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v

 Lipids are of central importance in the regulation of many aspects of cell function including 
receptor signaling, vesicle traffi cking, and motility. There are a very large number of thera-
peutically important G-protein-coupled receptors and receptor tyrosine kinases that acti-
vate lipid signaling pathways and a range of diseases including some cancers and 
neurodegenerative conditions that are associated with defective intracellular lipid metabo-
lism. Furthermore, as our knowledge of the molecular basis of human genetic disease 
expands so too does the long list of rare but often devastating inherited diseases that arise 
from mutations in genes encoding enzymes involved in lipid signaling. Therefore, there is 
a requirement for sensitive, reliable, and quantitative laboratory methods to investigate this 
medically important area of biochemistry. 

 However, mainly because of their characteristic insolubility in aqueous buffers, lipids 
have collectively proven to be more diffi cult to study than other biomolecules such as pro-
teins and nucleic acids. There are very few off-the-shelf commercially available kits to purify 
and quantify signaling lipids, such as for example the seven different phosphoinositide spe-
cies, and compared to other bioscience disciplines there has then been less progress gener-
ally in the development of easy to use, inexpensive, and highly selective techniques to 
measure and detect these molecules in cultured cells. Nevertheless, despite these various 
hurdles, progress is being made in laboratories across the globe to develop robust protocols 
to study lipid signaling at the cellular level, and many of these cutting-edge techniques are 
described in detail in this volume. 

 In this second edition of Lipid  Signaling  , tried and tested methods are described to 
measure the synthesis of lipids such as the phosphoinositides, ceramides, and sphingomy-
elin, and to molecularly characterize the various kinases and phosphatases that regulate 
their levels in cells. As lipid signaling occurs within    membranes and is known to be sensitive 
to alterations in membrane environment, there are also all several chapters detailing strate-
gies to isolate, characterize and image receptor- initiated signaling cascades in detergent-
resistant membrane domains and cholesterol-rich lipid rafts. These detailed experimental 
protocols are complemented    by review chapters that highlight the technical considerations, 
challenges, and potential pitfalls associated with using these laboratory-based approaches. 

 As editor I have been struck by the enthusiasm of the lipid research community to con-
tribute to this book. This completely rewritten second edition of Lipid  Signaling   has truly 
been an international project. The fi nished product represents the combined work of 47 
authors from 4 continents and I am very grateful to all of them for their efforts. Finally I 
would like to thank Prof John Walker,  Methods in Molecular Biology  series editor at Springer, 
for his editorial guidance during the preparation of this book.  

  London, UK      Mark G.     Waugh    
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    Chapter 1   

 Method for Assaying the Lipid Kinase Phosphatidylinositol-
5- phosphate 4-kinase α in Quantitative High-Throughput 
Screening (qHTS) Bioluminescent Format       

     Mindy     I.     Davis    ,     Atsuo     T.     Sasaki    , and     Anton     Simeonov      

  Abstract 

   Lipid kinases are important regulators of a variety of cellular processes and their dysregulation causes 
 diseases such as cancer and metabolic diseases. Distinct lipid kinases regulate the seven different phos-
phorylated forms of phosphatidylinositol (PtdIns). Some lipid kinases utilize long-chain lipid substrates 
that have limited solubility in aqueous solutions, which can lead to diffi culties in developing a robust and 
miniaturizable biochemical assay. The ability to prepare the lipid substrate and develop assays to identify 
modulators of lipid kinases is important and is the focus of this methods chapter. Herein, we describe a 
method to prepare a DMSO-based lipid mixture that enables the 1536-well screening of the lipid kinase 
phosphatidylinositol- 5-phosphate 4-kinase α (PI5P4Kα) utilizing the  D -myo-di16-PtIns(5)P substrate in 
quantitative high-throughput screening (qHTS) format using the ADP-Glo™ technology to couple the 
production of ADP to a bioluminescent readout.  

  Key words     Quantitative high-throughput screening (qHTS)  ,    PI5P4Kα    ,    Kinase    ,   Lipid  , 
   Bioluminescence    ,   Luciferase  ,    ADP-Glo    ,   Phosphorylation  

1      Introduction 

 Lipids are important signaling molecules that when dysregulated 
can contribute to human disease [ 1 ]. There are seven derivatives of 
phosphatidyl inositol lipids that are formed by phosphorylation at the 
3-, 4-, and/or 5-positions of the inositol ring.    Phosphatidylinositol-
5-phosphate 4-kinases (PI5P4Ks or type II PIPKs) are lipid kinases 
that phosphorylate phosphatidylinositol  5-phosphate (  PI-5-P), 
which is present in cells at very low levels [ 2 ], on the 4′ position to 
produce PI-4,5-P 2  as shown in Fig.  1 . There are three isoforms α, β, 
and γ encoded by the genes  PIP4K2A ,  B  and  C . An alternate route 
to PI-4,5-P 2  is by phosphorylation of PI-4-P on the 5′ position 
by phosphatidylinositol-4- phosphate 5-kinases (PI4P5Ks or type 
I PIPKs), which also have three isoforms, encoded by  PIP5K1A , 
 B , and  C . The type I and type II kinases have different cellular 
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locations with the type I enzymes located at the plasma membrane 
and type the II enzymes localized at internal membranes. Recently, 
the PI5P4K α and β forms, which are upregulated in some breast 
cancer lines (e.g., BT474), were shown to be important for cell 
growth in p53- defi cient breast cancer cell lines and knockdown lead 
to increased levels of reaction oxygen species (ROS) and induced 
cellular senescence [ 3 ]. Also it has been shown that the α isoform 
is highly expressed in acute myeloid leukemia (AML) cell lines and 
depletion of the α isoform by shRNA decreases cell proliferation, 
survival, and tumorigenic activity [ 4 ].

   The knockdown studies described above suggest that develop-
ing small molecule inhibitors of the PI5P4K family could be a new 
avenue for drug development for p53-defi cient cancers with upreg-
ulated PI5P4K levels. There are a variety of assay formats that have 
been described previously to investigate compound modulation of 
kinase enzyme activity, such as HTRF KinEase (Cisbio), 
Transcreener FP ADP Assay (Bellbrooks),  ADP-Glo  ™ (Promega), 
and transfer of γ-phosphate from radiolabeled ATP to product 
[ 5 – 8 ]. To develop a lipid kinase assay, an important consideration 
is the choice and preparation of the lipid substrate. Lipids are often 
prepared as liposomes [ 9 ], and a report utilizing the  D -myo-di16- 
PtIns(5)P substrate, which has limited aqueous solubility, relied on 

  Fig. 1    Schematic representation of the phosphorylation of  D -myo-di16-PtIns(5)P 
by the PI5P4Ks. Reprinted from ref. [ 13 ] with permission from PLoS ONE       

 

Mindy I. Davis et al.
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commercial lipid vesicle preparation to generate 384-well assays for 
PI5P4K α and β that was used to screen a kinase-directed library 
[ 10 ]. A recent paper described a time-resolved fl uorescence reso-
nance energy transfer (TR-FRET) method for assessing PI5P4Kβ 
activity in 384-well format utilizing the  D -myo-di8-PtIns(5)P sub-
strate, which has a shorter chain length and is soluble in assay buf-
fer [ 11 ]. Herein, we describe a DMSO-based method with 
bioluminescence readout to assay  PI5P4Kα   activity with  D  -myo - 
di16-PtIns(5)P substrate in 1536-well format. The DMSO-based 
method allows the lipid mixture to be prepared directly at the 
bench and enabled miniaturization to the 1536-well level for a 
substrate with limited aqueous solubility. The assay described 
herein is a coupled assay in which the product ADP from the 
PI5P4Kα enzyme reaction is coupled through a two-step process 
to luminescence produced by fi refl y luciferase (FLuc)  (ADP- Glo™), 
a method that has been utilized for many types of kinases [ 5 ,  12 ].  

2    Materials 

 Unless otherwise noted, prepare reagents using ultrapure water 
and store reagents at room-temperature. 

        1.    1,2-dipalmitoyl- sn -glycero-3-phosphoserine (DPPS; Echelon 
Biosciences) was suspended in DMSO (1 mL DMSO per 3 mg 
DPPS), sonicated for 1 min and mixed by vortexing for 30 s, 
forming a solution ( see   Note 1 ).   

   2.     D -myo-phosphatidylinositol 5-phosphate diC16 ( D -myo-di16- 
PtIns(5)P; Echelon Biosciences) was suspended in DMSO, 
and alternately sonicated and mixed by vortexing for several 
minutes (333 μL DMSO per 1 mg  D -myo-di16-PtIns(5)P). 
At this stage there is still particulate matter visible.   

   3.    1000 μL of DPPS was added to 500 μL of  D -myo-di16-
PtIns(5)P making a 2:1 mixture. 2250 μL of DMSO was 
added, and the resulting lipid mixture was alternately sonicated 
and mixed by vortexing for several minutes. The result is a 
suspension with no visible particulate matter.      

       1.     PI5P4Kα  / D -myo-di16-PtIns(5)P reagent: 10 nM PI5P4Kα, 
31 μM  D -myo-di16-PtIns(5)P, 79 μM DPPS, 40 mM Hepes 
pH 7.4, 0.25 mM EGTA, 0.1 % CHAPS. Protein was expressed 
and purifi ed as described in ref. [ 13 ]. To make this reagent, 500 
μL of lipid mix described in Subheading  2.1  was added to 6130 
μL of buffer (43 mM Hepes pH 7.4, 0.27 mM EGTA, 0.108 % 
CHAPS), and the mixture was sonicated and mixed by vortex-
ing. PI5P4Kα (37 μL) was then added and the solution was 
gently mixed by pipetting. This reagent was stored on wet ice.   

2.1   D -myo-di16- 
PtIns(5)P/DPPS Lipid 
Preparation

2.2   PI5P4Kα   
qHTS Assay

Method to Probe Lipid Kinases
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   2.    No  PI5P4Kα   buffer: 31 μM  D -myo-di16-PtIns(5)P, 79 μM 
DPPS, 40 mM Hepes pH 7.4, 0.25 mM EGTA, 0.1 % 
CHAPS. Assembled as described in  step 1  but with 50 mM 
Hepes pH 7.4, 0.1 % CHAPS buffer replacing the enzyme.   

   3.    No  D -myo-di16-PtIns(5)P buffer: 10 nM  PI5P4Kα  , 40 mM 
Hepes pH 7.4, 0.25 mM EGTA, 0.1 % CHAPS. Assembled as 
described in  step 1  but with DMSO replacing the lipid mix ( see  
 Note 2 ).   

   4.    ATP buffer: 15 μM ATP, 20 mM Hepes 7.4, 60 mM MgCl 2 , 
0.1 % CHAPS ( see   Notes 3 – 4 ).   

   5.    Thaw  ADP-Glo  ™ Reagent (Promega) at room temperature 
per manufacturer’s protocol ( see   Note 5 ).   

   6.    Thaw  Kinase   Detection Reagent (Promega) at room tempera-
ture per manufacturer’s protocol and transfer kinase detection 
buffer to powdered kinase detection reagent making sure the 
buffer is fully dissolved. If precipitate is present in the buffer, 
the supernatant can be removed and the precipitate discarded 
or the solution can be warmed with swirling to 37 °C per the 
manufacturer’s protocol prior to addition to the powdered 
kinase detection reagent.   

   7.    Assay Plates: 1536-well white solid bottom medium-binding 
high-base plates from Greiner were used.   

   8.    The assay reagents were dispensed using a BioRAPTR (Beckman 
Coulter).   

   9.    The Lopac 1280  (Sigma-Aldrich) library was screened and the 
control compound was Tyrphostin AG82 (Cayman Chemical 
Company). Compounds were transferred to the assay plate 
with a pintool (Kalypsys Systems) ( see   Note 6 ).   

   10.    The assay plate was read on a ViewLux (PerkinElmer) plate 
reader.       

3    Methods 

 Carry out all procedures at room temperature unless otherwise 
specifi ed. 

       1.    Dispense 2 μL of  PI5P4Kα  / D -myo-di16-PtIns(5)P enzyme 
reagent into columns 1, 2, 5–48 of the assay plate with a 
BioRAPTR.   

   2.    Dispense 2 μL of no  D -myo-di16-PtIns(5)P buffer into col-
umn 3 as a control for assessment of enzyme uncoupling.   

   3.     Dispense  2 μL of no  PI5P4Kα   buffer control into column 4 as 
the control for normalizing.   

   4.    Centrifuge for 10 s at 300 ×  g .   

3.1   PI5P4Kα   
qHTS Assay

Mindy I. Davis et al.
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   5.    Transfer 23 nL of each library compound dissolved in DMSO 
from a 1536-well clear compound plate arrayed in columns 
5–48 and 23 nL of control compounds (DMSO in column 1, 
3–4, and Tyrphostin AG82 [ 13 ] in duplicate 16-pt dose 
response in column 2) from a 1536-well compound plate 
arrayed in columns 1–4 into the assay plate using the pintool 
( see   Note 7 ).   

   6.    Incubate the assay plate for 15 min to allow for compound 
binding.   

   7.    Initiate the enzyme reaction by dispensing 1 μL of ATP buffer 
to all wells of the assay plate using the BioRAPTR.   

   8.    Cover the plate with a solid gasketed lid that prevents both 
evaporation and exposure to light.   

   9.    Incubate at room temperature for 1 h.   
   10.    Dispense 2 μL of  ADP-Glo  ™ reagent ( see   Note 8 ).   
   11.    Incubate the lidded plate for 40 min.   
   12.    Dispense 4 μL of  Kinase   Detection reagent.   
   13.    Incubate the lidded plate for 30 min.   
   14.    Read the luminescence signal (20 s exposure) with a ViewLux.   
   15.    Normalize the data using the DMSO-treated control columns 

with (maximum signal; column 1) and without (minimum sig-
nal, column 4) enzyme. Figure  2  shows the assay statistics for 
a six-plate qHTS library screen of the Lopac 1280  library [ 13 ] 
( see   Notes 9 – 11 ).

4            Notes 

     1.    Making the lipid reagents in glass vials will minimize sticking 
that can occur to plastic containers. The DPPS/ D -myo-di16- 
PtIns(5)P lipid mixture can be made ahead of time and stored 
in glass vials at −20 °C until use. The mixture is stable to at 
least six freeze–thaw cycles. The lipid mixture can be thawed at 
room temperature and sonicated prior to use. For the dispens-
ing on the BioRAPTR, a glass vial was placed inside the plastic 
container and the samples were placed in the glass vial.  D -MYO- 
DI16 -PtIns(5)P is minimally soluble in DMSO. Therefore it is 
recommended to add the DPPS DMSO solution to the  D -MYO- 
DI16 -PtIns(5)P followed by sonication to assist the formation 
of the uniform suspension.   

   2.    Contaminating ATPases in the enzyme preparation can con-
found the  ADP-Glo  ™ data on your lipid kinase. Testing whether 
the protein prep has ATPase activity in the absence of substrate 
can indicate a contaminating ATPase or, particularly in the case 
of a tyrosine kinase, some autophosphorylation activity.   

Method to Probe Lipid Kinases
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   3.    The Ultra Pure ATP that is included in the ATP-Glo™ kit was 
used here. It is important to use a source of ATP that contains 
very low levels of ADP which will interfere with the assay.   

   4.    The assay conditions have ATP present at the  K  m  which pro-
vides maximum sensitivity to identifying all three types of 
inhibitors (competitive, noncompetitive, and uncompetitive) 
[ 14 ]. This assay format can be modifi ed to determine the 
mechanism of inhibition with respect to ATP by running the 
assay at various ATP concentrations spanning from 0.25 to 
10×  K  m  of ATP [ 13 ]. Then, by plotting the [ATP]/ K  m  vs. 
IC 50 , the slope of the line will indicate the mechanism of action 
with respect to ATP: a positive slope indicates competitive, a 
negative slope indicates noncompetitive, and no slope indi-
cates uncompetitive mode of inhibition.   

   5.    The  ADP-Glo  ™ kit can be used per the manufacturer’s pro-
tocol for concentrations of ATP up to 1 mM, and it is able 
to detect picomolar levels of ADP. The fi nal Mg 2+  concentra-
tion in the reaction must be between 0.5 and 50 mM. The kit 
is able to tolerate up to 5 % DMSO per the manufacturer’s 
protocol and that is the concentration of DMSO utilized in 
this assay. These ADP-Glo™ reagents can be refrozen and 
stored at −20 °C for subsequent use. Any particulates present 

  Fig. 2    Performance of the  PI5P4Kα   Lopac 1280  qHTS   screen in 1536-well plates. ( a )  Z  ′ factor, ( b ) signal/back-
ground, and ( c ) % column variance as a function of assay plate. ( d ) IC 50  data for AG-82 control compound from 
each of six plates displayed with six symbols. Reprinted from ref. [ 13 ] with permission from PLoS ONE       
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upon thawing should be removed prior to dispensing on the 
BioRAPTR.   

   6.    Additional details for preparing the compound plates for qHTS 
is described in ref. [ 15 ].   

   7.    The tolerability of the enzyme assay to DMSO should be tested 
if the compounds are to be added as a DMSO solution. Here 
the fi nal reaction DMSO concentration is 5 % and there is no 
effect of DMSO until >15 % [ 13 ].   

   8.     In order  to have the total volume of the fi nal coupled reac-
tion fi t within the confi nes of the 1536-well plate (12 μL total 
volume to completely fi ll the well; <10.5 μL would be a 
 recommended total volume) while still allowing the initial 
enzyme reaction to be in a volume amenable to pin transfer 
of compounds, the volume ratio of the  ADP-Glo  ™ reagents 
was decreased (3 kinase reaction : 2 ADP-Glo™: 4  Kinase   
Detection) compared to the manufacturer’s protocol, which 
recommends 1 kinase reaction: 1 ADP-Glo™: 2 Kinase 
Detection. The linearity of the kit was tested by using admix-
tures of ATP and ADP that total 5 μM and assessing the lin-
earity of the kit at the decreased ratio of ADP-Glo™ reagents. 
There was no decrease in assay performance under the condi-
tions described herein upon reduction of the ratio of reagents 
but this would need to be validated for alternate assay designs. 
Additionally, a standard curve can be made by testing the 
various % conversion equivalents of the ATP/ADP mixtures 
to determine what % conversion the assay is being run at. For 
the  PI5P4Kα   under the conditions described herein, the  a  ssay 
is at 20 % conversion. The enzyme concentration should be 
optimized for each new lot of PI5P4Kα.   

   9.    The signal to background achieved with the DMSO-based 
method and the lipid vesicle method described in ref. [ 10 ] 
were very similar [ 13 ].   

   10.    The plate stats for a 6-plate screen executed against the 
Lopac 1280  compound library had  Z  ′ = 0.77, CV = 9.3 % and 
S/B = 12.6 [ 13 ]. The MSR of the IC 50  for Tyrphostin AG-82 
was 1.29. Data were deposited in PubChem AID 652105, 
652103, 743286, and 743285 (detection counterassay).   

   11.    Set up mock reactions without  PI5P4Kα   kinase but with all 
other  assay   components present, including a mixture of ADP 
and ATP to mimic the kinase reaction results (i.e., 2 μM 
ADP and 3 μM ATP to mimic 20 % conversion for a 5 μM 
ATP reaction), to test whether the test compounds interfere 
with any aspects of the detection system. The  ADP-Glo  ™ kit 
includes multiple enzyme components, one of which, fi refl y 
luciferase, has been shown previously to be subject to modu-
lation by small molecules [ 16 ,  17 ].         

Method to Probe Lipid Kinases
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    Chapter 2   

 Assaying Ceramide Synthase Activity In Vitro and in Living 
Cells Using Liquid Chromatography-Mass Spectrometry       

     Xin     Ying     Lim    ,     Russell     Pickford    , and     Anthony     S.     Don      

  Abstract 

   Sphingolipids are one the major lipid families in eukaryotes, incorporating a diverse array of structural and 
signaling lipids such as sphingomyelin and gangliosides. The core lipid component for all complex sphin-
golipids is ceramide, a diacyl lipid consisting of a variable length fatty acid linked through an amide bond 
to a long chain base such as sphingosine or dihydrosphingosine. This reaction is catalyzed by a family of 
six ceramide synthases (CERS1-6), each of which preferentially catalyzes the synthesis of ceramides with 
different fatty acid chain lengths. Ceramides are themselves potent cellular and physiological signaling 
molecules heavily implicated in diabetes and neurodegenerative diseases, making it important for research-
ers to have access to sensitive and accurate assays for ceramide synthase activity. This chapter describes 
methods for assaying ceramide synthase activity in cell or tissue lysates, or in cultured cells (in situ), using 
liquid chromatography-tandem mass spectrometry (LC-MS/MS) as the readout. LC-MS/MS is a very 
sensitive and accurate means for assaying ceramide synthase reaction products.  

  Key words      Ceramide    ,    Ceramide   synthase  ,   Assay  ,    Mass spectrometry    ,   LC-MS  ,   Liquid chromatogra-
phy  ,    CERS    

1      Introduction 

 The importance of ceramides as mediators of physiological and 
pathological processes is now well established and recent advances 
in mass spectrometry have enabled researchers to delve into the 
roles for specifi c forms of ceramide as mediators of different func-
tions and pathologies [ 1 ,  2 ].  Ceramides   appear to be particularly 
important as mediators of metabolic distress and insulin resistance, 
and neurodegenerative conditions [ 3 – 5 ]. At the cellular level, 
ceramides are an integral component of the cell death signaling 
machinery and play an essential role in cell differentiation [ 6 ,  2 ]. 

  Ceramides   are synthesized through the addition of a variable 
length fatty acid to the amine group of a sphingoid base. In mam-
malian cells, the sphingoid base used for de novo ceramide synthesis 
is usually the C18:0 lipid dihydrosphingosine (Fig.  1 ), formed 
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from the condensation of serine and palmitoyl-coenzyme A 
(C16:0-CoA). C16 or C20 sphingoid bases occur at much lower 
abundance [ 7 ,  8 ].  Ceramide   synthesis is catalyzed by a family of six 
ceramide synthases (CERS1-6), each of which preferentially trans-
fers fatty acids of different lengths to the amine group of dihydro-
sphingosine. Thus, CERS1 preferentially catalyzes the transfer of a 
C18:0 fatty acid, forming C18:0 dihydroceramide (d18:0/18:0 
ceramide); CERS2 preferentially transfers very long chain fatty 
acids (C22–C26); CERS3 transfers even longer chain fatty acids 
(C26, C28), forming highly hydrophobic ceramides that are a very 
important part of the water barrier function of skin; CERS4 trans-
fers C18 and C20 fatty acids; CERS5 transfers C16 fatty acids, and 
potentially also C14 and C18 fatty acids; and CERS6 transfers C14 
and C16 fatty acids [ 1 ,  9 ,  10 ].

   To assay  CERS   activity using LC-MS/MS, crude extracts con-
taining cell membranes are fi rstly prepared from tissues or cultured 
cells. These extracts are used as the enzyme source for reactions 
containing deuterated dihydrosphingosine (or sphingosine) and a 
fatty acid substrate linked to CoA. The precise product formed is 

  Fig. 1    Diagrammatic illustration of ceramide synthase activity.  CERS   enzymes 
catalyze the transfer of a variable length fatty acid, linked to coenzyme A (C16:0 
fatty acid is shown), to dihydrosphingosine. In living cells, the dihydroceramides 
formed are rapidly desaturated by ceramide desaturases (DEGS1/2), forming 
ceramides. Note that CERS1-6 can use sphingosine as a substrate in place of 
dihydrosphingosine, directly forming ceramides rather than dihydroceramides       
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naturally dependent on the substrates used. For example, C24:1 
dihydroceramide (d18:0/24:1 ceramide) is formed in a reaction 
using dihydrosphingosine (C18:0) and C24:1 fatty acid-coenzyme 
A (nervonoyl-CoA), whilst C24:0 ceramide (d18:1/24:0 ceramide) 
is formed from sphingosine (C18:1) and C24:0-CoA (lignoceroyl- 
CoA). Reactions are stopped with the addition of four volumes of 
methanol and, after clearing insoluble material, reaction products 
are quantifi ed directly from this reaction mixture using LC-MS/MS. 
A standard curve may be prepared from commercially available 
dihydroceramide standards for absolute quantifi cation. 

 The method we describe is intended for a triple quadrupole 
MS, as these instruments are very common and exhibit the greatest 
dynamic range. Users with different instrumentation would need 
to adapt the instrument set-up and product detection conditions 
to their particular MS, but the HPLC conditions should remain 
constant. Although dihydroceramide reaction products could be 
detected following direct infusion into the MS electrospray source, 
the use of an HPLC column provides improved sensitivity, greater 
confi dence in identifi cation of the product, and more accurate 
quantifi cation based on HPLC peak areas. As shown in Fig.  2 , the 
limit of sensitivity using LC-MS/MS on a Thermo Fisher Scientifi c 
Quantum Access triple quadrupole mass spectrometer is <40 
fmoles on column, permitting the detection of as little as 0.5 
pmoles product formed in a standard 50 μL reaction with 500 
pmoles substrate.

   Compared to traditional TLC methods for product quantifi -
cation, LC-MS/MS permits the separation and quantifi cation of 
closely related but structurally distinct ceramide species. For example, 
C24:1 dihydroceramide and C24:0 dihydroceramide are easily 

  Fig. 2    Linearity of peak areas as a function of pmoles loaded for C16:0 ceramide 
and C16:0 dihydroceramide. Peak areas are expressed as ratios to 50 pmoles 
C17:0 ceramide internal standard. The amounts shown ( x -axis) are pmoles on 
column (i.e. pmoles/20 μL)       
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distinguished on the basis of both mass and HPLC elution time. 
Even ceramide variants with identical mass, such as C24:1 dihy-
droceramide (d18:0/24:1) and C24:0 ceramide (d18:1/24:0), 
can be distinguished on the basis of HPLC elution time and dif-
fering fragment ions produced under interrogation with tandem 
mass spectrometry: although both molecules are detected as an 
ion with mass/charge ratio ( m / z ) of 650.64, ceramides produce 
an  m / z  264.1 product ion following collision-induced dissocia-
tion, whilst the equivalent fragment ion produced by dihydroc-
eramides has  m / z  266.1. LC-MS/MS is therefore a very 
sensitive and accurate approach for quantifying the products of 
ceramide synthase reactions. Researchers without ready access 
to LC-MS instrumentation may consider fl uorescence-based 
assays described in Chapter 3, or traditional radioactive methods 
[ 11 ,  12 ]. 

 This chapter also includes a method for analyzing ceramide 
synthase activity in cultured cells. In this method, cells are incu-
bated with deuterated (D7) dihydrosphingosine, which is con-
verted in the cells by ceramide synthases to D7-dihydroceramides, 
and then to D7-ceramides. These cellular lipids are extracted using 
a method adapted from Bielawski et al. [ 13 ], and quantifi ed using 
LC-MS/MS.  

2    Materials 

       1.    Phosphate Buffered Saline (PBS). Can be purchased directly 
from various suppliers.   

   2.    Lysis buffer: 20 mM Hepes, pH 7.4, 10 mM KCl, 1 mM 
dithiothreitol, complete protease inhibitor cocktail (Roche), 
and 3 mM β-glycerophosphate ( see   Note 1 ).   

