglyceride-

synthesizing enzymes (Camus et al., 2013; Herker et al., 2010) (Fig. 10.2A). Inhibi-

tion of DGAT1 activity through protein depletion or pharmacological inhibition

FIGURE 10.2

Role of DGAT1 in HCV proteins interaction with lipid droplets. (A) Model of DGAT1-

mediated loading of the HCV core and NS5A proteins onto LDs. (B) Core stabilizes

DGAT1-generated LDs and causes steatosis.
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prevents the localization of HCV proteins around LDs and strongly impairs HCV

particle production. Moreover, knockout of DGAT1 protects mice from the core-

induced accumulation of liver lipids, known as steatosis (Harris, Herker, Farese,

& Ott, 2011). Core-induced steatosis characteristically arises from an intracellular

accumulation of LDs caused by core coating of these LDs (Moriya et al., 1997,

1998) (Fig. 10.2B).

RVs are double-stranded nonenveloped RNA viruses that belong to the Reovir-

idae family (Patton, Silvestri, Tortorici, Vasquez-Del Carpio, & Taraporewala, 2006;

Pesavento, Crawford, Estes, & Prasad, 2006). RVs infect enterocytes of the villi of

the small intestine and cause acute gastroenteritis in children (Parashar, Gibson,

Bresee, & Glass, 2006). Early stages of viral RNA replication and assembly take

place in virus-induced inclusion bodies called viroplasms, which colocalize with

the LD-binding proteins perilipin andADRP (adipose differentiation-related protein)

in infected cells (Cheung et al., 2010). The interactions of RV proteins with LDs are

functionally relevant, as disruption of LD biogenesis with triacsin C, an inhibitor of

long-chain fatty acyl-CoA synthetase, inhibits viral RNA replication, viroplasm for-

mation, and virus-induced cell death in cultured cells (Cheung et al., 2010).

Viruses that use the energy stored in LDs
DENV is a single-strand positive-stranded RNA virus that, like HCV, belongs to the

Flaviviridae family. Although its replication cycle shares features with HCV, some

aspects are unique, including the involvement of a mosquito vector and infection of

immune cells (Rodenhuis-Zybert, Wilschut, & Smit, 2010). Our understanding of the

precise effects of DENV infection on LDs is incomplete. The capsid protein of

DENV is localized to LDs during infection, similar to the HCV core protein

(Carvalho et al., 2012; Samsa et al., 2009). However, the consequences of this local-

ization are poorly understood. Samsa et al. first showed that DENV infection led to

an increase in LDs (Samsa et al., 2009). In contrast, Heaton and Randall demon-

strated that DENV infection caused an autophagy-dependent depletion of LDs

(Heaton & Randall, 2010, 2011). The resulting free fatty acids are subsequently con-

verted into energy to facilitate viral RNA replication. Nonetheless, the studies agree

that LDs have an important role in RNA replication.

Furthermore, the DENV protein NS3 interacts with host fatty acid synthase

(FASN) and recruits this enzyme to sites of viral RNA replication, thus stimulating

fatty acid synthesis in vivo and in vitro (Heaton et al., 2010). These observations

highlight the crucial link between host LDs and DENV replication. The mechanisms

remain to be uncovered.

Viruses that induce LD rearrangement
HBV is a member of the Hepadnavirus family. The viral particle consists of an outer

lipid envelope and a nucleocapsid enclosing the partially double-stranded viral DNA

and a DNA polymerase that has reverse transcriptase activity similar to retroviruses

(Seeger & Mason, 2000). One HBV protein, HBx, causes lipid accumulation by
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upregulating the liver-X receptor and its lipogenic target genes SREBP-1, FAS, and

peroxisome proliferator-activated receptor g (Kim et al., 2007, 2008; Na et al., 2009).

Liver steatosis occurs in more than 50% of individuals chronically infected with

HCV (Asselah, Rubbia-Brandt, Marcellin, & Negro, 2006). In mice and cell cultures,

this condition is recapitulated by the expression of a single viral protein, the nucle-

ocapsid core (Clement et al., 2011; Moriya et al., 1997, 1998). Core activates tran-

scription factors SREBP-1 (Su et al., 2002) and RXRa (Tsutsumi et al., 2002;

Yamaguchi et al., 2005), leading to enhanced activity of various enzymes involved

in lipid biosynthesis (Fukasawa et al., 2006), and downregulates PPARa and mito-

chondrial carnitine palmitoyl transferase-1, resulting in reduction of fatty acid oxi-

dation (Tsutsumi et al., 2002). Core also inhibits the activity of microsomal

triglyceride transfer protein, a limiting factor in VLDL assembly and secretion

(Perlemuter et al., 2002). In addition, a small fraction of core protein can access

mitochondria and may induce peroxidation of lipids and proteins involved in VLDL

secretion by producing reactive oxygene species (Okuda et al., 2002; Schwer et al.,

2004). Recent studies also pointed to a bipartite mechanism whereby the viral core

protein utilizes the host DGAT1 enzyme to gain access to LDs and, once localized to

this compartment, interfere with LD triglyceride turnover, thereby stabilizing LDs

necessary for viral assembly (Harris et al., 2011; Herker et al., 2010)

(Fig. 10.2B). Collectively, these results indicate that multiple activities of the core

protein may lead to LD accumulation in chronic HCV infection.

Viruses that use LDs as a protein-storage depot
Recent reports propose that LDs serve as transient storage depots for proteins that

lack appropriate binding partners in the cell at a given time (Li et al., 2012). Such

sequestration may provide a general cellular strategy for handling excess proteins,

such as histones.

The outer capsid protein m1 of the orthoreovirus (a member of the Reoviridae

family) localizes to the membranes of the ER, outer mitochondria, and LDs via a

C-terminal amphipathic helix that also mediates apoptosis in cell culture (Coffey

et al., 2006). Similarly, the HCV core protein also induces apoptosis via the induction

of ER stress and mitochondrial dysfunctions (Benali-Furet et al., 2005; Korenaga

et al., 2005). Thus, localization of viral capsid proteins to LDs may be a strategy

to control viral protein-induced ER stress reactions, mitochondrial dysfunction,

and cell death during viral infection.

10.1 MATERIALS
10.1.1 Tools for analysis of viral infection
1. MegaScript T7 kit (Ambion) for in vitro transcription of HCV RNA

2. Cytomix buffer (all in mM: 120 KCl, 5MgCl2, 0.15 CaCl2, 2 EGTA, 1.9 ATP, 4.7

GSH, 25 HEPES, 10 potassium phosphate buffer, pH 7.6) for electroporation of

hepatoma cells with viral RNA
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3. Gene Pulser II (Bio-Rad) for electroporation of hepatoma cells

4. Gene Pulser cuvette, 0.4 cm electrode gap (Bio-Rad, 165-2088)

5. Luciferase Assay System (Promega)

6. MonoLight 2010 Luminometer (Pegasus Scientific Inc.)

7. RiboMax T7 kit (Promega) with the 7mG(ppp)A RNA cap analog for in vitro
transcription of DENV RNA

8. 0.8% methylcellulose as an overlay in the plaque assay

10.1.2 Tools for analysis of LDs
1. Oleic acid–albumin from bovine serum (Sigma O3008)

2. DGAT1 inhibitor (2-((1s,4s)-4-(4-(4-amino-7,7-dimethyl-7H-pyrimido[4,5-b]
[1,4]oxazin-6 yl)phenyl)cyclohexyl)acetic acid) (Syngene International)

3. DGAT1 inhibitor 4a, (1R,2R)-2-[[4’-[[(phenylamino)carbonyl]amino]

[1,1’-biphenyl]-4-yl]carbonyl]cyclopentanecarboxylic acid (TOCRIS

Bioscience, A 922500)

4. HCS LipidTOX Red and Far Red neutral lipid stain (Invitrogen)

5. BODIPY 493/503 (Molecular Probes, D-2191)

6. Oil-Red-O (ORO) (Sigma, O0625)

7. Infinity triglycerides (Thermo Scientific, TR22421)

8. HR Series NEFA-HR(2) (Wako, 999-34691, 991-34891, 993-35191, 276-

76491)

9. Tight-fitting Dounce homogenizer (Wheaton)

10. Triacsin C (Sigma, T4540)

10.1.3 Other commercial reagents and drugs
X-tremeGENE 9 DNA Transfection Reagent (Roche)

10.1.4 Other buffers and reagents
Crystal violet stain:

Stock solution: 1 g crystal violet, 99 ml 20% EtOH

Working solution: 20 ml stock solution, 40 ml EtOH, 150 ml H2O

Hypotonic buffer:
50 mM HEPES, pH 7.4

1 mM EDTA

2 mM MgCl2
Isotonic buffer:

50 mM HEPES, pH 7.4

100 mM KCl

2 mM MgCl2
Sucrose isotonic buffer:

Isotonic buffer containing either 1.5 or 2 M sucrose (as indicated)
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10.2 METHODS
In this section, we describe our methods to study the interactions of viruses and LDs.

Since our area of expertise is HCV, we will mostly describe methods used to study

this virus. We will also detail other methods used in our lab pertaining to DENV.

10.2.1 Biochemical cell fractionation
10.2.1.1 LD isolation
Isolation and purification of LDs from cells is a powerful method to measure the

association of viral (and cellular) factors with LDs:

1. Cells at 90% confluence in a 15 cm plate are scraped in 10 ml PBS and

centrifuged for 5 min at 1500 rpm.

2. After resuspension in 400 ml of hypotonic buffer containing protease

inhibitor, cells are incubated on ice for 15 min before being lysed with 40

passages in a tight-fitting dounce homogenizer (Wheaton).

3. The lysate is then centrifuged at 500�g for 5 min to remove the nuclei.

4. The remaining supernatant is mixed with 400 ml of 1.5 M sucrose isotonic buffer

(with 1 mM PMSF) and transferred into an ultracentrifuge tube. Isotonic

buffer containing PMSF is carefully added on top of the supernatant solution up

to 1 mm from the rim of the tube, taking precaution not to mix the solutions.

Centrifuge for 1 h at 100,000�g (34,000 rpm) in an SW55 rotor.

5. After ultracentrifugation, the tubes are frozen at �80 �C for at least 1 h.

Isolate the top of the frozen solution, which should contain LDs and associated

proteins, by cutting it off with a razor blade and thawing in an eppendorf tube.

6. For western blot analysis, TCA protein precipitation of the samples is usually

performed.

A representative example for an LD isolation performed in naı̈ve or HCV replicon

cells is shown in Fig. 10.3. Details about the protocols and outcomes for each label-

ing method follow.

10.2.1.2 Cell fractionation
For cell fractionation, the previous protocol can be adapted to form a sucrose

gradient.

1. The tubes are loaded as follows, from bottom to top: 2 M sucrose isotonic buffer,

the sample mixed with an equal volume of 2 M sucrose isotonic buffer, 0.75 M,

0.5 M, and 0.25 M sucrose isotonic buffers, and isotonic buffer without sucrose

on top.

2. After centrifugation, fractions are carefully collected and analyzed.

As shown in Fig. 10.1A, most HCV proteins are indeed strongly associated with cel-

lular membranes, making it possible to identify their precise membrane distribution.
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10.2.1.3 Membrane flotation assay
Yeaman et al. developed a 10–20–30% iodixanol density gradient to study protein

trafficking of the Sex6/8 protein complex in epithelial cells (Yeaman, Grindstaff,

Wright, & Nelson, 2001). This type of gradient results in a linear increase in density

over almost the entire length of the gradient, and membrane particles are separated in

the gradient based on their buoyant characteristics. Cells are broken mechanically in

a buffer lacking detergent to preserve membranes in the lysate. After loading the cell

lysate at the bottom of the gradient, membranes float up as the iodixanol gradient

self-generates. The separation of different membranes depends on their lipid content

and the concentration of associated proteins. After centrifugation, fractions can be

sampled from the top of the gradient and analyzed using standard SDS–PAGE

and western blot analysis for proteins of interest. We use this iodixanol density gra-

dient method to analyze membranes and proteins that are used by HCV for RNA

replication.

1. Huh7.5 cells or HCV replicon cells (as described above) are trypsinized,

washed, and counted. A total of 3�107 cells for each sample are resuspended

in 3.5 ml PBS containing 0.25 M sucrose (PBS/sucrose) plus protease inhibitor

cocktail (Sigma).

2. The cells are lysed with 200 passages in a tight-fitting Dounce homogenizer

(Wheaton) to ensure approximately 90% lysis.

3. The cell lysate is spun at 2500�g for 10 min at 4 �C to pellet cellular debris and

nuclei. The resulting supernatant is referred to as crude lysate.

4. Equal amounts of protein (5 mg) for each cell type are adjusted in volume to

2 ml with PBS/sucrose and mixed with 2 ml of 60% iodixanol (Sigma) resulting

in a 30% iodixanol concentration. A discontinuous iodixanol gradient (10%,

20%) is layered on top of the lysate/iodixanol mixture, and the gradient is spun

at 200,000�g for 16 h at 4 �C in a SW41T Rotor.

FIGURE 10.3

Association of HCV and human proteins with lipid droplets. Western blot analysis of

cell extracts or isolated lipid droplet fractions (see protocol for LD isolation) from either

naı̈ve Huh7.5 or HCV replicon cells (genotype 1b).
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5. A total of 22 fractions (500 ml each) are collected from top to bottom.

6. The fractions are mixed 1:1 with Laemmli buffer for SDS–PAGE.

Quantification of protein expression in western blots is done using ImageJ

software.

10.2.2 Immunomicroscopy
10.2.2.1 Fixation and labeling
For fixation of cells, PFA is preferable over methanol as the latter disrupts LDs. Pro-

tocols for fixation with PFA differ, as proteins at the LD interface can be sensitive to

the concentration of PFA used. Therefore, the percentage of PFA should be opti-

mized for each experiment.

A representative example for each of the LD-staining methods commonly used in

the laboratory is shown in HCV-infected hepatoma cells costained for HCV core pro-

tein (Fig. 10.4). Details about the protocols and outcomes for each labeling method

follow.

10.2.2.2 HCS LipidTOX neutral lipid stain
1. For staining of LDs using LipidTOX Red or Far Red, the reagent is diluted

1/200–1/1000 in PBS.

2. Permeabilized cells are incubated for 30 min with the diluted solution and

washed four times with PBS.

The concentration of LipidTOX can be adapted to the cell type and baseline levels of

LDs to minimize unwanted signal; when few LDs are present, the background fluo-

rescence with LipidTOX Red increases significantly.

10.2.2.3 Bodipy
1. For staining of LDs using Bodipy 493/503, the reagent is diluted 1/200 in PBS

(final concentration of 1 mg/ml).

2. Permeabilized cells are incubated for 10 min with the diluted solution and

washed three times with PBS.

The major disadvantage of Bodipy signal is that it bleaches fast. This can be prob-

lematic when quantifying LDs by immunomicroscopy as some signals (small LDs)

may be missed.

10.2.2.4 Oil-Red-O
1. For ORO staining, cover slips are incubated for 5 min in 60% isopropanol.

2. Cover slips are stained 10–20 min with ORO staining solution (the stock (at 0.5

% in isopropanol) is diluted 6:4 (stock:water) and filtered before use),

differentiated in 60% isopropanol for 1 s, and washed once with water.

ORO is probably the strongest and most complete stain for LD, but its emitted fluo-

rescence can bleed through other channels.
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10.2.2.5 Quantification
Quantification of LDs per cell or colocalization of a protein with LDs can be mea-

sured using the open source ImageJ program, or by using the automatic measurement

features in programs, such as Volocity (Perkin Elmer) or AxioVision (Zeiss).

10.2.3 Lipid measurements
Viral infection can cause changes in cell lipid metabolism. This has been reported

mainly for HCV and DENV. In addition to quantification of LDs by microscopy,

FIGURE 10.4

Lipid droplets staining in HCV-infected cells. Representative images (scale bar¼10 mm)

of Huh7-Lunet cells transfected with HCV JFH1 RNA. Cells were fixed and stained with anti-

core antibodies, and Bodipy 493, or Neutral LipidTox Red, or Neutral LipidTox Far red, or

ORO and Hoechst (nucleus, blue). Cells were fixed with 0.2% Triton X-100 for 10 min,

washed three times with PBS, and incubated with blocking solution (DMEM with 5% FBS

and 50% goat serum) for 20 min. Cell were washed three times and then incubated with

primary antibodies (anti-Core, Sigma) in PBS with 1% BSA for 1 h, washed, and then

incubated with secondary antibodies (anti-mouse Alexa 595 or Alexa 488 (Invitrogen)) in

PBS plus 1% BSA. Cells were then stained for Lipid Droplets, and mounted with DAPI

(Vectashield). Cells were analyzed by epifluorescence microscopy.
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biochemical measurement of intracellular triglycerides and extracellular free fatty

acids is an easy and precise way to track the fat storage and utilization in cells.

10.2.3.1 Triglycerides extraction and enzymatic quantification
Infinity Triglycerides (Thermo Scientific) can be used for reliable assessment of

the triglyceride content in cells. This reagent, designed to measure triglycerides in

human serum, can be adapted for cell culture after proper extraction of triglycerides

from the cell.

10.2.3.2 Triglyceride extraction from cell culture
This protocol is for the triglyceride extraction of cells from one well of a six-well

plate.

1. Cells are washed with 2 ml of PBS and subsequently incubated with 1 ml of

hexane:isopropanol (3:2) on a vertical shaker at 100 rpm, 3�10 min.

2. The hexane:isopropanol is evaporated under nitrogen.

3. Lipids are resuspended in 500 ml of chloroform with 1% Triton X-100, and dried

again.

4. Lipids are resuspended in 200 ml of water, mixed, and quantified with Infinity

Triglycerides.

10.2.3.3 Triglyceride enzymatic quantification
The measurements are performed according to the manufacturer’s protocol:

1. 20 ml of the triglyceride solution are added to 200 ml of the Infinity Triglyceride

solution and incubated at 37 �C for 10 min.

2. The absorbance at 490 nm is measured (see protocol from manufacturer for more

details).

We use serial dilution (1/2–1/32) of Glycerol Standard Solution (Sigma) to draw a

standard curve (1.41–0.0088 mM), allowing us to determine the concentration of our

sample. Experimental triplicates are recommended. To be in the linear range of the

test, few dilutions of the triglyceride solution can be tested prior to testing all the

samples.

10.2.3.4 Free fatty acid enzymatic quantification
Nonesterified fatty acids (NEFA) can be easily measured in the cell culture super-

natant with HR Series NEFA-HR(2) from Wako. For this assay, medium without

FBS should be used to avoid background from bovine fatty acids.

1. After media are collected, 20 ml is incubated with 100 ml of Color Reagent A at

37 �C for 10 min.

2. 50 ml of Color Reagent B is then added and the solutions are incubated for another

10 min at 37 �C.
3. The absorbance at 550 nm is measured (see protocol from manufacturer for more

details).
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We use serial dilution (1/1–1/32) of the NEFA Standard Solution to draw a standard

curve (1–0.031 mM), allowing us to determine the concentration of our sample. Ex-

perimental triplicates are recommended. To be in the linear range of the test, a few

dilutions of the supernatants can be tested before testing all the samples.

10.2.3.5 Radiolabeling and analysis with TLC
1. For measuring TG synthesis rates, cells are incubated in the presence of

0.125 mCi/ml [1-14C]oleic acid (GE Healthcare, 58 mCi/mmol) for 4 h.

2. [1-14C]Oleic acid is dried under a nitrogen stream and then complexed to 10%

bovine serum albumin before addition to the cells.

3. Lipids are extracted with hexane/isopropyl alcohol (3:2), and dried.

4. Lipids are loaded onto thin layer chromatography plates, and quantified with a

Bioscan AR-2000 instrument.

10.2.4 Cell transfection
10.2.4.1 Electroporation
To generate run-off transcripts of HCV genomes:

1. Plasmid DNA encoding HCV reporter viruses is linearized with PvuI and purified

by phenol–chloroform extraction.

2. After ethanol precipitation, DNA is dissolved in RNase-free water and used for

in vitro transcription reactions.

In vitro transcription is carried out using the MegaScript T7 kit (Ambion), according

to the manufacturer’s protocol. Briefly,

1. 10 mg linearized DNA is transcribed in a 100 ml reaction for 4 h at 37 �C.
2. DNA is digested by adding Turbo DNase I and incubated for 20 min at 37 �C.
3. RNA is precipitated by adding 150 ml RNase-free water and 150 ml LiCl2, and

incubated at �20 �C for at least 2 h.

4. RNA is purified by spinning down at 14,000 rpm for 20 min, washed with 70 %

ethanol, air-dried for 5 min, and resuspended in RNase-free water.

Hepatoma Huh7.5 or Huh7-Lunet cells are the only cells available thus far that can

support efficient replication of HCV in culture. Because of their large size (9.8 kb),

electroporation is required to transfect cells with viral RNAs such as HCV’s.

1. Cells are trypsinized, washed once in OptiMEM (Invitrogen), and resuspended in

Cytomix buffer at 107 cells/ml.

2. 400 ml of the cell suspension is mixed with 10 mg HCV RNA in 0.4 cm cuvettes

(Gene Pulser) and pulsed at 260 V and 950 mF with the Gene Pulser II (Bio-Rad).

3. Cells are plated to a concentration of �60% confluency.

4. 18–24 h later, the medium is changed.

5. The cells are then split according to their confluency and the experiment

schedule.
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10.2.4.2 Chemical transfection
To transfect cells with DNA, our lab utilizes mainly X-tremeGENE 9 DNA (previ-

ously FuGENE6, Roche).

1. Cells are plated on day 0 so that they will be at �70% confluency on day 1.

Typically, 1–1.5 million Huh7 cells are plated in a 10 cm dish, or twice as much

in a 15 cm dish.

2. On day 1, cells are transfected. For a 15 cm dish, 10–15 mg of DNA is diluted in a

final volume of 600 ml of OptiMEM. Thirty to forty-five microliters of

X-tremeGENE 9 DNA Transfection Reagent (ratio transfection reagent (ml):
DNA (mg)¼3:1) is added.

3. The Transfection Mixture is incubated for 20 min at room temperature, and

added dropwise to the cells.

Half of these amounts are used for a transfection in a 10 cm dish.

A detailed manufacturer’s protocol can be found at: https://www.roche-applied-

science.com/sis/transfection/tfn_docs/QuickP_X-tremeGENE%209%20DNA%

20Transfection%20Reagent.pdf.

10.2.5 Production of viral stocks and infection
All work that involves the manipulation, handling, culture, production, and concen-

tration of HCV, and DENV by research laboratories must be performed in accor-

dance with guidelines established by CDC/NIH. Laboratories working with

DENV must follow standard BSL-2 practices; laboratories working with HCV must

follow standard BSL-3 practices and procedures for growing and concentrating viral

particles. Please refer to your EH&S department for appropriate Biosafety proce-

dures and protocols.