   3.    Total protein assay kit. We use the BCA assay kit.   
   4.    Plastic cell scrapers.      

       1.    Fatty acid-coenzyme A conjugates may be purchased from 
Sigma-Aldrich or Avanti Polar Lipids. These may be reconsti-
tuted at 5 mM with water and stored in aliquots at −20 °C.   

   2.    Deuterated (D7) dihydrosphingosine is purchased from Avanti 
Polar Lipids, reconstituted at 10 mM in methanol or DMSO, 
and stored at −20 °C ( see   Note 2 ).   

   3.    C17 ceramide (d18:1/17:0) or C17:0 dihydroceramide 
(d18:0/17:0) internal standard (available from Avanti Polar 
Lipids). This is reconstituted at 5 mM in methanol and stored 
at −20 °C.   

   4.    Reaction buffer: 20 mM Hepes, pH 7.4, 25 mM KCl, 2 mM 
MgCl 2 , 0.5 mM DTT, 0.1 % (w/v) fatty acid free BSA 

2.1  Cell or Tissue 
Lysis for In Vitro 
Assays

2.2   CERS   Reactions
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( see   Note 3 ), 10 μM dihydrosphingosine, and 50 μM of the 
appropriate fatty acid-CoA (e.g., C16:0-CoA or C24:0-CoA).   

   5.    Eppendorf Thermomixer or similar instrument for agitated 
incubation of 1.5 mL tubes.   

   6.    Glass HPLC vials with fused inserts and caps. We use screw top 
glass vials with 0.3 mL fused inserts, and matched rubber caps 
with PTFE septa.      

       1.    Mass Spectrometer (MS) equipped with autosampler and LC 
system. We describe settings for a Thermo Fisher Scientifi c 
Quantum Access triple quadrupole MS coupled to a Thermo 
Fisher Scientifi c Accela UPLC.   

   2.    A C8 or C18 reverse phase chromatography column. Column 
elution times are shorter with a C8 column (Table  1 ). The 
protocol described herein uses an Agilent 3 × 150 mm XDB-
C8 column (5 μM pore size) or an Agilent Poroshell 120, 
2.1 × 150 mm SB-C18 column (2.7 μM pore size).

       3.    Dihydroceramide standards for quantifi cation (d18:0/16:0, 
d18:0/18:0, d18:0/24:0, d18:0/24:1), purchased from 
Avanti Polar Lipids. Stored as 5 mM stock solutions in metha-
nol, at −20 °C.   

   4.    HPLC mobile phase: methanol containing 0.2 % formic acid 
(v/v) and 1 mM ammonium formate.      

       1.    Cell culture plates (6-well) and growth medium suitable for 
the cells of interest.   

   2.    75 % isopropanol/25 % deionized water (v/v) for cell 
extraction.   

   3.    Ethyl acetate for cell extraction.   
   4.    Borosilicate glass centrifuge tubes with screw caps. We use 15 mL 

(16 × 125 mm) tubes from Thermo Fisher Scientifi c, but 10 mL 
tubes are also suitable.   

   5.    SpeedVac centrifugal vacuum evaporator system (Thermo 
Fisher Scientifi c) or similar.   

   6.    5 mL borosilicate glass vials (75 × 12 mm) suitable for use in 
the SpeedVac or similar system.   

   7.    Glass HPLC vials with fused inserts and caps.       

3    Methods 

       1.    We recommend lysing 10–20 mg fresh-frozen tissue or a mini-
mum of 10 6  cells in 0.5 mL lysis buffer. This should yield pro-
tein concentrations in the range 1–3 mg/mL. Cells should be 
washed once with PBS and scraped directly into lysis buffer. 

2.3  Quantifi cation 
of Dihydroceramide 
Products Using LC-MS

2.4  Quantifi cation 
of  Ceramide   Synthase   
Activity in Living Cells

3.1  Lysis of Cells or 
Tissues for In Vitro 
Assays

LC-MS Assay for Ceramide Synthase Activity
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Alternatively, cells can be detached with trypsin/EDTA 
 solution, washed with PBS, then pelleted by centrifugation at 
200 ×  g  for 5 min prior to lysis.   

   2.    Tissue or cells can be lysed using either a glass Dounce homog-
enizer or a sonicating bath that is suitable for small volumes. 
We use a Diagenode Bioruptor set to High intensity, with a 30 
s on/30 s off cycle. As the sonicating bath heats very rapidly, 
the Bioruptor is kept at 4 °C and ice is added to prevent sample 
heating. For solid tissues, a tissue homogenizer should be 
used, or the tissue should be ground over dry ice or liquid 
nitrogen prior to lysis, using Eppendorf micropestles.   

   3.    The homogenate is centrifuged for 10 min at 800 ×  g  to pellet 
nuclei and unbroken cells, and the supernatant is transferred to 
a new tube.   

   4.    The protein concentration is measured using a BCA assay kit 
( see   Note 4 ), and the lysate is stored in aliquots at −80 °C.      

       1.    Reactions are run in 1.5 mL tubes. The standard reaction vol-
ume is 50 μL, using the reaction buffer described above. 
Reactions are started with the addition of 10–25 μg lysate pro-
tein and run at 37 °C on a thermomixer with vigorous shaking 
( see   Note 5 ).   

   2.    Reactions are stopped with the addition of four volumes of 
methanol that includes 50 pmoles C17 ceramide internal stan-
dard, and the tubes are vortexed. The tubes are centrifuged for 
20 min at 21,800 ×  g  to remove any insoluble material, after 
which the top 0.2 mL of the supernatant is transferred to glass 
HPLC vials for MS analysis. The vials may be stored at 4 °C 
( see   Note 6 ).   

   3.    It is recommended to set up controls in which no enzyme (i.e., 
lysate) or no fatty acid-coA substrate is added to the reaction.      

        1.    Selected reaction monitoring mode is employed on the mass 
spectrometer after positive mode electrospray ionization. 
Precursor and product ion mass-to-charge ratios ( m / z ) are as 
indicated in Table  1 . Mass to charge ratios for both precursor 
and product ions of D7-dihydroceramides are increased by 7 
mass units compared to the naturally occurring lipids. We 
strongly recommend that instrument-specifi c parameters such 
as most abundant product ion, collision energy, collision gas 
pressure, electrospray voltage, electrospray source tempera-
ture, source gas fl ow rates, tube lens/S lens voltage, capillary 
temperature, and skimmer offset be determined empirically in 
the laboratory in which the assay is being run. This is done by 
direct infusion of one or more dihydroceramide standards into 
the MS source, according to the instrument manufacturer’s 
instructions.   

3.2   CERS   Assay

3.3  Quantifying 
 Ceramide   Products 
on a Triple Quadrupole 
MS

Xin Ying Lim et al.
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   2.    The fl ow rate is 0.5 mL/min using the HPLC mobile phase 
described in the Materials section.   

   3.    20 μL of each sample is resolved on the column, with a total 
run time of 9 min for the C8 column and 15 min for the C18 
column. Different dihydroceramide or ceramide products elute 
at different times from the HPLC column, as listed in Table  1 .   

   4.    An external calibration curve spanning the range 1 nM to 2 
μM (0.25–500 pmoles in 250 μL HPLC mobile phase) should 
be constructed for the dihydroceramide or ceramide reaction 
product that is being measured. For the standard curve, it is 
ideal to use the naturally occurring equivalent to the form of 
D7-dihydroceramide that is generated in the reaction. Each 
standard curve dilution should contain 50 pmoles C17 
ceramide internal standard.   

      Table 1 
  Exact mass, column elution times, and precursor and product ion masses [M + H] for commonly 
studied dihydroceramide and ceramide species   

 Ceramide a  
 Molecular 
weight 

 Precursor  m / z  
[M + H] c  

 Product  m / z  
[M + H] c  

 Collision 
energy 
(eV) 

 C8 column 
elution time 
(min) 

 C18 column 
elution time 
(min) 

  Dihydroceramides  

 d18:0/16:0  539.53  540.5 (547.5)  522.5 (529.5)  17  3.1  3.3 

 d18:0/18:0  567.55  568.6 (575.6)  550.6 (557.6)  17  3.6  4.3 

 d18:0/24:0  651.65  652.7 (659.7)  634.7 (641.7)  17  5.8  10.9 

 d18:0/24:1  649.64  650.6 (657.6)  632.6 (639.6)  17  5.0  8.0 

   Ceramides    

 d18:1/17:0 b   551.53  552.5  264.1  30  3.2  3.4 

 d18:1/16:0  537.51  538.5 (545.5)  264.1 (271.1)  30  3.0  3.0 

 d18:1/18:0  565.54  566.5 (573.5)  264.1 (271.1)  30  3.4  3.9 

 d18:1/20:0  593.57  594.6 (601.6)  264.1 (271.1)  30  3.9  5.3 

 d18:1/22:0  621.61  622.6 (629.6)  264.1 (271.1)  30  4.6  7.2 

 d18:1/24:0  649.64  650.6 (657.6)  264.1 (271.1)  30  5.5  9.9 

 d18:1/24:1  647.62  648.6 (655.6)  264.1 (271.1)  30  4.7  7.3 

  Elution times are given for a 3 × 150 mm Agilent XDB-C8 column (5 μm pore size) and an Agilent Poroshell 120, 
2.1 × 150 mm SB-C18 column (2.7 μm pore size). Mass/charge ( m / z ) values in parentheses are for D7-labeled com-
pounds formed in the reactions. Note that triple quadrupole mass spectrometers are generally only accurate to unit mass 
(whole number) ( see   Note 9 ) 
  a d18:0 forms are commonly referred to as dihydroceramides; d18:1 forms are referred to as ceramides 
  b d18:1/17:0 ceramide is the C17:0 ceramide internal standard 
  c Reactions or cell incubations with D7-dihydrosphingosine result in formation of D7-labeled forms of dihydroceramide 
and ceramide. The  m / z  values for these are given in parentheses  

LC-MS Assay for Ceramide Synthase Activity
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   5.    Data is analyzed using the vendor software (XCalibur for 
Thermo MS systems). Peak areas are determined for the 
D7-dihydroceramide reaction product and expressed as a ratio 
relative to the C17:0 ceramide internal standard for each sample. 
Similarly, external standard peak areas are expressed as ratios to 
the internal standard, and the resulting calibration curve (Fig.  2 ) 
is used to calculate the pmoles product formed in the reaction. 
Figure  3  shows chromatograms for an example reaction assaying 
C24:1 ceramide synthase activity in mouse liver homogenates. 
As expected, product formation is inhibited with the well char-
acterized ceramide synthase inhibitor fumonisin B1 [ 14 ].

              1.    Cells are seeded on the preceding day at the desired concentra-
tion for the assay. We have found 2.5 × 10 5  cells per well of a 
6-well culture plate to be suitable for this assay.   

3.4  Assaying  CERS   
Activity of Living Cells

  Fig. 3    Chromatograms showing peaks for D7-labeled C24:1 dihydroceramide products. Reactions were set up 
with 25 μg mouse liver homogenate, and D7-dihydrosphingosine (10 μM) and C24:1-CoA (50 μM) as sub-
strates. Chromatograms shown in ( b ) are for a reaction that included the ceramide synthase inhibitor fumonisin 
B1 (10 μM), illustrating the inhibition of product (D7-C24:1 dihydroceramide) formation relative to the vehicle 
control reaction ( a ). Chromatograms for the C17:0 ceramide internal standard are also shown for reference       
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   2.    Cells are pretreated with the desired inhibitors or genetic 
manipulations, then incubated for 1 h with 500 nM 
D7-dihydrosphingosine.   

   3.    Cells are washed once with PBS to remove serum proteins.   
   4.    The cells are held on ice, and 0.4 mL 75 % isopropanol con-

taining 50 pmoles C17:0 ceramide internal standard is added 
to each well. A cell scraper is used to collect the cells into the 
solvent mixture, and the cell extracts are transferred to a 15 
mL glass centrifuge tube. The culture wells are then washed 
with another 0.4 mL 75 % isopropanol, and this extract is com-
bined with the fi rst.   

   5.    Ethyl acetate (1.2 mL) is added to each tube, and the mixture 
is vortexed, then sonicated for 2 h in a sonicating water bath, 
with heating to approximately 50 °C ( see   Note 7 ).   

   6.    Cell extracts are centrifuged at 3700 ×  g  for 10 min to pellet 
insoluble debris, and the supernatant is transferred to a 5 mL 
glass vial.   

   7.    Insoluble debris is re-extracted with another 2 mL ethyl ace-
tate–isopropanol–water (6:3:1, v/v/v) as described above. 
The supernatants are combined.   

   8.    Cell extracts (i.e., supernatant) are dried down in a SpeedVac 
or similar vacuum evaporator, or under a stream of nitrogen.   

   9.    Cell extracts are reconstituted with vigorous vortexing in 0.25 
mL HPLC mobile phase.   

   10.    Glass tubes are centrifuged at 3700 ×  g  for 10 min to pellet any 
insoluble material, and 0.2 mL of the supernatants are trans-
ferred to glass HPLC vials with inserts. Vials are stored at 4 °C 
pending LC-MS analysis ( see   Note 6 ).   

   11.    Quantify D7-dihydroceramides and D7-ceramides using 
LC-MS/MS, as described in Subheading  3.3 . In cultured cells, 
the D7-dihydroceramides formed from D7- dihydrosphingosine 
will be rapidly converted to ceramides by desaturases ( DEGS1  
and  DEGS2 ). It is therefore important to quantify D7-ceramides 
as well as D7-dihydroceramides ( see   Note 9 ). Figure  4  shows 
an example for U251 glioblastoma cells treated with the 
ceramide synthase inhibitor fumonisin B1.

4            Notes 

     1.    We include the β-glycerophosphate as a protein phosphatase 
inhibitor. A recent publication has demonstrated that ceramide 
synthase activity in yeast is regulated by phosphorylation [ 15 ].   

   2.    Deuterated (D7) dihydrosphingosine is used as the substrate 
to avoid any baseline level of dihydroceramide products attrib-

LC-MS Assay for Ceramide Synthase Activity
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uted to endogenous dihydroceramides in the cell or tissue 
extracts. Note that these endogenous dihydroceramides are 
likely to be low abundance, and it is therefore also feasible to 
use natural dihydrosphingosine as the substrate in place of the 
D7 form, provided that control reactions with cell or tissue 
extract but without dihydrosphingosine substrate are included 
to assess endogenous levels of dihydroceramides.   

   3.    Fatty acid free BSA, available from a number of common bio-
chemical suppliers, is used as a carrier for the ceramide formed 
in the reaction. Standard laboratory BSA contains lipids and 
fatty acids that may interfere with the reaction or quantifi ca-
tion of reaction products.   

   4.    Serum proteins will interfere with estimation of protein con-
centration by BCA or similar protein assay. Protein concentra-
tion may also be determined using other common assays.   

   5.    It is recommended for the user to run a test assay confi rming 
that  CERS   activity is linear with respect to time and/or lysate 
concentration before picking a single time and lysate protein 
concentration at which to compare different samples. In our 
experience, reactions are linear over 30 min, using between 10 
and 30 μg lysate protein, but this will obviously depend on the 
level of CERS activity in the samples of interest.   

   6.    Prolonged storage at 4 °C, or particularly at −20 °C, may result 
in further precipitate forming. In this case the supernatant 
should be transferred to new HPLC vials. Care should be taken 

  Fig. 4    Formation of D7-ceramides from D7-dihydrosphingosine in cultured cells. 
U251 glioblastoma cells (2.5 × 10 6  cells) were pretreated for 1 h with 5 μM 
fumonisin B1, prior to a 1 h incubation with 500 nM D7-dihydrosphingosine. As 
expected, the D7-dihydrosphingosine is converted to dihydroceramides and 
ceramides in the cells, and this is inhibited with fumonisin B1.  Cer  ceramide, 
 dhCer  dihydroceramide       
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to ensure that no precipitate is loaded onto the LC-MS system, 
as this may clog the injection port or column.   

   7.    It is important not to allow the sonication to cause overheating 
of the glass tubes, as this will result in solvent spillage into the 
water bath and a potential inhalation hazard with the ethyl 
acetate.   

   8.    When considering lipids that are separated in mass by only two 
mass units, it is important to consider the peaks produced by 
naturally occurring heavy carbon ( 13 C) isotopes. These repre-
sent around 1 % of all carbon atoms. For example, C24:1 
ceramide, monitored with  m / z  648.6, will also produce a peak 
with  m / z  650.6, albeit with greatly reduced intensity com-
pared to the  m / z  648.6 peak. Since  m / z  650.6 will also detect 
C24:1 dihydroceramide and C24:0 ceramide, it is very impor-
tant in these instances to employ external standards for each 
lipid of interest, in order to confi rm the expected HPLC col-
umn elution times. This issue is not particularly problematic 
when monitoring a single product formed in an in vitro reac-
tion, but is an important consideration when monitoring a 
complex lipid mixture isolated from cultured cells. We note 
that the C18 column provides better resolution of very long 
chain ceramide species (e.g., C24:1 and C24:0 ceramides and 
dihydroceramides) than does the C8 column.   

   9.    When using a water loss event to monitor for dihydrocerami-
des, as indicated in Table  1  (e.g., C24:1 dihydroceramide pre-
cursor ion  m / z  650.6; product ion  m / z  632.6), it is important 
to note that this will detect any molecule in the range  m / z  
650.1–651.1 that loses a water molecule ( m / z  18.0) following 
collision-induced dissociation. This MS event will therefore 
also detect isobaric ceramide species such as C24:0 ceramide 
(also detected with  m / z  650.6), and heavy carbon forms of 
C24:1 ceramide as discussed in  Note 8 . In these instances, 
HPLC column elution time is particularly important for cor-
rect lipid identifi cation.         
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    Chapter 3   

 Fluorescent Assays for Ceramide Synthase Activity       

     Timothy     A.     Couttas     and     Anthony     S.     Don      

  Abstract 

   Ceramides are the central lipid metabolite of the sphingolipid family, and exert a potent infl uence over cell 
polarity, differentiation, and survival through their biophysical properties and their specifi c interactions 
with cell signaling proteins. Literature on the importance of ceramides in physiology and pathological 
conditions continues to grow, with ceramides having been identifi ed as central effectors in major human 
pathologies such as diabetes and neurodegenerative conditions. In mammals, ceramide synthesis from a 
sphingoid base and a variable length fatty acid is catalyzed by a family of six ceramide synthases (CERS1-6), 
whose active sites exhibit differential specifi city for different length fatty acids. CERS activity has tradition-
ally been measured using radioactive substrates. More recently mass spectrometry has been used. In this 
chapter, we describe a fl uorescent CERS assay, the results of which can be quantifi ed using thin-layer 
chromatography (TLC) or high-performance liquid chromatography (HPLC). Methods for quantifi cation 
with either TLC or HPLC are described.  

  Key words      Ceramide    ,    Ceramide   synthase  ,   Fluorescent  ,   Assay  

  Abbreviations 

    CERS       Ceramide     
  HPLC    High-performance liquid chromatography   
  NBD-dhCer    NBD-dihydroceramide   
  NBD-dhSph    NBD-dihydrosphingosine   
  TLC    Thin-layer chromatography   

1        Introduction 

 The importance of ceramides as mediators of physiological and 
pathological processes is now well established and recent advances 
in mass spectrometry have enabled researchers to delve into the 
roles for specifi c forms of ceramide as effectors of different func-
tions and pathologies [ 1 ,  2 ].  Ceramides   appear to be particularly 
important as mediators of metabolic distress and insulin resistance, 
as well as neurodegenerative conditions [ 3 – 5 ]. At the cellular level, 
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ceramides are an integral component of the cell death signaling 
machinery and play an essential role in cell differentiation [ 2 ,  6 ]. 

  Ceramides   are synthesized through the addition of a variable 
length fatty acid to the amine group of a sphingoid base. In mam-
malian cells, the sphingoid base used for de novo ceramide synthe-
sis is usually the C18:0 lipid dihydrosphingosine (Fig.  1 ), formed 
from the condensation of serine and palmitoyl-CoA. C16 or C20 
sphingoid bases occur at much lower abundance [ 7 ,  8 ]. In mam-
mals, ceramide synthesis is catalyzed by a family of six ceramide 
synthases (CERS1-6), which exhibit specifi city in the length of the 
fatty acids that they transfer to the amine group of dihydrosphin-
gosine. Thus, CERS1 preferentially catalyzes the transfer of a 
C18:0 fatty acid, forming C18:0 dihydroceramide (d18:0/18:0 
ceramide); CERS2 preferentially transfers very long chain fatty 
acids (C22–C26); CERS3 transfers even longer chain fatty acids 
(C26, C28), forming very hydrophobic ceramides that are a very 
important part of the water barrier function of skin; CERS4 trans-
fers C18 and C20 fatty acids; CERS5 transfers C16 fatty acids, and 
potentially also C14 and C18 fatty acids; and CERS6 transfers C14 
and C16 fatty acids [ 1 ,  9 ,  10 ].

   The study of  CERS   enzymes has lagged behind the study of 
ceramide itself. The fl uorescent assay methods described herein 
were designed to improve accessibility of CERS assays to the bio-
medical community by removing the requirement for radioactive 
substrates or mass spectrometers. Elimination of radioactivity is an 
important consideration for many laboratories, particularly iso-
topes with very long half-lives like  3 H and  14 C, used for radioactive 
CERS assays [ 11 ,  12 ]. The only specialized equipment that is 

  Fig. 1     Ceramide   synthases catalyze the condensation of a sphingoid base and a 
fatty acid substrate. The fatty acid substrate used in the reaction is conjugated to 
coenzyme A (CoA)       
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needed is an HPLC system with fl uorescent detector or an imaging 
system with fl uorescent camera (for TLC plates). Researchers who 
have ready access to a mass spectrometer may prefer to use the 
mass spectrometry-based assay described in Chapter   2    . 

 The fl uorescent assay uses commercially available sphingosine 
or dihydrosphingosine labeled with an NBD (2S,3R)-2-amino-18-
((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)octadecane- 1,3- 
diol) fl uorescent group. Depending on the fl uorescent substrate 
used, NBD-sphingosine or NBD-dihydrosphingosine (NBD- 
dhSph), the product of the reaction will be NBD-ceramide or 
NBD-dihydroceramide (NBD-dhCer), respectively. Crude tissue 
or cell homogenates are used as the source of enzyme in reactions 
containing the NBD-labeled sphingoid base and a fatty acid sub-
strate linked to coenzyme A (CoA). Although specifi c desaturases 
rapidly convert dihydroceramides to ceramides inside cells, the 
in vitro reaction with NBD-dhSph produces NBD-dhCer and not 
NBD-Cer as the product. Fluorescent dihydroceramides or cerami-
des formed in the reaction may be detected and quantifi ed using 
either TLC or HPLC. 

 Compared to the TLC-based assay, the increased sensitivity 
afforded by HPLC permits a shortened assay protocol in which 
2-phase extraction, drying, and reconstitution of the reaction mix-
ture is not necessary. Instead, reactions may be stopped with the 
addition of methanol, and the reaction mixture need only be 
cleared by centrifugation before analysis with HPLC. This consid-
erably shortens the assay protocol and is an advantage with the 
HPLC approach, compared to TLC. The reproducibility of col-
umn retention times from one experiment to the next also increases 
confi dence in correct assignment of products when using 
HPLC. However, we have found that both assay formats yield 
robust and reproducible results [ 13 ,  14 ].  

2    Materials 

       1.    Phosphate Buffered Saline (PBS). Can be purchased directly 
from various suppliers.   

   2.    Lysis buffer: 20 mM Hepes, pH 7.4, 10 mM KCl, 1 mM 
dithiothreitol, complete protease inhibitor cocktail (Roche), 
and 3 mM β-glycerophosphate ( see   Note 1 ).   

   3.    Total protein assay kit. We use a Bicinchoninic Acid (BCA) 
assay kit.   

   4.    Plastic cell scrapers.      

       1.    Fatty acid-CoA conjugates may be purchased from Sigma- 
Aldrich or Avanti Polar Lipids. These can be reconstituted 
with water at 5 mM and stored in aliquots at −20 °C.   

2.1  Cell or 
Tissue Lysis

2.2   CERS   Reactions

Fluorescent Ceramide Synthase Assays

http://dx.doi.org/10.1007/978-1-4939-3170-5_2


26

   2.    NBD-dhSph is purchased from Avanti Polar Lipids ( see   Note 2 ).   
   3.    Reaction buffer: 20 mM Hepes, pH 7.4, 25 mM KCl, 2 mM 

MgCl 2 , 0.5 mM DTT, 0.1 % (w/v) fatty acid free BSA ( see  
 Note 3 ), 10 μM NBD-dhSph, and 50 μM of the appropriate 
fatty acid-CoA (e.g., C16:0-CoA or C24:0-CoA).   

   4.    Eppendorf Thermomixer or similar instrument for agitated 
incubation of 1.5 mL tubes.      

       1.    An imaging system with fl uorescent camera (e.g., Fuji LAS4000 
or Bio-Rad ChemiDoc system). Excitation and emission spectra 
for NBD are variable depending on the solvent and environ-
ment (excitation maximum ~466 nM and emission maximum 
at ~536 nM), but standard green fl uorescent fi lters used for 
detection of SYBR Safe dye, fl uorescein, or green fl uorescent 
protein work well.   

   2.    Analytical grade chloroform and methanol.   
   3.    Silica gel 60 TLC plates, aluminum backed.   
   4.    Glass TLC chamber with lid. If a TLC chamber is not available, 

a glass beaker covered with aluminum foil may be used.      

        1.    HPLC system with a fl uorescent detector capable of excitation 
in the range 450–480 nM and detection in the range 530–550 
nM. We use a Thermo Scientifi c Surveyor HPLC, connected 
to a Shimadzu RF-10AXL fl uorescent detector.   

   2.    C8 reverse phase chromatography column. Our protocol uses 
an Agilent 3 × 150 mm XDB-C8 column with 5 μM pore size.   

   3.    Glass HPLC vials with fused inserts and caps. We use screw top 
glass vials with 0.3 mL fused inserts, and matched rubber caps 
with polytetrafl uoroethylene (PTFE) septa.   

   4.    HPLC solvent A: deionized water with 0.2 % formic acid and 
2 mM ammonium formate.   

   5.    HPLC solvent B: analytical grade methanol with 0.2 % formic 
acid and 1 mM ammonium formate.   

   6.    C18:0 NBD-ceramide standard from Avanti Polar Lipids may 
be used to construct standard curves for product quantifi ca-
tion and/or as an internal standard for relative quantifi cation.       

3    Methods 

        1.    We recommend lysing 10–20 mg fresh-frozen tissue or a mini-
mum of 10 6  cells in 0.5 mL lysis buffer. This should yield 
 protein concentrations in the range 1–3 mg/mL. Cells should 
be washed once with PBS and scraped directly into lysis buffer. 
Alternatively, cells can be detached with trypsin/EDTA 

2.3  Quantifying  CERS   
Activity Using TLC

2.4  Quantifying  CERS   
Activity Using HPLC

3.1  Lysis of Cells or 
Tissues

Timothy A. Couttas and Anthony S. Don
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 solution, washed with PBS, then pelleted by centrifugation at 
200 ×  g  for 5 min prior to lysis.   

   2.    Tissue or cells can be lysed using either a glass Dounce homog-
enizer or a sonicating bath that is suitable for small volumes. 
We use a Diagenode Bioruptor set to high intensity, with a 30 
s on/30 s off cycle, for a total of 5 min. As the sonicating bath 
heats very rapidly, the Bioruptor is kept at 4 °C and ice is added 
to prevent sample heating. For solid tissues, a tissue homoge-
nizer should be used, or the tissue should be ground over dry 
ice or liquid nitrogen prior to lysis, using Eppendorf 
micropestles.   

   3.    The homogenate is centrifuged for 10 min at 800 ×  g  to pellet 
nuclei and unbroken cells, and the supernatant is transferred to 
a new tube.   

   4.    The protein concentration is measured using a BCA assay kit 
( see   Note 4 ), and the lysate is stored in aliquots at −80 °C.      

       1.    Reactions are run in standard 1.5 mL tubes with lids. The stan-
dard reaction volume is 50 μL. Reactions are started with the 
addition of 5–25 μg lysate protein and run for 30 min at 37 °C 
on a thermomixer with shaking ( see   Note 5 ). Use low labora-
tory lighting to avoid bleaching of the fl uorescence for this and 
all subsequent steps. Bright fl uorescent laboratory lighting 
may bleach the fl uorescence of the NBD-dhSph substrate and 
reaction products.   

   2.    To ensure that the correct reaction product is being measured, 
we strongly recommend running negative control reactions in 
which the enzyme source or fatty acid-CoA substrate is omitted. 
The user may also wish to perform positive control reactions 
using lysates of cells overexpressing particular  CERS   isoforms or 
control reactions with the CERS inhibitor fumonisin B1, as 
described in  Notes 6  and  7 .   

   3.    If product quantifi cation is to be performed using TLC, 
reactions are stopped using two volumes of chloroform–meth-
anol (2:1). Follow the instructions in Subheading   3.3  . 
 If HPLC is to be used for product quantifi cation, reactions are 

stopped with four volumes of methanol. Follow the instructions in 
Subheading   3.4  .      

        1.    Reactions are stopped with the addition of two volumes (i.e., 
100 μL per 50 μL reaction) chloroform–methanol (2:1), then 
vortexed. The tubes are centrifuged for 15 s at 21,800 ×  g  to 
separate the phases, and the lower organic phase, containing 
the reaction product, is transferred to a 5 mL glass tube. A 
second extraction of the aqueous layer is performed using 

3.2   CERS   Reactions

3.3  Quantifying  CERS   
Activity Using TLC
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another two volumes chloroform–methanol (2:1), and the 
organic phase is combined with that from the fi rst extraction.   

   2.    The organic extract is dried in a SpeedVac or similar vacuum 
desiccator (generally takes only 1 h) or under a stream of 
nitrogen.   

   3.    Using a pencil, draw a line 2 cm from the base of a Silica Gel 
60 TLC plate. Lightly mark the origin for each sample to be 
resolved along this baseline. The samples should be evenly 
spaced along the baseline and at-least 2 cm from each edge of 
the TLC plate ( see   Note 8 ).   

   4.    Reaction products are resuspended with vigorous vortexing in 
50 μL methanol. Spot 2.5 μL of each sample on the TLC plate, 
wait for this to air-dry, then spot another 2.5 μL directly on top.   

   5.    Resolve the TLC plate in chloroform–methanol–water (8:1:0.1 
v/v/v). This is done in a fume hood. The TLC plate should be 
left until the solvent front has migrated between ¾ and all the 
way to the top of the plate, then removed and briefl y air-dried 
in the fume hood.   

   6.    Fluorescent standards comprising known concentrations of the 
NBD-dhSph substrate (0.1–100 pmoles) may be spotted 
directly on to a different TLC plate that is not resolved in a 
TLC chamber but instead imaged directly. This permits the 
construction of a standard curve for fl uorescent pixel intensity 
as a function of pmoles substrate on the TLC plate. Since the 
NBD-dhSph substrate is incorporated to NBD-dhCer product 
in a 1:1 molar ratio, the pmoles product formed in the reaction 
may be interpolated directly from this standard curve.   

   7.    The fl uorescent bands are visualized on a fl uorescent gel or 
plate imaging system, such as a LAS4000 imaging system with 
a green fl uorescent fi lter. Many common imaging systems 
designed to detect green fl uorescent dyes in agarose or poly-
acrylamide gels are suitable. An example is shown in Fig.  2  
( see   Note 9 ).

       8.    Band intensity is quantifi ed using densitometry. Proprietary 
vendor software that is specifi c to the imaging system employed 
(e.g., ImageQuant software, GE Healthcare) is used for this 
purpose.      

        1.    Reactions are stopped with the addition of four volumes 
(200 μL for a 50 μL reaction) of methanol and vortexed 
vigorously.   

   2.    Reaction mixtures are microfuged at 21,800 ×  g  for 15 min to 
clear any insoluble material.   

   3.    The supernatants (200 μL) are then transferred to glass HPLC 
vials and stored at 4 °C until HPLC analysis. We have not 

3.4  Quantifying  CERS   
Activity Using HPLC
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determined the effects of long-term storage of the samples on 
NBD- dihydroceramide solubility. It is recommended to ana-
lyze the samples as soon as possible.   

   4.    The HPLC system should be set to detect fl uorescence with 
excitation at 466 nM, and emission at 536 nM. Parameters for 
optimal detection of fl uorescence (particularly the gain) should 
be determined empirically with the user’s own HPLC system.   

   5.    20 μL of each sample is injected onto a C8 column, and sepa-
rated using the following 12 min gradient. Solvents are as 
described in Subheading  2.4 : Starting at 20:80 A:B ( t  = 0 min), 
the gradient is increased to 5:95 A:B over 2 min, then increased 
from 5:95 A:B to 100 % B between 2 and 8 min. The gradient 
is held at 100 % B for a further 2 min ( t  = 10 min), then re- 
equilibrated to 20:80 A:B for 2 min ( t  = 12 min). The use of 
20:80 A:B as the starting phase permits good separation of 
NBD-dhCer species and detection of an NBD-dhSph peak, as 
illustrated in Fig.  3  ( see   Note 10 ).

       6.    The product is quantifi ed as the peak area, using the software 
associated with that particular HPLC system. We use a Thermo 
Scientifi c Surveyor HPLC system with Xcalibur software.   

   7.    Absolute quantifi cation using an external calibration curve: 
Peak areas may be converted to pmoles ceramide using a com-
mercially available NBD-ceramide external standard to con-
struct a standard curve. C18:0 NBD-ceramide 
(d18:1-NBD/18:0 ceramide) from Avanti Lipids may be used 
for this purpose. Alternatively, the NBD-dhSph substrate, 

  Fig. 2    Example of C16:0, C24:0, and C24:1 NBD-dhCer reaction products resolved on TLC. Reactions were run 
for 30 min using 20 μg mouse liver homogenate as the enzyme source and C16:0, C24:0, or C24:1 fatty acid- 
CoA substrate. Reactions with no lysate or no fatty acid-CoA substrate were included as controls, allowing 
clear discrimination of the product band. The lane on the  right  is a mixture of NBD-dhSph and C16:0, C18:0, 
C24:0, and C24:1 NBD-dihydroceramides. Image was captured using a Fuji LAS4000 Mini imaging system set 
to detect SYBR safe dye (green fl uorescent fi lter), and a 2 s exposure time       
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which elutes at 2.5 min (Fig.  3 ) may be used to construct an 
external calibration curve ( see   Note 11 ). The external standard 
curve should span the range 5–500 nM (0.1–10 pmoles on 
column).   

   8.    Relative quantifi cation: It is not necessary to use an external cali-
bration curve if the intention is simply to compare relative  CERS   
activity between different samples. In this instance, the user may 
wish to include commercially available C18:0 NBD- ceramide 
(Avanti Lipids) as an internal standard for normalization of peak 
areas in each sample. The internal standard (50 pmoles) is added 
together with the four volumes of methanol used to stop the 
reactions in  step 3  (i.e., reactions are stopped with 200 μL 
methanol containing 250 nM C18:0 NBD- ceramide). Peak 
areas for the product of interest are then normalized to the 
C18:0 NBD-ceramide internal standard peak area within each 
sample. The use of this particular internal standard is not fea-
sible if the user wishes to quantify C18:0 CERS activity, due to 
overlapping peaks.       

4    Notes 

     1.    We include the β-glycerophosphate as a protein phosphatase 
inhibitor. A recent publication has demonstrated that ceramide 
synthase activity in yeast is regulated by phosphorylation [ 15 ].   

   2.    NBD-sphingosine may be used in place of NBD-dhSph as the 
substrate. In this case, the product of the reaction will be 
NBD-ceramide rather than NBD-dhCer.   

  Fig. 3    HPLC chromatogram showing column elution times for NBD-dhSph, as well as C16:0, C18:0, C24:0, and 
C24:1 NBD-dhCer. Note that these NBD-dhCer standards, with the NBD label on the dihydrosphingosine acyl 
chain, are not commercially available. Instead, they were prepared in reactions using NBD-dhSph and the 
appropriate fatty acyl-CoA, as described in [ 13 ]       
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   3.    Fatty acid free BSA, available from a number of common 
 biochemical suppliers, is used as a carrier for the ceramide 
formed in the reaction. Standard laboratory BSA contains lipids 
and fatty acids that may interfere with the reaction or quantifi -
cation of reaction products.   

   4.    Serum proteins will interfere with estimation of protein con-
centration by BCA or similar protein assay. Protein concentra-
tion may also be determined using other common assays.   

   5.    It is recommended for the user to run a test assay confi rming that 
 CERS   activity is linear with respect to time and/or lysate concen-
tration before picking a single time and lysate protein concentra-
tion at which to compare different samples. In our experience, 
reactions are linear over 30 min, using between 5 and 30 μg 
lysate protein, but this will obviously depend on the level of 
CERS activity in the samples of interest.   

   6.    At the time of writing, the only commercially available NBD- 
ceramide standard for this assay is C18:0 NBD-ceramide 
(d18:1-NBD/18:0 ceramide) from Avanti Lipids. The user 
may wish to verify their reaction product using lysates of cells 
overexpressing the appropriate  CERS   isoform. In accordance 
with the literature, we recommend using CERS1 to produce 
C18:0 NBD-dhCer, CERS5 or 6 to produce C16:0 NBD- 
dhCer, and CERS2 to produce C24:0 or C24:1 NBD-dhCer 
[ 9 ,  11 ,  13 ]. HEK293 or another high transfection effi ciency 
cell line is transfected with expression plasmids for CERS1, 
CERS2, or CERS6. At 24 h after transfection, the cells are 
scraped into lysis buffer and lysed as described in Subheading 
 3.1 . These lysates should yield a strong peak or band corre-
sponding to the desired NBD-dhCer product on HPLC or 
TLC, respectively. The expression plasmids can be obtained 
commercially from Origene or a similar supplier of expression- 
ready cDNA clones. Alternatively the plasmids can be sourced 
from other academic laboratories.   

   7.    The requirement for  CERS   activity in a given sample can also 
be confi rmed using the well-characterized CERS inhibitor 
fumonisin B1 [ 16 ]. Fumonisin B1 at 10 μM will inhibit prod-
uct formation [ 13 ,  14 ].   

   8.    One of the common diffi culties encountered with TLC is the 
“smile” effect, whereby the bands on either side of the plate 
migrate more quickly than those in the center. It is always 
advisable to leave 2 cm margins on either side of the TLC plate 
to offset this effect.   

   9.    Normal phase TLC on standard Silica Gel 60 plates is suitable 
for quantifi cation of reaction products where there is only 
expected to be a single reaction product formed. If the user 
wishes to attain better separation of closely related  NBD- dhCer 
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species, such as separation of C16 and C18, or C22 and C24 
NBD-dhCer products, we recommend using either HPLC 
detection or running reverse phase TLC with C18 TLC plates. 
See for example [ 17 ,  18 ].   

   10.     We  do not recommend running the chromatography without 
formic acid and ammonium formate. Although this will shorten 
column elution times for the different lipid species, we have 
found that the absence of the formate produces inconsistent 
column elution profi les.   

   11.    One should be aware of the potential problem of a different 
fl uorescent yield between the external calibration standard and 
the NBD-dhSph used for the reaction. This will impact on 
absolute quantifi cation but will not affect relative quantifi ca-
tion. We have previously found that the  fl uorescent   peak areas 
obtained with NBD-dhSph are 50–60 % of those obtained 
with C18:0 NBD-dhCer from Avanti Lipids [ 14 ].         
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    Chapter 4   

 Identifi cation of the Interactome of a Palmitoylated 
Membrane Protein, Phosphatidylinositol 4-Kinase 
Type II Alpha       

     Avanti     Gokhale    *,     Pearl     V.     Ryder    *,     Stephanie     A.     Zlatic    *, 
and     Victor     Faundez       

  Abstract 

   Phosphatidylinositol 4-kinases (PI4K) are enzymes responsible for the production of phosphatidylinositol 
4-phosphates, important intermediates in several cell signaling pathways. PI4KIIα is the most abundant 
membrane-associated kinase in mammalian cells and is involved in a variety of essential cellular functions. 
However, the precise role(s) of PI4KIIα in the cell is not yet completely deciphered. Here we present an 
experimental protocol that uses a chemical cross-linker, DSP, combined with immunoprecipitation and 
immunoaffi nity purifi cation to identify novel PI4KIIα interactors. As predicted, PI4KIIα participates in 
transient, low-affi nity interactions that are stabilized by the use of DSP. Using this optimized protocol we 
have successfully identifi ed actin cytoskeleton regulators—the WASH complex and RhoGEF1, as major 
novel interactors of PI4KIIα. While this chapter focuses on the PI4KIIα interactome, this protocol can and 
has been used to generate other membrane interactome networks.  

  Key words     Phosphatidylinositol  ,   Phosphatidylinositol kinase  ,   Phosphoinositide  ,    Phospholipid    , 
   Endosome    ,    Interactome    ,    Mass spectrometry    ,   Cross-linking    

1     Introduction 

 Phosphatidylinositol 4-kinases (PI4K) have fundamental roles in 
lipid signaling and membrane traffi cking [ 1 – 4 ]. This kinase family 
is categorized into type II and III members, which are distinguish-
able by structure, function, and subcellular localization [ 5 ,  6 ]. The 
focus of this chapter is on the type II family of PI4K. Yeast, fl ies, 
and worms express a single isoform of PI4KII, whereas mammals 
have two isoforms of type II PI4Ks (PI4KIIα, PI4KIIβ) [ 2 ,  4 ,  7 ]. 
PI4KIIα is the most abundant membrane-associated PI4K in mam-
malian cells and is largely found on the trans-Golgi network and 

 *These authors contributed equally to this work. 
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endosomes [ 8 – 15 ]. Importantly, phosphatidylinositol 4 phosphate 
is also present in Golgi and endosomal membranes [ 16 ]. 
Biochemical and functional studies have demonstrated that 
PI4KIIα and β have several diverse functions including, but not 
limited to, regulating endosomal sorting of specifi c cargo proteins 
and recruitment of adaptor proteins, signal transduction, and the 
regulation of synaptic vesicle biogenesis [ 7 ,  11 ,  12 ,  15 ]. Mutations 
in PI4KIIα are implicated in tumorigenesis and spastic paraplegia 
suggesting that PI4KIIα is an important molecule in pathogenesis 
mechanisms and therefore an attractive clinical target [ 13 ,  17 ,  18 ]. 

 To further dissect the precise role of PI4KIIα in cellular path-
ways we sought to biochemically identify its molecular interactors 
[ 19 ]. One of the major challenges is that PI4KIIα is associated 
with membranes and there are technical complications associated 
with isolating a membrane protein interactome. These complica-
tions include (1) a relatively low abundance of PI4KIIα as com-
pared to other membrane proteins; (2) the need for detergent 
solubilization, which may only partially solubilize PI4KIIα or its 
in vivo interactions; and (3) we predict that PI4KIIα engages in 
low affi nity interactions in dynamic cellular signaling pathways, 
which potentially excludes the use of stringent methods for the 
isolation of PI4KIIα network proteomes [ 20 ]. 

 Here we describe a method that uses chemical cross-linkers to 
allow the selective stabilization of transient interactions, thus 
 circumventing the limitations for biochemical isolation [ 19 – 24 ]. 
This protocol is applied to cells in culture and uses a homobifunc-
tional membrane permeable cross-linker DSP (dithiobis-
(succinimidyl propionate)) with a 12 Å spacer arm [ 25 ]. DSP 
cross-links amine- reactive ester groups to bind primary amines such 
as lysines or the amino acid terminus of proteins. Under denaturing 
conditions DSP is cleaved by reduction of a disulfi de bond present 
in the molecule. Cross-linking followed by immunoprecipitation 
and/or immunoaffi nity chromatography of proteins of interest (in 
this case PI4KIIα) with magnetic beads permits the isolation of 
protein complexes that otherwise would not be amenable to strin-
gent purifi cation techniques. This protocol is typically compatible 
with regular immunoblot techniques and it can be scaled up for 
protein identifi cation by quantitative mass spectrometry. 

 This protocol has been successfully used to construct network 
proteomes using various cellular baits [ 19 – 24 ]. In particular, we 
have effectively isolated PI4KIIα and its novel interactors by quan-
titative immunoaffi nity purifi cation from in vivo cross-linked cell 
lysates [ 19 ]. We found that PI4KIIα interacted with proteins 
involved in actin cytoskeleton polymerization—primarily the 
WASH complex and RhoGEF1. These interactions were confi rmed 
by alternate biochemical, genetic, and imaging methods [ 19 ]. The 
interactions between PI4KIIα and WASH are particularly interest-
ing since both molecules have been independently implicated in 
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onset of the neurodegenerative disorder in mice—spastic paraple-
gia [ 13 ,  26 ]. This newly discovered molecular interaction between 
PI4KIIα and the WASH subunits could begin to explain the cel-
lular pathways that ultimately lead to the disease phenotype. The 
method presented here is applicable to any membrane protein 
anchored by palmitoyl moieties (Fig.  1 ).

  Fig. 1    Silver stain of immunoprecipitation and elution (immunoaffi nity precipitation) using PI4KIIα-specifi c 
reagents (PI4KIIα antigenic peptide and antibody):  Lane 1 : Molecular weight standard.  Lane 2 : Cross-linked 
soluble homogenate from SH-SY5Y (ATCC) neuroblastoma cells.  Lane 3 : Immunomagnetic beads incubated 
only with the PI4KIIα antibody. This negative control predominantly depicts background IgG heavy ( asterisk ) 
and light ( double asterisk ) bands eluted of the beads when heated with the Laemmli buffer.  Lanes 4  and  5 : 
Immunoprecipitation with the PI4KIIα antibody.  Lane 4 : Immunoprecipitation with the PI4KIIα antibody in the 
presence of the excess PI4KIIα peptide. This is an outcompetition control that represents a profi le of nonspe-
cifi c peptides that may bind to the magnetic beads.  Lane 5 : Immunoprecipitation with the PI4KIIα antibody. 
Note the presence of a prominent band at ~100 kDa in  Lane 5  that is absent from the control  lanes 3  and  4  
depicting a putative PI4KIIα specifi c interactor. Samples in  lanes 4  and  5  and prepared by elution with the 
Laemmli buffer.  Lanes 6  and  7 : Immunoaffi nity purifi cation of PI4KIIα interactors.  Lane 6 : Immunoprecipitation 
with PI4KIIα with the PI4KIIα antibody in the presence of antigenic peptide for out-competition followed by 
elution with the excess PI4KIIα peptide. Note the absence of bands in this control.  Lane 7 : Immunoprecipitation 
followed by elution with the PI4KIIα peptide allowing for selective elution of putative PI4KIIα interacting  pro-
teins   with low background (compare  lanes 6  and  7  with  lanes 4  and  5 ). Note the absence of heavy ( asterisk ) 
and light ( double asterisk ) IgG chains in  lanes 6  and  7 . MS/MS analysis of the sample in  lane 7  identifi ed 
highly enriched polypeptides that were absent in all the control samples. The two notable peptides shown here 
include (a) the PI4KIIα peptide at ~55 kDa as expected and (b) a completely novel PI4KIIα interactor, RhoGEF1, 
migrating at ~100 kDa seen prominently in  lane 7  as well as  lane 5        
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2       Materials 

       1.    Phosphate-buffered saline buffer with 0.1 mM CaCl 2  and 1 
mM MgCl 2  (PBS/Ca/Mg). Store at 4 °C ( see   Note 1 ).   

   2.    10× stock buffer for lysis and immuno-magnetic-precipitation 
(IP) buffers: 100 mM HEPES, 1.5 M NaCl, 10 mM EGTA, 1 
mM MgCl2; pH 7.4. This 10× buffer A solution is diluted to 
1× as required.   

   3.    Lysis buffer: 1× Buffer A, 0.5 % Triton X-100 ( see   Note 2 ), 
Complete Protease Inhibitor Cocktail 4. Stock cross-linking 
solution: 100 mM solution of DSP. Solution must be prepared 
fresh every time. Care must be applied to maintain DSP crystal 
stock free of moisture ( see   Notes 3-5 ).   

   4.    50× cross-linking quenching solution: 1 M TRIS, pH 7.4. 
Store at room temperature.      

       1.    Immuno-Magnetic Precipitation Buffer (IP Buffer): 1× Buffer 
A, 0.1 % Triton X-100. Store at 4 °C.   

   2.    Beads—Dynal magnetic beads.   
   3.    Antibodies and antigenic peptide: PI4KIIα antibody used was 

raised against the sequence 51- PGHDRERQPLLDRARG
AAAQ-70. The antigenic peptide was diluted to a 20 mM 
stock in 0.5 M MOPS, pH 7.4, and stored at −80 °C. 
Alternatively, we have used triple FLAG- tagged proteins to 
purify their interactors [ 22 ].   

   4.    Elution buffer: The PI4KIIα peptide was diluted in lysis buffer 
to a fi nal concentration of 200 μM.      

   Gel electrophoresis—Samples were resolved by SDS–PAGE elec-
trophoresis, typically using a 4–20 % gel, followed by MS/MS 
analysis, silver stain, or immunoblotting using the PI4KIIα anti-
body and antibodies against the identifi ed interacting partners to 
detect individual proteins (Fig.  1 ) [ 19 ,  22 ].   

3    Methods 

       1.    Cells were grown to ~75–90 % confl uency and placed directly 
on ice. The media was aspirated and cells washed twice in ice 
cold PBS/Ca/Mg buffer.   

   2.    Cells were then incubated either in freshly made DSP cross- 
linker solution diluted to 1 mM in the PBS/Ca/Mg buffer or 
a DMSO alone control for 2 h in an ice bath. Gently swirl the 
solution and ensure all cell monolayer is covered with the DSP 
solution. Note that there is formation of DSP crystals on the 
solution yet this is not a concern ( see   Notes 3-6  below).   

2.1  Cross-Linking 
and Cell Lysis

2.2  Immuno-
precipitation and 
Elution (Immunoaffi nity 
Precipitation)

2.3  Analysis 
of Results

3.1  Cross-Linking 
and Cell Lysis
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   3.    The cross-linking reaction is quenched by addition of a 25 mM 
Tris solution for 15 min on ice.   

   4.    Cells were washed twice in ice-cold PBS/Ca/Mg and lysis 
buffer was added to the cells. Depending on the membrane 
protein, the lysis buffer may need to be adjusted. Some mem-
brane proteins may need extra salt, ionic detergent, or chao-
tropic agents. Additionally, sonication of samples may increase 
the yield of solubilized protein. Cell debris was scraped from 
the plates and put in Eppendorf tubes and incubated in an 
end-over- end rotator at 4 °C for 30 min. Lysates were then 
spun at 16,100 ×  g  for 15 min. The supernatant was recovered 
and diluted to 1 mg/ml for immunoprecipitation.      

       1.    30 μl of the Dynal beads was added to 500 μl of the IP buffer 
in screw-top microcentrifuge tubes ( see   Note 7 ). To this slurry 
the PI4KIIα antibody was added to coat the beads. Antibody- 
free and nonspecifi c antibody tubes were prepared as negative 
controls. Additionally PI4KIIα peptide competition controls 
were included where the PI4KIIα antigenic peptide (fi nal con-
centration 40 μM) was included in the immunoprecipitation 
reaction.   

   2.    The tubes were inserted in an end to end rotor for 2 h at room 
temperature.   

   3.    After 2 h the beads were washed twice in IP buffer.      

       1.    500 μg of the lysate was added to each of the beads coated with 
antibodies as well as the control beads and the mixture was 
incubated at 4 °C for 2 h in end to end rotors.   

   2.    After incubation the beads were washed six times for 5 min in 
the IP buffer. All the washes were done in ice cold conditions 
with end-over-end rotation at 4 °C.   

   3.    Proteins were then eluted from the beads by heating in 
Laemmli sample buffer at 75 °C for 5 min (immunoprecipita-
tion, Fig. 1 lane 5). This will elute all IgG from beads and in 
addition proteins that may bind non-selectively to beads. 
Elution can also be carried out by incubating with the anti-
genic peptide for 2 h on ice (immunoaffi nity purifi cation, Fig.1 
lane 7 compare with lane 5 for the presence of IgGs). In case 
of the peptide elution the antigenic PI4KIIα peptide was 
diluted in lysis buffer to a fi nal concentration of 200 μM. This 
elution protocol  completely eliminates bead IgG and non-
selectively bound proteins from the sample.   

   4.    Samples were then resolved by  SDS-PAGE   electrophoresis fol-
lowed by MS/MS analysis, silver stains, or immunoblotting 
protocols. We used commercially prepared gels and Laemmli 
buffer for mass spectrometry studies to minimize contaminants 
( see   Note 8 ).       

3.2  Preparation of 
Beads for 
Immuno precipitation

3.3  Immuno-
precipitation and 
Immuno affi nity 
Purifi cation
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4    Notes 

     1.    The PBS/Ca/Mg buffer should be stored at 4 °C.  Calcium   
and magnesium ions in the PBS buffer are required to main-
tain adhesion of the cells to the tissue culture plate during the 
experiment.   

   2.    For preparation of stock 20 % Triton X-100—10 g Triton 
X-100 is diluted in total volume of 50 ml Milli-Q Water. The 
stock solution is stored at 4 °C. Do not use and store for more 
than a month.   

   3.    The DSP cross-linking solution must be made fresh, right 
before adding it the cells. DSP is highly hydrophobic and is 
dissolved in DMSO before diluting with warm PBS/Ca/Mg 
buffer. Warming: PBS/Ca/Mg buffer in a 37 °C water bath 
prevents precipitation of the DSP crystals [ 24 ].   

   4.    Since the cells need to maintain a temperature of 4 °C, the 
DSP solution should be placed in an ice bath once the DSP is 
completely solubilized in the warm PBS/Ca/Mg buffer. In 
the event that DSP is not completely solubilized, signifi cant 
amounts will precipitate when the solution cools. If this occurs, 
the solution should be reheated to 37 °C for complete solubi-
lization. If DSP repeatedly precipitates out of solution, fresh 
DSP solution must be prepared to ensure effective cross- 
linking. Once DSP is applied to cells in the ice bath it is normal 
to see the development of a crystalline layer in the wells of DSP 
treated cells over time. The presence of this layer does not 
obstruct the cross-linking chemistry in cells [ 24 ].   

   5.    10 μl of the DSP stock solution is added to every 1 ml of warm 
PBS/Ca/Mg buffer. The DSP stock solution must be added 
drop wise with repeated mixing until all the DSP has dissolved. 
A control solution of 10 μl DMSO added to every 1 ml of 
PBS/Ca/Mg buffer is also used.   