For the production of HCV stocks:

1. Huh7.5 cells are electroporated with 10 mg of in vitro transcribed viral RNA as

described above.

2. Transfected cells are mixed with 20 ml of supplemented medium and incubated

overnight at 37 �C.
3. The next day, themedium is replaced and the cells are incubated for fivemore days.

4. The medium containing the infectious virions is carefully taken off the cells and

filtered through a 0.45 mm filter.

5. FBS is added to the filtered viral stock to a final concentration of 20%.

6. The viral stocks are frozen in aliquots at �80 �C.

For infection:

1. Huh7.5 cells are seeded at 80,000/well in 12-well plates at day 0.

2. On day 1, viral stocks are diluted 1:1 with medium without FBS (final

concentration of FBS¼10%).

3. Virus is then added to cells in a total volume of 800 ml/well.

18110.2 Methods

https://www.roche-applied-science.com/sis/transfection/tfn_docs/QuickP_X-tremeGENE%209%20DNA%20Transfection%20Reagent.pdf
https://www.roche-applied-science.com/sis/transfection/tfn_docs/QuickP_X-tremeGENE%209%20DNA%20Transfection%20Reagent.pdf
https://www.roche-applied-science.com/sis/transfection/tfn_docs/QuickP_X-tremeGENE%209%20DNA%20Transfection%20Reagent.pdf


To test titers of viral stocks:

1. Twofold serial dilutions are used to infect cells and incubated for 6 days, with a

medium change at day 1 post-infection.

2. At day 6, cells are harvested and further prepared according to the desired assay

and depending on the reporter gene expressed from the viral genome, such

as luciferase assay for luciferase protein or fluorescence-activated cell sorting

(FACS) assays for fluorescence markers.

For the production of DENV stocks:

1. DENV genomic DNA is linearized with XbaI.

2. RNA is transcribed with a T7 in vitro polymerase kit with m7GpppA cap analog

(Promega).

3. Transcripts are either transfected or electroporated into a variety of cell lines,

usually BHK-21 or C6/36.

4. Virions are collected, concentrated by ultracentrifugation, and incubated with

target cells for 2 h in medium containing 2% FBS.

5. Cells are overlaid with a reagent that prevents Brownian motion (i.e., agarose)

and assayed at the desired time post-infection by plaque assay.

10.2.6 Viral replication measurements
Various tests have been set up to examine the different stages of viral replication;

some are specific to a virus, while others might be common to the study of different

viruses. The different stages of HCV replication can generally be organized as fol-

lows: (1) viral entry, (2) fusion and uncoating, (3) translation, (4) RNA replication,

(5) viral assembly, (6) virion maturation, and (7) viral release.

In this chapter, we will describe protocols that allow us to measure the overall

efficiency of viral replication and the efficiency of individual steps of viral replica-

tion, excluding the early steps (entry, fusion, and uncoating), as no connection with

cellular LDs has yet been described.

10.2.6.1 Viral replication assays
The term viral replication refers to the entire replication cycle of viruses in cells,

from infection of a naive cell to production of new infectious virions. Assessing

if a factor plays a role in viral replication is usually the first step to undergo in a study.

This is accomplished by allowing the virus of interest to spread in the cell culture for

several replication cycles. This way, a decrease or increase in infection efficiency is

amplified at each round of replication. Such tests usually start with the infection of

cell culture at a low multiplicity of infection (MOI, lower than 0.1).

10.2.6.2 Viral transcription and translation assays
Transcription of viral RNAs only applies to viruses that use DNA as an intermediate

during genome replication (e.g., HBV). When examining the level of viral RNA, one

should keep in mind that some are used as genome replication intermediates or are
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packaged into new virions, and are not translated. Thus, the RNA level of a gene

transcript does not always reflect the level of proteins produced. As for any other

protein, translation of viral proteins is usually assessed by western blot, microscopy,

FACS, or ELISA.

10.2.6.3 Viral RNA replication assays
To assess the efficacy of viral RNA replication, indirect and direct methods for mea-

surements are commonly used. The level of RNA replication can be indirectly mea-

sured if the viral genome contains a reporter gene that is used as an indirect

measurement of the level of RNA replication. The two most common reporters

for HCV RNA replication are neomycin and luciferase. The first HCV clone that

was able to replicate in cell culture was a genotype 1 subgenomic replicon. Since

replication efficiency was relatively low, a neomycin phosphotransferase selection

gene enabled the selection of cells that contain the replicating HCV Replicon

RNA under G418 pressure, thus enhancing the level of RNA replication. Since then,

better replicating HCV genotype 2a clones have been identified. With those, RNA

replication can be measured indirectly through the expression of a luciferase reporter

gene in the viral genome.

Neomycin replicon assay

1. One microgram of HCV replicon RNA containing a neomycin gene and

1 mg of pGL3.5 (Firefly luciferase control plasmid, Promega) are transfected into

Huh7.5 cells as described above.

2. After transfection, cells are added to 8 ml of medium, of which 100 ml to 1 ml are

plated in 10 cm dishes for the replicon assay and 1 ml into 12-well plates for

the luciferase assay, and incubated at 37 �C.
3. To monitor for equal transfection efficiencies, cells for the luciferase assay are

lysed 24 h post-transfection in 1� Cell Culture Lysis Buffer (Promega).

Luciferase activity is measured using the Luciferase Assay Systems (Promega)

on a MonoLight 2010 Luminometer (Pegasus Scientific).

4. For the HCV Replicon assay, 750–1000 mg/ml of G418 is added to the medium.

5. Cells are kept under selective pressure for 3–4 weeks until colonies have formed,

with medium changed twice a week.

6. Cells are then washed with PBS, stained with Crystal Violet Working Solution

for 10 min at room temperature, and washed with water.

For biochemical studies of HCV RNA replication, often an HCV replicon cell line is

established by transfecting Huh7.5 cells with HCV Replicon RNA, kept under con-

tinuous G418 (800 mg/ml) pressure, and split twice a week.

Luciferase replicon assay

1. Ten micrograms of HCV Replicon RNA containing a luciferase gene are

transfected into Huh7.5 cells as described above.

2. After transfection, cells are added to 8 ml of medium, and 1 ml is plated per well

in a 12-well dish, and incubated at 37 �C.
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3. Cells are harvested at different times post-transfection, such as 4, 24, 48, and

72 h.

4. Luciferase activity is measured as described above and normalized to the 4 h time

point (at which no viral RNA replication has occurred).

The most accurate and direct method to determine the efficiency of HCV RNA rep-

lication is to measure viral RNA levels. This can be done using classical tools to

quantify RNA levels, such as real-time RT-PCR.

10.2.6.4 Viral RNA measurement at LDs
Viral RNA can be measured in different cellular fractions, including the LD fraction

(see below for cell fractionation assays):

1. 20 mg of carrier RNA (Qiagen) is added to 150 ml of each fraction.

2. RNA is extracted from each fraction with the Quick-RNA MiniPrep kit (Zymo)

according to the manufacturer’s recommendations.

3. RNA is eluted using 35 ml water.
4. cDNA is synthesized as described above, using 11 ml of RNA and an HCV

antisense probe located in the 5’UTR, followed by RNase A (Thermo Scientific)

digestion (2.5 mg/reaction for 30 min at 37 �C).

For the generation of RNA standards, cDNA is generated for a twofold serial dilution

of in vitro transcribed HCV RNA by the above protocol. For real-time quantitative

PCR, two HCV-specific primers in the 5’UTR are used. The cDNA from the twofold

serial dilution of HCV RNA is used to create a standard curve. Absolute amounts of

viral RNA in fractions are calculated using this standard curve.

10.2.6.5 Viral assembly and release assays
The late phases of viral replication seem to be more associated with LDs, especially

for HCV. Here, we will describe the main protocols used to investigate the role

of factors into the assembly or the release of new virions, and how to differentiate

between these discreet steps.

When studying the late phase of viral replication, it is common to directly trans-

fect the viral genome in its physiological form into cells with the adapted methods

(electroporation for viral RNAs, for example, for HCV or DENV). The amount of

virus produced from the transfected cells is then measured, usually after 24 h to pre-

vent reinfection of cells in the culture. Viruses released into the supernatant are usu-

ally harvested and quantified by ELISA or specific assays to assess their infectivity.

Viruses assembled but not released from the cells can also be isolated and tested. This

can give insights on the assembly versus release efficiency of the virus. The infec-

tivity of the viruses can be measured using a reporter gene (luciferase or fluorescent

for example), but if none is available, staining of the infected cells can be performed

and analyzed by FACS (or microscopy). The following is an example of a protocol

that can be used for a thorough investigation of the assembly and release of HCV
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with a luciferase reporter gene cloned in its genome. More details about titration

methods are provided in the next paragraph.

1. On day 1, 4�106 cells are electroporated with viral RNA and plated into six-well

plates (two to three plates per electroporation).

2. On day 2, cells are washed with PBS and fresh medium is added (1–2 ml per

well). Drugs can be added here. Naive cells are plated in 12- or 24-well plates

(three wells per transfected point to perform the infections in triplicate).

3. On day 3, supernatants are collected, filtered with 0.45 mm filters (individually),

and used to infect naive cells (infections are done in triplicate with 0.3–0.6 ml).

An aliquot of each supernatant is kept and diluted in series to be used for ELISA.

For details about the titration of the supernatant, see Section 2.6.6.

4. To isolate the intracellular viral particles, “producing cells” are washed and lysed

by three freeze-thaw cycles and then centrifuged to remove the cell debris.

The intracellular viruses can be titrated similarly to the secreted ones

(see Section 2.6.6).

5. To measure the amount of viral particles (infectious or not) produced from

serum samples, one can use an ELISA that targets the viral antigen used in the

clinical diagnosis of viral infection.

Western blot analysis of the cell lysate should be done to check efficient translation

and processing of viral proteins. Luciferase measurements can also be performed if

the virus contains a reporter gene to quantify the viral translation.

10.2.6.6 Viral titration assays
After isolation of viral particles produced under the desired conditions (intracellular

or released), the infectivity of the viral particles is often quantified. The presence of

reporter genes greatly facilitates this process. Here, we will describe a protocol for a

viral construct without reporter and then provide protocols that can be used with

luciferase and fluorescent reporter genes.

1. The naive cells are plated 1 day before infection.

2. Viruses from producing cells are isolated, filtrated, and used to infect naive cells

in triplicate. Depending on the efficacy of viral production, dilution of the viral

samples can be done. This is usually not required for HCV samples.

3. Infection is done for 3 h at 37 �C. Afterwards, the cells are washed once with

PBS, and fresh medium is added.

4. At 24–48 h after infection, the number of infected cells, reflecting the number

of infectious particles produced upstream, is quantified. When no reporter

gene is present in the viral construct, the best method is to stain the infected

cells with a specific antibody against one of the viral antigens and measure

the percentage of infected cells by FACS. A similar analysis can be

performed by microscopy but tends to be more tedious.

When the viral construct used contains a fluorescent reporter gene, such as GFP or

mCherry, the cells can be analyzed by FACS right after fixation (which is not
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required if a flow cytometer is available within the BSL3 facility, and thus, cells do

not need to be transported out of the BSL3 facility). The mean fluorescence intensity

can provide information about the viral replication and translation levels into the

cells. If the viral construct contains a luciferase reporter gene, the infected cells

can be lysed and relative light units (RLU) can be measured. Although it does not

give an exact count of the amount of infected cells, the RLU can be directly corre-

lated with the percentage of infected cells when normalized to the whole protein con-

centration of the cell lysate.

Titration of DENVs is performed using the plaque assays described above.

10.2.7 Drug treatments
DGAT1 inhibitor (2-((1s,4s)-4-(4-(4-amino-7,7-dimethyl-7H-pyrimido[4,5-b][1,4]
oxazin-6-yl)phenyl)cyclohexyl)acetic acid) is kept at a stock concentration of

10 mM in DMSO. This stock solution is diluted 10-fold in DMSO (1 mM) before

a final 1/500 dilution in cell culture medium (final concentration of 20 mM).

Although inhibition of DGAT1 function is significant after only a few hours of treat-

ment, DGAT1 inhibition must be maintained for about 2 days when looking at the

loading of viral factors on LDs as the half-life of these factors on the already existing

LDs is quite long. Inhibiting DGAT1 does not disrupt the already formed LDs.

DGAT1 inhibitor 4a, (1R,2R)-2-[[4’-[[(phenylamino)carbonyl]amino] [1,1’-

biphenyl]-4-yl]carbonyl]cyclopentanecarboxylic acid (TOCRIS Bioscience) is

resuspended in DMSO at a stock concentration of 37.5 mM before being diluted

1/500 to a working concentration of 75 mM in cell culture medium. See below for

advice about treatment with this inhibitor.

Triacsin C is used at 6 mM concentration. The stock solution is at 6 mM

in DMSO.

Oleic acid–albumin (Sigma) is used at a final concentration of 2 mg/ml. Cells are

usually loaded with oleate for no longer than 20 h.

Rapamycin is an mTOR inhibitor that causes an increase in cellular autophagy.

Rapamycin is solubilized in DMSO and generally used at a 200 nM final concentra-

tion, although this must be optimized for each cell line and experiment.

10.3 DISCUSSION
We describe here the various methods used to examine the interplay between viruses

and LDs. Most general methods for studying viral replication can be used to study the

roles of LDs in viral replication. For example, viral RNA replication can bemeasured

under treatment with an inhibitor of a triglyceride-synthesizing enzyme, such as

DGAT1. Similarly, strategies used to study cellular LDs, such as identification of

LD-associated proteins after LD isolation, can be applied to viral components.

The various methods presented here can be beneficial for cell biologists and virol-

ogists studying viral propagation or LD metabolism.
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One common challenge when studying viral proteins is their multifunctionality.

Each viral protein usually interacts with several host factors at different stages of the

viral replication cycle as the virus hijacks cellular pathways for its own needs. Thus,

expression of a viral protein often results in a variety of secondary consequences

in the cell. This effect is accentuated during viral infection when many proteins

are simultaneously expressed.

Most Flaviridae proteins are associated with ER membranes that sometimes sur-

round LDs. It can thus be difficult to decipher by microscopy whether a protein

localizes at the LDs or at the ER membranes associated with LDs. For this reason,

biochemical methods should be used in conjunction with microscopy analysis to

define the precise location of viral components.

A major limitation for the study of pathogens, such as HCV or DENV, is the lack

of a proper physiological model to study their replication. For HCV, only one spe-

cific cell line isolated from a hepatocellular carcinoma is capable of replicating one

HCV genotype (2a). This cell line (Huh7.5 and its sister Huh7-Lunets), however, is

defective for the RIGI-mediated immune-response pathway as well as the VLDL

release pathway, which is essential for the release of new viral particles. Primary

hepatocytes are extremely difficult to infect with HCV, and only few laboratories

have succeeded to do so consistently. Similarly, although the primary targets of

DENV infection in humans are macrophages, most DENV studies have been per-

formed in human hepatoma Huh7, baby hamster kidney bhk-21, or insect C64/36

cell lines. The role of liver infection in dengue propagation and pathogenesis is

yet to be fully uncovered.

In summary, the protocols that have helped to uncover LDs as important dynamic

organelles, combined with standard experimental procedures to study viral infection,

have identified the vital role that LDs play in viral infections. New studies on the

importance of LDs in viral infection are constantly emerging. This indicates that

LDs functioning as crucial “hubs” in viral life cycles might be a more common fea-

ture for viruses and other pathogens than originally believed. Studies on HCV have

been leading the way in identifying mechanistic details of how LDs are important

components of the HCV assembly machinery, similar insight into the role of LDs

in other viral infections can be expected to follow.
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Abstract
The lipid droplet (LD) is an evolutionarily conserved organelle composed primarily

of triglycerides (TAG) and cholesteryl esters. Recently, Fat storage-Inducing Trans-

membrane proteins 1 & 2 (FITM1/FIT1 and FITM2/FIT2) were discovered as a con-

served family of proteins involved in fat storage. FIT1 and FIT2 are both localized to

the endoplasmic reticulum, but have distinct tissue distributions. FIT proteins medi-

ate TAG LD accumulation when overexpressed, but do not synthesize TAG. FIT pro-

teins function by partitioning newly synthesized TAG into LDs. In order to

understand the mechanism by which this occurs, a method was developed to purify

FIT proteins from insect cells in detergent micelles. The ability of purified FIT pro-

teins to bind TAG and other neutral lipids was tested in detergent micelles, demon-

strating lipid specificity and saturation binding. These techniques can be applied to a

variety of proteins in lipid biology in an effort to try to reconstitute a mechanism of

action or protein activity. The methods that will be discussed here can also be scaled

to either screen a library of mutant proteins for binding to a particular compound or

utilized to delineate structural requirements of ligands that are important for protein–

ligand interactions. Here, we present a detailed description of the purification pro-

tocol and micellar protein–ligand binding experiments and their possible

applications.

INTRODUCTION AND RATIONALE

Lipid droplets (LDs) are organelles with a unique structure composed of a hydropho-

bic core that is encapsulated by a phospholipid monolayer with a diverse proteome.

The lipid core is composed of relatively hydrophobic, minimally polar lipids includ-

ing triglycerides (TAG), cholesteryl esters (CE), diacylglycerol (DAG), and

monoacylether-DAG (Wolins, Brasaemle, & Bickel, 2006). The predominant com-

ponents of LDs in most cell types are TAG and CE. Accumulation of excess TAG in

the form of LDs in adipose, liver, and skeletal muscle is associated with the devel-

opment of insulin resistance, type 2 diabetes, and the metabolic syndrome (Savage,

Petersen, & Shulman, 2007a, Savage et al., 2007b).

TAG biosynthesis is a highly regulated process beginning with fatty acid and

glycerol synthesis and is reviewed in detail elsewhere (Coleman & Lee, 2004).

TAG can be synthesized from DAG by a variety of enzymes with acyltransferase

activity, including DAG:acyl-CoA acyltransferases 1 and 2 (DGAT1 and DGAT2),

sn-1,2(2,3)-DAG transacylase, wax ester synthase/DGAT, or lecithin-DAG transa-

cylase (Coleman & Lee, 2004). In mammals, the most important isoform of these

enzymes is DGAT2. Deficiency of DGAT2 in mice results in more severe reductions

in TAG levels than DGAT1 deficiency, consistent with the finding that it is more

highly expressed in tissues that make large amounts of TAG (Cases et al., 2001;

Farese, Cases, & Smith, 2000; Stone et al., 2004). Interestingly, conventional
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knockout mice which are deficient in DGAT2 die shortly after birth due to lipopenia,

a skin barrier defect that results in extreme dehydration. Unlike DGAT1 which is an

integral endoplasmic reticulum (ER) membrane protein, DGAT2 is located at both

the ER and LDs, where at the latter location it is hypothesized to play a role in LD

expansion (Farese & Walther, 2009; Stone et al., 2004, 2009). On oleate feeding,

DGAT2 can be seen on the LD surface. DGAT2 belongs to a separate family of en-

zymes that is less hydrophobic than DGAT1. Thus, when cells are fed oleate,

DGAT2 has been observed at the surface of the LD—a finding that is dependent

on its C-terminus—and may serve to catalyze TAG synthesis as an oligomeric com-

plex of 14–16 DGAT2 subunits (McFie, Banman, Kary, & Stone, 2011). These data

suggest that neutral lipid-synthesizing enzymes can be localized to both the ER and

LD surface.

While much information is known about the catabolism of LDs, little is under-

stood about the process of LD biogenesis. Numerous forward genetic screens have

demonstrated that up to 1.5% of the genomes of model organisms is important in the

regulation of fat storage. However, these studies have not found proteins involved

directly in the process of LD formation (Ashrafi et al., 2003; Fei et al., 2008; Guo

et al., 2008). Thus far, screens have identified factors important for LD growth, main-

tenance, and trafficking.

FIT proteins were identified as targets of peroxisome proliferator-activated re-

ceptor a (PPAR-a) in the liver in an effort to identify proteins of unknown function

involved in intracellular fatty acid transport with respect to either TAG storage in

LDs or mitochondrial b-oxidation. PPAR-a is known to activate genes involved

in fatty acid oxidation, but counter-intuitively in mouse liver, pharmacological

activation of PPAR-a also induces genes involved in fatty acid biosynthesis, glycer-

olipid biosynthesis, and two perilipin (PLIN) family members Plin2 and Plin5.

Therefore, it was surmised that a microarray for PPAR-a targets might identify novel

proteins involved in LD biogenesis localized to the ER—the site of LD formation

(Kadereit et al., 2008). FIT1 and FIT2 were confirmed to be ER-localized, 292-

and 262-amino acid proteins, respectively, that are 50% similar and 35% identical.

However, these proteins do not share homology to any known proteins or protein

domains in higher eukaryotes, suggesting that they constituted a unique protein fam-

ily. Bioinformatics searches demonstrated that these proteins were phylogenetically

conserved as far back as Saccharomyces cerevisiae, which has two FIT2 orthologs,

SCS3 and yFIT2 (Moir, Gross, Silver, & Willis, 2012). FIT1 was conserved as far

back as the teleosts and through higher eukaryotes (Hosaka, Nikawa, Kodaki, Ishizu,

&Yamashita, 1994; Young et al., 2010). Mammalian FIT proteins have a differential

tissue expression pattern: FIT2 is ubiquitously expressed, with the highest levels

found in white and brown adipose tissue. High-level expression of FIT2 in adipose

tissue is regulated by PPAR-g (Lefterova et al., 2008; Villanueva et al., 2011). FIT1
is expressed primarily in oxidative tissues, with the highest levels in skeletal muscle

and lower levels in the heart (Kadereit et al., 2008). Both FIT1 and FIT2 were dem-

onstrated to have six transmembrane domains and localize to the ER, but not to LDs

(Gross, Snapp, & Silver, 2010).
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FIT protein overexpression studies indicated that FIT proteins induce the accu-

mulation of TAG-rich LDs, without augmenting TAG biosynthetic rates, by medi-

ating the partitioning of TAG into LDs (Gross et al., 2010; Kadereit et al., 2008). In

HEK293 cells, FITs neither altered the expression of genes important for fatty acid

oxidation or TAG biosynthesis, nor did they alter lipolysis of TAG found in LDs.

Taken together, these data indicate that FIT proteins play a unique role to partition

newly synthesized TAG into LDs.

Since FIT proteins were found to be involved in LD accumulation, it was hypoth-

esized that they may play a role in adipocyte differentiation. However, no changes in

PPAR-g levels or PPAR-g targets were observed in 3T3-L1 cells deficient in FIT2.