   6.    Volumes required for each plate size.
   (a)    2 ml per well of a 6-well plate.   
  (b)    10 ml per plate of a 10 cm plate.   
  (c)    20 ml per plate of a 15 cm plate.     

 Periodically check if the cells on the plate are fully sub-
merged in the DSP cross-linking solution. If required tap the 
plate to make sure of even distribution of the cross-linking 
solution on the plate.   

   7.    Dynal magnetic beads conjugated to sheep anti-rabbit IgG 
were used to bind the PI4KIIα antibody for isolation of 
PI4KIIα associated proteins. The use of screw cap microcentri-
fuge tubes and end-to-end rotators is critical to the protocol.   

Avanti Gokhale et al.
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   8.    This protocol has been applied to various cell types [ 19 ,  21 – 23 ]. 
The number of plates required per experiment is subjective to 
the goal of the experiment and is dependent upon the yield of 
total protein the cell type provides. Each standard tube reac-
tion required 500 μg of total protein. Samples from a single 
tube might be suffi cient for identifi cation/confi rmation of 
interactors by western blot analysis. However, for quantitative 
MS/MS analysis the number of experimental reactions should 
be increased at least ten times for effi cient identifi cation 
[ 19 ,  21 – 23 ]. In this latter case the samples are ultimately 
concentrated to workable volumes by TCA precipitation.         
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    Chapter 5   

 Measurement of Long-Chain Fatty Acyl-CoA 
Synthetase Activity       

     Joachim     Füllekrug       and     Margarete     Poppelreuther     

  Abstract 

   Long-chain fatty acyl-CoA synthetases (ACS) are a family of essential enzymes of lipid metabolism, activat-
ing fatty acids by thioesterifi cation with coenzyme A. Fatty acyl-CoA molecules are then readily utilized for 
the biosynthesis of storage and membrane lipids, or for the generation of energy by ß-oxidation. Acyl- 
CoAs also function as transcriptional activators, allosteric inhibitors, or precursors for infl ammatory media-
tors. Recent work suggests that ACS enzymes may drive cellular fatty acid uptake by metabolic trapping, 
and may also regulate the channeling of fatty acids towards specifi c metabolic pathways. The implication 
of ACS enzymes in widespread lipid associated diseases like type 2 diabetes has rekindled interest in this 
protein family. Here, we describe in detail how to measure long-chain fatty acyl-CoA synthetase activity by 
a straightforward radiometric assay. Cell lysates are incubated with ATP, coenzyme A, Mg 2+ , and radiola-
beled fatty acid bound to BSA. Differential phase partitioning of fatty acids and acyl-CoAs is exploited to 
quantify the amount of generated acyl-CoA by scintillation counting. The high sensitivity of this assay also 
allows the analysis of small samples like patient biopsies.  

  Key words     Acyl-CoA synthetase  ,   Fatty acid  ,   Lipid metabolism  ,   Oleic acid  ,   Thioesterifi cation  ,   Fatty 
acid CoA ligase  

1      Introduction 

 Fatty acyl-CoA synthetases (ACS) are essential enzymes of lipid 
metabolism found in all organisms throughout the phylogenetic 
tree of life. The carboxyl group of fatty acids is not very reactive at 
physiological conditions, but after thioesterifi cation to CoA cata-
lyzed by ACS enzymes it becomes “activated” and enables fatty 
acid metabolism leading to triglycerides, phospholipids, and other 
derivatives. The overall reaction is driven forward by the hydrolysis 
of ATP: Fatty acid + ATP + CoA ⟶ Fatty acyl-CoA + AMP + PPi. 
ACS enzymes are commonly subdivided depending on the hydro-
carbon chain length of their fatty acid substrates: short chain ACS 
(ACSS; C2–C4), medium chain ACS (ACSM; C6-C10), long-
chain ACS (ACSL; C12-C20), and very long-chain ACS (ACSVL; 
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C12–C20, and >C20). ACSL and ACSVL enzymes have been 
studied widely because their substrates are the physiologically most 
abundant long-chain fatty acids: C16 (palmitate) and C18 (stea-
rate, oleate, linoleate). “While the systematic name for these ACS 
enzymes according to the Enzyme Commission is Long-chain-
fatty-acid–CoA ligase (EC 6.2.1.3), researchers using mammalian 
model systems have agreed to use the ACSL nomenclature (e.g., 
ACSL3 = acyl-CoA synthetase long-chain family member 3); 
ACSVL enzymes are also called FATP/SLC27A proteins [ 1 – 3 ]. 
The 13 mammalian long-chain ACS enzymes differ in their tissue 
expression pattern, transcriptional regulation, substrate specifi city, 
and subcellular localization [ 4 ,  5 ]. Alternative splicing generates 
further isoforms [ 6 ]. 

 Since ACS enzymes are essential for fatty acid and lipid metabo-
lism it is not surprising that they have been implicated in serious and 
widespread metabolic diseases like type 2 diabetes and atherosclero-
sis [ 7 ]. Fatty acyl-CoAs are metabolic precursors for the biosynthesis 
of neutral storage lipids and membrane phospholipids as well as for 
the carnitine esters which are destined for ß-oxidation. Apart from 
these major metabolic pathways, acyl-CoAs are also regulatory mol-
ecules serving as transcriptional regulators and allosteric inhibitors 
[ 5 ,  8 ]. In addition, arachidonate activating enzymes like ACSL4 are 
involved in the regulation of eicosanoid biosynthesis [ 9 ]. ACS 
enzymes themselves are under transcriptional regulation especially 
by nutritional cues [ 10 ]; the research on their acute regulation by 
posttranslational modifi cations is just beginning [ 11 ,  12 ]. 

 Free fatty acids may traverse membranes either by diffusion or 
facilitated by proteins [ 13 ]; however fatty acyl-CoAs are too polar 
and therefore membrane-impermeable. Consequently, ACS 
enzymes have also been implicated in driving cellular fatty acid 
uptake by metabolic trapping [ 14 – 16 ]. Another intriguing func-
tion of ACS enzymes may be the preferential channeling of fatty 
acids towards a specifi c metabolic pathway, which would be depen-
dent on the corresponding ACS enzyme and its subcellular local-
ization [ 5 ,  17 ]. 

 To determine the ACS activity for a particular fatty acid, cell 
lysates (or protein preparations) are incubated together with ATP, 
coenzyme A, and radiolabeled fatty acid bound to BSA in the pres-
ence of the essential cofactor Mg 2+ . The readout relies on the differ-
ence in polarity between the fatty acid substrate and the fatty 
acyl-CoA product: unreacted fatty acids are extracted with organic 
solvent, and the remaining fatty acyl-CoA in the aqueous phase is 
quantifi ed by scintillation counting. Alternative methods appear to 
be lab specifi c and have not found widespread use. While the use of 
radiolabeled reagents is not strictly required, concentrations can be 
determined with high accuracy and unsurpassed sensitivity. A cell 
lysate containing 10 μg of total protein corresponding to about 
10 ng of ACS enzymes is usually suffi cient for one reaction, enabling 
also the analysis of small unique samples (e.g., patient biopsies). 

Joachim Füllekrug and Margarete Poppelreuther
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 While some cell types feature a dominant acyl-CoA synthetase, 
most cells express several ACS enzymes at signifi cant levels at the 
same time. Therefore the knockout/knockdown of a particular 
ACS enzyme may not be refl ected in the total cellular ACS activity. 
Vice versa, it may be diffi cult to assign a change in total cellular 
enzyme activity to a specifi c ACS protein. Detailed analysis is fea-
sible by measuring the activity of immunopurifi ed ACS enzymes 
[ 11 ,  18 ,  19 ]. 

 Oleate and palmitate are most often used as substrates, based 
on their nutritional relevance and general abundance. However, it 
is important to bear in mind that substrate specifi cities for a par-
ticular fatty acid may vary widely between different ACS enzymes. 
For instance, overexpression of FATP4/ACSVL5 may increase the 
oleoyl-CoA synthetase activity severalfold but would not signifi -
cantly change the ACS activity towards arachidonate (J.F., 
unpublished).  

2    Materials 

          1.    1 M Tris–HCl pH 7.4 buffer: Dissolve 12.1 g of Tris base 
(Tris(hydroxymethyl)aminomethane) in 50 ml of water and 
titrate with HCl to pH 7.4. Make up with water to 100 ml.   

   2.    1 M MgCl 2 : Dissolve 0.203 g of magnesium chloride hexahy-
drate in 500 μl of water and make up to 1.0 ml ( see   Note 1 ).   

   3.    0.1 M DTT: Dissolve 0.154 g of DL-dithiothreitol in 1.0 ml of 
water; dilute this 1/10 to obtain 0.1 M DTT. Store at −20 °C.   

   4.    0.1 M ATP: Dissolve 0.551 g of ATP disodium salt in 7 ml of 
water. Titrate with 1 M NaOH to pH 7.0 (use pH paper) and 
make up to 10 ml. Store 1 ml aliquots at −20 °C.   

   5.    10 % [w/v] TX-100: Dissolve 1.0 g of Triton X-100 (TX-100) 
in water by stirring, adjust to 10 ml and store at 4 °C.   

   6.    20 mM Coenzyme A stock solution: Dissolve 10 mg of 
Coenzyme A sodium salt in 650 μl water. Freeze 50 μl aliquots 
at −20 °C.      

       1.    TBS: Prepare 100 ml of Tris buffered saline (TBS; 20 mM 
Tris–HCl pH 7.4, 130 mM NaCl) by adding 2.0 ml 1 M Tris–
HCl pH 7.4 ( see  above Subheading  2.1 ) and 2.6 ml of 5 M 
NaCl to 90 ml water; make up to 100 ml and store at 4 °C.   

   2.    200 μM FAF-BSA: Dissolve 0.132 g of fatty acid free BSA in 
10 ml of TBS by gentle stirring. Avoid excessive foaming. Freeze 
1 ml aliquots at −20 °C. Thaw by gentle shaking at 37 °C.   

   3.    10 mM NaOH: Mix 10 μl of 1 M NaOH with 990 μl of water.   
   4a.    2.0 μg/μl (7.1 mM)  oleic acid  stock solution: Oleic acid is 

stored at −20 °C. Place at RT for 15 min for temperature 
equilibration and melting of the oleic acid. Dilute 2.4 μl of 

2.1  Assay Master 
Mix Components

2.2  Fatty Acid 
Labeling Mix

Acyl-CoA Synthetase Activity
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oleic acid into 1.0 ml of chloroform ( see   Note 2 ). Overlay with 
a gentle stream of nitrogen and store at −20 °C ( see   Note 4 ).   

   4b.    5 mM  arachidonic acid  stock solution: Arachidonic acid is 
stored at −20 °C. Place at RT for 15 min for temperature 
equilibration. Dilute 5.4 μl of arachidonic acid into 3.28 ml of 
ethanol. Overlay with a gentle stream of nitrogen and store at 
−20 °C.   

   5a.    [  14   C ] oleic acid : This is 0.1 μCi/μl in ethanol, with a specifi c 
activity of 40–60 Ci/mol ( see   Note 3 ). Store at −20 °C. Before 
opening, let container equilibrate to RT. After withdrawing 
the required amount, gently overlay with nitrogen and put 
back at −20 °C ( see   Note 4 ).   

   5b.    [  14   C ] arachidonic acid : This is 0.1 μCi/μl in ethanol, with a 
specifi c activity of 40–60 Ci/mol. Store at −20 °C. Before 
opening, let container equilibrate to RT. After withdrawing 
the required amount, gently overlay with nitrogen and put 
back at −20 °C. Arachidonic acid is especially prone to oxida-
tion. It makes sense to dispense for example 10 % of the total 
supplied amount into a separate glass vial, and use this as a 
working aliquot, thus avoiding having to open the original 
container too often.      

       1.    KTx lysis buffer (130 mM KCl, 20 ml Tris–HCl pH 7.4, 1.0 % 
[w/v] TX-100): Prepare 50 ml by adding 2.17 ml of 3 M KCl, 
1.0 ml of 1 M Tris–HCl pH 7.4 ( see  above  step 1  of 
Subheading  2.1 ) and 5.0 ml of 10 % [w/v] TX-100 ( see  above 
 step 5  of Subheading  2.1 ) to 40 ml of water. Make up to 50 ml 
and store at 4 °C.   

   2.    Dole’s solution: Prepare 510 ml of this reagent by mixing 
400 ml isopropanol, 100 ml heptane, and 10 ml of concen-
trated sulfuric acid (H 2 SO 4 ;  see   Note 5 ).   

   3.    Assay tubes: organic solvent resistant, safe-lock, 2.0 ml tubes.   
   4.    Liquid scintillation cocktail.       

3    Methods 

     Volumes are given for tissue culture cells grown close to confl u-
ency on a surface area of 10 cm 2  (one well of a standard 6-well 
plate), corresponding to approximately one million cells. For tis-
sues  see   Note 6 .

    1.    Remove culture medium and wash 2× with phosphate buff-
ered saline (PBS). Add 1.0 ml of ice-cold PBS and scrape cells 
with a rubber policeman. Transfer cell suspension to a micro-
centrifuge tube and spin for 5 min at 1000 ×  g  and 4 °C. Remove 

2.3  ACS Assay 
and Scintillation 
Counting

3.1  Preparation 
of the Lysate
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supernatant and proceed either to  step 2  or freeze the pellet 
for later analysis at −80 °C.   

   2.    Resuspend cell pellet gently with 200 μl of ice-cold KTx lysis 
buffer, avoiding excessive foaming. Place on ice for 30 min.   

   3.    Spin for 5 min at 10,000 ×  g  and 4 °C, and transfer 180 μl of 
the supernatant into a fresh tube on ice ( see   Note 7 ).    

     The fatty acid labeling mix is fi vefold concentrated and contains 
100 μM oleate/arachidonic acid bound to 25 μM BSA in TBS; the 
specifi c activity is 10 Ci/mol. The following amounts are for six 
different samples measured in triplicate, including a control with-
out CoA (66 μl of labeling mix are needed for each sample). 
Effi cient solubilization of the fatty acid is essential for the ACS 
assay ( see   Note 8 ).

    1a.    [  14   C ] oleate labeling mix : Pipet 6.5 μl of 7.1 mM oleic acid 
stock solution and 4.6 μl of [ 14 C]oleic acid into a safe-lock 
microcentrifuge tube. Evaporate solvents with a gentle stream 
of nitrogen. Add 5.5 μl of 10 mM NaOH to the residue and 
pipette up and down until bubbles are forming ( see   Note 9 ). 
Add 57.8 μl of 200 μM BSA and mix again by pipetting. Add 
403 μl of TBS and put at 37 °C with gentle shaking for 
30 min.   

   1b.    [  14   C ] arachidonic acid labeling mix : Saturate BSA and TBS 
solutions with nitrogen ( see   Note 10 ). Pipet 9.2 μl of 5 mM 
arachidonic acid stock solution and 4.6 μl of [ 14 C]arachidonic 
acid into a safe-lock microcentrifuge tube. Evaporate solvents 
with a gentle stream of nitrogen. Add 57.8 μl of 200 μM BSA 
and mix thoroughly by pipetting. Add 408 μl of TBS and put 
at 37 °C with gentle shaking for 30 min.    

       The following amounts are for six different samples measured in 
triplicate, including a control without CoA also measured in tripli-
cate. Reagents are equilibrated to RT fi rst.

    1.    In a 50 ml polypropylene tube, put 1.09 ml of water. Add 
sequentially 231 μl of 1 M Tris–HCl pH 7.4, 11.6 μl of 1 M 
MgCl 2 , 4.6 μl of 0.1 M DTT, 231 μl of 0.1 m ATP, and 23.1 μl 
of 10 % [w/v] TX-100. Mix and add the fatty acid labeling mix 
prepared above. Mix again by pipetting.   

   2.    Remove 3× 89 μl into separate 2 ml safe-lock tubes for the 
minus CoA controls.   

   3.    Add 21.6 μl of 20 mM CoA to the remaining cocktail. Mix 
again by pipetting.   

   4.    Remove 3× 20 μl for scintillation counting.   
   5.    Keep at RT until use.      

3.2  Fatty Acid 
Labeling Mix

3.3  ACS Assay 
Cocktail

Acyl-CoA Synthetase Activity
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   The enzyme reaction is started by adding 90 μl of ACS assay cock-
tail to 10 μl of cell lysate ( see   Note 11 ), and immediate transfer to 
a 30 °C heating block. We prefer to process the samples sequen-
tially, with a time window of 15 s between each addition of the 
assay cocktail to the samples. The standard incubation time at 
30 °C is 10 min.

    1.    For each sample prepared in Subheading  3.1 , pipette 3× 10 μl 
into separate 2 ml safe-lock tubes. Keep on ice.   

   2.    Select three different samples for the minus CoA controls. Add 
10 μl of lysate to the fi rst minus CoA control tube (prepared in 
 step 2  of Subheading  3.3 ) and place at 30 °C ( t  = 0 s). Add 
10 μl of lysate to the second minus CoA control tube and place 
at 30 °C ( t  = 15 s). Third minus CoA control ( t  = 30 s).   

   3.    Take fi rst sample aliquot (pipetted in  step 1 ), add 90 μl of ACS 
assay cocktail and place immediately at 30 °C ( t  = 45 s). Repeat 
until all samples are at 30 °C.   

   4.    Take the fi rst tube and stop the reaction by adding 600 μl of 
Dole’s solution ( t  = 10:00 min). Remove second tube and add 
600 μl of Dole’s solution ( t  = 10:15 min). Repeat until all sam-
ples are done.   

   5.    To each tube, add 250 μl of water and 400 μl of heptane. Mix 
thoroughly by vortexing. Spin for 1 min with 13,000 ×  g  at RT 
to accelerate phase separation.   

   6.    Remove most of the upper organic phase, but do not aspirate 
the interphase.   

   7.    Add 600 μl of heptane, vortex vigorously, and spin for 1 min at 
RT with 13,000 ×  g . Remove the upper organic phase but leave 
the interphase. Repeat three more times ( see   Note 12 ).   

   8.    Aspirate interphase. Mix 200 μl of the aqueous bottom phase 
with 4 ml of liquid scintillation cocktail by vigorous vortexing. 
Put scintillation vials into a liquid scintillation counter and 
 measure cpm together with the three 20 μl aliquots of the ACS 
assay cocktail ( step 4  of Subheading  3.3 ).    

         1.    Protein concentration: The amount of protein present in the 
cell lysates is determined by the bicinchoninic acid assay (BCA 
assay). 5 μl of KTx cell lysate is usually suffi cient; we use BSA 
for the calibration curve ( see   Note 13 ). For the calculation 
below, take the total amount of protein present in the reaction 
tube (=  b  μg).   

   2.    Fatty acid in the ACS assay cocktail: Each tube receives 90 μl 
of the assay cocktail which corresponds to 1800 pmol of fatty 
acid. The radioactivity present in 90 μl of the assay cocktail is 
calculated based on the three 20 μl aliquots: the cpm values are 
averaged and multiplied by 4.5 (90 μl /20 μl) to give the total 
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cpm for each tube. 1800 pmol of fatty acid divided by the total 
cpm in each tube gives the pmol corresponding to one cpm 
(=  n  pmol/cpm).   

   3.    Total cpm of the aqueous phase, corresponding to fatty acyl- 
CoA: The average of the three minus CoA controls is sub-
tracted from the measured cpm values of the samples (200 μl 
are counted). Multiply this by 3 (because the total aqueous 
phase is 600 μl; =  x  cpm).   

   4.    Specifi c fatty acyl-CoA synthetase activity:  n  pmol/
cpm ×  x  cpm/b μg/10 min. The fi nal units are pmol fatty acyl- 
CoA/min/μg protein ( see   Note 14 ).   

   5.    The average and the standard deviation (SD) of the triplicate 
measurements are calculated for each sample separately. With 
some practice, the SD is less than 5 % of the average value. 
Measurements should be repeated if the SD is higher than 
10 % of the average.   

   6.    Expected values: Oleoyl-CoA synthetase activity ranges from 
0.5 to 5.0 pmol/min/μg protein for wildtype tissue culture 
cells, with hepatoma cells (e.g., HuH-7) showing higher activ-
ity than either epithelial (e.g., COS) or epidermal cells (e.g., 
A431) ( see   Note 15 ).       

4    Notes 

     1.    Magnesium 2+ is a cofactor for acyl-CoA synthetases. 
Therefore, phosphate buffers are avoided throughout the pro-
tocol as they would compromise the solubility of Mg 2+  ions.   

   2.    Chloroform has a boiling point of 61 °C, and signifi cant 
amounts evaporate at RT. This causes dripping from the pipette 
tip, which is especially awkward when handling radioactive 
reagents. To avoid dripping, pipette up and down a few times 
until the air above the liquid chloroform in the pipette is satu-
rated (or use a reverse pipette). Chloroform is also an effi cient 
solvent: plastic pipette tips and safe-lock tubes are generally 
fi ne; however notable exceptions are tissue culture plasticware 
and Falcon centrifuge tubes which are partially dissolved. Use 
glassware whenever possible.   

   3.    Reagents containing Carbon-14 do not pose a signifi cant 
external radiation hazard since the energy of the emitted ß par-
ticles is low. Nevertheless, minimize handling and know exactly 
what you need to do (as always). Follow local regulations con-
cerning work with isotopes and disposal procedures. Fatty 
acids containing Hydrogen-3 may also be used for the ACS 
assay. Generally, these are cheaper but emit ß particles of even 
lower energy than Carbon-14. This does not compromise the 
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ACS assay but limits applicability for other techniques like thin 
layer chromatography.   

   4.    Fatty acids containing double bonds are sensitive to oxidation; 
this increases exponentially with the number of double bonds 
present. Nitrogen is heavier than oxygen and displaces the air 
above the reagent. Nitrogen is also dissolved in water and 
organic solvents, replacing the (invisible) air which is always 
present. Control the stream of nitrogen carefully to avoid 
spraying, and do not over-apply since volatile solvents would 
evaporate.   

   5.    Concentrated sulfuric acid is highly corrosive. Wear protective 
gloves and clothing, and do not leave any remains anywhere. 
Heptane and isopropanol are organic solvents; use glassware 
whenever possible.  See  also  Note 2  above.   

   6.    Tissue samples need to be homogenized by your method of 
choice so that the lysis buffer effi ciently solubilizes the ACS 
enzymes. Cryostat sections of unfi xed tissue worked well in 
our hands.   

   7.    We did not observe signifi cant differences in ACS enzyme 
activity when comparing pellets frozen at −80 °C with cells 
immediately lysed and assayed. However, once the cells have 
been lysed they cannot be frozen again; likewise prolonged 
incubation of the lysate at 37 °C would lead to loss of enzyme 
activity. 

    Endogenous or overexpressed mammalian ACS enzymes 
from tissue culture cells (we thoroughly tested FATP1, FATP4, 
ACSL1, ACSL3, and ACSL4) are effi ciently solubilized by the 
KTx lysis buffer on ice. If in doubt, the dominant/overex-
pressed ACS enzyme may be assessed for solubilization by 
Western blotting. For this, the pellet of detergent-resistant 
material obtained in Subheading  3.1 ,  step 3  is washed once 
with KTx buffer and then boiled in 200 μl of SDS-PAGE 
 sample buffer. The equivalent amount of supernatant is boiled 
together with half the volume of 4× SDS-PAGE sample buffer 
(8 % [w/v] SDS, 250 mM Tris–HCl pH 6.8, 40 % [v/v] glyc-
erol, 400 mM ß-mercaptoethanol). 

    The concentration of TX-100 may infl uence the activity of 
recombinant ACS enzymes [ 18 ]. If this is a concern, alterna-
tives to TX-100 solubilization are freeze/thawing (4 cycles of 
freezing in liquid nitrogen and rapid thawing), or homogeni-
zation by shearing (e.g., repeated passage of the cell suspen-
sion through a G25 or G27 needle).   

   8.    In the protocol described here, fatty acids are rendered soluble 
by binding to BSA, mimicking fatty acids in serum. Saturated 
fatty acids like palmitate may be heated fi rst with NaOH to 
achieve better solubilization. Cyclodextrins have also been 
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employed for solubilization, especially for very long-chain fatty 
acids (e.g., C24:0 lignocerate; [ 20 ]). The unbound concentra-
tions of fatty acids (only these are relevant for the ACS enzymes) 
in the assay cocktail are not known; they are assumed to vary 
widely between different fatty acids, depending on hydrocar-
bon chain length and degree of unsaturation. Therefore, ACS 
activities measured for different fatty acids are not directly 
comparable.   

   9.    The reaction of NaOH with fatty acids is the classical saponifi -
cation: the resulting fatty acid anions are amphipathic and have 
therefore a much higher solubility than the protonated fatty 
acids, greatly aiding in the binding to BSA. NaOH should not 
be used for polyunsaturated fatty acids (e.g., arachidonic acid).   

   10.    Saturation of buffers is most effi ciently done by fi rst degassing 
solutions under vacuum, and then using a stream of nitrogen. 
Avoid excessive foaming of the BSA solution.   

   11.    The fi nal concentrations in the assay tube are: 100 mM Tris–
HCl pH 7.4, 5 mM MgCl 2 , 200 μM DTT, 10 mM ATP, 
20 μM fatty acid at 10 Ci/mol bound to 5 μM BSA, 200 μM 
CoA, 0.2 % [w/v] TX-100 (0.1 % from the ACS assay cocktail, 
and 0.1 % if 10 μl sample lysate are used). The 10 μl sample 
lysate also adds 13 mM KCl and 2.5 mM Tris–HCl pH 7.4 
(slightly modifi ed based on ref.  19 ). The recipe for the ACS 
assay cocktail contains 10 % more volume than actually needed.   

   12.    For the initial assays, it makes sense to monitor the removal of 
unreacted oleate by measuring the radioactivity of the heptane 
fractions (the upper organic phase) during the extractions; the 
last two heptane fractions should contain only 
10–20 cpm/100 μl (10 cpm is background environmental 
radioactivity). If this is fi ne, aspiration of the upper heptane 
phase with a sucking device is more convenient than pipetting. 
Take care that the tubing is compatible with organic solvents, 
and of course the supernatant qualifi es still as radioactive waste. 

    For the initial assays, determine the amount of aqueous 
phase left after the heptane extractions (pipette aqueous phase 
completely into a fresh tube and balance; differences in weight 
should not be larger than ±10 %). 

 An alternative to the extraction of unreacted fatty acid with 
organic solvents is the application of thin layer chromatogra-
phy to separate fatty acids from acyl-CoA. The respective sig-
nals may then be quantifi ed with a phosphorimager. However, 
we found this approach to be less accurate and more laborious. 
Nevertheless, it is the method of choice for short chain fatty 
acids which differ not suffi ciently in their polarity from the 
corresponding acyl-CoA.   

   13.    The BCA assay is compatible with detergents, unlike the 
Bradford assay. Nevertheless, it is mandatory that the BSA 
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used for calibration has the same ion and detergent concentra-
tion as the sample (KTx lysis buffer). Bear in mind that the 
protein amount determined correlates with proteins which are 
soluble in  TX - 100 on ice  and does not equal the total amount 
of protein originally present.   

   14.    Fatty acids are together with ATP and CoA the substrates in 
this enzyme assay. ATP and CoA are water soluble and are at 
high concentrations, and therefore not limiting. However, if 
the ACS enzyme activity of the lysate is very high (i.e., too 
much material), the supplied fatty acid may be limiting. As a 
rule of thumb, if the cpm obtained in the aqueous phase (fatty 
acyl-CoA) are more than 25 % of the total cpm (fatty acid sup-
plied), the enzyme activity is going to be underestimated. 
Dilute your sample and repeat. 5–15 μg of total TX-100 solu-
ble protein is usually suffi cient (corresponding to about 50,000 
cells). 

 The cpm values obtained for the minus CoA controls should be less 
than 30 % of the signal obtained with the real samples. Higher 
values usually indicate partially degraded and/or oxidized 
[ 14 C]fatty acids.   

   15.    We have mostly used cell lines which were manipulated for 
their ACS enzyme content by stable overexpression or RNAi 
depletion of specifi c ACS enzymes. Assaying the total cellular 
lysate is therefore strictly speaking an  indirect  measure of the 
ACS enzyme in question. It is equally possible if more demand-
ing to purify/enrich specifi c ACS enzymes, using general 
membrane protein purifi cation or immunoaffi nity techniques 
[ 11 ,  18 ,  19 ,  21 ].         
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    Chapter 6   

 Qualitative and Quantitative In Vitro Analysis 
of Phosphatidylinositol Phosphatase Substrate Specifi city       

     Laura     Ren     Huey     Ip     and     Christina     Anja     Gewinner      

  Abstract 

   Phosphoinositides compromise a family of eight membrane lipids which play important roles in many 
 cellular signaling pathways. Signaling through phosphoinositides has been shown in a variety of cellular 
functions such cell proliferation, cell growth, apoptosis, and vesicle traffi cking. Phospholipid phosphatases 
regulate cell signaling by modifying the concentration of phosphoinositides and their dephosphorylated 
products. To understand the role of individual lipid phosphatases in phosphoinositide turnover and func-
tional signaling, it is crucial to determine the substrate specifi city of the lipid phosphatase of interest. 
In this chapter we describe how the substrate specifi city of an individual lipid phosphatase can be qualita-
tively and quantitatively measured in an in vitro radiometric assay. In addition, we specify the different 
expression systems and purifi cation methods required to produce the necessary yield and functionality in 
order to further characterize these enzymes. The outstanding versatility and sensitivity of this assay system 
are yet unmatched and are therefore currently considered the standard of the fi eld.  

  Key words     Phosphatidylinositol  ,    Inositol-polyphosphate-4-phosphatase type II    ,    PTEN    ,   PI-3 kinase  , 
  Lipid phosphatase assay  ,   Cell signaling  ,   Phosphorylation  ,   Enzyme assay  ,   Thin-layer chromatography  , 
  Phosphoinositide  ,   GST-pull-down assay  ,   Insect cell culture  ,    Mammalian overexpression system    

1      Introduction 

  Phospholipids   play multiple roles in cells such as forming the per-
meability barrier of the cell membrane and intracellular organelles, 
as well as providing the supporting matrix and surface for many 
catalytic processes. In addition, phospholipids actively participate in 
signaling processes in response to external and internal stimuli. In 
their function as signal transducers they can be hydrolyzed to pro-
duce products that function as second messengers in cellular sys-
tems. Besides the classical signaling transduction that occurs at the 
cell surface, phospholipids also harbor additional functions includ-
ing regulation of membrane traffi cking, the cytoskeleton, permea-
bility and transport functions, as well as nuclear events [ 1 – 4 ]. 
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 Phosphatidylinositol is a class of phospholipid which when phos-
phorylated results in phosphoinositides. These phosphoinositides 
initiate various responses that result in cellular growth, cell cycle 
entry, cell migration, and cell survival. Disruptions of this crucial 
signaling pathway have been linked to conditions such as cancer, 
infl ammatory disease, obesity, and diabetes [ 5 – 7 ]. Phosphoinositide 
metabolism is strictly controlled in cells by the action of specifi c 
lipid kinases and lipid phosphatases. In general, phosphorylation 
occurs at two sites within the cell. Mono- phosphorylations of most 
phosphatidylinositols by Class II phosphoinositol- 4  -kinase (PI4K)   
and Class III PI3K occur in endomembranes, such as the endo-
somes and the Golgi network [ 8 ,  9 ]. Phosphorylation of PI(4)P to 
PI(4,5)P 2  by phosphatidylinositol- 4-phosphate 5-kinase (PIP5K) 
and further phosphorylation to PIP 3  by class I phosphatidylinositol 
 3-kinases (PI3Ks)   occurs primarily at the plasma membrane [ 10 , 
 11 ]. Phosphoinositides have also been found in the nucleus, and 
their functions encompass many aspects of transcription, chroma-
tin remodeling, and mRNA maturation [ 8 ]. 

 The inositol head group of phosphatidylinositol can be revers-
ibly phosphorylated to generate seven different species, which play 
a fundamental role in mediating membrane-cytosol interactions 
[ 12 ,  13 ]. Once phosphorylated, phosphoinositides attract specifi c 
proteins with a binding domain for phosphatidylinositols [ 14 ]. 
Phosphorylation status of phosphoinositides can be changed by 
phosphoinositide kinases, phosphoinositide  phosphatases   and 
hydrolysis by phosphoinositide-specifi c phospholipase C enzymes 
(PLCs) [ 12 ,  15 – 17 ]. While some of the phosphoinositide phos-
phatases remove phosphate groups located in a specifi c position on 
the inositol ring, others, mainly those that dephosphorylate mono- 
phosphorylated phosphoinositides, possess functional specifi city 
related to phosphoinositide localization. In the case of the PI3K/
Akt signaling pathway negative regulation is conducted by three 
major phosphatases, by the catalytic function of the tumor sup-
pressor  PTEN  , which dephosphorylates PI-3,4,5 P 3  (PIP 3 ) to 
PI-4,5 P 2  [ 18 ]; the hematopoietic-restricted SH2 containing ino-
sitol 5′-phosphatase 1 and 2 (SHIP1/2) which hydrolyze PIP 3  to 
PI-3,4 P 2  [ 19 ]; and the inositol polyphosphate 4-phosphatase type 
II (INPP4B) which hydrolyzes PI-3,4 P 2 , to PI-3 P [ 20 ,  21 ]. 

 Over the last decade, the number of cellular processes known 
to be directly or indirectly controlled by phospholipids has dra-
matically expanded. However, due to the large number of phos-
pholipids, their highly active metabolism, and our lack of 
understanding of protein-lipid specifi city, phospholipid signaling 
remains a challenge to study [ 22 ,  23 ]. The overall complexity of 
phosphoinositide signaling emphasizes the need for methodology 
that allows detailed characterization of phospholipid kinases and 
phosphatases and their regulation of cellular phosphoinositide lev-
els. To determine substrate specifi city of individual phospholipid 
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phosphatases that may otherwise be too challenging to identify 
in vivo, the protocols described here can be employed to quantify 
phospholipid phosphatase activity of choice in vitro. In this chapter 
we additionally describe three overexpression systems used to 
obtain high yields of functional lipid phosphatases and depict how 
substrate specifi city of lipid phosphatases can be determined and 
quantifi ed using radiolabeling assays.  

2    Materials 

 All solutions should be prepared with ultrapure water and analyti-
cal grade reagents. 

           1.    Cell lysis buffer of choice: A widely used lysis buffer consists of 
20 mM Tris–HCl, pH 7.5, 150 mM NaCl, and 1 % Triton- X100. 
Store lysis buffer at 4 °C. Just before use add Complete prote-
ase inhibitors (Roche diagnostics) or add 1 mM benzamidine, 
1 μM aprotinin, 1 μM leupeptin, and 1 mM phenylmethylsul-
fonyl fl uoride (200 mM stock in EtOH, stored at −20 °C). 
Even stronger lysis buffers such as RIPA buffer can be used 
since they do not interfere with phosphoinositol kinase or lipid 
phosphatase activity.   

   2.    TNE wash buffer (20 mM Tris–HCl, pH 7.4, 100 mM NaCl), 
store at 4 °C.   

   3.    30 mM HEPES, pH 7.4, 0.5 mM EGTA.   
   4.    Specifi c antibody directed against overexpressed lipid phospha-

tase or phosphoinositide kinase and antibody-specifi c beads 
slurry such as SepharoseA (for rabbit polyclonal antibodies) or 
IgG beads (usually for mouse monoclonal antibodies) slurry: 
Alternatively, when the overexpressed phosphoinositide kinase 
or lipid phosphatase contains a tag, tag-specifi c beads such as 
Ni 2+  (for His-tag) or GST-/Flag (M2)    bead slurry may be used. 
Sepharose bead slurry is generally stored in high-salt storage 
buffer containing sodium azide. To equilibrate beads slurry to 
assay buffer conditions the beads should be washed two to 
three times with assay buffer before use and stored at 4 °C.      

       1.     E. coli  BL21(DE3)pLysS cells (Promega).   
   2.    LB-Broth (Sigma). Use for 1 l of deionized water 20 g LB 

powder and mix. Autoclave for 15 min at 121 °C to sterilize. 
Allow to cool before addition of antibiotics.   

   3.    Ampicillin or its more stable derivative carbenicillin disodium 
salt (Sigma) preparation. Dissolve 1 g of sodium ampicillin/
carbenicillin in 10 ml deionized water to obtain a fi nal 
 concentration of 100 mg/ml. Sterile fi lter using a 0.45 or 0.22 
μm sterile fi lter and store aliquots at −20 °C.   

2.1  Lipid 
 Phosphatase   Protein 
Expression and 
Purifi cation Systems

2.1.1  Transient 
Expression in Mammalian 
Cells and Enrichment 
by Immunoprecipitation

2.1.2  Glutathione 
S-Transferase (GST)-
Tagged Protein Expression 
and Purifi cation

Quantitative Lipid Phosphatase Assay
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   4.    Glutathione Sepharose4B (GE Healthcare) or  GST   column 
cartridge (Bio-Rad). Equilibrate beads slurry with assay buffer 
by washing beads two to three times with three to fi ve bed 
volumes assay buffer before use and store at 4 °C. Gently shake 
or invert tube containing sepharose beads just before use to 
obtain homogenous slurry.   

   5.    GST-elution buffer: 10 mM  L -Glutathione, reduced (Sigma) 
dissolved in 50 mM Tris–HCl, pH 8.0. Should be made fresh 
before use.   

   6.    Isopropyl β- D -1-thiogalactopyranoside (IPTG, Thermo 
Scientifi c). IPTG induces the transcription from promoters 
regulated by LacI repressor. Dissolve 1 g in 4196 μl deionized 
water to make a 1 M solution. Filter sterilize with a syringe and 
a 0.22 μm fi lter. Store aliquots at −20 °C.   

   7.    GST-lysis buffer. Mix 1× PBS with 1 % Triton X-100 and store 
at 4 °C until use.   

   8.    GST-wash buffer 1: GST-lysis buffer with 0.5 % Triton X-100.   
   9.    GST-wash buffer 2: GST-lysis buffer with 0.1 % Triton X-100.   
   10.    Optional: Sarcosyl (Sigma). Dissolve 10 % (w/v) solution in 

50 mM Tris–HCl, pH 8.0. Store aliquots at −20 °C.   
   11.    Lysozyme (from chicken egg white, Sigma). Dissolve 10 mg/

ml lysozyme in deionized water. Make fresh before use.   
   12.    Protease inhibitor mix tablets (Roche).   
   13.    Tip sonicator.      

   Baculovirus insect cell expression systems have the capacity to pro-
duce many recombinant proteins at high levels and provide signifi -
cant eukaryotic protein processing capabilities [ 24 ]. 

   T-fl asks (25, 75, and 150 cm 2 ) and plastic roller bottles (Corning).  

       1.    Equipment consists of orbital shaker with clamps fi tted for 
100–500 ml Erlenmeyer fl asks (LabLine).   

   2.    Disposable Erlenmeyer fl asks (Corning).   
   3.    Incubator large enough to house a least two orbital shakers, or 

a shaking incubator.   
   4.    Fresh complete serum-free media (SFM, such as GIBCO).   
   5.    Optional: Pluronic Polyol F-68, 10 % (GIBCO): Supplement 

to basal medium. Pluronic F-68 Polyol is a nonionic detergent 
that protects cells from hydrodynamic damage. Make a 10 % 
(w/v) solution in insect cell culture medium.   

   6.    Trypan blue stain, 0.4 % (GIBCO) is a widely used method to 
identify dead cells. Cells with intact membranes can effectively 

2.1.3  Protein Expression 
in Serum-Free  Insect Cell   
Culture

2.1.3.1  Monolayer 
Culture

2.1.3.2  Shaker Culture
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exclude the dye while dead cells with compromised membranes 
are stained blue. Use 1:1 with cell suspension. Mix well before 
introducing in hematocytometer or cell counter.        

         1.    ATP (Sigma): ATP hydrolyzes very quickly and therefore 
should be always handled on ice and stored at −70 °C. It is 
good practice to use aliquots only once and remainders should 
be discarded after fi rst time use. Dissolve ATP in deionized 
water to a fi nal concentration of 10 mM and aliquot. Store at 
−70 °C. For a phosphoinositol-labeling reaction use 150–200 
μM ATP.   

   2.     Phospholipid   preparation: When working with lipids work as 
fast as possible to avoid evaporation. 

 PI ( L -α-Phosphatidylinositol in chloroform, Avanti Lipids): 
Aliquot in brown glass vials. Close vial cap tight and seal with 
parafi lm. Store all vials at −70 °C. 

 PI-4P ( L -α-Phosphatidylinositol 4-phosphate, bovine brain 
disodium salt in chloroform, Avanti Polar Lipids): Evaporate 
chloroform under a stream of nitrogen ( see   Note 1 ), and then 
dissolve in CHCl 3 :MeOH (2:1). Aliquot in brown glass vials, 
at 1 mg/ml. Close vial cap tight and seal with parafi lm. Store 
all vials at −70 °C. 

 PI-4,5P 2  ( L -α-Phosphatidylinositol 4,5-diphosphate, bovine 
brain disodium salt in chloroform, Avanti Polar Lipids): 
Evaporate chloroform under a stream of nitrogen, and then 
dissolve in CHCl 3 :MeOH:1 N HCl (2:1:0.01), at 1 mg/ml. 
Aliquot in brown glass vials. Close vial cap tight and seal with 
parafi lm. Store all vials at −70 °C. 

 PS ( L -α-Phosphatidyl- L -Serine in chloroform, Avanti Polar 
Lipids): Dissolve in CHCl 3 , at 10 mg/ml. Aliquot in brown 
glass vials. Close vial cap tight and seal with parafi lm. All vials 
are stored at −70 °C.   

   3.    2 ml sample vials (Baxter) and Tefl on-lined caps size 8-425 
(Baxter).   

   4.    Thin-layer chromatography (TLC) plates (Silica Gel 60 
20 × 20 cm plates, 250 m layer (Whatman, Fisher)): 
Pretreatment of TLC plates with oxalate is necessary to visual-
ize PI- 3  ,4,5 P 3  that would otherwise stay at the origin of load-
ing and to enhance overall resolution of phospholipid spots. 
Prepare fresh TLC pretreatment solution (1 mM EDTA, 1 % 
(w/v) potassium oxalate (Sigma) in deionized water). Add 
methanol (chromatography grade, Sigma) to buffer (40:60) 
and mix carefully. Place plates in a TLC developing tank 
(Sigma) and add pretreatment solution by slow siphon. The 
speed should be such that the solvent front runs just ahead of 
the added solution. Be careful that the plates do not develop 
air pockets that do not get treated by the pretreatment  solution. 

2.2   Lipid Labeling   
and Lipid  Phosphatase      
Assay

2.2.1  In Vitro PI-3 
 Kinase      Assay
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Air-dry the plates and then activate plates at 100 °C for 1 h in 
a baking oven.   

   5.    Baking oven.      

       1.    Lipid stocks [2 mg/ml]: PS and PI in CHCl 3 , PI-4 P and 
PI-4,5 P2 in CHCl 3 /MeOH/HCl 1N (2:1:0.1). Refer to 
Subheading  3.4  for phospholipid preparation and to Table  2  
for composition of phospholipid mixture.   

   2.    TLC plate (pre-coated with 1 % potassium oxalate in MeOH). 
Refer to Subheading  3.4  for pre-treatment of TLC plates with 
oxalate.   

   3.    2 M Acetic acid ready to use (Sigma).   
   4.    1-Propanol (Sigma).   
   5.    Cell lysis buffer (refer to Subheading  2.1.1 ,  item 1 , for 

recipe).   
   6.    TNE buffer (20 mM Tris–HCl, pH 7.4, 100 mM NaCl), ice 

cold. Refer to Subheading  2.1.1 ,  item 2 , for recipe.   
   7.    HEPES-EGTA buffer: Prepare 30 mM HEPES in deionized 

water and adjust pH to 7.4 and add 0.5 mM EGTA.   
   8.    100 mM HEPES, pH 7.4.   
   9.    500 mM MgCl 2 .   
   10.    10 mM ATP (refer to Subheading  3.4  for preparation 

method).   
   11.     32 P-γ-ATP (PerkinElmer, 3.3 μM, 10 mCi/ml).   
   12.    MeOH:CHCl 3  (1:1) mixture. Make fresh before use.   
   13.    4 N HCl (Add 8.3 ml 36 % concentrated HCl (approx. 12 N) 

solution to 100 ml deionized water and mix carefully).   
   14.    Screw-cap O-ring tubes (1.5 ml, conical bottom, VWR).   
   15.    Filtered gel loading tips (Starlab).      

       1.    1 M Tris–HCl, pH 8.0. (Dissolve 12.114 g Tris in a glass bea-
ker supplied with 80 ml deionized water. Mix and adjust pH 
with HCl. Make up to a total volume of 100 ml with deionized 
water. Store at 4 °C or sterilize at 121 °C for 15 min before 
storing at room temperature.)   

   2.    1 M DTT (dissolve 1.5 g of DTT in 8 ml deionized water): 
Adjust the total volume to 10 ml, dispense in 1 ml aliquots, 
and store them in the dark at −20 °C. Do not autoclave DTT 
or solution containing it.   

   3.    Freshly labeled substrate phospholipid(s) (such as PI-3,4,5 P 3  
for  PTEN   or PI-3,4 P 2  for INPP4B) and reference 
phospholipid(s) (refer to Subheading  3.4  for PI-3 kinase 

2.2.2  In Vitro PI- 3   Kinase   
Assay from IP

2.2.3  Lipid 
 Phosphatase   Assay
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 reaction). Evaporate phospholipid mixture under a stream of 
nitrogen, and then dissolve in phosphatase assay buffer.   

   4.    2 μg purifi ed lipid phosphatase, such as  PTEN   or INPP4B 
(expressed and purifi ed as described in Subheadings  3.1 – 3.3 ).   

   5.    STORM screen: The STORM screen will be exposed to the 
TLC plate after phospholipid separation to capture γ[ 32 P]-
labeled phospholipids.   

   6.    Access to a PhosphorImager for image capture and quantifi ca-
tion of  phospholipid   levels.        

3    Methods 

    Many cell lines are suitable for transient transfection and high-yield 
protein expression. The protocol below has been described for 
overexpression of lipid phosphatases in HEK 293 human embry-
onic kidney cells but can be exchanged with any other cell line that 
demonstrates high transfection effi ciency and high protein expres-
sion yields. Depending on the cell line different transfection 
reagents may be used and therefore the transfection procedure is 
not described here.

    1.    Harvest 80–100 % confl uent HEK 293 cells 24–72 h post- 
transfection depending on toxicity and stability of the expressed 
phospholipid phosphatase protein ( see   Note 2 ).   

   2.    Aspirate growth media and wash HEK 293 cells off the tissue 
culture plates using 1× PBS (HEK 293 cells show low adher-
ence and therefore can be harvested by washing off the tissue 
culture plates while other cell lines need to be trypsinized).   

   3.    Pellet HEK 293 cells in tabletop centrifuge at 1000 rpm for 
5 min at 4 °C.   

   4.    Remove PBS carefully. Avoid touching the cell pellet.   
   5.    Wash HEK 293 cell pellet once more in ice-cold PBS and treat 

samples as described in  steps 2  and  3 .   
   6.    Resuspend HEK 293 cell pellet in ice-cold lysis buffer supple-

mented with protease and phosphatase inhibitors and incubate 
5–10 min on ice, vortex the cell lysate occasionally ( see   Note 3 ).   

   7.    Centrifuge cell lysate in a high-speed centrifuge at 16,000 ×  g  
for 15 min at 4 °C.   

   8.    Carefully transfer the supernatant into a new Eppendorf tube 
and store on ice. Avoid touching the pellet.   

   9.    Dilute cell lysates to a concentration of approximately 1 mg/
ml using cell lysis buffer containing protease and phosphatase 
inhibitors.   

3.1  Transient 
Expression in 
Mammalian Cells and 
Protein Enrichment by 
Immuno precipitation
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   10.    Cell lysates containing overexpressed tagged lipid phosphatase 
such as 6×His or Flag-tag should be purifi ed with tag-specifi c 
beads slurry according to manufacturer’s recommendation.   

   11.    Untagged lipid phosphatases can be purifi ed by immunopre-
cipitation (IP) detailed below.   

   12.    Add to the cell lysate the recommended quantity of specifi c 
lipid phosphatase antibody (volume of antibody used depends 
on the quantity of cell extract and affi nity of the antibody. 
Refer to the manufacturer’s recommendations).   

   13.    Transfer tubes containing lysates and antibody onto a rotator 
wheel at 4 °C and incubate for 2 h or overnight depending on 
the antibody affi nity.   

   14.    Add 10–30 μl of specifi c sepharose bead slurry (IgG or 
SepharoseA beads depending on the antibody origin) to each 
IP and incubate for 1 h at 4 °C on a rotator wheel. The amount 
of beads used depends on quantities of antibody and immuno-
precipitated protein.   

   15.    Wash IP samples for  phosphatase   assay two times in cell lysis 
buffer containing protease and phosphatase inhibitors, fol-
lowed by three wash steps using TNE buffer ( see   Note 3 ). For 
washing, invert tubes containing the IP samples several times 
or alternatively transfer tubes onto a rotator wheel for 2–5 min 
at 4 °C. Centrifuge samples at 2000 rpm for 3–5 min at 4 °C 
to pellet beads.   

   16.    Transfer the IP samples to screw-cap tubes for the last wash. 
Lipid  phosphatase   assays can be performed with protein bound 
“on the beads” or purifi ed by elution.      

   Glutathione S-transferase (GST) is a 211-amino acid protein (26 
kDa) whose DNA sequence is frequently integrated into expression 
vectors for production of high yields of functional, recombinant 
protein of up to 60 kDa in size [ 25 ]. Higher molecular proteins 
(>60 kDa) give rise to low yield and consequently other expression 
systems should be used. The result of expression from such a vector 
system is a GST-tagged fusion protein. Because GST rapidly folds 
into a stable and highly soluble protein upon translation, inclusion 
of the GST-tag often promotes greater expression and solubility of 
recombinant proteins than expression without the tag. GST-tagged 
fusion proteins can be purifi ed or detected based on the ability of 
GST to bind to its substrate glutathione (GSH) [ 26 ].

    1.    Transform the GST-tagged fusion protein into  E. coli  BL21 
bacteria according to the manufacturer’s recommendations.   

   2.    Plate transformed bacteria on ampicillin/carbenicillin LB-agar 
plates and incubate overnight at 37 °C in incubator.   

3.2  Glutathion 
S-Transferase- Tagged 
Protein Expression 
and Purifi cation
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   3.    The next day inoculate a starter culture. Pick one bacteria col-
ony from the LB-agar plate using a sterile tip and inoculate 
20 ml LB medium containing 100 μg/ml ampicillin/
carbenicillin.   

   4.    Grow starter culture overnight at 37 °C in an incubated shaker.   
   5.    Start preparative culture by adding 5 ml of starter culture to 

200 ml LB-broth medium containing 100 μg/ml ampicillin/
carbenicillin.   

   6.    Carefully monitor the growth of the culture by measuring the 
OD 600  in regular intervals until an OD 600  of ~ 0.5 to 0.9 is 
reached ( see   Note 4 ).   

   7.    Induce expression of culture at OD 600  ~ 0.5 to 0.9 with 0.1 
mM IPTG for 3 h at 28–37 °C in a shaker at 250 rpm ( see  
 Note 5 ).   

   8.    Pellet cells by spinning for 15 min at 3500 ×  g  at 4 °C. All steps 
should be performed on ice or at 4 °C from this point on.   

   9.    Carefully discard the LB-broth and resuspend cell pellet gently 
in ice-cold PBS lysis buffer containing protease inhibitors by 
pipetting up and down slowly. Lysis is more effi cient when pel-
let is fully resuspended.   

   10.    Add lysozyme to 1 mg/ml (from a 50 mg/ml solution in 
deionized water, store at −20 °C) to the cell lysate and incu-
bate on ice for 30–60 min. Mix occasionally by inverting tubes.   

   11.    Optional: Add sarcosyl to a fi nal concentration of 1 % from a 
10 % stock. Mix by inversion ( see   Note 6 ).   

   12.    Sonicate cell lysate on ice using a tip sonicator (3–5 cycles of 
10 s followed by 10 s rest) until the lysate becomes fl uid and 
clear ( see   Note 7 ).   

   13.    Spin the sonicated lysate for 15 min at 12,000–15,000 ×  g  at 4 
°C.   

   14.    Transfer the supernatant to a fresh Falcon tube on ice. Avoid 
transferring parts of the cell pellet since this can interfere with 
subsequent purifi cation steps.   

   15.    Load supernatant onto a glutathione-agarose column or slurry 
previously equilibrated on extraction buffer. As a general rule, 
use 1 ml GST-agarose per liter of bacterial culture when 
expressing small fusion proteins or non-fused GST, which usu-
ally yield large amounts of protein ( see   Note 8 ).   

   16.    Wash 1: Wash column with 10 bed volumes of GST wash buf-
fer 1 (lysis buffer with 0.5 % Triton X-100 including protease 
inhibitor mix). For batch purifi cation wash GST-slurry for 
15–30 min on a rotator wheel.   
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   17.    Wash 2: Wash column with 10 bed volumes of GST wash buf-
fer 2 (lysis buffer with 1 % Triton X-100). For batch purifi ca-
tion, wash GST-slurry for 15–30 min on a rotator wheel.   

   18.    Elute GST-fusion protein with 10 bed volumes of lysis buffer 
including 10 mM glutathione. Collect around 10–12 fractions. 
The bulk of protein is usually eluted in the fi rst few fractions. 
For batch purifi cation split elution into several steps of 1–3 bed 
volumes.   

   19.    Identify elution fractions with the highest GST-fusion protein 
content by  SDS-PAGE   and Coomassie Brilliant Blue staining.   

   20.    Pool fractions with the highest GST-fusion content and add 
glycerol to a fi nal concentration of 40 %. Aliquot and store at 
−70 °C.    

      The baculovirus expression vector system is a versatile and powerful 
platform for protein expression in insect cells. It offers several advan-
tages including high levels of expression as well as similar posttrans-
lational modifi cations as in mammalian cells ( see   Note 9 ) [ 27 ]. 

    Adherent insect cell cultures are slower growing and may be used 
for small-scale protein expression. Refer to the recommended cul-
ture conditions in Table  1 .