Importantly, FIT2 knockdown in preadipocytes led to a reduction in total cellular

LDs and TAG levels and reduced TAG biosynthesis throughout a time course of

adipocyte differentiation (Kadereit et al., 2008). Thus, the initial identification, clon-

ing, and characterization of FIT1 and FIT2 indicated that these proteins are localized

to the ER, important for TAG storage and LD accumulation, but not involved in TAG

biosynthesis. Their knockdown does not affect adipocyte differentiation; however, it

significantly abrogates the accrual of TAG in these cells.

Since FIT proteins have no homology to proteins of known function or protein

domains, it is impossible to infer a mechanism based on sequence similarity to a fam-

ily of well-characterized proteins. Given the finding that FIT proteins were found to

partition newly synthesized TAG into LDs, we hypothesized that FIT proteins bind

directly and specifically to TAG in order to mediate LD formation at the ER. We

have recently tested this hypothesis using purified FIT1 and FIT2 in detergent

micelles and demonstrated that FIT proteins bind to TAG in order to mediate LD

biogenesis and that this function is required for FIT-mediated LD formation. Puri-

fication of integral membrane proteins and membrane-associated proteins can be

particularly useful for characterizing novel protein players in LD biology.

Purified proteins important in LD biology can be used to study the process of LD

biogenesis with in vitro reconstitution assays, determine biochemical or enzymatic

functions of LD-associated proteins, and can be produced in large quantities for

biophysical studies or crystallization trials. This review aims to highlight the

techniques that were used to purify the multispanning ER-localized transmembrane

proteins FIT1 and FIT2 and study their lipid-binding characteristics. We have used

the purification and lipid-binding assay techniques that were developed for FIT

proteins for other transmembrane proteins with success, suggesting that purification

of membrane proteins from insect cells in detergent micelles can be used to study a

variety of other membrane-associated or integral membrane proteins involved in LD

biology. Our studies highlight methods that demonstrate the power of lipid-binding

studies in determining ligand preference, an important step in uncovering the

mechanism by which lipid-binding proteins function. However, there are still

limitations in determining precise kinetic constants and detecting conformational

changes in detergent micelles due to stoichiometric behaviors of the system. In this

review, we also highlight techniques that could be used in an effort to reconstitute LD

formation.
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11.1 MATERIALS
11.1.1 Buffers
Buffer A contains 50 mM Tris–HCl pH 7.4 and 150 mM NaCl. Buffer B contains

Buffer A and 1 mM EDTA supplemented with EDTA-free protease inhibitor tablets

(Roche). Buffer C contains Buffer A and 0.1% (w/v) Fos-choline 13. Buffer D con-

tains Buffer C, 2.5 mM desthiobiotin, and 10% (w/v) glycerol. Buffer E contains

10 mM Tris–HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, and 1% (w/v) Triton

X-100. Buffer F contains Buffer C and 10% (w/v) glycerol.

11.1.2 Other materials
[9,10-3H(N)]-triolein ([3H]-TAG, 106 Ci/mmol) (Perkin Elmer), [1,2,3-3H]-

dioleoyl-rac-glycerol ([3H]-DAG, 30 Ci/mmol) (American Radiolabeled Chemi-

cals), all other lipids (Sigma Aldrich and Avanti Polar Lipids), Fos-choline 13

(n-tridecylphosphocholine) (Anatrace by Affymetrix), Triton X-100 and desthiobio-

tin (Sigma), pcDNA3.1-V5-His6 vector, Lipofectamine 2000, Cellfectin II, insect

cell media (Invitrogen). The suppliers for all other materials are indicated in the text.

11.2 METHODS
In this section, we describe techniques for expressing recombinant integral mem-

brane proteins in insect cells and mammalian cells and purifying integral membrane

proteins in detergent micelles. We further elaborate on biochemical techniques for

determining protein–lipid-binding affinities and capacities and describe a protocol

for the generation of proteoliposomes for biochemical and reconstitution studies.

11.2.1 Purification of integral membrane proteins
11.2.1.1 Cell culture of HEK293 cells
A high-throughput assay can be utilized to screen for binding characteristics of a

variety of protein variants (i.e., a mutant library of a particular protein). To this effect,

we have developed a cell culture-based approach of expressing and purifying integral

membrane proteins and testing their lipid binding in detergent micelles.

To this end, monolayers of human embryonic kidney (HEK293) cells were

obtained from American Type Tissue Culture Collection and cultured in Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal

bovine serum (FBS-HI) and 1� penicillin–streptomycin (DMEM-FBS) at 37 �C
in a 5% CO2 incubator. In order to purify 2–4 mg of FIT2 (a protein that we used

to develop this technique), we utilized six-well tissue culture plates seeded with

1–1.5�106 HEK293 cells/well.

HEK293 cells reliably and reproducibly expressed the highest amounts of

FIT2 protein when transiently transfected with a mammalian expression vector
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compared to various other cell lines that were tested. Reliable substitute cell lines that

can be used in order to express a desired protein of interest include HeLa or COS7

cells. In our hands, transfectability and FIT2 expression were superior in HEK293

cells. Alternatively, a high-throughput lipid-binding screen could be performed under

various conditions using an adenoviral or lentiviral expression system in other cell

lines if so desired; however, we have not explored these possibilities or set out to de-

fine optimal experimental conditions for such an approach.

11.2.1.2 Cell culture of insect cells
11.2.1.2.1 Spodoptera frugiperda Sf9 cell culture
Sf9 cells were cultured in TNM-FHmedium (Trichopulsia nimedium—Formulation

Hink), consisting of Supplemented Grace’s Insect Cell Medium, supplemented

with the addition of 10% FBS-HI (American origin, Invitrogen), 1� penicillin–

streptomycin (Invitrogen), and 10 mg/ml gentamicin (Sigma). Cells were initially

cultured in monolayers in tissue culture treated T75 flasks (Corning) until 90% con-

fluent (�107 cells) and passaged nomore than 20 times. Cell viability wasmaintained

at �95% viable cells as determined by Trypan blue exclusion (1 ml of 0.4% Trypan

blue in phosphate-buffered saline (PBS) with 10 ml of cell suspension, measured on a

hemacytometer). Suspension cultures of�95% viable cells were generated by seeding

Sf9 cells into spinner flasks at 106 cells/ml at 27–28 �C and at 80–90 rpmwithout CO2

in the dark. Volume ofmedia was kept at 30–50% of flask volume to optimize aeration

and shear stresses. Doubling timewas approximately 48–72 h.Cellswere passaged in a

sterile cell culture hood using large-volume electric pipettors when they reached a con-

centration of 2–2.5�106 cells/ml into fresh TNM-FHmedia by dilution. Cell densities

and viabilities were monitored daily throughout culture lifespan.

11.2.1.2.2 Trichopulsia ni High Five (Hi5) cell culture
High Five (Hi5) cells were grown in Express-Five SFMmedium, supplemented with

200 mM L-glutamine (GIBCO/Invitrogen) and 10 mg/ml gentamicin in order to make

“Hi5 medium” at 27–28 �C without CO2. Cells were initially seeded into T75 flasks

and grown as monolayers at similar densities to Sf9 cells, but never exceeding 90%

confluency. Cell densities, viabilities, and contamination were monitored daily and

maintained at �90–95%; otherwise, cells were discarded. Cells from monolayer

cultures were then seeded at a concentration of 106 cells/ml into suspension flasks

at 30–50% of flask volume in Hi5 medium supplemented with 10 U/ml heparin to

inhibit cell clumping. Hi5 cells were subsequently passaged each time they reached

a concentration of 2–2.5�106 cells/ml and weaned from heparin by dilution into

fresh Hi5 medium that did not contain heparin.

11.2.1.3 Baculovirus generation and amplification
In order to infect insect cells for large-scale protein production, baculovirus transfer

vectors were constructed using two different commercially available systems.

Using Novagen’s BacMagic 2 system, cDNAs encoding N- or C-terminally

His6-StrepII-tagged recombinant proteins were amplified by PCR and products
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were cloned into pIEx/Bac-1 transfer vector (Novagen, EMD-Millipore) for

recombination in insect cells after cotransfection with AcNPV BacMagic DNA

(Novagen). Alternatively, cDNAs for N- or C-terminally His6-StrepII-tagged

recombinant proteins were subcloned into Invitrogen’s pFastBac1 transfer plasmid.

The latter technique, which was more complicated and time-intensive but more

cost-effective, is expounded upon here.

After selection and confirmation of recombinant pFastBac1 plasmids, recombi-

nation was performed in Escherichia coli containing a bacmid vector that encodes all

baculovirus production genes. This recombination was performed in 20 ml of

DH10Bac E. coli, which contains the appropriate helper plasmids and parental bac-

mid. DH10Bac E. coli are shipped in 100 ml one-shot-use tubes, but we found that

much less is required for transformation and selection of recombinant nonparental

colonies. For specifics on the transformation protocol, refer to the DH10Bac E. coli
online user manuals (Invitrogen). We noted that 100 ml of a 1:100 dilution of trans-

formation reactions (into sterile LB) after 4 h of growth for transformation recovery

was ideal for selecting distinctly separated colonies on 10 cm LB-agar Petri dishes

containing 50 mg/ml kanamycin, 7 mg/ml gentamicin, 10 mg/ml tetracycline,

100 mg/ml BluoGal, and 40 mg/ml. After a 48 h transformation of the DH10Bac

E. coli with 1 ml of purified recombinant pFastBac1 plasmid, white colonies were

selected using the aforementioned three-antibiotic-BluoGal-IPTG selection system.

The reason that white colonies are desired and used for selection is because the

parental bacmid contains DNA encoding a LacZa peptide in between recombination

sites that is removed when recombination occurs with pFastBac1; hence recombinant

colonies are white, unlike parental bacmids which are blue.

The DNA flanking this region is also used for PCR-based confirmation of recom-

bination. In order to confirm the identity of a recombinant bacmid, colonies were

replica plated and subjected to PCR using Invitrogen-recommended primers that

flanked the recombination sites: pUC/M13 forward (50-CCCAGTCACGACGTTG-
TAAAACG-30) and pUC/M13 reverse (50-AGCGGATAACAATTTCACACAGG-
30). A recombinant empty bacmid’s PCR product was �300 bp, while a bacmid

transposed with pFastBac1 yielded a PCR product of �2300 bpþ the size of the

cDNA that was utilized. We experimented with shortening the duration of the

PCR using one internal primer and one of the recommended flanking primers.

Appropriately selected colonies were used to inoculate LB medium containing

kanamycin, gentamicin, and tetracycline, and bacmids were purified by high-

molecular weight (MW) plasmid precipitation (refer to Section 2.1.4). Recombinant

bacmid DNA (2 mg) was then carefully pipetted for transfection into monolayers of

0.5–1� 106 Sf9 cells in six-well plates using Cellfectin II liposomal reagent accord-

ing to the manufacturer’s instructions (Invitrogen). Media was replaced after 3–5 h

of transfection as recommended by Invitrogen. After 4–5 days of incubation, we

observed maximal signs of viral infection—increased cell diameter and nuclear size,

cessation of cell growth, granular appearance, and cell detachment from the culture

dishes. At this time, P1 generation baculovirus supernatant was harvested by low-

speed centrifugation at 500�g and used for 100-fold titer amplification in two steps
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in suspension culture for 72–96 h amplification cycles. In order to make P2 virus, a

suspension culture in 24-well deep blocks or six-well dishes of 4 ml of

0.5–1�106 cells/ml were infected with 200–400 ml of P1 virus and incubated for

72–96 h (at an MOI of 0.1–0.2). P2 was harvested by centrifugation and 500 ml to
1 ml was used to infect 50 ml of cells at 3�106 cells/ml in order to generate P3 virus

(at an MOI of 15–30). Supernatants from P3 suspension cultures were used to infect

either Sf9 or Hi5 cells at a density of 1�106 cells/ml at a multiplicity of infection of

1–10 for large-scale protein production. Yield for FITM2 protein was 2–8 mg/l of

culture using either system, with higher yields usually obtained for Novagen’s

pIEx/Bac-1-BacMagic 2 system compared to Invitrogen’s pFastBac1-Bacmid

system.

11.2.1.4 Bacmid purification and storage
In order to purify large quantities of recombinant bacmid from PCR-confirmed colo-

nies, we inoculated corresponding DH10Bac E. coli colonies into 6 ml of Luria-

Bertoni (LB) broth with appropriate antibiotics (no BluoGal), and incubated overnight

at 37 �C while shaking at 250 rpm. After 18–20 h incubation, 1 ml was removed to

generate a glycerol stock (30–40% glycerol (w/v)) and stored at �80 �C. We then

harvested the remaining 5 ml of cells at 16,000�g for 5 min and discarded the

supernatant. The pellet was resuspended in 400 ml of resuspension buffer (50 mM

Tris–HCl, pH 8.0, 10 mM EDTA, 100 mg/ml RNase A) and vortexed until cells were

resuspended. Subsequently, 400 ml of lysis buffer (200 mM NaOH and 1% SDS) was

added, the tube was inverted 10 times, and then incubated at room temperature for

5 min. After incubation, 400 ml of neutralization (N3) buffer (2.8 M potassium acetate

pH 5.1) was added and the tube was again inverted 10 times, but carefully this time

around. All subsequent handling steps were performed with utmost attention not to

shear the bacmid DNA which was no longer intracellular. The precipitate was centri-

fuged at 16,000�g for 20–30 min at 4 �C and transferred to a fresh Eppendorf tube.

Supernatant was centrifuged again for 10–15 min at 16,000�g at 4 �C. The second

supernatant was split into two tubes and 700 ml of DNA-grade isopropanol was added
to each with gentle agitation in order to precipitate the bacmid DNA on ice for 30 min.

The isopropanol-precipitated DNA was isolated by centrifugation at 16,000�g for

15 min at 4 �C. The supernatant was carefully pipetted off without disturbing the pellet
and 1 ml of 70% ethanol in deionized water was added to the tube, which was gently

inverted several times and centrifuged again at 16,000�g for 15 min at 4 �C. The
ethanol-containing supernatant was pipetted off carefully and the pellet dried for no

more than 5 min. Care must be taken to avoid overdrying the pellet, as this makes

it very difficult to resuspend in aqueous solution for subsequent manipulations. The

pellet was resuspended in 100 ml of TE buffer (Tris–EDTA, pH 8) without pipetting

as pipetting will shear the bacmid DNA which is >100 kb. A spectrophotometer was

then used in order to determine concentration of the bacmid, and 0.5–0.7% agarose gel

electrophoresis was utilized to determine bacmid purity. Purified bacmid was stored at

4 �C for 1–2 weeks without significantly affecting protein yield. If more bacmid needs
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to be amplified, the user may begin the protocol from the glycerol stock, inoculating a

scraping into fresh LB media under sterile conditions.

11.2.1.5 Purification of recombinant proteins expressed in insect cells
Recombinant baculoviruses were constructed either in pIEx-Bac1 expression vector

(Novagen, EMD Biosciences) or pFastBac1 donor plasmid (Invitrogen) as described

previously. The latter system is explained below as it is more amenable and

cost-effective for high-throughput protein purification applications. After a 48 h bacu-

lovirus infection of 500 ml of 106 cells/ml Sf9 or Hi5 cells, recombinant His6-StrepII-

tagged proteins were purified. Insect cells were pelleted at 500�g, resulting in a

�10 cc pellet and resolubilized in 50 ml Buffer B in 50 ml conical-bottom tubes by

vortexing, and sonicated three to four times. At this point, resuspended and sonicated

pellets could be divided into 15 ml conical tubes and frozen at�80 �C. If aliquots were
not frozen, following sonication, Fos-choline 13 detergent (a zwitterionic,

phospholipid-like detergent putatively resembling a native environment better than

other, harsher detergents) was added to 1% (w/v) in order to extract overexpressed re-

combinant protein. Fos-choline 13 detergent was chosen because it was successfully

used in purifying the ER-resident SCAP (Sterol Response Element-Binding Protein

Cleavage-Activating Protein) and Insig-2 multi-spanning proteins. Tubes were rotated

overnight at 4 �C. Fos-choline 13 was found to extract a maximal amount of protein

from the insect cell pellet and resulted inmonodisperse FIT2 in detergent micelles after

purification (see below). The subsequent morning, extracts were spun at 5500�g for

10 min at 4 �C in order to remove nuclei and debris. Supernatants were removed and

added to 2 ml of a 50% slurry of Strep-tactin resin that was prewashed three times in

Buffer B. After binding to Strep-tactin resin at 4 �C for 2–4 h, beads were pelleted at

3200�g for 5 min at 4 �C. Beads were transferred in Buffer C to 25 ml BioSpin col-

umns held on a ring-stand and washed with 100–200 ml of Buffer C by gravity flow.

Recombinant protein was eluted sequential 5 min elutions in 1 ml of Buffer D and 2 ml
of each fraction was used to quantitate protein concentration using a Coomassie-based

Bio-Rad Protein Assay (Bio-Rad Laboratories). Once yield was calculated, eluted pro-

tein fractions were pooled and concentrated using 50 kDaMWCO (or appropriate size

relative to the weight of the detergent micelleþprotein) Amicon Ultra-4 Centrifugal

Filter Units (Millipore). If proteins were to be used for binding assays on Strep-tactin
resin, they were concentrated to 500 ml and diluted 10-fold in Buffer F three times in

order to dilute desthiobiotin 1000-fold to 2.5 mM from an elution buffer concentration

of 2.5 mM. Proteins purified in 2.5 mM or 2.5 mM desthiobiotin and concentrated to

1 mg/ml in 0.1% Fos-choline 13 detergent were stored at 4 �C and stable for 1–2

weeks. Purity was determined to be�90–95% by Coomassie staining of SDS–PAGE

gels loaded with 5–10 mg of purified recombinant protein (Fig. 11.1). After protein

elution, Strep-tactin resin was regenerated by gravity flow washes with 100 column

volumes of 0.1 N NaOH, followed by 100 column volumes of deionized water, and

100 column volumes of Buffer B without protease inhibitors. Resin may be reused

three to four times before yields begin declining for protein purification.
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11.2.1.6 Micellar detergent exchange performed on recombinant
purified proteins
Determining protein monodispersity is a critical prerequisite for crystallographic or

structure–function studies and demonstrate that the protein is not aggregated when

purified in the micellar compartment. If purified proteins were desired for gel

filtration chromatography in micelles other than Fos-choline 13 or Fos-cholines of

different acyl chain lengths, insect cell pellets were extracted in 1% Fos-choline

13 (w/v) overnight at 4 �C, washed in Buffer C, and eluted in Buffer D as

described previously. However, after concentrating the protein to 1 mg/ml in Buffer

F, buffer exchange was performed on Amicon Centrifugal Filter Units using

another detergent (i.e., dodecyl maltoside or n-octyl-b-D-glucoside) at a concentra-
tion that was four times its critical micelle concentration in Buffer A with 10%

glycerol (w/v). Monodispersity was assessed in a variety of detergents by gel

filtration chromatography and secondary structures in these detergents determined

by circular dichroism spectrophotometry (see below). Fos-choline detergents of

larger or smaller acyl chain length were assessed (Fos-choline 8, Fos-choline

10, Fos-choline 12, and Fos-choline 14), none of which displayed the same extent

of monodispersity as FIT2 in Fos-choline 13. Thus, Fos-choline 13 is an ideal

detergent to be used if FIT2 protein is to be crystallized in detergent micelles or
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FIGURE 11.1

Purification of FIT2-His6-StrepII. Recombinant FIT2-His6-StrepII protein was purified,

subjected to electrophoresis on 15% SDS–PAGE, and visualized by Coomassie staining.

“Input” designates total cellular lysate; “Flow-through” designates protein not bound to

Strep-tactin resin; “Elution” designates protein bound specifically to column. Arrow

indicates purified FIT2-His6-StrepII.

Adapted from Gross, Zhan, and Silver (2011).

200 CHAPTER 11 Membrane Proteins / Lipid-Binding Assays



if structure–function studies are to be undertaken. Novel proteins must be purified in

a variety of detergents in order to determine the ideal micellar lipid for biochemical

and biophysical studies.

11.2.1.7 Biophysical characterization of purified proteins
11.2.1.7.1 Gel filtration chromatography of purified proteins
Prior to performing lipid-binding assays, we performed gel filtration chromatogra-

phy in order to assess monodispersity of FIT proteins in a variety of detergents. This

is an important biochemical attribute that is critical if a protein is to be utilized to

study ligand binding or for structural studies. After calibration of a Superdex 200

HR 10/30 column with Thyroglobulin (670 kDa), g-globulin (158 kDa), ovalbulmin

(44 kDa), myoglobin (17 kDa), and Vitamin B12 (1.35 kDa), 100 mg of purified

recombinant protein at a concentration of 1 mg/ml was chromatographed on the

column at a 0.5 ml/min flow rate in Buffer F. Elution of protein was detected at an

absorbance of 280 nm and FIT2 eluted at a MW corresponding to �60 kDa (Fos-

choline 13 micellar MW was �30 kDa and recombinant protein MW is �30 kDa)

(Fig. 11.2). In order to be able to perform gel filtration chromatography, purification

of recombinant protein from insect cells is required due to the large amount of protein

that is needed for this assay—cell culture yields are far too low.
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FIGURE 11.2

Purified FIT2-His6-StrepII exhibits monodispersity on gel filtration chromatography. Using a

Superdex 200 HR 10/30 column, 100 mg of purified recombinant FIT2-His6-StrepII at a

concentration of 1 mg/ml was chromatographed in Buffer F and protein was detected at an

absorbance of 280 nm. The apparent molecular mass of FIT2-His6-StrepII is 60 kDa.

Standards are indicated with arrows: thyroglobulin (670 kDa), g-globulin (158 kDa),

ovalbulmin (44 kDa), myoglobin (17 kDa), and Vitamin B12 (1.35 kDa). FPLC traces are

representative of three independent experiments.

Adapted from Gross et al. (2011).
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11.2.1.7.2 Circular dichroism spectroscopy
The transmembrane proteins that we have purified have all had their topologies

determined empirically using glycosylation site mapping, limited trypsin digestion,

and indirect immunofluorescence microscopy; therefore, circular dichroism was

used to determine the predominant secondary structure of the purified recombinant

protein. In order to do this, spectra of purified proteins at a concentration of 3 mM in

Buffer C were collected on a Jasco J-815 CD spectrophotometer using a 2 mm path

length cuvette at room temperature. Spectra demonstrated that FIT1 and FIT2 are

a-helical in nature due to the characteristic spectral minima at 206 and 222 nm

(Fig. 11.3). Proteins that contain predominantly b-sheet character have a single

minimum at 213–215 nm and proteins predominantly consisting of random coils

have a distinct CD spectrum with a single minimum at 198–200 nm.