     1.    Remove spent growth media and replace with fresh growth 
media every 3–4 days until cells are ready to subculture (90 % 
confl uency).   

3.3  Protein 
Expression in Serum-
Free  Insect Cell   
Culture

3.3.1  Adherent Cultures

    Table 1 
  Recommended culture conditions for  insect cell   adherent and suspension cultures   

 Suspension cultures  Adherent cultures 

 Cell density  >2 × 10 6  viable cells/ml  >80 % confl uent 

 Culture 
vessel 

 125 or 250 ml disposable, sterile Erlenmeyer fl ask 
containing 35–50 ml or 75–100 ml total 
working volume of cell suspension, respectively 

 T-75 cm 2  to T-175 cm 2  disposable 
sterile T-fl asks. Dilute cells in a 
total working volume of 
15–20 ml for T-75 cm 2  fl asks and 
40–50 ml for T-175 cm 2  fl asks 

 Seeding 
density 

 3–5 × 10 5  viable cells/ml  2–5 × 10 4  viable cells/cm 2  

 Incubation 
conditions 

 28 °C ± 0.5 °C non-humidifi ed, ambient air- 
regulated incubator or warm room on an 
orbital shaker platform rotating at 125–150 
rpm; loosen caps to allow for oxygenation/
aeration 

 28 °C ± 0.5 °C non-humidifi ed, 
ambient air-regulated incubator 
or warm room 

Laura Ren Huey Ip and Christina Anja Gewinner



65

   2.    To subculture insect cells can be easily rinsed off the fl ask bot-
tom. Remove cell clumps by gently pipetting up and down, 
then transfer cells into a sterile Falcon tube.   

   3.    Determine cell density and viability of insect cell culture by 
using a cell counting chamber and the trypan blue exclusion 
method. Transfer a small aliquot of the cell suspension to a 
microcentrifuge tube. Mix cell suspension with an equal vol-
ume of trypan blue and transfer to the counting chamber. 
Determine cell density electronically using a cell counter or 
manually using a hemocytometer chamber. Calculate viable 
and total cell count.   

   4.    Seed cells at recommended density (refer to Table  1 ) by dilut-
ing in pre-warmed (28 °C) growth medium. Mix cells in 
growth medium by carefully tilting the fl ask.   

   5.    Put fl asks in incubator with caps loosened to allow for oxygen-
ation/aeration, or in case fl asks with fi lter caps are used tighten 
cap close.    

         1.    Six to ten confl uent T-75 cm 2  monolayer fl asks are required to 
initiate a 100 ml suspension culture.   

   2.    Dislodge cells from the bottom of the fl asks as described in 
Subheading  3.3.1 ,  step 2 .   

   3.    Pool the cell suspension and perform a viable cell count (e.g., 
Trypan blue exclusion method).   

   4.    Dilute the cell suspension to approximately 3–5 × 10 5  viable 
cells/ml in complete growth media.   

   5.    Incubate spinner vessels at 28 ± 0.5 °C at a constant stirring 
rate of 50 rpm for spinner cultures and 100 rpm for shake fl ask 
cultures ( see   Note 10 ).   

   6.    Initiate subculture when the viable cell count reaches 1–2 × 10 6  
cells/ml (generally achieved 3–7 days post-passaging). Increase 
stirring speed by 5 rpm for either spinner or shaker fl ask cul-
tures. If cell viability drops below 75 % decrease stirring speed 
by 5 rpm until culture viability recovers above 80 %.   

   7.    In case large cell clumps (>10 cells per clump) occur, let the 
spinner or shaker fl ask culture sit a few minutes before subcul-
turing. The big cell clumps will settle to the bottom of the fl ask 
and sample for cell counting can be taken from the top third of 
the suspension culture.   

   8.    It may be necessary that  step 7  needs to be repeated several 
times until overall large cell clumps in suspension culture are 
eliminated.      

3.3.2  Suspension Culture
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   It is important that nutritional or biophysical factors such as pH, 
oxygen, and temperature are not rate limiting during the infection 
of insect cells. Cultures should be infected in the mid-logarithmic 
phase of growth with an established multiplicity of infection 
(MOI). It is recommended that the culture is infected at a cell 
density of 2–4 × 10 6  cells/ml with an MOI of 0.1–1.0. A maximum 
of secreted proteins is usually observed 48–72 h post-infection and 
of non-secreted protein 72–96 h post-infection ( see   Note 11 ).  

   Infection of insect cells requires monitoring the levels of individual 
baculovirus in an infected cell culture. The primary means for 
detecting concentrations of baculovirus DNA within an infected 
culture is by using polymerase chain reactions (PCR). Individual 
PCR reactions to detect and quantify levels of baculovirus trans-
genes are described in Hitchman et al. [ 28 ].  

   The protocol described below for generation of baculovirus stock 
is optimized for 24-well plates, but may be scaled up taking into 
account the growth area of insect cell culture used.

    1.    Add to each well in a 24-well plate 0.5 ml of insect cells at 
1 × 10 6  cells/ml.   

   2.    Let the cells attach for 30–60 min at RT.   
   3.    Add 5 μl of baculovirus stock to the insect cells.   
   4.    Incubate insect cells with baculovirus stock for 6 days at 28 °C.   
   5.    Harvest the supernatant of the  insect cell   culture and spin at 

2500 rpm for 5 min at room temperature to remove any cel-
lular contamination. Discard the 24-well plate.   

   6.    Store at 4 °C in the dark. For long-term storage add fetal 
bovine serum (FBS) or BSA to 10 % and store at −80 °C ( see  
 Note 12 ).       

            Seed HEK 293 human embryonic kidney cells in 15 cm tissue cul-
ture plates. In general, one 15 cm tissue culture plate contains 
enough endogenous PI-3 kinase for approximately 8–10 PI-3 
kinase reactions ( see   Note 13 ).

    1.    Harvest 80–100 % confl uent HEK 293 human embryonic kid-
ney cells by washing HEK 293 cells off the tissue culture plates 
using ice-cold 1× PBS (HEK 293 cells show low adherence to 
tissue culture plates and can harvested by washing them off the 
tissue culture plates). Cell lysates should be handled on ice all 
times.   

   2.    Pellet HEK 293 cells in table top centrifuge at 1000 rpm for 
5 min at 4 °C.   

   3.    Remove PBS carefully. Avoid touching the cell pellet.   

3.3.3  Infection 
of Serum-Free Cultures 
with Recombinant 
Baculovirus

3.3.4  Monitoring 
Baculovirus Levels

3.3.5  Generating Virus 
Stock Using Monolayer 
Infection

3.4  Lipid Labeling 
and Lipid 
 Phosphatase      Assay
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of PI-3  Kinase   for Kinase 
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   4.    Wash HEK 293 cell pellet once more in ice-cold PBS and treat 
samples as described in  steps 2  and  3 .   

   5.    Resuspend HEK 293 cell pellet in lysis buffer on ice and incu-
bate 5–10 min, vortexing the cell lysate occasionally.   

   6.    Centrifuge cell lysate in a high-speed centrifuge at 16,000 ×  g  
for 15 min at 4 °C.   

   7.    Carefully transfer the supernatant containing the endogenous 
PI-3  Kinase   enzyme into a new pre-labelled Eppendorf tube 
and store on ice. Avoid touching the pellet since it contains the 
cell membranes.   

   8.    Dilute cell lysates to a concentration of 1 mg/ml using cell 
lysis buffer containing protease and phosphatase inhibitors.   

   9.    Set up PI3-kinase IP reaction by adding to the HEK 293 cell 
lysate 2–5 μl of rabbit anti-PI-3 kinase antibody (volume of 
antibody used depends on the quantity of cell extract that is 
being used in the IP; refer to the manufacturer’s 
recommendations.).   

   10.    Transfer tubes containing lysates and antibody onto a rotator 
wheel at 4 °C and incubator overnight.   

   11.    Add 15–30 μl of SepharoseA bead slurry to each IP and incu-
bate for 1 h at 4 °C on a rotator wheel.   

   12.    Wash IP samples for kinase assay two times in cell lysis buffer 
containing protease and phosphatase inhibitors, followed by 
three wash steps using TNE buffer. For washing invert tubes 
containing the IP samples several times, or alternatively  transfer 
tubes onto a rotator wheel for 2–5 min at 4 °C followed by 
gentle centrifugation at 2000 rpm for 3–5 min at 4 °C.   

   13.    Divide and transfer the IP samples to screw-cap tubes for the 
last wash.   

   14.    Aspirate all TNE wash buffer off the SepharoseA beads (do not 
leave more than approximately 5 μl of wash buffer on top of 
the bead pellet).   

   15.    Add 65 μl of TNE buffer to reach a fi nal volume of 70 μl ( see  
 Note 14 ).    

     For each reaction use the lipid substrate composition as shown in 
Table  2 . Mix the substrate phospholipids and dry under gentle 
nitrogen fl ow. Add to the dried lipids the prepared HEPES:EGTA 
assay buffer and sonicate the mixture at room temperature in a cup 
horn sonicator to form micelles (constant output at 50 % energy, 
10 min). Alternatively, a probe tip sonicator can be used (3–5 
pulses at 30 % power). The lipid-buffer mixture should have a 
milky appearance after sonication. Gently vortex the lipid mixture 
and spin it quickly down. Store the lipid mixture at room tempera-
ture until use ( see   Note 15 ).

3.4.1.2  Preparation 
of  Phospholipids  
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      Thaw  32 P-γ-ATP and prepare the “hot” ATP master mix for the 
amount of reactions required as shown in Table  2 . Store ATP mas-
ter mix at room temperature until use.  

       1.    Equilibrate IP samples to room temperature for 10 min.   
   2.    Add 20 μl of the lipid mix to each sample and preincubate at 

room temperature for 5–10 min ( see   Note 16 ).   
   3.    To start the kinase reaction, add 10 μl of the “hot” ATP master 

mix and lipids to each sample. Carefully fl ick the tube to mix 
the SepharoseA beads with the ATP master mix. Incubate PI-3 
kinase reactions in a heat block which is set to 30 °C. Flick 
tubes occasionally to allow the SepharoseA beads to mix with 
the lipids ( see   Note 17 ).   

   4.    Stop the PI-3 kinase reaction exactly after 10 min incubation 
by adding 50 μl 4 N HCl. To maximize lipid labeling the PI-3 
kinase reaction can be extended up to 30 min.      

       1.    Add 100 μl MeOH:CHCl 3  (1:1) mixture to each sample and 
vortex tubes two times for 30 s ( see   Note 18 ).   

   2.    Spin tubes at 16 x g for 2 min at room temperature.   
   3.    Carefully remove the tubes from the centrifuge without dis-

turbing the chloroform phase. 
 Each lipid extraction contains three phases: The bottom phase con-

tains the organic chloroform phase and the phospholipids. The 
middle phase is a thin layer with a white appearance and con-
tains proteins. The top phase is the water-soluble phase.   

   4.    Carefully remove the complete bottom chloroform phase (~50 
μl) and transfer it to a new pre-labeled Eppendorf tube. To 
avoid any traces of the other phases in the pipette tip it is rec-
ommended to use the fi rst pressure point of the pipette to 
enter the bottom chloroform-phospholipid phase, and then 
carefully increase pressure to the second pressure point of the 

3.4.1.3  Preparation 
of the “Hot” ATP Master 
Mix

3.4.1.4  PI-3  Kinase   
Reaction

3.4.1.5   Phospholipid   
Extraction

     Table 2 
  Composition of lipid substrate mixture and “hot” ATP master mix   

 Lipid substrate mix  Per reaction  “Hot” ATP master mix  Per reaction 

 PS  4 μg  HEPES (100 mM, pH 7.4)  6.5 μl 

 PI  2 μg  500 mM MgCl 2   2.0 μl 

 PI-4 P and/or  2 μg  10 mM ATP  0.5 μl 

 PI-4,5-P 2   2 μg  32-P-γ-ATP  1.0 μl 

 HEPES/EGTA buffer  20 μl  Total  10.0 μl 
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pipette, which will exhaust the traces from the other phases 
before allowing to pipette the chloroform- phospholipid   phase 
( see   Note 19 ).      

       1.    Mark guides on the TLC plate with a soft pencil to prevent 
lipids touching the solvent phase on the bottom of the TLC 
chamber and to allow enough room for samples to be ana-
lyzed. Do not spot the lipids below 1 in. from the bottom of 
the TLC plate and leave a 1–2 cm gap between the different 
samples.   

   2.    Bake the TLC plate in the oven at 120 °C for 5 min to remove 
water vapor prior to use.   

   3.    Use thin, gel-loading tips to spot all of the organic phase onto 
the TLC plate ( see   Note 20 ). 

 When taking up the chloroform-lipid phase immediately tilt 
the pipette horizontally to prevent dripping of the organic sol-
vent phase. Be careful not to let the solvent reach the fi lter in 
the pipette tip. Slowly let the chloroform-lipid phase drip drop 
by drop onto the TLC plate. The spot should not exceed 5 mm 
in diameter. If airfl ow is available dry the spot under gently 
fl ow, then proceed with the next drop. Continue in an alter-
nate fashion until the complete sample is spotted. Then con-
tinue with the next sample.   

   4.    Transfer the TLC plate into the TLC chamber, and apply vac-
uum grease on the top of the chamber before closing it with 
the glass lid to seal it. Add an additional weight to seal it fur-
ther. Ensure that the TLC plate is not touching the Whatman 
paper in the TLC chamber. A serological plastic pipette can be 
used as divider to ensure that contact between the Whatman 
paper and the TLC plate is avoided.   

   5.    Run the TLC plate overnight ( see   Note 21 ).   
   6.    Air-dry the TLC plate, wrap it in plastic  fi lm  , and develop in a 

fi lm cassette using a STORM screen.        

   Lipid phosphatase assays are an excellent technique to identify and 
quantify the phospholipid specifi city of lipid phosphatases. 
Radioactive assays are preferred over colorimetric assays due to 
their higher sensitivity and application to a greater range of phos-
pholipid substrates. 

       1.    Dry freshly labeled “hot” phospholipids under gentle nitrogen 
fl ow.   

   2.    Add to the dried lipids the phosphatase reaction buffer (100 
mM Tris–HCl, pH 8.0, 1 mM DTT). 10 μl of reaction buffer 
should be added to approx. 4–6 μg radioactive labeled phos-
pholipids (1× PI3 kinase reaction).   

3.4.1.6  Spotting Lipids 
on the TLC Plate

3.5  Lipid 
 Phosphatase   Assay  

3.5.1   Phosphatase   
Reaction
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   3.    Sonicate the mixture at room temperature in a cup horn soni-
cator to form micelles (constant output at 50 % energy, 10 
min). Alternatively, a probe tip sonicator can be used (3–5 
pulses at 30 % power). The lipid-buffer mixture should have a 
milky appearance after sonication.   

   4.    Gently vortex the lipid mixture and spin it quickly down. Store 
the lipid mixture at room temperature until use ( see   Note 22 ).   

   5.    Prepare phosphatase assay by mixing phosphatase reaction 
buffer (100 mM Tris–HCl, pH 8.0, 1 mM DTT) with 2–4 μg 
purifi ed lipid phosphatase (phosphatase protein can be used 
purifi ed or as IP on beads). Start the reaction by addition of 10 
μl ‘hot’ labeled substrate phospholipids in reaction buffer. The 
fi nal volume of each phosphatase reaction is 50 μl.   

   6.    Incubate phosphatase assay at 37 °C for 1–2 h (for INPP4B 
phosphatase assay). Occasionally fl ick the reaction tubes to mix 
phosphatase reaction ( see   Note 23 ).   

   7.    Stop the PI-3 kinase reaction by adding 50 μl 4 N HCl.   
   8.    Extract phospholipids and spot a TLC plate as described in 

 steps 6  and  7 , Subheading  3.4 .   
   9.    The substrates and products from each phosphatase assay are 

quantifi ed by Phosphorimager and the percent hydrolysis is 
calculated ( see   Note 24 ).      

   The quantifi cation of phosphoinositides is generally performed by 
scanning densitometry using a PhosphorImager. Although phos-
phorimaging has a lower resolution than X-ray fi lm detection and 
quantifi cation methods, phosphorimaging has greater sensitivity, 
faster image development, and an enhanced dynamic range. During 
the TLC run labeled phosphoinositides are effi ciently separated 
from the radioactivity, remaining near the origin of the run and any 
radioactive ATP and free phosphate is carried over with the organic 
phase [ 29 ]. The different phosphoinositide classes are separated 
according to their head groups, with phosphatidylinositol (PI) 
migrating furthest on the TLC and the more phosphorylated 
phosphoinositides such as PIP, PIP 2 , and PIP 3  migrating slower 
with increasing  phosphorylation   state ( see  Fig.  1 ).

     1.    After the TLC run air-dry the TLC plate, wrap it in plastic fi lm 
and develop in a fi lm cassette using a STORM screen.   

   2.    After 3–24 h (depending on the signal strength) analyze 
STORM screen using a PhosphorImager and quantify the 
labeled species with the provided quantitation software ( see  
 Note 24 ).    

3.5.2  Quantifi cation 
of the Lipid 
 Phosphatase   Assay  
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4        Notes 

     1.    Drying phospholipids under N2 fl ow is the best way to avoid 
oxidation of fatty acids.   

   2.    Protein expression levels of each lipid phosphatase and for each 
specifi c cell line should be optimized before a preparative 
expression and lysis is attempted. In addition, transfection effi -
ciency for each single experiment should be monitored in 
 parallel by using an expression vector for green fl uorescence 
protein (GFP).   

   3.    For INPP4B lipid phosphatase expression and immunoprecipi-
tation experiments no EGTA or EDTA should be added to the 
lysis buffer, washing buffers or reaction buffer since it inter-
feres with lipid phosphatase activity in the downstream phos-
phatase assay.   

   4.    Optimal conditions for expression and GST fusion proteins in 
 E. coli  vary widely, depending on the molecular weight and 
solubility of the fusion protein, compatibility of the coding 

  Fig. 1    Schematic of phosphoinositol lipid separation by TLC. Based on their phos-
phorylation content of the phosphoinositide head group phosphoinositol lipids 
migrate at different speed.  Phospholipids   with lowest phosphorylation content 
migrate fastest while increasing phosphorylation of the head group results in 
slower migratory speed during the TLC run       
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sequence with codon usage of the host bacterial strain, extend 
of expression induction, and lysis of cells.   

   5.    In case expression of the GST-tagged fusion protein at 37 °C 
gives rise to inclusion body aggregates, lowering the tempera-
ture of culture to 30 °C for 3 h gives rise to considerable 
amounts of soluble protein.   

   6.    Addition of 0.7–2 % Sarcosyl, 1 % Triton X-100 and 10 mM 
CHAPS helps to purify natively folded proteins from inclusion 
bodies [ 30 ].   

   7.    The extent of sonication for optimal yields of intact fusion pro-
tein must be determined empirically.   

   8.    When making batch instead of column purifi cation, incubate 
bacterial lysate with GST-slurry for 30–60 min on a rotator 
wheel.   

   9.    Most  insect cell   lines (e.g., Sf9, High5) are adapted to growth 
in serum-free media, however, insect cells also grow well in 
traditional media supplemented with serum (10 % FBS). 
Serum-free growth requires a multi-passage adaptation pro-
cess. For insect cell line adaptation to serum-free growth refer 
to (27) for a detailed protocol.   

   10.    Growing cells in shaker cultures of 100 ml volume with loos-
ened bottle caps is preferred because oxygen is not rate limited 
under these conditions. It is recommended that the SFM for-
mulation contain 0.05–0.1 % Pluronic Polyol F-58 or a Polyol 
equivalent in performance that prevents shearing.   

   11.    It is important to determine the expression kinetics of each 
recombinant virus product since many proteins are rapidly 
degraded by cellular proteases. Optimization will allow to 
establish an ideal time for harvesting the culture. The dynamics 
of infection and protein expression differs between monolayer 
and suspension cultures, especially the time to optimal expres-
sion, which is always longer when using monolayer cultures.   

   12.    Freezing and storing the baculovirus stock at −70 °C will result 
in loss of functional virus lowering the overall MOI (multiplic-
ity of infection).   

   13.    This protocol is optimized for in vitro PI-3 Kinase assay from 
immunoprecipitated, endogenous PI-3 kinase from HEK 
human embryonic kidney 293 cells. It is quantitative but care 
should be taken that the assay condition is within the linear 
range for the amount of kinase assayed. Where the PI-3 kinase 
assay is used to generate labeled phospholipids for a consecu-
tive lipid phosphatase assay the reaction time of the PI-3 kinase 
assay can be extended to 30 min to maximize lipid labeling.   

   14.    The main purpose of the TNE buffer washes is to remove any 
detergents originating from the lysis buffer since the detergent 
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will interfere with the lipid kinase reaction. O-ring cap tubes are 
recommended to prevent the leaking of radioactivity during 
vortexing steps when performing the PI-3 kinase reaction.   

   15.    Do not chill the sonicated lipids as they will precipitate.   
   16.    For a preparative PI-3 kinase reaction several PI-3 kinase reac-

tions can be pooled in one reaction tube as needed for a subse-
quent lipid  phosphatase assay  .   

   17.    Start kinase reactions with 15–30 s gaps to allow for timely 
handling of each sample.   

   18.    Intensive vortexing of samples is key to effi cient phospholipid 
extraction from aqueous reaction mixtures.   

   19.    To avoid dripping of the pipette tip pre-wet the pipette tip by 
pipetting up and down three times in the MeOH:CHCl 3  mix 
which was added to each PI-3 kinase reaction.   

   20.    Careful pipetting is essential as chloroform drips easily. Prepare 
a small bottle of chloroform and “wash” the pipette tip in the 
chloroform by pipetting up and down several times to saturate 
the tip with chloroform vapor before pipetting the sample.   

   21.    The minimum time for separating phospholipids is approxi-
mately 4 h. The longer the separation of the phospholipids the 
better the resolution. Development of a TLC depends on the 
amount of “hot” labeled phospholipids and can take from as 
little as 3 h to overnight.   

   22.    Do not chill the sonicated lipids as they will precipitate.   
   23.    It is good practice to quantify the signal of phosphatase- specifi c 

phospholipid with a labeled control phospholipid that will not 
be affected by the used lipid phosphatase. In doing so, any 
variation or loss in phospholipid quantities due to sample han-
dling can be accounted for. Furthermore, kinase-dead or tag-
only lipid phosphatase controls should be included.   

   24.    Resolution of phospholipids by TLC can only separate phos-
pholipids according to the number of phosphorylation events 
on the phospholipid head group (e.g.,  PIP  , PIP 2 , or PIP 3 )   , but 
it cannot differentiate between the different phosphorylation 
 states   such as PI-3,4 P 2  or PI-4,5 P 2 .         
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    Chapter 7   

 Luciferase Reporter Assays to Assess Liver X Receptor 
Transcriptional Activity       

     Matthew     C.     Gage    ,     Benoit     Pourcet    , and     Inés     Pineda-Torra      

  Abstract 

   Luciferase reporter assays are sensitive and accurate tests that enable the analysis of regulatory sequences, 
the magnitude of transcriptional activity by transcription factors, and the discovery of gene regulatory ele-
ments and small-molecule modulators with high levels of precision. This is made possible through detec-
tion of bioluminescence produced by luciferase-coding reporters in a wide range of cellular environments. 
These assays are routinely used to analyze the activity of transcription factors, including the lipid-activated 
liver X receptor (LXR), in response to different stimuli as well as for the identifi cation of their ligands. In 
this chapter we describe in detail the assays performed to investigate LXR activity in a macrophage-like cell 
line (RAW 267.4). These can be easily adapted to other nuclear receptors and transcription factors.  

  Key words     Nuclear receptors  ,   Liver X receptor  ,   Luciferase  ,   Reporter assay  ,   Luminescence  , 
   Macrophage    ,   RAW 267.4  

1      Introduction 

 Luciferase reporter assays are generally performed to (a) identify 
transcriptional regulatory elements (in promoters, enhancers, or 
untranslated regions), which control the expression of a gene or 
genes, (b) help identify ligands for ligand-activated  nuclear recep-
tors  , and (c) examine changes in the activity of a particular tran-
scription factor/nuclear receptor upon treatment with specifi c 
stimuli. Reporter assays rely on the regulatory element or region of 
interest being fused to a reporter gene not usually expressed in the 
system being tested, which when translated can be assayed or 
detected accurately. The level of detected reporter protein is thus 
directly proportional to the level of mRNA transcribed. 

 Reporter proteins to date have included β-galactosidase, chlor-
amphenyl acetyltransferase, β-glucuronidase, secretory alkaline 
phosphatase, and a variety of different fl uorescent proteins. One of 
the most widely used reporters is the luciferase gene, which encodes 
for the enzyme luciferase that oxidizes  D -luciferin in the presence 
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of ATP, oxygen, and Mg 2+ , to yield a product that can be quanti-
fi ed by measuring the released light. The luciferase assay has advan-
tages over other reporter assays due to its high sensitivity, wide 
dynamic range, and relative affordable cost. This assay was fi rst 
described in 1987 by de Wet et al. [ 1 ] and subsequently commer-
cial kits have become widely available. 

 Liver X receptors ( LXRs)   belong to the nuclear receptor super-
family of ligand-activated transcription factors. LXRs are expressed 
as two isoforms: LXRα, which exhibits tissue- and cell- specifi c 
expression in liver, adipose, kidney, adrenal tissues, and macro-
phages and the ubiquitously expressed LXRβ [ 2 ]. LXRs heterodi-
merize with the retinoid X receptor (RXR) to transcriptionally 
modulate target genes involved in several processes, primarily in 
lipid  metabolism   and infl ammation in which innate immune cells 
such as macrophages have been shown to play a key role [ 2 ]. We 
have optimised the luciferase reporter assay to measure  nuclear 
receptor   transcriptional activity and have used this technique suc-
cessfully to examine gene regulation and identify target genes of 
different nuclear receptors (including  LXR  ) in a variety of cell lines 
[ 3 – 5 ]. The general strategy is to (a) identify the putative regula-
tory element in the gene of interest, (b) clone this putative regula-
tory element or the portion of a promoter/enhancer containing 
the regulatory element to a reporter gene (luciferase in this case), 
(c) transfect or incorporate reporter and expression plasmids into 
cells, (d) activate nuclear receptor with specifi c ligands, and (e) 
detect transcriptional activation by quantifying the luminescence 
with a luminometer. 

 In this protocol we describe how in less than a week, a 
researcher is able to transfect their previously cloned and pro-
duced plasmid construct (containing putative or already estab-
lished regulatory elements together with constructs expressing 
 LXR   nuclear receptors) into the RAW macrophage cell line and 
detect the regulation of their putative regulatory elements using 
the luciferase reporter assay and β-galactosidase assay as a control. 
These cells represent an interesting option to study the differential 
effects of LXRα and LXRβ since they only express the beta sub-
type [ 6 ]. Overall, the assay is as follows: (a) cell transfection with 
luciferase and expression plasmid constructs, (b) cell lysis, (c) 
addition of luciferase substrate ( D -luciferin), and (d) quantifi ca-
tion of  luminescence  .  

2    Materials 

 Prepare all solutions using ultrapure water (prepare by purifying 
deionised water to attain a sensitivity of 18 MΩ cm at 25 °C) and 
analytical grade reagents. Prepare and store all reagents at 4 °C 
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or −20°C as indicated (unless otherwise noted). Diligently fol-
low all local waste disposal regulations when disposing of waste 
materials. 

 Store commercially obtained reagents as advised in product 
manual. 

       1.     RAW 267.4   macrophage cell line (established from murine 
tumours induced by the Abelson leukemia virus, ATCC ® , 
TIB-71™).   

   2.    Cell culture plates (100 × 20 mm) (sterile, wrapped in a sleeve 
of 10).   

   3.    24-well cell culture plate (sterile, individually wrapped).   
   4.    Aspiration polysterene pipette (sterile, individually wrapped).   
   5.    Individually wrapped polysterene serological pipettes, 25, 10, 

5 mL.   
   6.    Sterile PBS 1× ( see   Note 1 ).   
   7.    Fetal bovine serum, stored at −20 °C.   
   8.    Gentamycin (10 mg/mL stock), stored at 4 °C.   
   9.    Growth medium: DMEM supplemented with 10 % FBS and 

20 μg/mL gentamycin, stored at 4 °C.   
   10.    Hemacytometer/cell counter.   
   11.    Cell scraper/lifter with 19 mm blade, sterile and individually 

wrapped.   
   12.    Gilson single channel pipettes and sterile tips.   
   13.    Repeat pipettor.   
   14.    Repeat pipettor tips, sterile and individually wrapped.   
   15.    Incubator (37 °C, 5 % CO 2 ).   
   16.    Tissue culture Class II cabinet.   
   17.    1.5 mL microcentrifuge tubes, sterile.   
   18.    Sterile polypropylene 15 and 50 mL tubes.   
   19.    Vortex.   
   20.    Centrifuge with rotors for 1.5, 15, and 50 mL tubes.   
   21.     LXR      activators, i.e., GW3965 [ 7 ]/vehicle controls, stored at 

−20 °C.   
   22.    Ice.   
   23.    Luciferase Reporter Assay Kit including Luciferase substrate 

and Lysis buffer 5×.   
   24.    Plate rocker. Water bath at 37 °C.      

2.1  Cell Culture
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       1.    Transfection reagent (TurboFect, Fermentas #R0531), kept at 
4 °C or on ice ( see   Note 2 ).   

   2.    Endotoxin-free preparations of plasmids diluted at required 
concentration ( see   Note 3 ).   

   3.    OPTI-MEM ® I (Gibco, Invitrogen #S1985-026), stored at 4 
°C ( see   Note 4 ).   

   4.    Dulbeco’s Modifi ed Eagles Medium (DMEM) ( see   Note 5 ).      

       1.     o -Nitrophenyl-beta- D -galactopyranosidase (ONPG) 4 mg/mL −1  
in Buffer Z pH 7.5, stored at −20 °C and protected from light 
( see   Note 6 ).   

   2.    Buffer Z (Na 2 HPO 4  0.1 M, KCl 10 mM, MgSO 4  1 mM), fi ltered 
and stored at 4 °C.   

   3.    β-Mercaptoethanol.      

       1.    Luciferase reporter gene assay system ( see   Note 7 ).   
   2.    White opaque 96-well microplates for luciferase reading.   
   3.    Clear 96-well microplates for β-galactosidase reading.   
   4.    Luminometer ( see   Note 8 ).       

3    Methods 

 Carry out all procedures at room temperature unless otherwise 
specifi ed. 

   To be done 16–24 h before cell transfection under sterile 
conditions.

    1.    Wash previously cultured  RAW 267.4   cells with 37°C pre- 
warmed PBS 1× using a serological pipette.   

   2.    Discard PBS 1× with an aspiration pipette attached to a vac-
uum line.   

   3.    Add 37 °C pre-warmed complete DMEM.   
   4.    Harvest cells by scrapping them off the plates with a cell 

scraper.   
   5.    Resuspend cells to a single-cell suspension ( see   Note 9 ).   
   6.    Count cells with a hematocytometer to calculate cell density 

(cells/mL).   
   7.    Calculate volume of cell homogenate required to get 2 × 10 5  

cells/well × number of wells required. Complete with growth 
medium to total volume calculated as 500 μL per well × total 
number of wells.   

2.2  Luciferase 
Reporter Constructs 
and Transfection

2.3   β-Galactosidase 
Assay

2.4   Bioluminescence   
Detection

3.1  Cell Seeding 
to 24-Well Plates
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   8.    Seed 2 × 10 5  cells (i.e., 500 μL of cell suspension) per well in a 
24-well plate ( see   Note 10 ).   

   9.    Incubate cells at 37 °C, 5 % CO 2 , overnight.      

   Perform cell transfection procedure under sterile conditions.

    1.    Calculate amount of plasmid required to perform assay ( see  
 Note 11 ). Use 1.5 mL tubes for the DNA mixes, or for more 
than 3 ml of total volume use 15 mL tubes. All tubes should 
be sterile.   

   2.    Pre-warm PBS, OPTI-MEM ® 1 and complete DMEM at 37 °C.   
   3.    For each well, prepare a  DNA mix  as follows ( see   Note 12 ):   
   4.    In 50 μL total volume add all plasmids needed: 3 μL luciferase 

reporter vector (100 ng/μL), 1 μL  LXR      expression vector 
(i.e., pcDNA3-LXRa) at 50 ng/μL (or empty pCDNA3 vector 
as negative control) and 1 μL pCMV-Bgal (100 ng/μL). 
Complete with OPTI-MEM ®  I (45 μL).   

   5.    Mix by briefl y vortexing to mix well.   
   6.    Centrifuge briefl y to collect sample at the bottom of the tube.   
   7.    For each well, prepare a  TurboFect mix  as follows:   
   8.    Add 1 μL of TurboFect to 49 μL OPTI-MEM ® I per well.   
   9.    Mix gently by pipetting mix up and down (do not vortex).   
   10.    Add TurboFect mix  on top of  the DNA mix ( see   Note 13 ).   
   11.    Mix gently by pipetting up and down about 10×.   
   12.    Incubate at room temperature for 20 min.   
   13.    Before addition of the polymer-DNA mix to the cells, wash 

cells with pre-warmed PBS 1×.   
   14.    Discard PBS 1× with an aspiration pipette attached to a vac-

uum line.   
   15.    Add 900 μL of pre-warmed growth medium with a pipette 

repeater to one side of the well avoiding disruption of the cell 
layer.   

   16.    Add 100 μL of DNA/TurboFect mix in the corresponding 
well a drop at a time.   

   17.    Mix the growth medium with the added DNA/TurboFect mix 
by tilting the plate back and forth and left to right about 5–10 
times.   

   18.    Incubate cells at 37 °C, 5% CO 2 , for 24 h.      

       1.    Calculate quantity of  LXR   activator and control solution 
required for a fi nal volume of 500 μL per well ( see   Note 14 ).   

   2.    Prepare activation/control solution with pre-warmed growth 
medium. Mix well.   

3.2  Cell Transfection

3.3   LXR      Activation
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   3.    Discard transfection medium with an aspiration pipette 
attached to a vacuum line.   

   4.    Wash each well with 200 μL of pre-warmed PBS 1× (optional).   
   5.    Add 500 μL of activation/control medium as prepared above 

with a pipette repeater to one side of the well avoiding disrup-
tion of the cell layer.   

   6.    Incubate cells 18 h, 37 °C, 5 % CO 2 .      

   This step no longer needs to be performed under sterile 
conditions. 

 Follow the manufacturer’s instructions of the specifi c detec-
tion/assay system used. These are some general guidelines.  

       1.    Take out lysis buffer (usually a 5× or 10× stock stored @ −20 
°C) at RT and thaw completely.   

   2.    Prepare enough 1× lysis buffer with 18 MΩ water.   
   3.    Take cell culture plates from the tissue culture incubator to 

RT.   
   4.    Remove medium from cells with an aspiration pipette attached 

to a vacuum line ( see   Note 15 ).   
   5.    Wash cells once or twice with 300 μL ice-cold PBS/well using 

a repeater and pipetting gently to one side of the well avoiding 
disruption of the cell layer.   

   6.    Remove PBS ( see   Note 15 ).   
   7.    Add 100 μL lysis buffer 1× (kept at 4 °C from 5× stock).   
   8.    Lyse cells directly on the culture plates by placing them on a 

rocker at RT for 15–30 min ( see   Note 16 ).   
   9.    Prepare luciferin substrate reagent, stock typically kept at −20 

°C if not reconstituted.   
   10.    Remaining luciferin substrate reagent can be stored at −80 °C 

till the next use.   
   11.    Keep cell culture plates with lysed cells on ice for immediate 

reading or store plate with lysate at 4 °C until detection on the 
same day. (Alternatively store at −80 °C for detection on a dif-
ferent day).   

   12.    Transfer 10–20 μL lysate from each well of the culture plate 
onto a white opaque 96-well plate ( see   Note 17 ).   

   13.    Set up luminometer to inject 50 μL/well substrate ( see  
 Note 18 ).   

   14.    Set detection for 5 s ( see   Note 18 ).   
   15.     β-Galactosidase assay.    
   16.    Prepare Buffer Z mix (80 % buffer Z + 20 % ONPG + 3.4 μL 

β-mercaptoethanol per mL of mix Z).   

3.4  Luminescence 
( LXR      Activity) 
Detection

3.5  Luciferase Assay
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   17.    Transfer 20 μL lysate/well to a clear 96-well plate ( see  
 Note 19 ).   

   18.    Add 200 μL of Buffer Z.   
   19.    Incubate at 37 °C until colour change (yellow) becomes 

apparent.   
   20.    Measure absorbance at OD 405 nm in a plate reader with the 

appropriate fi lter.     

 The transcriptional activity of  LXR      is calculated as  lumines-
cence   units normalized to β-galactosidase reading.   

4    Notes 

     1.    Store at RT unopened, and once opened store at 4 °C. Pre- 
warm to 37 °C in a water bath before use.   

   2.    In our experience with transfections in RAW cells, the type of 
transfection reagent is crucial. We have routinely and success-
fully used Turbofect, which is not a cationic lipid-based for-
mula but a sterile solution of a cationic polymer in water. This 
polymer forms positively charged complexes with plasmid 
DNA that are stable and protect the DNA from degradation, 
thus facilitating effi cient introduction of the plasmids into cells.   

   3.    In our experience, endotoxin-free plasmid preps get trans-
fected at a higher effi ciency compared to standard DNA prepa-
rations. In order to minimize the volume of DNA over the 
total transfection volume required, we typically prepare work-
ing dilutions of all plasmids at concentrations high enough so 
that small volumes are used. Typically the plasmid needed are: 
(1) a luciferase reporter vector with either an  LXR   response 
element (LXRE) or a promoter/enhancer containing an LXRE 
fused to a luciferase cassette, (2) an expression vector with the 
LXR cDNA cloned, and (3) an expression vector containing 
β-galactosidase or a different luminescence reporter such as 
Renilla to be used as a transfection effi ciency control. If changes 
in LXR activity by cofactors are being tested, additional expres-
sion vectors for those cofactors would be needed.   

   4.    OPTI-MEM ® I is a special Modifi ed Eagle’s Medium (MEM)-
based media with components that allow for a reduction in 
FBS supplementation with no change in cell growth rates. It is 
also recommended for use with some cationic lipid  transfection 
reagents. We typically use the version that contains a stable 
form of glutamine.   

   5.    Other media such as RPMI can be used instead.   
   6.    ONPG is the preferred colorimetric substrate to examine 

β-Galactosidase reporter activity. The product formed is soluble  
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and has a high extinction coeffi cient at 405 nm. This substrate 
yields a yellow product that is easily detectable in the visible 
range. β-Galactosidase reporters are usually driven by a variety 
of promoters including the cytomegalovirus (CMV) promoter. 
To be used as a transfection effi ciency control researchers will 
need to ensure that the activity of the promoter used remains 
unchanged with the experimental conditions (addition of  LXR   
ligands and LXR ectopic expression in this case).   

   7.    We routinely use commercial kits to analyse luciferase activity 
which typically include (a) a cell lysis buffer that allows lucifer-
ase and β-galactosidase or Renilla assays to be performed from 
the same extract, (b) a substrate solution, and (c) a buffer to 
dissolve the substrate. These solutions and buffers can also be 
easily prepared by the researcher.   

   8.    Must be highly sensitive and able to detect a broad dynamic 
range of bioluminescence. Microplate options are preferable to 
single tube models if a large quantity of samples need to be 
assayed.   

   9.    Mix cell suspension gently by pipetting up and down against 
the bottom of the tissue culture dish approximately ten times, 
do not vortex, and try to avoid generating bubbles.   

   10.    To avoid pipetting errors this is best done using a repeater 
pipette.   

   11.    Typically we prepare a mix of plasmid DNA per well as follows: 
reporter plasmid (100 ng for multiple copies of individual 
LXREs or 300 ng for promoter fragments containing an 
 LXRE), LXR   expression vector (50 ng), and β-galactosidase 
reporter (100 ng). For these amounts, we normally have the 
reporters at concentrations of 100 ng/μL and expression vec-
tors at 50 ng/μL. In general, the maximum amount trans-
fected is 500 ng of plasmid DNA per well.   

   12.    To reduce variability within (triplicate) samples that have iden-
tical DNA mixes, we usually prepare master mixes for 7 wells, 
which include wells activated with vehicle or ligand (3 each) 
and an additional well to allow for pipetting errors.   

   13.    This order is important for the optimal formation of polymer- 
DNA complexes.   

   14.    We typically use GW3965 at a fi nal concentration of 1 μM 
from a 10 mM stock diluted in DMSO. Other agonists may 
need to be prepared at different concentrations and with other 
solvents. Please refer to the literature available. Those wells 
that are not activated by  LXR   agonists should be incubated in 
media containing the vehicle compound (in this case DMSO) 
in which the agonist has been dissolved.   

Matthew C. Gage et al.
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   15.    If a high number of plates are being processed, plates can be 
inverted over a sink to discard medium or PBS, followed by 
aspiration with a pipette to remove the last drops before addi-
tion of PBS or lysis buffer depending on the step.   

   16.    Cells may or may not detach and form a pellet. Regardless of 
whether they detach or not cell lysis still occurs. When pipet-
ting for analysis ensure that the cell pellet is not taken which 
will affect the reading.   

   17.    5–10 μL of lysate may be enough depending on the strength 
of signal/ activity, transfection effi ciency, and sensitivity of the 
 luminometer  .   

   18.    This is a starting point. May be reduced depending on sensitiv-
ity of the luminometer employed.   

   19.    Time may be extended if found to be insuffi cient to generate a 
reading.         
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    Chapter 8   

 Metabolically Biotinylated Reporters for Electron 
Microscopic Imaging of Cytoplasmic Membrane 
Microdomains       

     Kimberly     J.     Krager     and     John     G.     Koland       

  Abstract 

   The protein and lipid substituents of cytoplasmic membranes are not in general homogeneously distrib-
uted across the membrane surface. Many membrane proteins, including ion channels, receptors, and other 
signaling molecules, exhibit a profound submicroscopic spatial organization, in some cases clustering in 
submicron membrane subdomains having a protein and lipid composition distinct from that of the bulk 
membrane. In the case of membrane-associated signaling molecules, mounting evidence indicates that 
their nanoscale organization, for example the colocalization of differing signaling molecules in the same 
membrane microdomains versus their segregation into distinct microdomain species, can signifi cantly 
impact signal transduction. Biochemical membrane fractionation approaches have been used to character-
ize membrane subdomains of unique protein and lipid composition, including cholesterol-rich lipid raft 
structures. However, the intrinsically perturbing nature of fractionation methods makes the interpretation 
of such characterization subject to question, and indeed the existence and signifi cance of lipid rafts remain 
controversial. Electron microscopic (EM) imaging of immunogold-labeled proteins in plasma membrane 
sheets has emerged as a powerful method for visualizing the nanoscale organization and colocalization of 
membrane proteins, which is not as perturbing of membrane structure as are biochemical approaches. For 
the purpose of imaging putative lipid raft structures, we recently developed a streamlined EM membrane 
sheet imaging procedure that employs a unique genetically encoded and metabolically biotinylated reporter 
that is targeted to membrane inner leafl et lipid rafts. We describe here the principles of this procedure and 
its application in the imaging of plasma membrane inner leafl et lipid rafts.  

  Key words     Membrane protein  ,   Membrane microdomain  ,   Nanodomain  ,   Lipid raft  ,   Electron microscopy  , 
  EM imaging  ,    Avidin-biotin detect   ion    ,    Gold label   ing    

1      Introduction 

 The protein and lipid substituents of cellular cytoplasmic mem-
branes show a remarkable degree of structural organization on the 
submicron scale. Beyond the well-known cell-cell junctional struc-
tures of epithelial and other cells, the synaptic structures of neu-
rons, and the more recently characterized immunological synaptic 
structures [ 1 ], a more subtle submicron spatial organization has 



88

now been seen in the case of diverse membrane proteins including 
ion channels, receptors and other signaling molecules. The factors 
underlying the segregation of such proteins within membrane 
microdomains are unclear. Among mechanisms proposed are the 
partitioning of certain proteins into preexisting membrane micro-
domains (such as lipid  rafts   or caveolae), the nucleation by certain 
proteins of raft formation from smaller lipid nanodomains, the 
confi nement of proteins within cytoskeletal corrals, and their inter-
actions with intracellular and extracellular matrix components [ 2 – 4 ]. 
Microdomains in which the lateral diffusion of membrane proteins 
is restricted have been termed “transient confi nement zones,” 
which may or may not be related to lipid  raft   structures [ 5 ]. There 
is also evidence for the existence of lipid rafts in the inner and outer 
leafl ets of the plasma membrane that are independent (but poten-
tially interacting) structures and of lipid and protein composition 
differing from the bulk membrane [ 6 ,  7 ]. 

 As one well-studied example, the localization of epidermal 
growth factor (EGF) receptor molecules within submicroscopic 
domains of the plasma membrane has been demonstrated by vari-
ous high-resolution imaging methods [ 8 – 11 ], in addition to bio-
chemical approaches identifying the EGF receptor in lipid  raft   
fractions of the plasma membrane [ 12 – 14 ]. This observed localiza-
tion of the EGF receptor in microdomains and/or transient con-
fi nement zones has been attributed to all of the above-described 
mechanisms (raft partitioning, confi nement, cytoskeletal attach-
ments). We desired in our recent work to examine whether the 
observed microdomains of EGF receptor localization were in fact 
lipid raft structures, and sought a strategy that would allow simul-
taneous imaging of EGF receptor microlocalization and lipid raft 
entities. 

 A very practical approach for visualizing the submicron-scale 
spatial organization of plasma membrane proteins is the imaging 
by electron microscopy (EM)    of immunogold-labeled proteins in 
plasma membrane sheets [ 15 ]. Originally developed by Sanan and 
Anderson [ 16 ], the immuno-EM “membrane sheet” approach has 
been elegantly exploited in characterizing the plasma membrane 
microlocalization of Ras signaling proteins [ 17 ], various substitu-
ents of immuno-receptor signaling systems [ 18 ], and also EGF 
receptor family (HER family) proteins [ 19 ]. This technique is of 
higher resolution than conventional light microscopy methods and 
can be used to both visualize and quantitatively analyze the two- 
dimensional spatial organization of membrane proteins. This 
method has proven to be a powerful complement to other imaging 
and biochemical methods for the study of membrane  protein   
microlocalization and membrane microdomains [cf. [ 5 ,  20 ]]. 

 In applying the immuno-EM membrane sheet method, cul-
tured cells grown on glass cover slips are fi rst sandwiched between 
the cover slip and a specially coated EM grid. Removal of the cover 
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slip leaves torn-off sheets of the cellular plasma membrane adher-
ing to the grid with the intracellular face (inner leafl et) of the 
membrane exposed. The membrane sheets are then subjected to 
immunogold labeling of one or more specifi c membrane proteins 
and imaged by transmission EM (TEM). The immuno-EM mem-
brane sheet imaging method thus requires that the protein(s) of 
interest in immobilized plasma membranes can be specifi cally 
labeled with a gold particle-conjugated immunochemical reagent. 
The imaging of lipid  rafts   in addition requires the identifi cation of 
a suitable raft marker protein and an antibody for its specifi c detec-
tion [ 20 ]. As an alternative and more streamlined strategy, we have 
devised an approach for the gold labeling of plasma membrane 
lipid  rafts   that employs a genetically encoded and metabolically 
biotinylated lipid raft-targeted reporter, Lck-BAP-GFP [ 21 ]. 
Notably, this reporter can be labeled in a single step with gold 
particle-conjugated streptavidin reagents. 

 The design and construction of the Lck-BAP-GFP reporter 
has been described in detail ( see  Fig.  1a ) [ 21 ]. The lipid raft- 
targeting motif of the reporter is a 26-amino acid N-terminal 
membrane-targeting sequence from the human Lck kinase. We 
considered this sequence element, which is myristoylated and 
potentially dually palmitoylated in mammalian cells, to be among 
the most extensively characterized membrane-targeting motifs 
[ 2 ,  22 ,  23 ] and would be most characteristic of motifs having an 
affi nity for putative cholesterol-rich inner leafl et lipid  raft   entities. 
The N-terminal Lck motif is followed by a biotin acceptor peptide 
(BAP) module, which is metabolically biotinylated by endogenous 
mammalian biotin ligases [ 24 ,  25 ]. Hence, incorporation of this 
BAP module allows detection of the reporter with avidin-based 
reagents, including streptavidin-horseradish peroxidase and 
streptavidin- gold particle conjugates. The reporter lastly contains a 
green fl uorescent protein module for detection of expression and 
membrane localization in cultured cells by conventional fl uores-
cence microscopy. The reporter cDNA is cloned in a cytomegalo-
virus promoter-based expression vector, for its convenient 
expression by cellular transfection. Our previous work indicated 
that the Lck-BAP-GFP reporter is readily expressed, is plasma 
membrane-targeted, and is effi ciently biotinylated in cultured cells. 
EM  imaging   of the gold-labeled reporter showed it clustering in 
microdomains of 20–50 nm, consistent with its localization in 
inner leafl et lipid  rafts   ( see  Fig.  1b–d ) [ 21 ].

   We detail below our methodology for imaging the spatial dis-
tribution of inner leafl et lipid raft entities with the aid of this meta-
bolically  biotinylated   reporter and the application of this method 
in examining the potential raft localization of an endogenous 
membrane  protein   (i.e., the EGF receptor). The quantitative char-
acterization by Ripley’s  K  function analysis of the spatial distribu-
tions of the reporter and a second labeled protein is also described.  

Biotinylated Lipid Raft Reporter Imaging
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  Fig. 1    Design and application of a metabolically biotinylated lipid  raft   reporter. For the purpose of imaging lipid 
raft structures in breast cancer cell membranes, we developed a lipid raft-targeted reporter construct (Lck-
BAP- GFP) that is metabolically biotinylated and can be detected with avidin reagents, e.g., a streptavidin-gold 
conjugate for detection by electron microscopy [ 21 ]. ( a ) Structure of the Lck-BAP-GFP lipid raft reporter:  Lck-N  
lipid raft-targeting sequence from the N-terminus of the Lck kinase with its sites of myristoylation and dual 
palmitoylation indicated;  BAP  biotin acceptor peptide that is metabolically biotinylated in mammalian cells; 
 GFP  enhanced green fl uorescent protein module for imaging by fl uorescence microscopy. ( b ) Representative 
TEM image of plasma membrane sheets from MDA-MB-468 breast cancer cells expressing the Lck-BAP-GFP 
lipid raft reporter and labeled with 6 nm gold-conjugated streptavidin. The clustering of the gold-labeled 
reporter in putative lipid raft structures is evident. ( c ) Graph depicting the number of streptavidin-gold particles 
from an image of a pLck-BAP-GFP-N1-transfected MDA-MB-468 cell membrane sheet compared to those of 
negative control pLck-GFP-N1-transfected cells. Streptavidin labeling was signifi cantly higher in the cells 
expressing the Lck-BAP-GFP reporter, indicating the specifi city of the streptavidin-gold labeling. ( d ) Ripley’s 
K-function analysis of the clustering of particles in a TEM image of the gold-labeled Lck-BAP-GFP reporter in 
an MDA-MB-468 cell membrane sheet.  Solid line  is the statistical function SQRT[K( r )/ π ] −  r  evaluated for the 
particle distribution in  panel  ( b ).  Dashed lines  are the envelopes of positive and negative deviations of the 
SQRT[K( r )/ π ] −  r  function in 99 simulations of random particle distributions. A nonrandom distribution of the 
Lck-BAP-GFP reporter was evident with clustering in the 20–50 nm range, consistent with the proposed size 
of lipid raft structures       
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2    Materials 

       1.    MDA-MB-468 cells: The representative MDA-MB-468 mam-
mary epithelial tumor cell line with high-level EGF receptor 
expression can be purchased from the American Type Culture 
Collection and is propagated according to their recommendations.   

   2.    pLck-BAP-GFP plasmid expression vector: The Lck-BAP-GFP 
reporter cDNA ( see  Fig.  1a ) is expressed via transfection of 
pLck-BAP-GFP [ 21 ], a plasmid expression vector derived from 
pEGFP-N1 (Clontech). The pLck-BAP-GFP plasmid is propa-
gated in  E. coli  DH5α.   

   3.    Transfection reagent: Lipofectamine 2000 (Invitrogen) cat-
ionic liposomal transfection reagent used according to manu-
facturer recommendations.      

    See   Note 1  for suppliers of electron  microscopy   reagents.

    1.    PBS: Phosphate-buffered saline, calcium and magnesium free.   
   2.    Poly- L -lysine/Formvar/carbon-coated nickel EM grids: 

Carbon- coated Formvar-fi lmed nickel EM grids are prepared 
by standard microscopy procedures or purchased from a sup-
plier. The grids are coated with poly- L -lysine by immersing 
them in a 1 mg/ml poly- L -lysine solution and allowing them 
to air- dry after removal of excess solution.   

   3.    2 % Paraformaldehyde: Aqueous solution from a 16 % stock 
solution.   

   4.    Blocking buffer: 5 % BSA-C, 0.1 % cold water fi sh skin gelatin, 
and 5 % normal goat serum diluted in PBS.   

   5.    Incubation buffer: 0.2 % BSA-C in PBS   
   6.    EGF receptor antibody: Rabbit monoclonal EGF receptor 

antibody SP9 (Thermo Scientifi c).   
   7.    Immunogold conjugates: 6 nm gold particle-conjugated strep-

tavidin and 10 nm gold particle-conjugated F(ab′)2 fragment 
of goat anti-rabbit IgG.   

   8.    2.5 % Glutaraldehyde: Aqueous solution prepared from a 25 % 
stock solution.   

   9.    5 % Uranyl acetate: Aqueous solution prepared from solid ura-
nyl acetate.    

         1.    ImageJ software: The ImageJ2 version of open source image 
processing software available in the Fiji distribution for bio-
logical sciences can be downloaded at   http://fi ji.sc/Welcome    .   

   2.    SPPA software: The Spatial Point Pattern Analysis software 
package for analysis of gold-particle spatial distributions using 
the Ripley’s  K  function approach was created and generously 
provided by Dr. Peter Haase.       