While it may be tempting to attempt to study conformational changes that occur

on lipid binding using circular dichroism spectroscopy, lipid binding in micelles

using TAG, DAG, or cholesterol is substoichiometric, meaning that not all purified

proteins are bound to a ligand (Gross et al., 2011; Radhakrishnan, Sun, Kwon,

Brown, & Goldstein, 2004). This means that of the population of proteins in an ex-

periment, only a small minority will be bound to ligand at any one time, thus exceed-

ing the sensitivity of the circular dichroism method in detecting a conformational

change, as it depends on a statistical average.

-10

-5

0

5

10

190 200 210 220 230 240 250 260

Wavelength (nm)

M
ea

n 
m

ol
ar

 e
lli

pt
ic

ity
 ´

 1
0-

3

(d
eg

.c
m

2 /d
m

ol
) 

 

FIGURE 11.3

Circular dichroism spectroscopy of FIT2-His6-StrepII demonstrates secondary structure.

Spectra of purified FIT2-His6-StrepII at a concentration of 3 mM in Buffer C were collected on

a Jasco J-815 CD spectrophotometer using a 2 mm path length cuvette at room temperature.

The average of six spectra is shown.

Adapted from Gross et al. (2011).
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11.2.2 In vitro lipid-binding assays with purified recombinant
membrane proteins
11.2.2.1 Binding assays between purified recombinant FIT2 produced
in insect cells and TAG in detergent micelles
11.2.2.1.1 Lipid solubilization
Stock solutions of lipids in chloroform or 1:1 toluene:ethanol that were to be used

in binding assays were dried to completion in Eppendorf tubes under a stream of

nitrogen gas (�5 min). Resuspension was performed by adding a minimal

volume of ethanol (� 2% v/v of final reaction volume) and vortexing for 15 s.

Subsequently, the reaction buffer (Buffer C) was added and pipetted up and

down 10 times. Final concentrations of lipids varied from 50 nM to 100 mM.

Solubilized lipids in 2% v/v ethanol:Buffer C had protein added to them, were

mixed, and aliquotted to Eppendorf tubes containing appropriate amounts of Nickel

or Strep-tactin resin.

11.2.2.1.2 Determining protein–lipid interaction by coelution
Purified His6-StrepII-tagged recombinant protein in detergent micelles (5 mg,
�150 pmol for FIT2) was added by pipetting to 200 ml Buffer C containing 50 pmol

(250 nM) [3H]-triolein (TAG) dissolved as described in Section 2.2.1.1. Pipetting

proceeded until Schlering lines were no longer visible and the mixture was then

added to 30 ml Strep-tactin resin. Binding was permitted to occur over 4 h at room

temperature, after which the reaction was washed twice with 800 ml of Buffer C by

centrifugation at 16,000�g for 1 min at room temperature. Using another 800 ml of
Buffer C, the resin was transferred to a BioSpin column (Bio-Rad) and allowed to

flow through by gravity flow into an Eppendorf tube, which was saved for assaying
3H radioactivity. The column was transferred to a new tube and elution was begun

with 1 ml of 7.5 mM desthiobiotin in Buffer C. Aliquots of 150 ml were collected and
assayed for 3H radioactivity and subjected to immunoblot with anti-His antibody to

detect eluted protein. Coelution was demonstrated by a peak of 3H radioactivity

coinciding with peak protein densitometry on immunoblot, indicating that FIT2

bound TAG (Fig. 11.4).

11.2.2.1.3 Lipid-binding assays with purified recombinant proteins and
neutral lipids
Purified recombinant His6-StrepII-tagged proteins solubilized in Fos-choline 13 deter-

gent micelles (3–5 mg) with desthiobiotin diluted 1000-fold using Amicon MWCO

centrifugation in Buffer C were added to reactions containing [3H]-TAG or [3H]-

DAG at lipid concentrations of 50 nM to 100 mM dissolved in 100 ml of Buffer C.
These mixtures were added to 15–30 ml Ni-nitrilotriacetate (Ni-NTA) or Strep-tactin
slurry (GEHealthcare or IBA, respectively). Reactions proceeded at room temperature

for �4 h, after which beads were washed three times with 800 ml Buffer C by

centrifuging at 16,000�g for 1 min at room temperature. Beads were then transferred

to 6 ml scintillation vials containing 4 ml scintillation fluid. Resin was transferred to
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the vials in two steps using 500 ml Buffer E and then assayed for retained radioactivity

in a scintillation counter. These assays demonstrated saturation binding kinetics and

comparison with other purified membrane and soluble proteins showed the specificity

of FIT proteins for binding TAG and DAG (Fig. 11.5). Half-maximal binding was

observed at 100–250 nM for FIT2 and binding was substoichiometric, likely because

of the dilutional effects of the detergent micelles—the micellar compartment is very

large compared to the amount of protein present, therefore relatively few TAG

molecules were observed to be bound to many FIT2 molecules. From numerous bind-

ing assays, the estimated stoichiometric ratio for FIT2 to TAG was approximately

150–160 (Gross et al., 2011). Increasing the concentration of detergent decreased

the stoichiometry in a nonlinear fashion. The caveat of interpreting micellar binding

experiments is that such studies do not indicate protein–ligand stoichiometry;

however, such an approach can be used to show protein specificity for various ligands

when compared to other classes or families of proteins.

11.2.2.1.4 Competition binding assays
In order to determine the lipid-binding specificity of FIT proteins, competition

experiments were undertaken by adding a 100- to 400-fold excess of unlabeled (cold)

lipid competitor to radiolabeled lipids. Standard procedures for lipid solubilization

and binding assays were subsequently performed. For example, if competition bind-

ing assays using FIT2 were to be performed in triplicate using [3H]-TAG and unla-

beled (cold) TAG at a concentration of 1 mM radiolabeled ligand, then 300 pmol
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FIGURE 11.4

Coelution assay of FIT2-His6-StrepII and [3H]-TAG. Top panel: 3H-radioactivity eluted from

affinity column. Bottom panel: immunoblot for FIT2-His6-StrepII. This experiment was

reproduced five times with similar results.

Adapted from Gross et al. (2011).
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[3H]-TAG were dried down with 30–120 nmol unlabeled TAG and resolubilized/

vortexed in 6 ml of ethanol. After vortexing, 300 ml of Buffer C was added by pipet-

ting, 9 mg of FIT2 (in 9 ml) was added by gentle pipetting, and 100–103 ml was added
to each of three tubes containing 15–30 ml Ni-NTA resin. Reactions were allowed to

proceed at room temperature for 4 h and were then washed three times with 800 ml of
Buffer C by centrifugation and eluted twice in 500 ml Buffer E and assayed for

radioactivity. Similarly, if competition binding assays using FIT2 were to be

performed in triplicate using [3H]-TAG and unlabeled DAG at a concentration of

100 nM radiolabeled ligand, 30 pmol of radiolabeled [3H]-DAG were dried down

with 3–12 nmol of unlabeled DAG, resolubilized, and reacted with FIT2 as described

above. Dose–response curves with and without unlabeled competitor were generated

to demonstrate competition binding at various concentrations of radiolabeled ligand

(Fig. 11.6). As a negative control, we demonstrated that FIT2 does not bind choles-

teryl oleate, another neutral lipid. Competition binding assays can be used to explore

the propensity of FIT proteins for neutral lipids with different acyl chain lengths in

varying sn positions and of differing degrees and locations of unsaturation.

11.2.2.2 Binding assays between purified FIT2 overexpressed in
HEK293 cells and neutral lipids in detergent micelles
In an effort to determine the protein structural requirements for lipid binding, we con-

structed a saturating scanning-alanine mutagenesis library of FIT2 and developed an

in vitro high-throughput cell culture-based assay for assessing lipid binding.

HEK293 cells were transfected in triplicate with V5-His6 tagged murine FIT2

mutants (FIT2-V5) in a pcDNA3.1-V5-His6 mammalian expression vector. Expres-

sion was allowed to occur for 36–48 h, after which cells were washed off tissue
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FIGURE 11.5

Binding of [3H]-TAG to FIT2-His6-StrepII is saturable. A dose–response curve of

FIT2-His6-StrepII binding to [
3H]-TAG shows saturable binding kinetics. Data are represented

as mean�SD.

Adapted from Gross et al. (2011).
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culture plates twice in PBS and extracted for �6 h at 4 �C in 10% Fos-choline 13 in

Buffer B (10-fold higher concentration of Fos-choline 13 compared to extraction per-

formed from insect cells). Lysates were then clarified at 16,000�g at 4 �C for 10 min

and supernatants were added to 30 ml Protein A/G PLUS-Agarose beads (Santa Cruz

Biotechnology) and 3 mg anti-V5 antibody (AbD Serotec) and overexpressed FIT

proteins and FIT2mutants from a scanning-alanine mutagenesis library of FIT2 were

immunoprecipitated overnight. The subsequent morning, immunoprecipitated pro-

tein on Agarose beads was washed three times in 800 ml Buffer C and 100 ml volume

binding assays were set up and performed as described in Section 2.2.1.3. After bind-

ing assays and washes were complete, agarose beads were eluted in 100 ml SDS
Laemmli loading buffer and 5–10 ml were subjected to immunoblot analysis with

the remaining 90–95 ml assayed for 3H radioactivity. The HEK293 overexpression

and purification system for FIT2 proteins and mutants displayed saturation binding

kinetics and similar TAG and DAG-binding affinity (as determined by half-maximal

binding concentration) and capacity compared to lipid-binding assays performed

using recombinant protein purified from insect cells (Fig. 11.7).

11.2.3 Generation of proteoliposomes
In this section, we describe how integral membranes purified in Fos-choline 13

detergent micelles can be used to generate proteoliposomes for further structure–

function studies and the development of reconstitution assays (i.e., attempting to

reconstitute LD formation).
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FIGURE 11.6

Lipid-binding specificity is illustrated by dose–response competition binding assays. Varying

concentrations of [3H]-radiolabeled ligand ([3H]-DAG shown here) with excess unlabeled

ligand were reacted with FIT to produce competition dose–response curves. Data are

represented as mean�SD. This experiment was replicated twice with similar results.

Adapted from Gross et al. (2011).
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11.2.3.1 Preparation of proteoliposomes
Purified FIT2 was put into proteoliposomes as follows: 1-palmitoyl-2-oleoyl-

phosphocholine (POPC, Avanti Polar Lipids) or a preferredmixture of lipids was dried

down using nitrogen gas and resuspended in 1 ml of 50 mMTris–HCl, pH7.4, 150 mM

NaCl, with glass beads (Sigma). The suspension was vortexed for 1 min and placed on

ice for 10 min, vortexed again, and transferred to an Eppendorf tube by pipetting with-

out disturbing the glass beads. The suspension of POPC was made into multilamellar

vesicles by freeze-thawingbetween liquid nitrogen and a 42 �Cwater bath.Multilamel-

lar vesicles were extruded using a Lipo-So-Fast extruder and 400 nm membranes

according to the manufacturer’s instructions (Avestin). Mixed micelles of phospho-

lipids in detergent were prepared from unilamellar vesicles by addition of 1% Fos-

choline 13 (w/v) in Buffer A to final concentration 0.1% Fos-choline 13 and allowed

to rotate for 1 h at room temperature. FIT2 protein in 0.1%Fos-choline 13was added at

a ratio of 1:1000 to 1:200 protein/lipid and rotated for 1 h at room temperature until

membrane proteins and phospholipids in detergent were equilibrated in the micellar

compartment. Detergentwas then removed usingBio-Beads (Bio-Rad) in three succes-

sive steps at 4 �C: the first and second, for 1–2 h each, and the third, overnight. In this
manner, proteoliposomes are formed as the detergent concentration decreases to a crit-

ical level and proteins spontaneously associate with phospholipids (Rigaud, Levy,

Mosser, & Lambert, 1998). Proteoliposomes were then centrifuged at 3000�g for

5 min and supernatants were transferred to a new tube and used for experiments.

11.2.3.2 Limited trypsin digestion of proteoliposomes
As a crude measure of reconstitution of protein structure found in native isolated ER

membranes, proteoliposomes containing FIT2 and POPCwith or without other lipids
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FIGURE 11.7

The dose–response curve generated using cell culture-based assay. Saturable binding

kinetics using cell culture-based assays are similar to those using insect cell-purified

recombinant protein—compare to Fig. 11.5. Data are represented as mean�SD.

Adapted from Gross et al. (2011).
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were prepared as indicated above and subjected to limited trypsin digestion (de-

scribed in (Gross et al., 2010)) in the presence of Buffer A, and trypsin (Sigma)

for various times. Reactions were quenched with soybean trypsin inhibitor (Sigma)

and analyzed by immunoblot using FIT2 LL2 antibody (Fig. 11.8). Reconstituted

proteoliposomes generated similar limited trypsin digestion profiles as native pro-

teins digested from intact ER membranes, producing�25 kDa and�14 kDa proteo-

lytic products (Gross et al., 2010).

CONCLUSION AND APPLICATIONS

Many integral membrane proteins and membrane-associated proteins have been

implicated in the process of LD formation and maintenance; however, the mecha-

nism by which LDs are formed is poorly understood. It stands to reason that many

of these proteins that result in LD accumulation or depletion are either regulated by

or bind to various lipids, which maymodulate their structure and/or function. In order

to understand how lipids modulate integral membrane protein behavior, a practical
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FIGURE 11.8

Limited trypsin digestion of FIT2 in 1-palmitoyl-2-oleoyl-phosphocholine (POPC)

proteoliposomes. POPC proteoliposomes containing FIT2 were generated as described

herein and subjected to limited trypsin digestion assays described in detail elsewhere (Gross

et al., 2010). Briefly, intact proteosomes were incubated with or without trypsin for 10 or

20 min, then extracted with Buffer E, subjected to electrophoresis on 15% SDS–PAGE, and

subjected to western blot with anti-LL2 FIT2 antibody, which binds a luminal loop of FIT2.

Limited trypsin digestion patterns of FIT2 in proteoliposomes closely resembled those of FIT2

in digitonin-permeabilized cells (Gross et al., 2010).
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approach involves membrane protein purification and the assessment of lipid-

binding parameters in detergent micelles. These experimental methods may lead

to the revelation of a better mechanistic understanding of how certain lipid-binding

proteins are involved in LD formation and may also be used to better understand

other fundamental cellular processes, including lipid transport proteins or lipid flip-

pases. While certain species of TAG and DAG were used to assess lipid binding by

FIT2, a gamut of lipids with various degrees of unsaturation chain length and fatty

acid position on the glycerolipid backbone can be tested to determine the structural

specificity of protein–lipid interactions.

The yields that were obtained for the purified recombinant proteins discussed in

this chapter lend themselves to protein crystallography trials. Traditional crystallog-

raphy can be attempted using commercial kits in conjunction with a wide array of

conditions at a variety of temperatures. More recently, a novel crystallization

technique has been developed—lipidic mesophase crystallography—in which

membrane proteins in detergent micelles are mixed to homogeneity in monoolein

in order to generate an ordered cubic phase where the protein of interest is stabilized

and organized in a more natural membrane-like lipid bilayer reservoir when

compared to detergent micelles. This method has been used to determine the

structures of G-protein-coupled receptor–ligand complexes that were stabilized in

the active state with nanolid antibodies (Caffrey, 2009; Caffrey & Cherezov,

2009; Rasmussen et al., 2011).

We propose that the above-described purification techniques can be used to

purify perilipin family members and TAG-synthesizing proteins like DGAT family

members in an effort to reconstitute LD formation in vitro.
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Abstract
Intracellular fat droplets are large and have a distinct morphology, which makes their

imaging at the light level simple and informative. We detail how to image the fat

droplet core by metabolic labeling with fluorescent fatty acids or lipophilic fluoro-

chromes. Further, we describe the use of indirect immunostaining to image fat drop-

let proteins and fat cores in the same field. We also address the use of appropriate
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controls for determining signal specificity and other practical considerations for op-

timizing image quality.

INTRODUCTION AND RATIONALE

The fat droplet is the main energy depot in many cells and is composed of neutral

lipid surrounded by a protein and phospholipid monolayer. Fat droplets have been

observed in liver (Mottram, 1909) and in muscle fibers (Bullard, 1912) for over a

century. Further, imaging of fat droplets has revealed their close association with

mitochondria (Craig, Eglitis, & McConnell, 1963), the endoplasmic reticulum

(ER) (Ashworth, Race, & Mollen Hauer, 1959), and peroxisomes (Blanchette-

Mackie et al., 1995).

Before the discovery of perilipin 1 as a fat droplet-specific protein 20 years ago

(Greenberg et al., 1991), the existence of specific fat coat proteins was not appreciated.

Investigations sparked by this discovery revealed that fat droplets in mammalian cells

have a dynamic protein coat that controls access to the fat stores. This coat includes

structural proteins, enzymes, and transport proteins (Brasaemle, Dolios, Shapiro, &

Wang, 2004; Liu et al., 2004). Due to the large size and distinct morphology of fat

droplets, fluorescence microscopy has played a key role in these studies. With in-

creased availability of antibodies, fluorescence stains, and fluorescing biologic mole-

cules, fluorescence microscopy will continue to be an important tool.

Here we discuss strategies using light microscopy to image fat droplets and the

proteins that package fat. In addition to staining protocols, we discuss considerations

for choosing cell lines and optimal physical formats in which to grow and stain cells.

We detail strategies to eliminate ambiguous signals and accomplish the simultaneous

imaging of multiple molecules. Finally, we discuss image collection strategies, im-

age presentation, and the importance of microscope choice for the imaging outcome.

12.1 MATERIALS
1. Twenty-two millimeter square glass coverslips (no. 1.5 thickness preferred),

glass slides, six-well tissue culture plates, finely pointed biological forceps

(tweezers) (see Fig. 12.2).

2. Phosphate-buffered saline (PBS) at pH 7.2–7.4.

3. Cell fixation solution: add 13.5 ml methanol stabilized 37% formaldehyde to

236.5 ml PBS to make a 2% solution.

4. Microscopy buffer for cell permeabilization and antibody dilution: to about

400 ml PBS, add 5 g BSA, 0.5 g saponin, and 0.5 ml of a 20% w/v solution of

sodium azide, NaN3. Mix until dissolved and bring to 500 ml with PBS. Final

solution is 1% BSA, 0.1% saponin, and 0.02% sodium azide. Pass solution

through 0.2-mm filter. Microscopy buffer is stable for 2 months at room

temperature. If solution becomes cloudy from precipitation, replace.
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5. Antibodies against proteins of interest (primary antibodies) and antibody–

fluorochrome conjugates recognizing primary antibody species (secondary

antibodies). Aliquot antibodies and store aliquots at �20 or �80 �C and when

thawed do not refreeze.

6. DAPI (40,6-diamidino-2-phenylindole) stock solution is 10 mg/ml dissolved

in water (store at 4 �C) and BODIPY 493/503 stock is 1 mg/ml in DMSO (store

at �20 �C).
7. Mounting media for adhering the cell-bearing coverslip to the glass slide. We

routinely make and use a polyvinyl alcohol based solution commonly called

elvanol (Wessel, Voronina, & Brooks, 2004). Similar solutions can be purchased

and some include DAPI.

8. An epifluorescence-equipped microscope with a camera system and optic filters.

12.2 METHODS
12.2.1 General considerations
We describe a simple staining protocol, because time and manipulation degrade cel-

lular morphology. We recommend formalin fixation, because solvent fixation de-

grades fat droplet morphology (DiDonato & Brasaemle, 2003). Since coverslips

are easily transferred using forceps, it is most convenient and economical to grow

cells on coverslips. We find that 22 mm square coverslips in six-well plates are use-

ful for most applications; this allows independent treatment for the cells in each well.

Using both glass coverslips and slides yields the best images. To maximize the

information gathered, we routinely co-stain with two antibodies made in different

species and DAPI (40,6-diamidino-2-phenylindole), or a single antibody together

with the lipophilic fluorochrome BODIPY 493/503 and DAPI. Minimize light expo-

sure because fluorochromes are subject to photobleaching. Finally, do not allow the

cell-bearing side of the coverslip to dry out.

12.2.2 Cell lines
The cell line chosen is often the difference between obtaining a clear, easily imaged

answer or an ambiguous result. For many imaging applications, cells having broad

flat processes lessen ambiguities caused by overlapping structures. For example, the

perilipin 3 puncta falling along the ER in Fig. 12.1 (red arrowheads) are evident, and

it is likely that this ER–perilipin 3 association continues into the thick perinuclear

region. However, overlapping signal obscures this relationship. Cells with large flat

processes include primary fibroblasts, 3T3 cells, COS7, and undifferentiated 3T3-L1

or OP9. Round cells include HEK293 cells and well-differentiated 3T3-L1 adipo-

cytes. In addition to morphology, antibody availability and transfectability are con-

siderations in choosing cell lines.
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12.2.2.1 Cell growth and density
Cell density is also important. Cells with fibroblastic morphology are typically plated

at between 30% and 60% confluency (surface area covered), since they spread out

and form large flat processes that abut neighboring cells (Figs. 12.1 and 12.3). As

cells proliferate, the cell layer thickens and overlapping structures make images dif-

ficult to interpret. At very low density (less than 10% confluent) it is difficult to

FIGURE 12.1

Perilipin 3 falls along the endoplasmic reticulum (ER) at the cell periphery. OP9 cells were

incubated for 1 h with 1.8 mM of the fatty acid oleate bound to albumin at a ratio of 5:1. Cells

were fixed and stained for perilipin 3 at 1.6 mg/ml, and the ER was visualized by

immunostaining for transfected FLAG-DGAT1 as described previously (Skinner et al., 2009).

Bar¼10 mm in all figures.
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inspect large numbers of cells and to capture images containing multiple cells. In

addition, we have observed that maintaining most fibroblastic cell types at between

20% and 90% confluency results in the growth of broad, flat, easily imaged pro-

cesses. Maintaining cells at very low density results in spindly processes, and main-

taining cells at very high density results in cells that remain thick after replating to a

lower density.

12.2.3 Microscopy
The figures shown were acquired using common wide-field immunofluorescence

microscopy, rather than confocal microscopy. We find that, when imaging flat cells,

a standard research grade microscope with appropriate filter sets and a sensitive dig-

ital camera is sufficient. Further, wide-field microscopes are less expensive and gen-

erally less difficult to operate than confocal microscopes.

The independent imaging of multiple molecules in a single sample requires optic

wavelength filters. Both the light exciting fluorochromes and the emitted light are fil-

tered and detected by a monochromatic camera. The use of appropriate fluorochromes

and filters enables the serial imaging of different molecules in the same field of view.

The green and red light emitting fluorochromes are themost convenient andmost com-

monly used. The human eye is sensitive to these wavelengths and there are many

antibody–fluorochrome conjugates, dyes and proteins engineered to fluoresce at these

wavelengths. We routinely use these channels to detect antibody–fluorochrome

conjugates and for most unconjugated dyes and use the blue channel to image nuclei

using the blue fluorescing DNA binding dye DAPI (40,6-diamidino-2-phenylindole).

12.2.3.1 Optimizing antibody concentration
Antibody binding increases with concentration. However, specific binding saturates

faster than nonspecific binding. Thus, it is best to determine the optimal antibody

or antiserum concentrations by titration from 0.1 to 5 mg/ml for monoclonal or affinity

purified antibodies and from 1:100 to 10,000 for antiserum. For antibodies conjugated

to bright and photostable fluorochromes (usually secondary antibodies), such as the red

and green ALEXA Fluor®, 2 mg/ml antibody is usually sufficient, while for blue and

far red channels 5 mg/mlmay be required. Finally, when imagingmultiple signals, sim-

ilar signal intensity minimizes cross-reactivity and bleed-through problems.

12.2.4 Labeling droplets with lipophilic fluorochromes
Lipophilic fluorochromes partition into the neutral lipid cores of fat droplets

(Figs. 12.3 and 12.4). In addition to being conceptually simple, their use is straight-

forward. These lipophilic fluorochromes stain both living and fixed cells. We rou-

tinely add BODIPY 493/503 from a 1 mg/ml stock to fixed or living cells at a final

concentration of 1 mg–10 mg/ml; followed by at least a 1-h incubation at 37 �C. The
final concentration of BODIPY 493/503 depends on fat droplet size; the larger the

fat droplets, the less stain is needed. For fixed cells it is convenient to add BODIPY
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with the primary or secondary antibodies. BODIPY 493/503 is widely utilized, be-

cause it is inexpensive, has a narrow excitation/emission spectrum that is compat-

ible with most green channels, is very bright, and more photostable than many other

lipophilic fluorochromes. However, if channel availability precludes using BOD-

IPY 493/503, other lipophilic fluorochromes with different excitation/emission

spectra are available (Liu et al., 2009). Finally, like DAPI, these dyes are potent

and care must be taken to avoid the unintentional staining of other specimen-

containing coverslips.

12.2.5 Fluorescent fatty acids
Cells incorporate fatty acids into triacylglycerol (TAG); therefore, TAG-containing

droplets canbe labeledwith incorporated fluorescent fatty acids.Bright fat droplet stain-

ing usually canbe accomplishedbyadding5–50mg/ml of labeled fatty acids (20 mg/ml

stock dissolved in DMSO) to culture media and incubating for one or more hours.

Whenusing serum-containingmedia, thoroughmixing sufficiently solubilizes lowcon-

centrations of fatty acids. BODIPY® 12 carbon fatty acids are useful because they

are incorporated into TAG-containing droplets, are available with emission spectra

in multiple wavelengths, and are bright and reasonably photostable. In our experience,

these molecules can give a higher signal to noise ratio than lipophilic fluorochromes.

Further, lipophilic fluorochrome labeling intensity (see above) increases dramatically

with fat droplet size, while BODIPY® fatty acid labeling is less size dependent, which

can be advantageous when imaging adipocytes or other cells with both large and small

fat droplets. Care must be taken in the interpretation of images produced when using

these fluorescent fatty acids, since fatty acids have multiple fates; we have observed

the labeling of both the ER and mitochondria with various dye-conjugated fatty acids.

In addition, we have observed changes in emission spectra when these fatty acids are

used at high concentrations. Finally, BODIPY fatty acids are not naturally occurring

and hence, the fluorophore may affect both the rate of processing and metabolic fate

of the labeled fatty acid. Thus, their utility for kinetic and partitioning studies is limited.

In addition, fluorescing cholesteryl BODIPY has been used to distinguish cholesteryl

ester droplets from TAG droplets (Hsieh et al., 2012).

12.2.6 Testing for optical bleed through and cross-reactivity
Optic filter bleed through can occur when using simple stains such as BODIPY and

DAPI. Using the BODIPY 493/503 stain as an example, bleed through can be tested

for as follows: (1) obtain the maximal signal by staining the cells with the highest

concentration of BODIPY 493/503 that will be used then and (2) confirm the pres-

ence of a strong signal in the green channel and the absence of appreciable signal in

the red and blue channels.

Signal that is not dependent on the primary antibody for a given channel can re-

sult from light bleeding through from another channel, or from antibody cross-

reactivity. Cross-reactivity can include, a fluorochrome-labeled secondary antibody
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binding: an unintended primary antibody, another fluorochrome-labeled secondary

antibody, or directly to fixed cells. To test for such unintended signals (as controls for

Fig. 12.1), we stained two coverslips, omitting one of the primary antibodies in each

case—the anti-FLAG from the first coverslip and the anti-perilipin 3 antibody from

the second coverslip. Both coverslips were exposed to both secondary antibodies.

The first coverslip showed no appreciable signal in the green channel with imageable

signal in the red channel, and the second coverslip showed no appreciable signal in

the red channel with imageable signal in the green channel. This demonstrated that

the channels are independently imageable. However, these controls do not address

the specificity of the primary antibodies.

12.2.7 Antibody staining protocol
1. Grow and treat cells on coverslips in six-well plates.

2. Aspirate media. Do not wash cells.

3. Add 2 ml of fix solution to each well (cells will be facing up).1

4. Incubate 10–20 min at room temperature then rinse coverslips four times with

2 ml PBS.

5. Replace PBS with 2 ml microscopy buffer. (After fixation cells can be stored at

4 �C in microscopy buffer for up to 4 weeks.)

6. Place coverslips cell-bearing side up2 on a parafilm-lined tray with a cover

(Fig. 12.2A). To avoid drying place a small water saturated paper towel inside

the tray.

7. Add primary antibodies diluted in 150 ml microscopy buffer to the cell-bearing

side of coverslips (Fig. 12.2B) and cover with lid.

8. After 1 h, rinse coverslips four times with PBS and apply fluorochrome–antibody

conjugates (secondary antibodies) in microscopy buffer and cover with lid.

9. After 1-h incubation in the dark, rinse coverslips five times with PBS.

10. Pipette a bead of elvanol (or similar mounting solution) about 2 mm from the

top edge of a microscope slide.

11. Dip coverslip in distilled water to wash off PBS.

12. Wipe water off the noncell-bearing side of the coverslip (Fig. 12.2C).

13. Mount coverslip on slide so that cells are sandwiched between the two pieces of

glass. Place the edge of the coverslip between the top edge of the slide and the

bead of elvanol. Then lower slowly until the coverslip is flat (Fig. 12.2D).

14. Do not get elvanol on noncell-side of the coverslip.

1In some cases formaldehyde fixation abolishes antibody binding. In this case, fix cells by adding 2 ml

100% methanol at �20 �C, and incubate at that temperature for 4 min. Wash five times in PBS, then

proceed as per protocol (step 5). Fat droplet morphology will be dramatically compromised (DiDonato

& Brasaemle, 2003), but may still be informative.
2Cells on 22-mm square coverslips can be stained with less than 50 ml of antibody by placing the cov-
erslip cell-bearing side down on a drop of antibody. The volume of antibody used can be further re-

duced by using smaller coverslips if necessary.
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15. Aspirate excess elvanol from edge of coverslip.

16. Position coverslips on slide so that they are not touching. Dyes such as DAPI

and BODIPY diffuse in the mounting media and will stain abutting coverslips.

17. Let dry for at least 1 h.

FIGURE 12.2

Staining cells on coverslips. (A) After cells are fixed and washed, the coverslips are

removed from the plate in which the cells were grown. Keeping the cell-bearing side up, the

coverslip is placed on a parafilm-lined tray. (B) Antibody is applied to the cell-bearing side of

the coverslip. (C) Before mounting the coverslip, the noncell-bearing side is dried. (D) The

coverslip is carefully lowered onto a drop of mounting medium, with the cell-bearing side facing

the slide.
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Add DAPI along with the primary antibodies, the secondary fluorochrome–antibody

conjugates or in the mounting media at 0.5 mg/ml.

12.2.7.1 Fat droplets in dispersed muscle fibers
We have adapted this protocol for collagenase dispersed skeletal and cardiomyocytes.

We fix and stain these myocytes in suspension. Excess dye and antibodies are washed

away by low speed centrifugation of cells (200�g for 5 min), removal of supernatant

and resuspension of myocytes in PBS, five times after fixation, and five times after

addition of primary antibodies and after fluorochrome-conjugated antibodies. After

the final wash we resuspend the myocytes in elvanol, pipette the elvanol–myocyte

suspension onto a slide, and cover the suspension with a coverslip. If appropriate,

vital staining of live cells or muscle fibers can be imaged without fixation (Figs. 12.3

and 12.4).

12.3 DISCUSSION
12.3.1 Validation of signals
The microscopy techniques for imaging fat droplets and associated cellular structures

described herein employ antibody-based labeling of fat droplet protein coats and the

direct fluorophore staining of the fat droplet core. Immunofluorescence-based

FIGURE 12.3

BODIPY 493/503 stains fat droplets in living cells. COS7 cells were transfected to express a

red fluorescent protein/perilipin 1 fusion as described previously (Skinner, Harris, Shew,

Abumrad, & Wolins, 2013) 18 h later, 2 mg/ml of BODIPY 493/503 and 1.8 mM fatty acid

were added to the media. After a 4-h incubation, the coverslip was rinsed in phosphate-

buffered saline and imaged. For clearer presentation, in the merged image the green

fluorescing BODIPY 493/503 is shown as red, and the red fluorescent protein/perilipin 1

fusion is shown as green.
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protein detection generally utilizes a two-antibody detection system. Cells are

incubated with an antibody against the protein of interest (the primary antibody).

Then species specific antibody–fluorochrome conjugates are used to recognize the

primary antibody. Both primary and secondary antibodies can contribute signal

unrelated to the antigen—that is, background. For example, if there is no protein

of interest present, all of the signal is background.

Unlike immunoblotting, where the predicted antigen migration in electrophoresis

provides an indication whether a signal is specific or spurious, immunostaining does

not provide this information. Thus, immunofluorescence studies require rigorous

controls to show signals are specific to the protein of interest. Demonstrating an in-

creased signal in cells with overexpressed protein of interest (e.g., by transfection)

can provide convincing evidence that the signal detected is from the protein of in-

terest. However, it does not guarantee that the endogenous protein will be discernable

from background. Using a variety of antibodies raised against the protein of

interest is another strategy to authenticate signal. Ideally, antibodies raised in

different species can be used to detect different epitopes of the same protein. If these

controls are not possible, imaging data can be supported by immunoblotting of

subcellular fractions. Specifically, if imaging and cell fractionation show a specific

signal around fat droplets and in fat droplet fractions, respectively, this is good

evidence that both signals are indeed against the putative antigen (Wolins, Rubin,

& Brasaemle, 2001). Further, if conditions that perturb the subcellular localization

of a protein reveal the same changes by both immunofluorescence microscopy

FIGURE 12.4

Fat droplets and associated mitochondria imaged in a live muscle fiber. Muscle fibers

from mice overexpressing perilipin 5 were collagenase dispersed for 1 h in 10 mg/ml

collagenase in complete cell growth media supplemented with 25 mM HEPES, then exposed

to BODIPY 493/503 andmitotracker for 3 h after which dyes were washed out. Labeled fibers

were spread on a glass slide and imaged using standard wide-field fluorescence microscopy.

For clearer presentation, the green fluorescing BODIPY 493/503 is shown as red.
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and subcellular fractionation procedures, then this provides strong evidence that an-

tibody labeling is specific. In this way other techniques are a valuable complement to

cell imaging.

12.3.2 Placing fat droplets in intracellular context
In addition to authentic, well-defined signals, useful images of fat droplets require

subcellular context. For example, perilipin 3 staining in fat storing OP9 cells reveals

only puncta (Fig. 12.1) and round hollow appearing structures (Fig. 12.3). This stain-

ing pattern by itself is uninformative, because the cell boundaries are indiscernible,

as is the intracellular distribution. However, imaging the ER reveals that the nuclear

envelope and the ER extend to the cell periphery, and delineates the cell boundaries.

In this context, we see that the perilipin 3 puncta at the periphery fall along the

smooth ER (Fig. 12.1). We also see that the majority of the perilipin 3 puncta are

in the perinuclear region. Several factors contribute to interpreting these observa-

tions. First, the signal from this anti-perilipin 3 antibody is unambiguous, because

its authenticity has been demonstrated in several different contexts and systems

(Skinner et al., 2009; Wolins et al., 2005, 2006). Second, the identity of the ER-

marker signal is also unambiguous. We showed that the signal for the ER marker

requires both transfection with an expression plasmid and the primary antibody.

Also, this transfection protocol results in varying levels of antigen in different cells,

and this is reflected in ER-marker signal levels. Finally, DAPI staining makes the

expression difference evident by identifying individual cells. The blue arrow points

to the DAPI-labeled nucleus with no surrounding signal in the ER-marker channel,

thus showing that the ER signal is transfection dependent. Note that the ERmarker is

a fat synthesis enzyme (DGAT1) which increases TAG storage in lipid droplets and

the untransfected cell is almost devoid of perinuclear perilipin 3 coated fat droplets.

Also notable, the extranuclear DAPI staining represents small particles of condensed

DNA from the transfection. Revealing the cytoskeleton by staining cellular filaments

brings context to the signal of interest. Staining actin filaments with phalloidin–fluo-

rochrome conjugates defines the cell boundary, is simple, and is not antibody based.

Imaging is often used to localize proteins to compartments by comparing the sig-

nal of the protein of interest to specific organellar markers. Digital imaging allows

the precise overlap of images by showing each image as a different color. The

merged image in Fig. 12.1 shows perilipin 3 puncta along the DGAT1-labeled ER

as previously reported (Skinner et al., 2009). Signal overlap is shown as a third color.

For example, red and green in an RBG image is shown in yellow (Fig. 12.1). In

Fig. 12.1, the separate images for perilipin 3 and DGAT1 are patently dissimilar.

Nonetheless, copious yellow is seen in the merged view. This is due to the ER

and fat droplets overlapping in the thick perinuclear region of the cell, but not

due to colocalization of the signals. This example illustrates that caution must be

used when interpreting overlapping signals.

The goal of imaging is to present data as pictures. When visually scanning and

positioning cells for photography, it is important to observe the more stable

fluorochromes, usually the antibody–fluorochrome conjugates. This avoids
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photobleaching of less stable fluorochromes. Once the field is selected, images of the

more easily bleached fluorochrome should be collected first—in this case the BOD-

IPY lipophilic dye. Once a field is chosen, it is usually best to use an expose time that

saturates a few pixels in the brightest area. Larger regions of saturation may be nec-

essary; for example, in Fig. 12.1 (ER-marker panel), clear depiction of the “lacy” ER

at the cell periphery required exposure times that resulted in a large area of saturation

in the perinuclear region. To identify representative data, image multiple fields.

When assembling a figure comparing multiple conditions, choose fields where the

cells are similar in size and shape.

Humans perceive green structures as sharper and brighter than red structures; for

this reason we suggest presenting the individual channels as grayscale images.Merged

color images are more easily interrupted when the most sharply defined structure is

depicted in green. For example, the perilipin 1 signal in Fig. 12.3 sharply outlines

the more nebulous BODIPY 493/503-labeled neutral fat. This image is more under-

standable when the perilipin 1 signal is shown as green and the BODIPY 493/503 sig-

nal as red. Note that this presentation reverses the wavelengths at which the separate

channel images were collected, and hence requires explanation in the text of reports or

manuscripts. Finally, to assure images are published at a size large enough to show the

relevant features, use a font size that is only legible when the relevant features are ap-

parent. It is also helpful to submit images in a size that is compatible with journal spec-

ifications to avoid arbitrary resizing by the typesetter.

SUMMARY

Proteins forming a coat around intracellular fat droplets have been identified, and

antibodies against fat droplet proteins can be conveniently imaged using standard

epifluorescence microscopy. In addition, the lipid core of fat droplets in living

and fixed cells can be directly labeled by lipophilic incorporation of BODIPY dyes,

or in living cells by the metabolic incorporation of BODIPY-conjugated fatty acids.

In this way both lipid cores and the surrounding protein coats of fat droplets can be

imaged simultaneously. Placing fat droplets in subcellular context, especially

with respect to the ER and mitochondria, is also possible with these methods.

Cross-linking fixation is superior because methanol fixation disrupts fat droplet mor-

phology. Fat droplets are most conveniently imaged in cells grown directly on glass

coverslips in individual wells of tissue culture plates. This format makes multiple

experimental conditions feasible and analysis by imaging practical.
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Abstract
The lipid droplet (LD) is different from other cellular organelles in that most of its

volume is made of lipid esters and its surface is lined by a phospholipid monolayer.

This uniquely lipid-dominant structure poses a problem for electron microscopy

(EM) because the aldehydes commonly used as a fixative do not react with most

lipids. To circumvent this difficulty and utilize the high resolving power of EM,

many methods have been developed. In this chapter, we discuss methods that have

been used and/or are potentially useful to study LDs. The methods include conven-

tional EM to observe the LD core, cryoelectron microscopy to observe the LD

surface, freeze-substitution, immunoelectron microscopy (pre-embedding, post-

embedding, and cryosectioning methods), and freeze-fracture. Each method has

strong and weak points and therefore some caution is necessary in interpreting the

obtained results. In combination with methods of other disciplines, the electron

microscopic techniques should contribute significantly to solving the remaining

questions on LDs.

INTRODUCTION

The lipid droplet (LD) is a globule of hydrophobic lipid esters covered by a mono-

layer of amphipathic phospholipids (Suzuki, Shinohara, Ohsaki, & Fujimoto, 2011).

Because the surface layer is very thin, most of the LD volume is made of lipid esters.

If we suppose an LD of 1 mm in diameter and assume the thickness of the surface
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layer as 5–10 nm (this includes a phospholipid monolayer and bound proteins), the

lipid ester core should occupy more than 97% of the total volume.

The above architecture is vastly different from vesicular organelles (e.g., endo-

somes), in which the aqueous lumen is delimited by a phospholipid bilayer membrane.

The shape of those organelles is quite variable, ranging from tubular, vesicular, to cis-

ternal, whereas the shape of LDs is almost always spherical, which minimizes the

interface between the hydrophobic lipid esters and the aqueous cytosol. Because of

the unique architecture and the highly hydrophobic content, some caution is necessary

in preparing LD specimens for observation by electron microscopy (EM). On the other

hand, the uniqueness of LDs can be exploited to study its molecular constituents.

In this chapter, we will briefly introduce the basic principle of transmission EM

(TEM) for readers who are not necessarily familiar with the technique, and then dis-

cuss TEM methods that have been used and/or can be used to study LDs. It is im-

portant to remember that only a representative protocol will be described below

and that many variations in details (e.g., combination of fixatives) are possible for

each method.

How images are generated in TEM
In TEM, electron beams are transmitted through a thin specimen placed in a high

vacuum. Among incident electrons, some are scattered by the specimen, whereas

others passing through it are focused onto a detector, such as CCD camera or pho-

tographic film. The difference in the signal intensity between the specimen and the

surrounding area forms images by scattering contrast.

The amount of scattering is dependent on themass density of the specimen, which

is correlated with the average atomic number. That is, materials of high atomic num-

bers scatter electrons more strongly and thus look darker in the TEM image than

those of low atomic numbers. The dark objects in the image are often depicted as

electron-dense.

Because biological molecules are largely made of atoms of low atomic numbers,

for example, H (hydrogen, Z¼1), C (carbon, Z¼6), N (nitrogen, Z¼7), and O (ox-

ygen, Z¼8), only a low level of scattering occurs to incipient electrons. Moreover,

because resins used to prepare conventional ultrathin sections are polymers made of

carbon, hydrogen, and oxygen, the contrast between the specimens and surrounding

resin areas is too small to make clear images. Therefore, to observe cellular structures

by TEM, specimens are usually treated with various reagents to impart them a higher

electron density. Os (osmium, Z¼76), Pb (lead, Z¼82), and U (uranium, Z¼92) are

used most frequently for this purpose either as a fixative or a stain.

Sample preparation for conventional EM
For conventional TEM, cell samples are generally fixed with aldehydes (i.e., form-

aldehyde and glutaraldehyde). The aldehyde fixatives primarily react with the amino

residue of proteins and stabilize the cellular structure by cross-linking proteins.
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Aldehydes also react with amino-containing phospholipids (i.e., phosphatidyletha-

nolamine and phosphatidylserine) and make them unextractable (Roozemond,

1969), but not to a majority of lipids, including lipid esters (Hayat, 2000). One study

showed that only 38% and 7% of phospholipids were rendered unextractable after

glutaraldehyde and formaldehyde fixation, respectively (Nir & Hall, 1974). Consis-

tently, most membrane lipids retain lateral mobility even after aldehyde fixation

(Tanaka et al., 2011).

In applying EM methods to LDs, the inability of aldehydes to fix most lipid mol-

ecules always needs to be considered. Due to the presence of the lipid ester core, the

lipid-to-protein ratio of LDs is much higher than that of other organelles. This poses a

serious problem in maintaining the LD structure for microscopy. In fact, LDs appear

to be stabilized in aldehyde-fixed samples, but once they are immersed in a lipid-

miscible solution (e.g., isopropanol), the LDs are grossly distorted and an artificial

fusion of adjacent LDs occurs (Fukumoto & Fujimoto, 2002) (Fig. 13.1).

As the second step of TEM sample preparation, cells are usually treated with os-

mium tetroxide. Osmium tetroxide reacts primarily with unsaturated bonds of acyl

chains and imparts electron density to the specimen (Adams, Abdulla, & Bayliss,

1967; Hayes, Lindgren, & Gofman, 1963). By this reaction, lipids become insoluble

and resistant to extraction in the subsequent dehydration process in organic solvents,

FIGURE 13.1

Gross deformation of LDs in fixed cells. Cells were fixed with 3% formaldehyde in PBS for

10 min. They were stained in a Nile red solution in PBS, photographed (A), restained in an Oil

Red O solution in 60% isopropanol, and photographed again (B). The general distribution

of LDs appears similar in the two figures, but densely packed small LDs observed with Nile red

were deformed to large LDs after the Oil Red O staining (arrows). The result shows that

lipid esters are not stabilized by formaldehyde fixation and easily dislocated in 60%

isopropanol. Bar, 10 mm.

Modified from Fukumoto and Fujimoto (2002) with permission.
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such as ethanol and acetone. At some steps in the above procedure, either before or

after dehydration, samples are often treated with uranyl acetate, which binds to the

phosphate head group of phospholipids and gives an additional electron density to

membranes (Ginsburg & Wolosin, 1979; Hayat, 2000). The samples are then infil-

trated with a nonpolymerized epoxy resin solution and are kept at a high temperature

(e.g. 60–70 �C) for a few days to polymerize the resin. Finally, ultrathin sections are

sequentially treated with solutions of uranyl acetate and lead nitrate (or lead citrate).

This step is called counterstaining and is done to increase the contrast of cellular

structures.

How do LDs look in conventional TEM
In conventional TEM using ultrathin sections, LDs are observed as round structures

with a homogenous content (Fig. 13.2A). The electron density of the LD core varies

depending on cell type, culture condition, the method used to prepare the specimen,

etc. (see Section 1 for details). In the LD surface, distinct structures cannot always be

observed, but an electron-dense line may be seen (Suzuki et al., 2012). Occasionally,

a whorl-like structure exists near the surface of cholesterol-rich LDs (McGookey &

Anderson, 1983), but this may be an artifact resulting from the sample preparation.

13.1 PROBING THE LD CORE
13.1.1 Rationale
Except for a few special cases, the LD core looks homogenous and reveals no internal

structure in ultrathin sections. The electron density of the LD core can vary, but gen-

erally it is “grayish,” which is not much different from that of the cytoplasmic matrix.

Along with the absence of the phospholipid bilayer membrane, this feature makes it

rather difficult to identify small LDs unambiguously.

The electron density of lipid esters can be increased by taking advantage of the

reaction of osmium tetroxide to unsaturated fatty acids (Adams et al., 1967; Hayes

et al., 1963). That is, by adding polyunsaturated fatty acids, such as docosahexaenoic

acid (DHA), to the cell culture medium, the electron density of LDs increases sig-

nificantly as triglycerides (TG) are synthesized from DHA (Cheng et al., 2009). By

using the same principle, it is possible to analyze whether newly synthesized TG

(e.g., electron-dense DHA-rich TG) is incorporated into preexisting LDs or makes

independent LDs on its own.

13.1.2 Methods
13.1.2.1 Observation of small LDs
Cells are first cultured in lipid-deficient medium to reduce existing LDs as much as

possible. By culturing for 1–2 days in a medium supplemented with 2% lipoprotein-

deficient serum (LPDS) (Goldstein, Basu, & Brown, 1983), instead of 10% fetal calf
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FIGURE 13.2

Ultrathin section EM to examine the LD core. (A) LDs in rat fibroblasts cultured in the normal

medium. The core of LDs is of low tomedium electron density and the LD surface is not seen as

a distinct line. (B) Rat fibroblasts are depleted of LDs by culturing in a lipoprotein-deficient

medium and then treated with DHA 2 h before fixation. LDs thus generated are made of

DHA esters and show a high electron density. This makes LDs stand out and even LDs much

smaller than 100 nm in diameter can be identified unambiguously. Inset shows a high

magnification of the LD in the square (arrow). (C–E) Rat fibroblasts are first depleted

of endogenous LDs and then cultured with OA so that they have LDs of a relatively low electron

density. OA is switched to DHA and cells are fixed sequentially. (C) The electron density

of LDs can be measured objectively by using the relative scale. In each image, the electron

density of a grid bar and a cell-free space is set as one and zero, respectively. (D) The electron

density of existing LDs increases gradually and synchronously as a result of the DHA treatment.

(E) The bar graph shows the relative electron density of LDs measured by using the scale

in (D). The shaded zone indicates the electron density of LDs (mean�2 SD) in cells treatedwith

DHA alone for 12 h. Note that LDs showing the electron density of DHA-only LDs (as seen

in (B)) do not occur as an independent population. The result indicates that the newly formed

DHA ester does not make LDs on its own but is incorporated into existing LDs.

(C–E) Reproduced in a modified form from Cheng et al. (2009) with permission.
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serum, cells become largely devoid of LDs. (Note: this method works effectively in

cells like HeLa, 3T3, and 3Y1 cells, but not in others, e.g., those derived from he-

patocytes such as Huh7 and HepG2 cells.) Then the cells are transferred to the culture

medium containing 0.1 mM DHA in a complex with fatty acid-free bovine serum

albumin (BSA). The DHA–BSA complex is prepared by adding DHA to a fatty

acid-free BSA solution in phosphate-buffered saline (PBS) (Brasaemle, Barber,

Kimmel, & Londos, 1997).

13.1.2.2 Incorporation of newly synthesized TG into existing LDs
Cells are cultured in the LPDS-containing medium as described above and then in a

medium containing 0.4 mM oleic acid (OA)–BSA complex for 12 h to induce for-

mation of LDs of low electron density. Then the cells are transferred to a medium

containing 0.1 mM DHA–BSA and cultured for various periods of time.

The treatment with either DHA or OA gives rise to TG-rich LDs. In contrast,

by culturing cells in a medium containing free cholesterol bound with methyl-b-
cyclodextrin (MCD), LDs enriched with cholesterol ester (CE) are generated. The

cholesterol–MCD complex is prepared by adding cholesterol to the MCD solution

in a culture medium (e.g., Dulbecco’s modified Eagle’s medium) (Christian,

Haynes, Phillips, & Rothblat, 1997). By treating cells first with the 0.25 mM

MCD–cholesterol complex (corresponding to 50 mg/ml cholesterol) and then

with DHA–BSA, incorporation of newly synthesized TG to CE-rich LDs can be

studied.

13.1.2.3 Sample preparation and objective measurement of the relative
electron density
Cells are treated in a fixative containing 2.5% glutaraldehyde, 2.4% formaldehyde,

and 1 mM calcium chloride in 0.1 M sodium cacodylate buffer (pH 7.4) for 2 h at

room temperature. After rinses in 0.1 M sodium cacodylate buffer containing

1 mM calcium chloride, the cells are postfixed in a mixture of 1% osmium tetroxide,

0.1% potassium ferrocyanide, and 1 mM calcium chloride in 0.1 M sodium cacody-

late buffer (White, Mazurkiewicz, & Barrnett, 1979). Potassium ferrocyanide is

added to the solution to enhance contrast of the membrane. The specimen is then

dehydrated in a graded series of ethanol (e.g., 50%, 70%, 90%, 95%, and 100%),

stained en bloc in 1% uranyl acetate in 100% ethanol, substituted with propylene

oxide, and infiltrated with the Quetol812 resin mixture. After polymerization in

an oven at 60 �C for 2 days, ultrathin sections are prepared and counterstained by

Reynold’s lead citrate (Reynolds, 1963) before observation by TEM.

The electron density of an object in TEM images could vary depending on many

factors, but the relative electron density can be assessed objectively by taking two

internal reference points in each image: one is the specimen grid bar that does not

allow any transmission of electrons and gives the maximum electron density; the

other is the resin-only area, for example, extracellular space, that should be of min-

imum electron density (Fig. 13.2D).
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13.1.3 Results and considerations
13.1.3.1 Observation of small LDs
LDs smaller than 100 nm in diameter are often difficult to identify by conventional

EM due to the medium electron density of the core and the absence of the bilayer

membrane. Imidazole-buffered osmium tetroxide was shown to increase the electron

density of LDs (Angermuller & Fahimi, 1982), but preservation of other cellular

structures is often compromised using this method.

The LD containing DHA-rich TG shows an extremely high electron density and

can be distinguished clearly from the surrounding cytoplasmic matrix. By treating

cells with 0.1 mM DHA for 30 min, small electron-dense LDs in the diameter range

of 50–75 nm can be observed (Fig. 13.2B). Because LDs are depleted by incubation

in the lipid-deficient medium, they are thought to be nascent LDs that were made of

newly synthesized TG. In defining the region where new LDs form, it is important

that this method can make very small LDs observable.

13.1.3.2 Incorporation of newly synthesized TG into existing LDs
The method described here is based on the result that the electron density of TG

formed by different fatty acids is correlated with the number of unsaturated bonds.

The electron density of LDs is highest in cells cultured with DHA (22:6; 22 carbon, 6

unsaturated bonds), followed by those with linoleic acid (18:2) and OA (18:1)

(Cheng et al., 2009). By measuring with the scale using internal standards

(Fig. 13.2C), the difference in the electron density of LDs can be objectively mea-

sured. Importantly, a normal variation of other factors, such as section thickness and

strength of lead staining, does not affect the relative electron density significantly.

When 3Y1 cells pretreated with OA for 12 h are cultured with DHA, the average

electron density of LDs increases in a time-dependent manner (Fig. 13.2D). Al-

though the electron density of LDs varies at any one time point, LDs showing the

electron density as high as that of DHA-only LDs (see Fig. 13.2B) cannot be ob-

served until 2 h after the DHA addition (Fig. 13.2E). When the order of OA and

DHA treatments is reversed (i.e., first DHA for 12 h and second OA for 0–4 h),

the relative electron density of LDs decreases gradually and the variation among

LDs is very small again. The results indicate that newly synthesized TG is largely

incorporated into existing TG-rich LDs and does not form LDs on its own in 3Y1

cells. It is of note that the result is different in other cell types including white

adipocytes.

In comparison with the above results on TG-rich LDs, CE-rich LDs are different

in that they show heterogeneity in the pattern of incorporating DHA-rich TG (Cheng

et al., 2009). That is, some LDs show an increased electron density homogenously,

whereas others reveal high and low electron-dense areas in an LD. The latter pattern

probably occurs because existing CEs and DHA-derived TGs do not mix well and are

segregated from each other. Nonetheless, the result indicates that newly synthesized

TG is incorporated into existing LDs whether those LDs predominantly contain

TG or CE.
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Incorporation of new lipid esters to existing LDs was shown by polarizing flow

cytometry of isolated LDs (Kellner-Weibel, McHendry-Rinde, Haynes, & Adelman,

2001), fluorescence microscopy using a polyene-lipid (Kuerschner, Moessinger, &

Thiele, 2008), and multiplex coherent anti-Stokes Raman scattering microscopy

(Rinia, Burger, Bonn, & Muller, 2008). The EM method described here has an ad-

vantage over the other methods in that it can observe much smaller LDs than other

methods and determine whether newly synthesized lipid esters make LDs on

their own.

13.2 OBSERVATION OF THE LD SURFACE
13.2.1 Rationale
The absence of a distinct membrane structure in the periphery of LDs indicates that

LDs are not covered by the conventional phospholipid bilayer membrane. Instead,

the LD surface is thought to be made of a phospholipid monolayer, which should

form a stable interface by making hydrophilic head groups and hydrophobic acyl

chains to face the cytoplasm and lipid esters, respectively.

The presence of a phospholipid monolayer in the LD surface was proved by TEM

utilizing the presence of a single layer of phosphorus atoms (Z¼15) (Tauchi-Sato,

Ozeki, Houjou, Taguchi, & Fujimoto, 2002). For this purpose, isolated LDs were

directly observed without any fixation, embedding, or staining, so that the electron

density of the phosphorus atom stood out among elements of small atomic numbers

(e.g., H, C, N, O). Observation of such biological materials requires the use of cryoe-

lectron microscopy that keeps the specimen in a frozen state to minimize the damage

from the electron bombardment.

13.2.2 Methods
13.2.2.1 Isolation of LDs
All the procedures are done at 4 �C. Culture cells are detached from the substrate by

incubating in PBS containing 5 mM EDTA. The cells suspended in a homogeniza-

tion buffer (HB: 25 mM Tris, 100 mMKCl, 1 mM EDTA, 1 mM EGTA, pH 7.4) are

kept in a nitrogen bomb at 400 psi for 15 min and disrupted by a slow release from

the bomb. The homogenate is centrifuged for 5 min at 300�g to pellet down undis-

rupted cells and nuclei. The supernatant is mixed with an equal volume of 1.08 M

sucrose in HB to make the final sucrose concentration at 0.54 M and placed at the

bottom of the ultracentrifugation tube. It is overlayed with 0.27 M sucrose in HB,

0.135 M sucrose in HB, and a top solution (25 mMTris, 1 mMEDTA, 1 mMEGTA,

pH 7.4), and centrifuged at 30,000 rpm for 1 h by using a Beckman SW41 rotor. LDs

are obtained as a white layer on the top surface.
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13.2.2.2 Cryoelectron microscopy
A small amount (<1 ml) of the LD preparation is placed on a microgrid using a mi-

cropipette tip. After wicking off any excess fluid with filter paper, the preparation is

frozen quickly by rapidly plunging it into liquid ethane cooled by liquid nitrogen

(Adrian, Dubochet, Lepault, & McDowall, 1984). By this procedure, isolated LDs

are embedded in thin vitreous ice formed in microgrid holes. The frozen specimen

is transferred to a cold stage in the cryoelectron microscope using a cryotransfer de-

vice. The specimen is first scanned at a low magnification with a minimum electron

dose. The focus is adjusted at a locus distant from the object and micrographs are

taken by using the minimum dose system (Fujiyoshi et al., 1980). A defocus value

is set at 1–2 mm to enhance the image contrast.

13.2.3 Results and considerations
Isolated LDs are observed as round structures. Their main body is observed in a low

electron density, whereas their periphery was seen as a single electron-dense line of

2–2.5 nm in width (Fig. 13.3A and B) (Tauchi-Sato et al., 2002). This peripheral

structure is different from a phospholipid bilayer, which is observed as two parallel

electron-dense lines (Fig. 13.3C) (Tahara & Fujiyoshi, 1994). Because no chemical

FIGURE 13.3

CryoEM of isolated LDs. (A) An isolated LD is observed as a round structure of low electron

density. (B) High magnification of the white box area in (A). A single electron-dense line

of 2–2.5 nm in width is seen in the LD surface (between arrows). Because either a fixative

or stain is used, the electron density is derived from a row of phosphorus in the

phospholipid head group. The result shows that a phospholipid monolayer covers the LD

surface. Reproduced in a modified form from Tauchi-Sato et al. (2002) with permission.

(C) The phospholipid bilayer of liposome is observed as two parallel electron-dense lines.

Reproduced from Tahara and Fujiyoshi (1994) with permission.

236 CHAPTER 13 Imaging Lipid Droplets by Electron Microscopy



is used to impart electron density to the specimen, the electron-dense line is

thought to represent a row of phosphorus atoms in the phospholipid head group.

The result directly demonstrates that the LD surface is made of a phospholipid

monolayer.

The diameter of isolated LDs observed by cryomicroscopy is significantly smal-

ler than that of LDs in intact cells observed by conventional EM of ultrathin sections

(Tauchi-Sato et al., 2002). The difference suggests that LDs are disrupted into small

ones during the isolation procedure and that the structure could have been modified

from the native one. To circumvent this potential problem, cryoelectron microscopy

of intact cells using vitreous cryosections (CEMOVIS) is needed (Al-Amoudi et al.,

2004). This is a promising technique for observing biological structure and macro-

molecular organization in a cellular context and should also provide important infor-

mation on LDs.

13.3 FREEZE-SUBSTITUTION
13.3.1 Rationale
In freeze-substitution, frozen cells are immersed in fixatives in an organic solvent at a

very low temperature so that ice in the sample is dissolved without the formation of

secondary hexagonal ice crystals. Osmium tetroxide and/or uranyl acetate, which re-

act with lipids, is usually used as the fixative. Freeze-substitution is advantageous in

comparison with conventional methods in several respects: (1) because fixation and

dehydration are done at low temperature, ultrastructural changes induced by fixation

and dehydration at room temperature are likely to be avoided; (2) because fixatives

penetrate at a low temperature and begin to react only after the temperature rises,

fixation occurs homogenously throughout the specimen.

To harness the benefit of freeze-substitution maximally, cells are quick-frozen

without chemical fixation and directly transferred to precooled fixative. Quick-

freezing can be done by several different methods. High-pressure freezing is pre-

ferred for observation of intracellular structures because the method can freeze

samples up to 200 mm in thickness without ice crystal formation (“vitrification”)

(Dahl & Staehelin, 1989; Vanhecke, Graber, & Studer, 2008). After freeze-

substitution, the specimen is warmed, rinsed, and embedded in plastic resin in the

same manner as conventional EM samples.

13.3.2 Methods
Cells are quick-frozen by using a high-pressure freezing apparatus (e.g., EM PACT2

HPF [Leica], HPM100 [Leica]) and kept in 2% osmium tetroxide in acetone contain-

ing 1–5% distilled water for 2 days at �85 to �90 �C. The samples are then slowly

warmed to 0 �C (e.g., over 16–22 h), rinsed with acetone, and embedded in epoxy

resin. There are many different protocols for the freeze-substitution procedure and
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other fixatives, such as uranyl acetate, tannic acid, and glutaraldehyde, are used in

various combinations. Ultrathin sections are counterstained with uranyl acetate and

lead nitrate.

13.3.3 Results and considerations
Freeze-substitution in combination with quick-freezing is widely used to prepare

samples for conventional TEM and EM tomography (McIntosh, Nicastro, &

Mastronarde, 2005). The method has a better chance of preserving lipid-rich struc-

tures than conventional methods because it can bypass the step of aldehyde fixation.

That is, when cells are fixed by aldehydes and processed by conventional methods,

artifacts like vesiculation and myelin figures occasionally form, probably because

aldehydes cross-link proteins while leaving most membrane lipids unfixed. This

may pose problems in studying LDs, because they are often associated very closely

with organelles such as the ER, mitochondrion, and peroxisome (Fujimoto, Ohsaki,

Cheng, Suzuki, & Shinohara, 2008).

It is not necessarily clear, however, how precisely freeze-substitution can immo-

bilize cellular macromolecules at the location where they are found in living cells and

visualize biological structures as they are in living cells. In fact, the image obtained

by freeze-substitution of quick-frozen samples is not identical with that obtained by

cryoelectron microscopy of frozen-hydrated sections (Al-Amoudi et al., 2004). This

may be partly because fixatives used in freeze-substitution begin to react with cel-

lular constituents only after the sample is warmed to a certain temperature, so that

some structures may go through some changes by the time they are stabilized

securely.

Another problem with freeze-substitution is that membranes do not show good

contrast in comparison with conventional methods. Several methods to improve

the membrane contrast have been developed, such as addition of a small amount

of water to the fixative (Walther & Ziegler, 2002) and use of tannic acid-mediated

osmium impregnation (Jimenez et al., 2009). Nonetheless, it is sometimes difficult to

observe the unit membrane structure unambiguously. Tomographic observation

of quick-frozen, freeze-substituted specimens may provide more information by

removing this obstacle.

13.4 IMMUNOELECTRON MICROSCOPY OF LD-ASSOCIATED
PROTEINS
13.4.1 Rationale
Immunoelectron microscopic methods are often classified based on whether anti-

bodies are applied to cells (and tissues) before or after ultrathin sectioning. The for-

mer method is often referred to as the “pre-embedding labeling method,” because

cells are treated with antibodies before resin embedding. The latter category includes
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methods using resin-embedded sections, which is referred to as the post-embedding

labeling method, and a method using ultrathin cryosections.

Despite the aforementioned insufficiency of aldehyde fixation, a combination of

formaldehyde and glutaraldehyde is often used to fix samples for immunoelectron

microscopy. Quick-freezing methods can be used to avoid the problem of aldehyde

fixation, but sophisticated methods and equipment are required for processing

samples.

13.4.1.1 Pre-embedding method
In order to label intracellular molecules with antibodies without sectioning, the

plasma membrane needs to be permeabilized. For this purpose, cells are often treated

with a low concentration of saponin or digitonin after aldehyde fixation. Saponin and

digitonin primarily work on sterols so that the membrane structure can largely be

preserved (Elias, Goerke, Friend, & Brown, 1978). In this respect, they are superior

to detergents like Triton X-100 and Nonidet P40, which destroy the membrane struc-

ture almost completely by extracting lipids indiscriminately.

For this method, antibodies conjugated to small golds (i.e., small gold atom clus-

ters or ultra-small colloidal gold) are generally used because they can easily pene-

trate the pores made by saponin and digitonin. After labeling, metallic silver (or gold)

particles are developed around the small golds to make them clearly observable by

conventional TEM.

Colloidal gold particles of 5–15 nm in diameter, which are used as markers for

other immunoEMmethods, are not appropriate for the pre-embedding method due to

their large size.

13.4.1.2 Post-embedding method
When cells are fixed with aldehydes alone and dehydrated with organic solvents for

resin embedding, lipids and membrane structures are not preserved. This problem is

circumvented by quick-freezing samples without aldehyde fixation and freeze-

substituting them in uranyl acetate. Infiltration and polymerization of embedding

resin at a very low temperature further helps preserve the structure and antigenicity.

13.4.1.3 Ultrathin cryosectioning method
In the original Tokuyasu method, cells fixed with aldehydes are infiltrated with a

high concentration of sucrose, frozen with liquid nitrogen, and ultrathin cryosections

are prepared (Slot & Geuze, 2007; Tokuyasu, 1973). Because the samples are not

dehydrated, the LD structure should be maintained up to the sectioning step. But

when sections are thawed and subject to immunolabeling procedures, unfixed lipids

are directly exposed to aqueous buffers and are likely to be lost or dislocated.

Use of uranyl acetate at a certain step helps preserve membrane structure by

binding to the phosphate group of phospholipids (Ginsburg & Wolosin, 1979;

Huang, Blume, Das Gupta, & Griffin, 1988). Three different methods have been

reported. A method closest to the original Tokuyasu method uses cells fixed with

aldehydes and retrieves cryosections with a solution containing uranyl acetate
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(Liou, Geuze, & Slot, 1996). In an alternative method, cells are quick-frozen and

freeze-substituted in a solution containing uranyl acetate; they are then rehydrated

and cryosections are prepared as in the Tokuyasu method (van Donselaar,

Posthuma, Zeuschner, Humbel, & Slot, 2007). In a thirdmethod, cells are quick-frozen

and cryosectioned without any pretreatment such as fixation or sucrose infiltration;

the obtained ultrathin cryosections are put onto a frozen uranyl acetate solution

before thawing (Karreman, van Donselaar, Gerritsen, Verrips, & Verkleij, 2011).

Lipid esters can be stabilized by osmium tetroxide. Although the osmium solu-

tion is generally incompatible with immunocytochemistry due to a strong oxidizing

effect, it may be used for some antigens in combination with a cryosectioning method

(van Donselaar et al., 2007).

13.4.2 Methods
13.4.2.1 Choice of fixation protocol
In fixing cells for immunoEM, appropriate fixation needs to be determined for each

antigen by testing several different protocols. Formaldehyde is a relatively weak fix-

ative, but it can quickly penetrate into the cell and does not harm the antigenicity

significantly. Glutaraldehyde is much better than formaldehyde in preserving the ul-

trastructure, but it is slow in penetration and decreases the labeling intensity of most

antigens.

The optimum protocol needs to be selected by looking at results of immunoEM,

but immunofluorescence labeling can be utilized to give a starting point. As a first

step, for example, cells are fixed with 3% formaldehyde in a neutral buffer (e.g.,

0.1 M sodium phosphate buffer, pH 7.4) for 30 min and labeled for immunofluores-

cence microscopy. If intense labeling is observed by this fixation, an increasing con-

centration of glutaraldehyde should be added to see whether sufficient labeling

persists. (Note: samples after fixation may need to be treated with 1 mg/ml sodium

borohydride in 0.1 M Tris-buffered saline (pH 8.2) for 5 min to quench autofluores-

cence of glutaraldehyde.) The highest concentration of glutaraldehyde that does not

decrease the labeling significantly may be chosen as a protocol for immunoEM.

Some LD-associated proteins show unique behavior to fixation (Ohsaki, Maeda,

& Fujimoto, 2005). That is, they are not labeled when cells are fixed with formal-

dehyde alone, whereas intense labeling occurs when glutaraldehyde is added to

the fixative. This is probably because formaldehyde alone does not provide sufficient

cross-linking to immobilize the antigens to the LD surface or to the surrounding cy-

toplasmic matrix and they are dissolved by the subsequent Triton X-100 treatment.

13.4.2.2 Pre-embedding method
Cells after appropriate aldehyde fixation are treated with 0.2% saponin (or 0.01% dig-

itonin) in PBS for 30 min at room temperature. After residual aldehydes are quenched

by10 mMglycine inPBS, cells are blockedwith 3%BSAorother appropriate blocking

solution in PBS for more than 10 min, and incubated overnight at 4 �C using a primary

antibody in PBSwith 1%BSA containing 0.1% saponin. After repeated rinses, they are
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incubated for 2–3 h at room temperature with an appropriate secondary antibody con-

jugatedwith a small gold atom cluster (NanogoldTM [Nanoprobes]) (Hainfeld, 1987) or

ultra-small colloidal gold (Aurion) (van de Plas&Leunissen, 1993) in the solution con-

taining saponin. Saponin (digitonin) is included in the antibody solution because mem-

brane pores may reseal during incubation. By using the secondary antibody doubly

conjugated with a small gold atom cluster and fluorochrome (FluoronanogoldTM

[Nanoprobes]), the sample can be observed by fluorescence microscopy to check

whether sufficient labeling has occurred. The labeled samples are rinsed and fixedwith

2.5% glutaraldehyde in PBS for more than 30 min to reinforce fixation.

After extensive washes with distilled water, samples are incubated with a silver or

gold development solution to increase the size of the gold label. This is a gold-

catalyzed reaction to reduce silver (or gold) ions to metallic silver (or gold), a process

similar to photographic development. The metal solutions can be prepared by mixing

ingredients (Hayat, 1995) or obtained commercially (HQ SilverTM, GoldEnhanceTM

[Nanoprobes], R-GENT SE-EMTM [Aurion]). The incubation time for development

needs to be adjusted so that the silver or gold particle can grow to an appropriate size;

for example, we allow 2–4 min for GoldEnhance.

The sample after the silver or gold development is treated with osmium tetroxide,

dehydrated, and embedded as with conventional TEM samples. The sample pro-

cessed with silver enhancement solution should not be incubated in the osmium te-

troxide solution for long, because the formed metallic silver may be lost due to strong

oxidization. Gold toning can be used to prevent the loss of the silver precipitate

(Sawada & Esaki, 1994).

13.4.2.3 Post-embedding method
Cells are subjected to high-pressure freezing and freeze-substituted in 0.2% uranyl

acetate in acetone containing 5% water and 4%methanol for 2 days at�85 �C. After
warming to�50 �C, they are washed and infiltrated with Lowicryl HM20 resin, and

polymerized by UV light for 2 days (Fairn et al., 2011). Ultrathin sections are cut by

conventional ultramicrotome, picked up onto EM grids, and labeled as with ultrathin

cryosections, except that the final on-grid staining step is omitted.

13.4.2.4 Ultrathin cryosectioning method
13.4.2.4.1 Tokuyasu method
Cells fixed with aldehydes are infiltrated with 2.3 M sucrose in PBS for 1 h to over-

night and frozen by plunging into liquid nitrogen. Ultrathin cryosections are cut by an

ultramicrotome with a cryo-attachment (e.g., Leica EM FC6). For most purposes, the

temperature is set around –110 �C and sections of ca. 70 nm in thickness are pre-

pared. Ultrathin cryosections are picked up by using a drop of 1.15 M sucrose and

1% methylcellulose held on a wire loop, thawed, and transferred to a formvar mem-

brane on an EM grid.

Grids bearing ultrathin cryosections are rinsed with PBS containing 10 mM gly-

cine for 30 min and treated with 3% BSA or other appropriate blocking solution in

PBS for more than 10 min. They are incubated with a primary antibody solution for
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30 min at 37 �C (or overnight at 4 �C, etc.), rinsed with 0.1% BSA in PBS, and trea-

ted in a secondary antibody solution in a similar manner. Depending on the kind of

primary antibodies, either protein A or anti-IgG antibody conjugated with colloidal

gold is used. Protein A-colloidal gold is preferred over anti-IgG-colloidal gold be-

cause of its stability and the 1:1 binding stoichiometry with IgG, but it does not bind

well with some immunoglobulin classes and subclasses. After rinses, grids are trea-

ted with buffered 2% glutaraldehyde for 10 min to stabilize the antigen–antibody

complex.

After rinses with distilled water, sections are adsorption-stained with neutral ura-

nyl acetate solution containing 2% uranyl acetate and 0.15 M oxalic acid for 10 min,

rinsed again, and incubated with a mixture of 2% methylcellulose and 0.1–0.5% ura-

nyl acetate, and dried on a wire loop.

13.4.2.4.2 Methods using uranyl acetate
i. Inclusion of uranyl acetate in the pick-up solution (Liou et al., 1996)

Cryosections are prepared as the original Tokuyasu method except that phosphate

buffer is not used. They are picked up by a mixture of 2% methylcellulose and

0.3–3% uranyl acetate and rinsed with distilled water. The subsequent solutions

for immunolabeling procedures need to be prepared in 0.1 M PIPES buffer

(pH 7.4) instead of PBS.

ii. Freeze-substitution and rehydration before cryosectioning (the RHM method)

(van Donselaar et al., 2007)

Cells are quick-frozen and freeze-substituted in anhydrous acetone. Either 0.2% ura-

nyl acetate, 0.5% glutaraldehyde, or 1–2% osmium tetroxide can be added to the so-

lution. After the rinses, they are warmed, rinsed, and rehydrated at �30 �C by

incubating sequentially in 95% acetone in water, 90% acetone in water, 80% acetone

in water, 70% acetone in water, 50% acetone in PHEM buffer (60 mM PIPES,

25 mM HEPES, 10 mM EGTA, and 2 mM MgCl2, pH 6.9), and 30% acetone in

PHEM buffer for 10 min each. They are washed in PHEM buffer and infiltrated with

2.3 M sucrose in PHEM buffer before freezing and sectioning as in the original

Tokuyasu method.

iii. Quick-freezing and rehydration after cryosectioning (the VIS2FIXH method)

(Karreman et al., 2011)

Ultrathin cryosections are cut directly from quick-frozen samples without any treat-

ment and adhered to EM grids electrostatically as in cryoelectron microscopy of vit-

reous sections (Al-Amoudi et al., 2004). They are placed at �90 �C on frozen

fixative consisting of 0–0.5% osmium tetroxide, 0.2% uranyl acetate, and 0–0.2%

glutaraldehyde in PHEM buffer. After melting on a hotplate, the sections are kept

on the fixative solution for 10 min on ice. They are rinsed with PHEM buffer before

immunolabeling.
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13.4.3 Results and considerations
13.4.3.1 Pre-embedding method
This is the easiest way of doing immunoEM for people who have little experience in

EM. Up to the secondary antibody labeling step, it can be done in the same way as

that of immunofluorescence microscopy, and the latter procedure is the same as con-

ventional TEM sample preparation except for silver (gold) enhancement. The quality

of ultrastructure is directly correlated with the strength of fixation. Use of even a low

concentration of glutaraldehyde (e.g., 0.05%) helps preserve the structure of LDs and

other organelles significantly (Fig. 13.4).

Saponin and digitonin do not permeabilize sterol-poor membranes such as the

endoplasmic reticulum membrane. Thus, antigens in the lumen of the endoplasmic

reticulum are not labeled except in the specialized subcompartment where sterol is

present in the limiting membrane (Ohsaki, Cheng, Suzuki, Fujita, & Fujimoto, 2008).

FIGURE 13.4

Pre-embedding immunoEM. (A) Huh7 cells treated with DHA are fixed with 3% formaldehyde

in 0.1 M phosphate buffer for 15 min and permeabilized with 0.01% digitonin in PBS for

30 min. They are labeled simultaneously with anti-apolipoprotein B (ApoB) antibody (green),

anti-calreticulin antibody (red), and BODIPY593/603 (blue). Note that ApoB and calreticulin

are labeled in a crescent form on the LD surface (arrows). (B) Cells treated similarly as in

(A) are labeled with anti-ApoB antibody followed by Nanogold-conjugated secondary

antibody. The sample is subject to gold enhancement to make labels be observable by

TEM. The labels are observed within the lumen of thin membrane cisterns fused to

LDs (arrows).

24313.4 Immunoelectron Microscopy of LD-Associated Proteins



13.4.3.2 Post-embedding method
This method has been used successfully to label phospholipids in samples that are

quick-frozen and freeze-substituted in uranyl acetate. Uranyl acetate is not likely

to react with lipid esters, but the LD core remains in the section at least partially

(Fig. 13.5A) (Ariotti et al., 2012; R. Parton, personal communication). This may

be because embedding material infiltrates and polymerizes at low temperature, so

that the structure is stabilized physically.

13.4.3.3 Ultrathin cryosectioning method
13.4.3.3.1 Tokuyasu method
For many purposes, this is the method of choice because of the following advantages:

(1) antibody labeling generally occurs with a high efficiency because the antigen is

not embedded in resin; (2) the bilayer membrane structure is observed clearly; (3) the

whole procedure (i.e., sample fixation to EM observation) can be completed quickly

(e.g., within a day).

On the other hand, because cellular structures are directly exposed to various so-

lutions without embedding resin, those that are not stabilized by chemical fixation

may be lost or dislocated. This is an actual problem for LDs, because the lipid ester

core is not fixed by aldehyde. Thus, in cryosections, the LD is often lost leaving an

artificial vacancy behind. Nonetheless, labeling for LD-associated proteins is usually

found at the rim of the vacant area, probably because some, if not all, proteins remain

by being cross-linked to the surrounding cytoplasmic matrix (Fig. 13.5B). In some

cases, the dislodged LD, seen as a round disk in ultrathin sections, adheres to a neigh-

boring area and labeling of LD-associated proteins can also be observed there. This is

an artifact and caution is necessary not to interpret it as indicating the true distribu-

tion of those proteins.

13.4.3.3.2 Methods using uranyl acetate
Use of uranyl acetate in the pick-up solution has been shown to increase retention of

membrane cholesterol in thawed cryosections (Mobius et al., 2002), but it is not

likely to increase the chance of LD core preservation. However, by adhering cryo-

sections to EM grids electrostatically before thawing, LDs have been found to be

preserved better than in conventional Tokuyasu cryosections (R. Mesman, personal

communication). Lipid esters probably remain on the supporting membrane at least

partially, even after thawing.

Osmium tetroxide is generally precluded as a fixative for immunoEM, but it may

be used in the cryosection labeling methods. In the RHM method (van Donselaar

et al., 2007), at least some proteins could be immunolabeled if osmium tetroxide

is rinsed off before the temperature goes above –50 �C (E. van Donselaar, personal

communication). This is probably because the oxidizing effect of osmium tetroxide

is low and less destructive to antigenicity at low temperature. In the VIS2FIXH

method, by use of osmium tetroxide, the LD core is preserved (Fig. 13.5C) and sur-

prisingly some antigens can be labeled even after the osmium tetroxide treatment
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FIGURE 13.5

ImmunoEM using ultrathin sections. (A) Lowicryl HM20 section. 3T3-L1 adipocytes

treated with isoproterenol are quick-frozen, freeze-substituted in 0.2% uranyl acetate and 5%

H2O in acetone, and embedded in Lowicryl HM20 resin. LDs are seen as electron-lucent

areas. Inset: An LD of a medium electron density is labeled for PLIN1a. Reproduced in a

modified form from Ariotti et al. (2012) with permission. (B) The Tokuyasu method. HepG2

cells are fixed in 3% formaldehyde in 0.1 M phosphate buffer for 60 min. Ultrathin

sections are labeled by anti-PLIN2 antibody. The LD cores are lost from the section leaving

vacant areas. Colloidal gold labels are observed in the rim of the vacancy (arrows).

(C) The VIS2FIXH method. Ultrathin cryosection of quick-frozen cells is adhered to EM grids

and treated with 0.05% osmium tetroxide. The LD core is seen in a medium electron

density, indicating preservation of lipid esters. Reproduced from Karreman et al. (2011) with

permission.
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(Karreman et al., 2011). The reason for this compatibility is not clear because os-

mium tetroxide is used at around 0 �C.
Methods described in this section are intended to detect endogenous molecules,

but they can be also used to examine distribution of molecules tagged with geneti-

cally encoded molecules or those carrying artificial chemical groups (Jao, Roth,

Welti, & Salic, 2009). To examine LD-related protein dynamics in a broad cellular

context, correlative light and EM using some genetically encoded tags may be

exploited (Shu et al., 2011).

13.5 FREEZE-FRACTURE ELECTRON MICROSCOPY
13.5.1 Rationale
In freeze-fracture EM, frozen cell samples are fractured at a low temperature and a

thin layer of platinum and carbon is deposited onto the newly revealed surface by

vacuum evaporation to physically stabilize the underlying structure. The thin film

made of platinum and carbon, which is called freeze-fracture replica, is treated with

sodium hypochlorite to dissolve all biological materials for genuine morphological

observation. Because the fracture plane tends to run between the two membrane leaf-

lets, the method has become an indispensable tool in membrane biology (Severs,

2007). If the replica is treated with sodium dodecyl sulfate (SDS) instead of sodium

hypochlorite, molecules cast by the platinum/carbon deposition are held stably in the

replica and can be labeled by appropriate probes for EM observation (Fujimoto,

1995; Fujita, Cheng, & Fujimoto, 2010). This method has been used successfully

to label membrane proteins and lipids.

13.5.2 Method
Quick-frozen specimens are transferred to the cold stage of a freeze-fracture device

(BAF400 [BALTEC], JFD-II [JEOL], etc.). They are freeze-fractured at below –100º

and evaporated with platinum and carbon in a high vacuum. For genuine morpholog-

ical observation, platinum/carbon of 1–2 nm thickness is first evaporated at an angle

of 30–45º, followed by carbon of 20 nm thickness at a 90º angle. After thawing in

the atmosphere, the sample is treated with household bleach for more than 1 h to

digest biological materials, rinsed in distilled water, and picked up on grids for

EM observation.

For immunolabeling, vacuum evaporation in three consecutive layers (i.e.,

2–5 nm carbon, 1–2 nm platinum/carbon, and 10–20 nm carbon) is used, because

this gives better immunolabeling than the conventional two-layer method (Fujita

et al., 2007; Hagiwara, Fukazawa, Deguchi-Tawarada, Ohtsuka, & Shigemoto,

2005). The thawed replica is treated with 2% SDS in PBS for 1 h to overnight at

60–70 �C. They are rinsed with PBS containing 1% Triton X-100 (PBST), blocked

with 3% BSA in PBS, and incubated with a primary antibody in 1% BSA in PBST

at 4 �C overnight. After rinsing, they are treated with colloidal gold-conjugated
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anti-immunoglobulin antibody or protein A in 1% BSA in PBST for 30 min at 37 �C.
Finally, replicas are rinsed with distilled water and picked up on EM grids.

13.5.3 Results and considerations
Combined with quick-freezing, freeze-fracture enables observation of cellular struc-

tures with no intervention of chemicals. In the conventional freeze-fracture tech-

nique, specimens are usually treated with glycerol before freezing to suppress ice

crystal formation. But because glycerol may not be inert to phospholipids

(Anchordoguy, Rudolph, Carpenter, & Crowe, 1987; Westh, 2003), it is not war-

ranted that lipid-rich structures are not affected by the treatment.

When membranes are freeze-fractured, the fracture plane does not run along the

true surface, but it runs between the two leaflets of the phospholipid bilayer. This is

because the molecular interaction between the two phospholipid bilayers is at its

weakest in a frozen condition. With regards to LDs, however, it is not clear if the

fracture plane preferentially runs between the surface phospholipid monolayer

and the underlying lipid ester core. Occasionally, an LD is fractured in multiple

layers to show an “onion-skin” appearance, which may represent some layered struc-

ture in the lipid ester core. In many instances, LDs are cross-fractured and appear as

round structures in the freeze-fracture replica. Immunolabeling for LD-associated

proteins occurs in those structures specifically (Fig. 13.6). Labeling of some

FIGURE 13.6

ImmunoEM using freeze-fracture replicas. Freeze-fracture replicas of quick-frozen

HepG2 cells are treated with SDS and labeled by anti-PLIN2 antibody. The colloidal gold

labeling is observed along the periphery of a round structure, which represents a

cross-fractured LD. The Golgi membranes (G) are not labeled for PLIN2.
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LD-associated proteins occurred in the center of the cross-fractured lipid ester core

(Robenek, Robenek, & Troyer, 2005), but it is not known how those proteins exist in

the hydrophobic environment in a thermodynamically stable way.

13.6 FUTURE DIRECTIONS
There are many remaining questions concerning LDs. One of the questions that mi-

croscopy is expected to address is whether and how LD contacts, continues, or is

contained in membranes of other organelles. This is related to the question of where

and how new LDs are generated. It is postulated that nascent LDs form by deposition

of lipid esters between two membrane leaflets, followed by separation of the lipid

ester globule from the mother membrane, but this hypothetical process has never

been confirmed by microscopy. Nascent LDs are predicted to be very small, but they

are within the spatial resolution of conventional EM. Development of a method that

preserves the structure in situ and makes it visible by EM is highly anticipated.
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Abstract
Lipid droplets (LDs) are highly dynamic cellular organelles found in most eukaryotic

cell types. In white adipocytes, LDs grow into a characteristic unilocular morphology
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that is well suited for its specialized role as an efficient energy storage organelle. Over-

expansion of LDs in white adipocytes results in the development of obesity and insulin

resistance. Besides its central role in lipid storage and mobilization, LDs play crucial

roles in various cellular processes including virus packaging, host defense, protein

storage, and degradation. CIDE proteins, in particular Fsp27, initiates a unique LD fu-

sion process in adipocytes by clustering and enriching at LD contact site and promoting

neutral lipid exchange and transfer between contacted LDs. Here, we summarize our

approaches to quantitatively measure intracellular LD size and neutral lipid exchange

between LDs. Utilization of these methods has greatly facilitated our understanding of

molecular pathways governing LD growth in adipocytes.

INTRODUCTION
Biogenesis and cellular functions of lipid droplets
Lipid droplets (LDs) contain a neutral lipid core composed of triglycerides (TAG)

and cholesterol esters (CE) which are insulated from the cytosolic environment

by a monolayer of phospholipids and various proteins coated on the LD surface

(Farese & Walther, 2009; Krahmer, Guo, Farese, & Walther, 2009). Besides their

central roles in maintaining lipid homeostasis (Walther & Farese, 2012), LDs are also

shown to be involved in virus packaging (Herker & Ott, 2011; Samsa et al., 2009),

host defense (Saka & Valdivia, 2012), protein storage (Anand et al., 2012; Li et al.,

2012), protein quality control (Suzuki et al., 2012), and protein posttranslational

modification (Krahmer et al., 2013). It is generally believed that LDs are originated

from the endoplasmic reticulum (ER) where TAG is synthesized by DGAT1 and

DGAT2 and then budded into the cytosol (Harris et al., 2011; Martin & Parton,

2006). Some LD-associated proteins, for example, AAM-B (Zehmer et al., 2009),

localize on ER and are sorted to LD surface during LD biogenesis; other proteins

are shuttled between cytosol and LD surface (Wolins, Brasaemle, & Bickel, 2006).

Consistent with its central role inmaintaining lipid homeostasis, LD harbors crucial

enzymes involved in lipogenesis and lipolysis pathways. Two neutral lipid lipases, ad-

ipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL), are recruited to

LD surface to execute a consecutive lipolysis cascade in adipocytes. On the other hand,

key enzymes in TAG or phospholipid synthesis pathways are shown to be localized to

LDs tomodulate LD growth (Krahmer et al., 2011; Kuerschner, Moessinger, & Thiele,

2008; Stone et al., 2009; Wilfling et al., 2013). Among all known LD-associated pro-

teins, perilipin family proteins play essential structural and regulatory roles for LDmor-

phology and function. Perilipin proteins include five members (Plin1/Perilipin, Plin2/

ADRP, Plin3/TIP47, Plin4/S3-12, and Plin5/LSDP5) that show different tissue expres-

sion patterns (Bickel, Tansey, & Welte, 2009; Greenberg et al., 1991; Hickenbottom,

Kimmel, Londos, & Hurley, 2004; Kimmel, Brasaemle, McAndrews-Hill, Sztalryd,

& Londos, 2010). Plin1 plays dual roles in lipid storage and mobilization. On the one

hand, it suppresses basal lipolysis at an unstimulated state by blocking association of

ATGL and HSL to the LD surface (Bickel et al., 2009). However, when Plin1 is phos-

phorylatedbyPKA, the phosphorylatedPlin1 recruitsATGLandHSL to theLDsurface

(Brasaemle,2007;Martinez-Botasetal.,2000;Miyoshietal.,2007;Tanseyetal.,2001).
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Animals with Plin1 deficiency have a reduced adiposity and the accumulation of

smaller LDs in adipocytes due to the elevated basal lipolysis (Castro-Chavez et al.,

2003; Martinez-Botas et al., 2000; Saha, Kojima, Martinez-Botas, Sunehag, & Chan,

2004; Tansey et al., 2001). In addition, Plin1 appears to induce LD clustering which

could be reversed by the phosphorylation of its serine 492 by PKA (Marcinkiewicz,

Gauthier, Garcia, & Brasaemle, 2006).

Various mechanisms of LD growth
LD growth can be mediated by several distinct mechanisms. First, it has been shown

that several major enzymes for TAG synthesis are localized to LDs in various non-

adipocytes and locally produced TAG could be incorporated into the LD core and

promote LD enlargement (Wilfling et al., 2013). For instance, overexpression of

LD-associated DGAT2 but not ER-associated DGAT1 promotes large LD formation

(Stone et al., 2009; Wilfling et al., 2013). Second, cytosolic LDs could stay in close

contact with ER where FIT1/2 and seipin/BSCL2 may regulate the TAG transfer

from ER to LD (Fei et al., 2008; Gross, Zhan, & Silver, 2011; Kadereit et al.,

2008; Szymanski et al., 2007). The FATP–DGAT complex was also shown to pro-

mote LD expansion at the junction between LD and ER junction (Xu et al., 2012). In

addition, ADRP and Rab18 might regulate TAG transfer from the ER to LD through

controlling the LD–ER contact (Ozeki et al., 2005). LD growth on ER may require

specific ER domain/structure as depletion of atlastin or abolishment of atlastin

activity reduced LD sizes (Klemm et al., 2013). Third, as LD surface is coated by

a monolayer of phospholipids, a phase coalescence, which resembles the SNARE-

mediated hemifusion, could directly result in the fusion between two LDs. The

phase coalescence is prevented by the joint efforts of both LD surface proteins and

phospholipids. Lack of phosphatidylcoline, a major component of LD surface phos-

pholipids (Bartz et al., 2007), leads to excessive LD expansion to reduce the total

LD surface area (Krahmer et al., 2011). The phase coalescence could also be induced

by exogenous chemical fusogens which may destabilize the LD surface structure

(Murphy, Martin, & Parton, 2010).

White adipocytes contain giant LDs that could occupy over 90% of intracellular

space. Although the three mechanisms mentioned above may all contribute to LD

growth in adipocytes, our recent work have demonstrated that fat-specific protein

27 (Fsp27/Cidec), a member of CIDE family proteins, plays a major role in the gen-

eration of unilocular LD in adipocytes by mediating atypical LD fusion through a

directional neutral lipid transfer at LD–LD contact site (LDCS) (Gong et al.,

2011). Fsp27 is highly expressed in adipose tissue and its deficiency leads to the

accumulation of smaller and multilocular LDs in white adipocytes and drastically

reduced lipid storage (Gong, Sun, & Li, 2009; Nishino et al., 2008; Toh et al.,

2008). In contrast, ectopic expression of Fsp27 results in an increase in LD sizes

(Jambunathan, Yin, Khan, Tamori, & Puri, 2011; Keller et al., 2008; Liu et al.,

2009; Puri et al., 2007, 2008). Mechanistically, when two or more LDs are in close

apposition, Fsp27 is rapidly accumulated and enriched at the LDCS where it may

create a putative pore allowing neutral lipid exchange between connected LDs.

The final step of Fsp27-mediated LD fusion is dependent on the internal pressure
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of contacted LD with neutral lipid transferred from the smaller LD to the larger one

(Gong et al., 2011). Importantly, we have recently observed that Plin1, a major LD

surface protein in adipocytes, interacts with Fsp27 and facilities its activity (Sun

et al., 2013). The cooperative action between Fsp27 and Plin1 likely contributes

to the formation of unilocular LDs in white adipocytes.

In the following sections, we summarize our methods to quantitatively measure

LD sizes, neutral lipid exchange between LDs, and Fsp27-mediated LD fusion.

These methods will greatly facilitate our understanding of molecular pathways gov-

erning LD growth in adipocytes.

14.1 QUANTITATIVE MEASUREMENT OF LD SIZE
LDs have variable sizes and tend to cluster with each other in many different cell

types. The heterogeneity of LD sizes roots in the dynamic regulation of lipid metab-

olism on individual LD and inter-LD neutral lipid flux (Gong et al., 2011; Wilfling

et al., 2013) and may have profound effect on lipid metabolism (Nishino et al., 2008;

Toh et al., 2008). To evaluate the effect of genetic, pharmacological, and nutrient

manipulation on LD sizes, we developed a method to quantitatively measure the sizes

of heterogeneous population of LDs. Briefly, TAG in the LDs are metabolically labeled

with Bodipy 558/568-conjugated fluorescent fatty acids, which confers the LD staining

with higher photostability in comparison with Bodipy-FL. The automatic image anal-

ysis software is used to identify and measure the sizes of labeled LDs.

14.1.1 Measuring LD sizes in 3T3-L1 preadipocytes or mature
adipocytes
14.1.1.1 Materials

3T3-L1 preadipocytes

Six-well cell culture plate

4% paraformaldehyde in PBS

DAPI (40,6-diamidino-2-phenylindole), 10 mM in deionized water

Mounting media

Acid-washed cover slips and microscope slides

10 mM oleic acid coupled to BSA (10 mg/ml)

Bodipy 558/568 C12 fatty acid analogue (1 mg/ml in ethanol, Life Technologies)

Microscope equipped with fluorescence and optical sectioning

Lipofectamine 2000 (Life Technologies)

14.1.1.2 Experimental procedure
1. 0.4 � 106 3T3-L1 preadipocytes are seeded to six-well culture plate containing

cover slip (24 � 24 mm) in DMEM containing 10% FBS.

2. After overnight culture, cells are transfected with specific plasmid DNA or

siRNA using Lipofectamine 2000 according to the manufacturer’s instruction.

3. 4–6 h after transfection, cells are washed with DMEM and incubated in fresh

DMEM containing 10% FBS, 200 mM of oleic acids complexed with BSA, and

0.2–1 mg/ml Bodipy 558/568 C12 fatty acids.
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4. 20–24 h after transfection, cells are washed with prewarmed PBS buffer and

fixed in 4% paraformaldehyde in PBS for 1 h at room temperature.

5. Fixed cells on cover slip are washed in PBS buffer and stained

with 500 nM DAPI in PBS for 5 min. Cover slips are then mounted with

mounting media.

6. LD morphology from transfection positive cells is recorded using confocal

microscope or any microscope equipped with fluorescence and optical

sectioning (e.g., ApoTome, Carl Zeiss).

7. ForLDsizemeasurement,Bodipy558/568channelof the images is further analyzed

in ImagePro software. Press “Menu”->“Measure”->“Count/Size mode” and

select “AutomaticBrightObjects.” In case theprogramcouldnot identify individual

LD due to its clustering, use “Edit”->“Watershed Split” followed by manual

splitting by using “Edit”->“Split Objects.” During the analysis, visual andmanual

inspection is needed to confirm that all LDs are identified.

8. Select Diameter (Mean) in Count/Size->Measure->Select Measurements and

measure the diameters of all identified LDs.

9. Export the measurement data into Excel for calculation of LD size distribution.

Images from approximately 30 cells are required for each distribution histogram

(Fig. 14.1).

10. For measuring the largest LD in Fsp27-positive cells, over 300 positive cells

are selected and the size of the largest LD in each cell is extracted from the LD

size data. Similar method can be used in any adherent cells. Alternatively,

counting cells that contain LDs larger than a threshold diameter can also be used

to describe LD growth. This analysis will help overcome the heterogeneity

of cell population. We have defined large LDs as those having 2.5 mm in

diameter in Fsp27-GFP positive 3T3-L1 preadipocytes and calculated the

percentage of cells containing large LDs. These two types of analysis provide

simple, quantitative, and reliable ways to quantify LD sizes.

14.1.2 Data analysis and representative results
LD sizes are systematically measured in 3T3-L1 preadipocytes that express Fsp27

alone or Fsp27 and Plin1 using the method described above to measure the size dis-

tribution. In control 3T3-L1 preadipocytes that do not express Fsp27 or Plin1, ma-

jority of the LDs have diameters below 1 mm. Ectopic expression of Fsp27-GFP leads

to a dramatic increase in LD sizes with diameter larger than 2 mm and reduced LD

number (Fig. 14.1). Importantly, coexpression of Fsp27 and Plin1 further increase

the LD population with diameters between 3 and 6.5 mm (Fig. 14.1).

14.2 MEASURING NEUTRAL LIPID EXCHANGE THROUGH FRAP
Neutral lipid exchange via LDCS is the hallmark of Fsp27-mediated LD fusion and

growth. The rate of neutral lipid exchange at LDCS can be conveniently and quan-

titatively measured by fluorescence recovery after photobleaching (FRAP) on

metabolically labeled LDs and calculated by the algorithm we have developed.
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14.2.1 Materials and experimental procedures
14.2.1.1 Materials

3T3-L1 preadipocytes or differentiated 3T3-L1 adipocytes

35 mm Labtek live cell imaging culture chamber
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FIGURE 14.1

Plin1 enhances Fsp27’s activity in promoting large LD formation. Fsp27-GFP is coexpressed

with empty vector or HA-Plin1 in 3T3-L1 preadipocytes. Fsp27-GFP expression promotes

large LD formation in comparison with GFP control. Coexpressing Fsp27 with Plin1 further

increases LD sizes. The lower panel shows LD size distribution quantified from 30 cells. In

comparison with cells expressing Fsp27-GFP alone, cells coexpressing Fsp27 and Plin1

accumulate more LDs that have diameters larger than 3 mm.
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10 mM oleic acid coupled to BSA (10 mg/ml)

Bodipy 558/568 C12 fatty acid analogue (1 mg/ml in ethanol, Life Technologies)

Lipofectamine 2000 (Life Technologies)

Confocal microscope with photobleaching module

14.2.1.2 Experimental procedures
14.2.1.2.1 Cell culture and metabolic labeling
1. Seed 2 ml 3T3-L1 preadipocytes in the 35 mm Labtek culture dish at

0.2 � 106 cell/ml concentration.

2. After overnight culture, cells are transfected with specific plasmid or siRNA

with Lipofectamine 2000 according to the manufacturer’s instruction.

3. 4–6 h after transfection, 3T3-L1 preadipocytes are washed with

DMEM several times and incubated in fresh DMEM containing 10% FBS,

200 mM oleic acids, and 0.2–1 mg/ml Bodipy 558/568 C12 fatty acids for

14–18 h.

4. For differentiated 3T3-L1 adipocytes, cells are incubated in similar medium

containing 5 mg/ml insulin and 0.2–1 mg/ml Bodipy 558/568 C12 fatty acid for

24 h before experiment.

14.2.1.2.2 FRAP setting
5. 1 h before FRAP experiment, cells are washed with prewarmed PBS buffer and

incubated in DMEM containing 10% FBS.

6. Cells are then incubated in the live cell imaging chamber of microscope for at

least 15 min at 37 �C with 5% CO2 before photobleaching.

7. Set microscope to 63� oil immersion objective; set pinhole at 1.0 air unit.

8. Select a single LD under the microscope. Select a circular bleaching area

with 1–1.5 mm diameter in the LD center. Note that the diameter of the

bleaching area should not exceed one-third of the LD diameter to ensure only

the selected LD is bleached.

9. Find the optimal bleaching laser power and bleaching iteration number to allow

approximately 80% fluorescent bleaching efficiency within 1 min bleaching

duration.

10. Set the time-lapse interval to be 20 s. Under situation that fluorescent signal in

the bleached LD can be recovered within a short period of time, repeated

bleaching cycles can be performed to collect multiple sets of data from a single

LD pair (see Fig. 14.2, middle panel).

11. Set the imaging laser power and digital gain to ensure that there is no

overexposure of Bodipy dye fluorescence.

14.2.1.2.3 Data collection
12. Identify cells that contain LD pairs in close apposition. For 3T3-L1

preadipocytes that are transfected with Fsp27-GFP, closely contacted LD pair

can be easily identified by the presence of intense GFP green fluorescent signal
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FIGURE 14.2

Plin1 accelerates Fsp27-mediated neutral lipid exchange when coexpressed in 3T3-L1 preadipocytes. Neutral lipid signal (red) in one LD was

bleached (white circle, upper panel). Bars, 2 mm. MOI in bleached region (white circle) and unbleached region (blue circle) were plotted as

percentage of the initial intensity from four independent experiments (mean�SD, lower panel). Arrowheads point to the starting time of

each bleaching in repeated FRAPs (mid-low panel). Right panel: the neutral lipid exchange rate in 3T3-L1 preadipocytes expressing Fsp27-GFP

alone or coexpressing with Plin1. Data were collected from five independent experiments (***p<0.001).



at the LDCS. In 3T3-L1 mature adipocytes, LD pairs are randomly selected

according to the close apposition of two LDs.

13. For selected LD pairs, it is important to eliminate the possibility that other LDs

are attached to the pair by careful visual inspection at different focal planes.

14. Select a circular bleaching area with 1–1.5 mm diameter in the center of one LD

and start the photobleaching process.

14.2.1.2.4 Data preparation
15. Open the original image file in ImageJ and isolate the Bodipy 558/568 channel

through color splitting function.

16. Set the region of interest (ROI) to be a circular area at the center in the bleached

and unbleached LD, respectively. The diameter of the ROI is usually

one-third of the diameter of the LD. Perform the “Plugins/Intensity vs. Time”

analysis. This plugin could be found in MBF ImageJ for Microscopy

Collection (http://rsbweb.nih.gov/ij/plugins/mbf-collection.html).

17. Export the intensity data to Excel and calculate the lipid exchange rate

according to the algorithm described below.

14.2.2 Data analysis and representative results
14.2.2.1 Algorithm for the calculation of lipid exchange rate
The rate of neutral lipid exchange is defined as the volume of neutral lipid exchanged

between two contacted LDs in a unit of time. The algorithm is developed based on

following assumptions:

1. Neutral lipids are constantly exchanged bidirectionally between two contacted

LD pair at the LDCS.

2. The thermodynamic properties of neutral lipids and the size of lipid-diffusion

pore(s) at the LDCS determine the neutral lipid exchange rate.

3. The duration of FRAP assay is short (within 5 min) so the change in LD size is

small and can be neglected during the assay.

4. Neutral lipids diffuse rapidly within one LD and intra-LD diffusion rate is higher

than that of inter-LD diffusion. Thus, the mean optical intensity reflects the

concentration of fluorescent-labeled neutral lipids (mainly TAG) of the measured

LD but not free fatty acids as Bodipy fatty acids are incorporated into TAG during

the incubation process (Gong et al., 2011).

In our algorithm, the definition of each parameter is as follows:

’, the neutral lipid exchange rate per LDCS; I, the mean optical intensity of the

measured area; V, the volume of total neutral lipids within one LD; and t, the duration
of diffusion process.

’ is a constant according to assumption (2).

V is a constant according to assumption (3) and was calculated by measuring LD

diameter in Carl Zeiss Zen.

We define a ¼ I2;0
V1

þ I1;0
V2

and b ¼ 1
V1
þ 1

V2

� �
, I1, 0 and I2, 0 are initial optical inten-

sities of LD1 and LD2. Thus, both a and b are measurable constants. By solving a
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differential equation (for detailed mathematical deduction please see (Gong et al.,

2011)), we express the neutral lipid exchange rate per LDCS, ’ as follows:

’ ¼ dI1
a� bI1ð Þdt ¼

d ln a� bI1ð Þ
�bdt

I1 is the mean optical intensity of LD1 at different time points. Since we assume ’
and b as constant, ln(a�bI1) and t are linearly correlated.

We next performed linear fitting of ln(a�bI1) against t to calculate the lipid

exchange rates. At least four time points after photobleaching should be used for lin-

ear fittings. R2 (correlation coefficient square) of all linear fittings should be above

0.95. Note that a can be calculated from each time point and will not fluctuate sig-

nificantly. Using time-adapted constant awill further increase the linearity of fitting.

14.2.2.2 Representative results
Using the approach described above, we have identified Plin1 as a specific activator

of Fsp27. When coexpressed with Fsp27-GFP in 3T3-L1 preadipocytes, Plin1 can

drastically increase Fsp27-mediated neutral lipid exchange by 10-fold (Fig. 14.2).

Since the rate of neutral lipid exchange is positively correlated with size of the fusion

pore/channel, Plin1 may help expand the pore or lipid transfer channel to enhance

Fsp27-mediated lipid exchange (Sun et al., 2013). Same approach has been used

to measure inter-LD neutral lipid exchange in 3T3-L1 adipocytes and MEF-derived

adipocytes (Gong et al., 2011).

It is important to note that in our algorithm, the LD size has been taken into

account and normalized in the calculation. Although LD size affects the fluorescence

recovery curve, we observed that LD pairs with various size combinations show sim-

ilar lipid exchange rates in cells expressing Fsp27-GFP. In addition, we observed that

lipid exchange rates are similar between LD pairs with unequal sizes, regardless

which LD (the large or small one) is photobleached. Therefore, the size of LD within

the contacted LD pairs does not affect the lipid exchange rate. We have previously

reported that Fsp27-meidated lipid exchange was observed in paraformaldehyde-

fixed cells, suggesting that the structure of lipid-diffusion pore can be preserved after

fixation. However, cautions need to be taken in this experiment as the duration and

effectiveness of fixation may affect the pore structure and the lipid exchange rate.

FRAP assay performed in live cells is more reliable.

14.3 MEASURING LD FUSION RATE
The final step of Fsp27-mediated LD fusion involves the transfer of bulk neutral

lipids from the smaller to the larger LD within the contacting pair, resulting in

the fusion of two LDs into a larger one. Thus, the fusion rate could be expressed

as the net lipid transfer rate from the donor LD to the acceptor LD within the fusion

pair. Since Fsp27-dependent LD fusion did not occur between LDs with the same

262 CHAPTER 14 Imaging Lipid Droplet Fusion and Growth



size, we proposed that the internal pressure difference due to size difference of the

contacting LDs may provide the driving force for directional lipid transfer. Both the

LD surface tension and the fusion pore/channel in LDCS may influence the LD fu-

sion rate (Gong et al., 2011). We labeled the LD surface and LDCS with Fsp27-GFP

and documented the process of Fsp27-mediated LD fusion under spinning disk mi-

croscope. The neutral lipid transfer rate in cultured adherent cells is then quantified

by assessing the LD size change in live cells.

14.3.1 Materials and experimental procedures
14.3.1.1 Materials

3T3-L1 preadipocytes

35 mm Labtek live cell imaging culture chamber

10 mM oleic acid coupled to BSA (10 mg/ml)

Lipofectamine 2000 (Life Technologies)

Plasmids encoding GFP-tagged LD proteins

Spinning disk microscope

14.3.1.2 Experimental procedures
1. Procedures for 3T3-L1 preadipocytes culture, transfection, and visualization of

LD morphology by fluorescent microscopy are similar as described above. After

overnight culture, cells are transfected with Fsp27-GFP using Lipofectamine

2000 according to the manufacturer’s instruction.

2. 4–6 h after transfection, cells are washed with DMEM and incubated in DMEM

containing 10% FBS and 200 mm oleic acids for another 18 h.

3. Cells are incubated in the live cell imaging chamber on the microscope for at least

15 min at 37 �C with 5% CO2.

4. Set 60� oil immersion objective.

5. Select contacted LD pair that has intense green fluorescent signal at the LDCS in

Fsp27-GFP transfected cells. Note that the size difference between contacted

LDs has to be at least 20% or higher in order to observe efficient lipid transfer.

6. To compare the lipid transfer rate between different conditions, we

recommend choosing similarly sized LD pairs. We usually select acceptor LD

with a diameter around 5 mm (5�0.5 mm) and the donor LD with a diameter

around 3 mm (3�0.5 mm).

7. Set the laser power that can clearly visualize both the bright Fsp27-GFP at LDCS

and the faint GFP signal on LD surface.

8. Take live cell imaging for 1–2 h with 30 s intervals.

14.3.2 Data analysis and representative results
According to the proposed model of Fsp27-meidated LD fusion (Gong et al., 2011),

the lipid transfer rate will most likely change in a nonlinear manner even in a single

fusion event due to the dynamic changes of LD sizes and LD surface tension.
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A complete understanding of the dynamic change of lipid transfer rate as a function

of donor and acceptor LD sizes still await large volume of high precision live

cell imaging of LD fusion events and mathematical modeling. Currently, the lipid

transfer rate is quantified as the average lipid transfer rate of the entire LD fusion

process. Thus, similarly sized LD pairs are used for quantitative comparison.

The initial size of donor (smaller) LD (in diameter) is measured as the average of

three consecutive frames when the ring circle of Fsp27-GFP signal on LD surface is

clearly visible. The end point of the completion of lipid transfer is defined as the

donor LD showing a punctate structure attaching to the surface of large LD in five

consecutive frames. We calculated the lipid transfer rate by dividing the volume of

the donor LD with the duration of the lipid transfer. Using this method, we have

shown that Plin1 significantly accelerates the rate of Fsp27-mediated lipid transfer

and LD fusion in 3T3-L1 preadipocytes (Sun et al., 2013). As shown in Fig. 14.3, the

LD fusion pair in cell expressing Fsp27-GFP along (upper panel) contained a donor

LD of 2.6 mm in diameter (9.2 mm3 in volume) and an acceptor LD of 5.2 mm in

diameter. The LD fusion event took 80 min with an average lipid transfer rate of
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FIGURE 14.3

Representative time-lapse images showing that Fsp27 promotes lipid transfer and Plin1

enhances Fsp27when coexpressed in 3T3-L1 preadipocytes. Red asterisks and yellow

arrowheads represent the accepter and donor LDs, respectively. Bars, 4 mm (left panels). The

net neutral lipid transfer rate shows that Plin1 significantly accelerates Fsp27-mediated

lipid transfer and LD fusion (***p<0.001).
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0.11 mm3/min. The LD fusion pair in cell expressing Fsp27-GFP and HA-Plin1

together (lower panel) contained a donor LD of 2.6 mm in diameter (9.2 mm3 in

volume) and an acceptor LD of 5.4 mm in diameter. The fusion event took 40 min

with an average lipid transfer rate of 0.23 mm3/min.

CONCLUSIONS

LD growth in adipocytes plays a central role in the development of obesity and the

sizes of LDs are correlated with insulin sensitivity, inflammatory response, and hyp-

oxia response. It is therefore crucial to develop reliable and quantitative methods to

measure LD growth in adipocytes and nonadipocytes. Using microscopic imaging

technology, we have developed several simple, reliable, and quantitative assays to

measure LD sizes, Fsp27-mediated lipid exchange, and LD fusion in nonadipocytes

and adipocytes. All these methods have been used to evaluate the role of CIDE pro-

teins, in particular Fsp27, in controlling LD growth. Similar techniques can be used

to quantify LD growth promoted by other factors in many cell types.
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PLATE 1 (Fig. 1.1 on page 5 of this volume).

PLATE 2 (Fig. 1.2 on page 7 of this volume).
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