2.1  Cell Culture 
and Lck-BAP- GFP 
Reporter Expression

2.2  Lipid  Raft   TEM 
Imaging

2.3  Analysis 
of Particle Spatial 
Distribution

Biotinylated Lipid Raft Reporter Imaging
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3    Methods 

       1.    Cultured mammalian cells to be analyzed (for example MDA-
MB- 468 mammary epithelial tumor cells) are plated at 70 % 
confl uency on 18-mm glass cover slips in six-well polystyrene 
tissue culture plates and grown overnight at 37 °C in culture 
medium [in the case of MDA-MB-468 cells, Leibovitz’s L-15 
medium with 10 % fetal bovine serum added].   

   2.    The following day, cells in six-well clusters are transfected with 
pLck-BAP-GFP (1 μg plasmid and 1–5 μl Lipofectamine 2000 
transfection reagent mix per well) for 3 h in serum-free medium 
at 37 °C, and then incubated overnight in serum-supplemented 
medium at 37 °C ( see   Note 2 ).      

   The procedures here are adapted from those previously described 
( see   Note 3 ). Unless otherwise noted, they are performed at room 
temperature.

    1.    The following day, transfected cells in six-well clusters are was 
washed two times with PBS.   

   2.    Individual cover slips upon which cells are attached are removed 
from the second PBS wash, inverted, and lowered (cell side 
down) upon an arrangement of several poly- L -lysine/formvar/
carbon-coated EM grids on a sheet of soft plastic fi lm (e.g., 
Parafi lm-M). (The number of grids used per cover slip will 
depend upon the need for replicates, for doubling-labeling 
strategies involving multiple membrane proteins, and/or for 
optimization of labeling conditions.)   

   3.    Cover slips are pressed down upon the grids with the thumb 
(10-s gentle pressure), so that cellular membranes adhere to 
the grid surface.   

   4.    The cover slips are inverted, and the grids, with fragments of 
plasma membrane attached, are fl oated off in a small volume of 
PBS.   

   5.    Grids are then fi xed with a 2 % paraformaldehyde solution, 
washed with PBS, and incubated in blocking buffer for 30 min 
at room temperature ( see   Note 4 ).   

   6.    Grids are next incubated overnight at 4 °C with 6 nm gold- 
conjugated streptavidin reagent diluted 50-fold in incubation 
buffer or, in the case of double-labeling experiments, in the 
presence of 6 nm gold-conjugated streptavidin and the anti-
body of choice (e.g., rabbit EGF receptor antibody diluted 
50-fold).   

   7.    The following day grids are washed six times with incubation 
buffer. Double-labeled grids are further incubated with a 
10 nm gold-conjugated secondary antibody (e.g., 10 nm gold- 
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conjugated F(ab′)2 fragment of anti-rabbit-IgG) followed by 
six additional washes with incubation buffer.   

   8.    Grids are lastly postfi xed with 2.5 % glutaraldehyde, washed 
once with PBS, washed fi ve times with water, then stained with 
5 % uranyl acetate, and air-dried.   

   9.    Grids are imaged with a transmission electron  microscope   
(e.g., JEOL JEM 1230) at ~12,000× ( see   Note 5 ).    

     TEM images showing the two-dimensional distributions of gold- 
labeled particles (representing the Lck-BAP-GFP reporter and/or 
a conventionally immunogold-labeled membrane  protein  ) can be 
quantitatively analyzed in terms of the extent and size scale of their 
clustering, as well as their co-clustering in the case of images of 
double-labeled membranes. In our previous work, the 6 nm gold 
particle-labeled Lck-BAP-GFP lipid  raft   marker expressed in 
MDA-MB-468 breast cancer cell membranes showed a nonran-
dom spatial distribution and a tendency to cluster on the scale of 
20–50 nm, consistent with its presumed existence in submicron 
lipid raft entities ( see  Fig.  1d ), and the 10 nm gold particle-labeled 
EGF receptor, while itself seen clustering in nanodomains, showed 
a negligible tendency to co-cluster with the raft reporter [ 21 ]. 
Among alternative statistical methods used to analyze particle clus-
tering in TEM images [ 20 ], the Ripley’s K function approach is 
straightforward in its application and yields an intuitively interpre-
table graphical result (cf. [ 15 ,  26 ]). Here,  K ( r ) is computed using 
the set of  x–y  coordinates for all particles in a given image, and the 
derivative statistical function SQRT[ K ( r )/ π ] −  r  is plotted versus 
distance ( r ). This function approximates a constant value of zero 
for a random particle distribution, and its positive deviation from 
zero indicates a tendency for the particles in the image to cluster 
and also the size scale of the clustering [ 27 ]. (An analogous bivari-
ate statistical function is used to characterize co-clustering of two 
different particle types.) The fi rst step in the analysis of the particle 
spatial distribution is cataloging the  x–y  coordinates of each gold 
particle in an image (and creating a separate list of coordinates for 
each of the two sizes of gold-particles in double-labeling experi-
ments). Ripley’s K function analysis of the data is then performed 
using the SPPA software package developed and generously pro-
vided by Dr. Peter Haase [ 28 ].

    1.    Coordinates of the centers of all gold particles in a TEM image 
are determined by use of automatic particle recognition func-
tions in ImageJ Software supplemented by its manual particle 
picking function when necessary ( see   Note 6 ).   

   2.    An input data fi le (in a simple text format) for SPPA is gener-
ated with a header line indicating the width and height of the 
image area in nanometers, the range of distances to be ana-
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lyzed (typically 0 to  n  nanometers, where  n  is ideally no greater 
than 1/5 of the image size so as to minimize image edge 
effects), and the number of random distributions that are to be 
generated in calculating the confi dence interval for deviations 
from randomness (e.g., 99 for a 99 % confi dence interval). 
Following the header, consecutive lines contain the x and y 
coordinates of the individual particles in the image given in 
nanometers. When a bivariate analysis of the co-clustering of 
two particle types is performed, each coordinate pair is fol-
lowed by a particle type identifi er, either 0 or 1.   

   3.    Plots of SQRT[ K ( r )/ π ] −  r  versus  r  generated by SPPA are 
then inspected to determine if the particle distribution shows 
clustering (i.e., positive deviations from the envelope of the 
random distributions,  see  Fig.  1d ) and the size-scale upon 
which the clustering occurs. Particle co-clustering in images of 
double- labeled membrane specimens (e.g., the Lck-BAP-GFP 
reporter and an endogenous membrane  protein  ) is similarly 
indicated by a plot of the bivariate SQRT[ K ( r )/ π ] −  r  function, 
again generated by the SPPA software (cf. [ 21 ]).    

4       Notes 

     1.    The following electron microscopy grade reagents were 
obtained from Electron Microscopy Sciences: 6 nm gold 
particle- conjugated streptavidin, 10 nm gold particle- 
conjugated F(ab′)2 fragment of goat anti-rabbit IgG, normal 
goat serum, uranyl acetate, and stock solutions of BSA-C 
(acetylated BSA), cold-water fi sh skin gelatin, glutaraldehyde, 
and paraformaldehyde. Other suppliers have not been tested. 
Gold- conjugated reagents should be examined before use to 
detect any intrinsic particle aggregation ( see   Note 6 ).   

   2.    The effective transfection of cells and Lck-BAP-GFP reporter 
expression are readily verifi ed by fl uorescence microscopy, with 
the fl uorescence of the GFP module of the reporter being 
observed.   

   3.    Procedures for immobilizing plasma membrane sheets on EM 
grids and for immunogold labeling of membrane proteins in 
membrane sheets have been described in detail by Wilson et al. 
[ 29 ] and Prior et al. [ 15 ]. We adapt them here to the 
streptavidin- gold labeling of a biotinylated membrane species, 
i.e. the Lck-BAP- GFP lipid  raft   reporter.   

   4.    This and all other steps in the gold labeling procedure (e.g., 
fi xation, washing, and blocking of the membranes adhering to 
the grid surface) are performed by fl oating the grids (mem-
brane side down) on small droplets (e.g., 20 μl) of solution on 
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a clean sheet of plastic fi lm. Grids are handled throughout with 
a small forceps. In consecutive treatments, the fi rst solution is 
wicked away from the grid with a strip of fi lter paper before the 
grid is applied to the next solution droplet. While the labeling 
is performed, the plasma membrane sheets adhering to the 
grids have their intracellular surface (inner leafl et) exposed, as 
evidence by the effective immunogold labeling of membrane 
proteins therein with antibodies recognizing cytoplasmic epit-
opes and the effective labeling of the cytoplasmically expressed 
Lck-BAP- GFP reporter.   

   5.    Plasma membrane sheets are identifi ed in initial lower power 
images, often seen splayed out from broken cell bodies. The 
membrane sheets themselves show areas of higher and lower 
contrast, apparently refl ecting the differential binding of the 
uranyl acetate contrast agent to regions of differing lipid/pro-
tein composition.   

   6.    Procedures for the use of ImageJ particle discrimination func-
tions are detailed by Prior et al. [ 15 ]. Control TEM images of 
6 nm gold-conjugated streptavidin and 10 nm gold-conju-
gated secondary antibody directly applied to an EM grid [ see  
Supplemental Material in ref.  21 ] should indicate that the 6 
and 10 nm gold conjugates provided by Electron Microscopy 
Sciences show essentially non-overlapping size distributions 
and hence can be readily discriminated. Such control images 
will also indicate the extent to which gold-conjugated reagents 
show intrinsic clustering (or aggregation).         
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Chapter 9

Fluorescence Recovery After Photobleaching Analysis 
of the Diffusional Mobility of Plasma Membrane Proteins: 
HER3 Mobility in Breast Cancer Cell Membranes

Mitul Sarkar and John G. Koland

Abstract

The fluorescence recovery after photobleaching (FRAP) method is a straightforward means of assessing 
the diffusional mobility of membrane-associated proteins that is readily performed with current confocal 
microscopy instrumentation. We describe here the specific application of the FRAP method in character-
izing the lateral diffusion of genetically encoded green fluorescence protein (GFP)-tagged plasma mem-
brane receptor proteins. The method is exemplified in an examination of whether the previously observed 
segregation of the mammalian HER3 receptor protein in discrete plasma membrane microdomains results 
from its physical interaction with cellular entities that restrict its mobility. Our FRAP measurements of the 
diffusional mobility of GFP-tagged HER3 reporters expressed in MCF7 cultured breast cancer cells 
showed that despite the observed segregation of HER3 receptors within plasma membrane microdomains 
their diffusion on the macroscopic scale is not spatially restricted. Thus, in FRAP analyses of various HER3 
reporters a near-complete recovery of fluorescence after photobleaching was observed, indicating that 
HER3 receptors are not immobilized by long-lived physical interactions with intracellular species. An 
examination of HER3 proteins with varying intracellular domain sequence truncations also indicated that 
a proposed formation of oligomeric HER3 networks, mediated by physical interactions involving specific 
HER3 intracellular domain sequences, either does not occur or does not significantly reduce HER3 mobility 
on the macroscopic scale.

Key words HER/ErbB receptor, Membrane microdomain diffusion, Fluorescence recovery after 
photobleaching (FRAP)

1 Introduction

Epidermal growth factor (EGF) receptor family (HER/ErbB family) 
members (designated HER1-4 or ErbB1-4) are among cell sur-
face receptors whose signaling activities appear to be modu-
lated by their compartmentalization in plasma membrane 
microdomains. Whereas initial biochemical analyses suggested the 
EGF receptor (HER1) was localized in caveolae, ensuing fraction-
ation studies indicated a non-caveolar lipid raft localization 
[reviewed in ref. 1]. More recent electron microscopic (EM) 
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imaging of immunogold- labeled receptors and their associated 
signaling targets in plasma membrane sheets by Yang et al. indeed 
showed an elaborate nanoscale organization of EGF receptor and 
HER2 and HER3 receptor molecules in breast cancer cell mem-
branes, and further indicated that their signaling occurs within dis-
crete nanodomains of the plasma membrane [2]. Using this same 
methodology, we verified this nanoscale clustering of the EGF 
receptor in breast cancer cell membranes, and by the additional 
implementation of a metabolically biotinylated lipid raft reporter 
construct (see Chapter 8) showed that the domains of EGF recep-
tor clustering were distinct from inner leaflet lipid raft species [1]. 
The biochemical characteristics of the membrane microdomains in 
which the EGF receptor resides remain largely unknown.

Uniquely among the four HER family members, the HER3 
receptor possesses a significantly impaired protein tyrosine kinase 
(PTK) activity and thus signals effectively only in the context of a 
heterodimeric complex with another kinase-competent HER 
receptor ([3, 4] but see [5, 6]). In comparison with other HER 
family receptors, HER3 is a particularly robust recruiter and activa-
tor of phosphoinositide (PI) 3-kinase (cf. [7]), which likely under-
lies the marked potentiation by HER3 of the mitogenic and 
transforming activities of the EGF receptor and HER2. HER3 is 
an important player in a number of cancer types and is a target of 
current cancer drug development [8].

The immunogold labeling of receptors in breast cancer cell 
plasma membrane sheets described by Yang et al. [2] showed that 
HER3 is concentrated in discrete plasma membrane nanodomains, 
largely distinct from those of EGF receptor and HER2 localization 
and which apparently serve as platforms for PI 3-kinase activation 
in response to activating growth factors. The exact identity and 
biochemical composition of the membrane microdomain entities 
in which HER3 resides and the mechanism of its sequestration 
therein remain unclear. Two possible mechanisms for the cluster-
ing of the HER3 protein in nanodomains are its physical interac-
tion with some other entity, for example a cytoskeletal component, 
and an extended HER3 oligomerization, as has been predicted on 
the basis of X-ray crystallographic studies of the HER3 structure. 
Here, Jura et al. [9] identified two independent modes of interac-
tion between pairs of HER3 intracellular domains that can mediate 
their dimerization, one involving the N-terminal lobes of both 
PTK domains in a dimer and one involving the C-terminal lobe of 
the PTK domain in one monomer and a kinase-proximal segment 
of the CT domain in the other, and further postulated that these 
two independent modes of interaction could mediate the forma-
tion of chains or networks of interacting HER3 receptors in cell 
membranes. To determine the potential impact of HER3 
 interactions with other cytosolic entities or with itself in the case of 
HER3 oligomerization, we analyzed the effect of truncating 
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various segments of the HER3 intracellular domain on the diffusional 
mobility of the receptor in the plasma membrane by the fluores-
cence recovery after photobleaching (FRAP) method. To this end, 
we first generated a panel of recombinant HER3 constructs with 
varying C-terminal intracellular domain truncations and which 
were C-terminally tagged with a monomeric GFP (mGFP) module 
(see Fig. 1). We describe here the FRAP methodology used to char-
acterize the lateral diffusional mobility of these mGFP-tagged 
HER3 constructs in breast cancer cell membranes, a straightfor-
ward method that is extensible to investigating the lateral mobil-
ity of other plasma membrane-associated proteins. More 
comprehensive descriptions of FRAP methodology have been 
presented (e.g., [10, 11]).

2 Materials

 1. MCF7 cells: The MCF7 mammary epithelial tumor cell line 
can be purchased from the American Type Culture Collection 
and is propagated according to their recommendations.

2.1 Cell Culture 
and HER3-mGFP 
Reporter Expression

Fig. 1 Fluorescent HER3 reporters with C-terminal intracellular domain truncations. 
For use in characterizing the diffusional mobility of HER3 receptors in cellular 
membranes by FRAP, HER3 reporter constructs with varying C-terminal domain 
truncations and C-terminal monomeric GFP tags were generated. Schematic 
sequences of the reporters are shown with the locations of the extracellular ligand 
binding (LBD), transmembrane (TM), protein tyrosine kinase (PTK) and C-terminal 
phosphorylation (CT) domains, and the monomeric GFP module (GFP) indicated. 
Also indicated is a putative HER3 oligomerization motif (*) in the kinase-proximal 
CT domain sequence (residues 982–992 in the rat HER3 precursor protein), which 
has been postulated to mediate the formation of extended oligomeric networks of 
HER3 molecules in cellular membranes [9]. The C-terminally complete reporter 
containing the entire 1339-amino acid sequence of rat HER3 is designated HER3-
1339. The HER3-1017, -976, and -667 reporters are truncated after the indicated 
amino acid residues and thus have progressive deletions of the distal CT domain, 
the putative HER3 oligomerization motif, and the PTK domain. All retain a positively 
charged stop-transfer signal immediately following the transmembrane domain, so 
that they are retained in the cytoplasmic membrane

FRAP Analysis of HER3 Receptor Mobility
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 2. HER3-mGFP plasmid expression vectors: The pcDNA3-
HER3- mGFP plasmid is a CMV promoter-based vector 
(pcDNA3) expressing the full-length rat HER3 protein (1339 
residues) fused to the mGFP (monomeric GFP) module, a ver-
sion of the enhanced GFP protein with an A206K substitution 
that reduces its dimerization potential. The plasmid was gener-
ated by recombinant PCR amplifications of the rat HER3 
cDNA sequence in the pcDNA3-HER3 expression vector [12] 
and the enhanced GFP cassette in the pEGFP-N1 vector, after 
a mutation effecting the A206K substitution was introduced 
into the GFP cDNA by site-directed mutagenesis. Again using 
recombinant PCR, internal deletions were made in the pcDNA3-
HER3-mGFP plasmid to truncate the HER3 protein beyond 
the indicated residues in the HER3-1017, HER3-976 and 
HER3-667 constructs while retaining the C-terminal mGFP tag 
(see Fig. 1). All amplified sequence elements were validated by 
DNA sequencing.

 3. Transfection reagent: Lipofectamine 2000 (Invitrogen) cationic 
liposomal transfection reagent used according to the recom-
mendations of the manufacturer.

 1. Glass-bottom culture dishes: FRAP experiments require plastic 
culture dishes with microscope cover glass bottoms (35 mm 
diameter).

 2. Microscopy instrumentation: FRAP experiments are performed 
using a conventional inverted laser confocal microscope having 
built-in functions for photobleaching of a circular region of 
interest (ROI) (for example bleaching of the mGFP fluoro-
phore in a 5 μm diameter ROI with a 488 nm argon laser beam) 
and for the time-dependent acquisition of the integrated fluo-
rescence intensities of both circular and irregularly shaped ROIs 
and which is outfitted with a heated stage.

 1. Computer software: Analysis of FRAP kinetic data by the 
bleached-disk method of Soumpasis [13] is facilitated by the 
use of nonlinear least squares curve fitting software that allows 
the incorporation of modified Bessel functions in curve fitting 
functions, such as Prism 5.0 (GraphPad).

3 Methods

 1. Cultured cells to be analyzed (for example MCF7 mammary 
epithelial tumor cells) are plated in 35 mm glass-bottom culture 
dishes and grown at 37 °C in culture medium [in the case of 
MCF7 cells in minimal essential medium (MEM) containing 
Earle’s salts and stabilized glutamine supplement with 10 % 
fetal bovine serum added].

2.2 FRAP 
Measurements

2.3 FRAP Data 
Analysis

3.1 Cell Culture 
and HER3-mGFP 
Reporter Expression
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 2. At approximately 40 % confluency cells are transfected with the 
GFP reporter plasmid DNA expression vector in complex with 
cationic liposomes (e.g., treated with 0.3–0.5 μg of pcDNA3-
HER3- mGFP plasmid using 2–4 μl of Lipofectamine 2000 
transfection reagent) for 3 h in serum-free culture medium, 
and then allowed to recover overnight in normal culture 
medium at 37 °C.

 3. One day prior to FRAP measurements, the cells are incubated 
overnight in reduced-serum (1.5 % serum in the case of MCF7 
cells) culture medium at 37 °C.

 1. FRAP measurements are made typically 48 h after cell transfec-
tion, to allow time for adequate GFP reporter expression.

 2. When measurements are performed using a microscope with 
air-exposed stage, the cell culture medium is replaced with 
Hanks’ Balanced Salt Solution immediately prior to FRAP 
measurements so that physiologic pH is maintained.

 3. FRAP experiments can be performed using a conventional 
inverted confocal microscope (employing a 63× objective and 
2× digital zoom in the case of the Zeiss 510 instrument), with 
a heated stage held at a fixed temperature typically between 30 
and 37 °C (see Note 1). Selection of single cells for FRAP 
analysis is performed by viewing the GFP fluorescence of the 
expressed reporter with appropriate excitation and emission 
settings (e.g., the GFP fluorophore excited by a 488 nm laser 
line at low power, and the emitted fluorescence captured 
through a 505–550 nm band-pass filter). The cellular plasma 
membrane is then placed in the plane of focus.

 4. Using built-in software tools of the microscope, a circular ROI of 
typically 5 μm diameter (the area of photobleaching and primary 
fluorescence intensity measurements, see Note 2) is selected, 
along with a larger, potentially irregularly shaped ROI that sur-
rounds the ROI to be photobleached and is the ROI for control 
fluorescence intensity measurements (see Fig. 2 and Note 3).

 5. Beginning before photobleaching and continuing throughout 
the post-photobleaching recovery, a time series of images is 
captured (typically at 2 s intervals), during which the GFP flu-
orophore is excited at low intensity, the emitted GFP fluores-
cence is captured, and time courses of the integrated 
fluorescence intensities of the measurement (photobleached) 
and control ROIs are recorded.

 6. After recording of the pre-photobleach intensities in the mea-
surement and control ROIs, the circular measurement ROI is 
rapidly photobleached using programmed photobleaching 
functions of the microscope (e.g., ten scans of the ROI with a 
488 nm laser at 100 % intensity), and the recording of the 

3.2 FRAP 
Measurements
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intensities in the two ROIs resumed and continued throughout 
the recovery period (1–5-min duration).

 7. The intensity versus time data for an individual FRAP experi-
ment (two data sets corresponding to the measurement and 
control ROIs) are exported from the microscope computer as 
files that can be imported into standard spreadsheet and scien-
tific graphing programs.

FRAP time course data obtained as described above are analyzed 
to determine the characteristic diffusion time (τD) of the recovery 
time course (a time that is dependent upon the diameter of the 
bleached area), the mobile fraction (fmobile) of the reporter (the 
fraction of original fluorescence intensity that is regained following 
the post-photobleaching recovery), and the reporter diffusion 
coefficient (D).

 1. For each experiment, the raw fluorescence intensity (F) versus 
time (t) data sets corresponding the measurement and control 
ROIs are imported into a standard spreadsheet program that 
allows simple mathematical manipulations.

3.3 FRAP Data 
Analysis

Fig. 2 FRAP analysis of HER3-mGFP lateral diffusion in breast cancer cell membranes. HER3-mGFP reporters 
of either full-length sequence (HER3-1139) or with progressive C-terminal truncations (HER3-1017, -976, 
-667) (see Fig. 1) were transiently expressed in MCF7 breast cancer cells, and FRAP experiments with samples 
held at 30 °C performed as described in the text. (a) An image from a representative experiment of cellular GFP 
fluorescence taken immediately following the photobleaching of the measurement ROI (red circle), with the 
larger, irregularly shaped control ROI also indicated (green polygon). (b) Plots of the recorded integrated fluo-
rescence intensities of the measurement (bleached) and control ROIs (both normalized to a value of 100 at 
time zero to facilitate their comparison) and the corrected fluorescence intensity (F′) in the bleached measure-
ment ROI as functions of time. The corrected intensity data were fit with the analytic equation of Soumpasis as 
described in the text, and the best fit curve is shown (solid line). In this representative experiment in which the 
full-length HER3-mGFP reporter was examined and in those in which truncated HER3 reporters were exam-
ined (see Figs. 1 and 3), the recovery of fluorescence after photobleaching was nearly complete. Experiments 
with multiple reporters thus yielded average mobile fraction values (fmobile) in the range of 0.9–1.0
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 2. To correct for measurement-related artifacts (e.g., fluctuations 
in excitation intensity, slight movement of the cells with respect 
to the plane of focus, and the gradual photobleaching of the 
reporter with the repeated scanning of images over the time 
course of the experiment), a corrected fluorescence intensity 
value (F′) is generated by dividing the intensity of the measure-
ment ROI by that of the control ROI at each time point, and 
then normalizing the F′ values so that they fluctuate around 
100 % in the pre-bleach interval. (The numerical average of the 
F′ values in the pre-bleach interval is used in the normaliza-
tion.) Figure 2 shows representative raw and corrected fluores-
cence intensity data obtained in a FRAP experiment examining 
a HER3-mGFP reporter.

 3. The F′ versus t data from the post-bleach recovery interval only 
are extracted from the data set and the t values numerically 
adjusted to indicate the time of the midpoint of the individual 
scans relative to the end of the photobleaching interval. 

Fig. 3 Effect of HER3 C-terminal truncations on the diffusional mobility of HER3- 
mGFP reporters in the plasma membrane. FRAP experiments were performed to 
estimate the diffusion mobility of the full-length HER3-mGFP reporter (HER3- 
1339) and reporters with the indicated C-terminal intracellular domain trunca-
tions (see Fig. 1). Fitting of the FRAP data yielded characteristic diffusion times, 
from which apparent diffusion constant values (corresponding to the 30 °C mea-
surements) were derived as described in the text. Shown here are the results of 
multiple experiments with the mean of the diffusion constant values indicated. 
While deletion of the distal HER3 C-terminal domain (compare results for HER3- 
1017 and HER3-1339) enhanced the diffusional mobility of the receptor, further 
deletion of either the HER3 sequence between residues 1017 and 976 (which 
contains the putative HER3 oligomerization motif) or the remaining intracellular 
domain sequence (compare HER3-976 and HER3-667 to HER3-1017) failed to 
enhance the mobility of the reporter

FRAP Analysis of HER3 Receptor Mobility
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(If scans were done at 2 s intervals, the first adjusted t value 
would 2 s plus (1/2)Δt, where Δt is the time duration of an 
individual scan.) Time values must all be larger than zero, as 
the theoretical equation used in fitting the data is not defined 
at t = 0 (see Note 4).

 4. Using a graphing program with nonlinear least squares curve 
fitting functionality (for example GraphPad Prism) the follow-
ing analytical equation describing the fluorescence recovery in 
a bleach-disk experiment [13] is fit to the F′ versus t data:

 F F F F t t tD D D
¢

¥= + - - +0 0 0 12 2 2( )exp( / )[ ( / ) ( / )]t t tI I  

Here F0 and F∞ are the fluorescence intensities at t = 0 
(immediately after photobleaching) and after an infinite time of 
recovery, respectively, τD is the characteristic diffusion time, and 
I0 and I1 are modified Bessel functions. F0, F∞, and τD are adjust-
able parameters, the values of which are estimated by the curve 
fitting. Note that F0 is typically not zero because the photo-
bleaching is not complete. A representative fitting of F′ versus t 
data with the theoretical recovery equation is shown in Fig. 2.

 5. The determined τD value characterizing the kinetics of the 
recovery is dependent upon the radius of the bleached area (w). 
The apparent diffusion constant (D) of the reporter (a value 
independent of the measurement area) is derived using the 
formula D = w2/4τD. Lastly, the mobile fraction is given by

 f F F F F F F Fmobile Pre= - - = - -¥ ¥( ) / ( ) ( ) / ( )0 0 0 0100  

where the FPre is the fluorescence intensity pre-photo-
bleaching, which was set to 100 % in the initial normalization 
of the F′ data. The mean values for the diffusion constants of 
various HER3-mGFP reporters derived from a series of FRAP 
experiments are presented in Fig. 3.

4 Notes

 1. As diffusion is temperature dependent, lower than physiologic 
temperature can be used to slow the fluorescence recovery time 
course and increase the accuracy of relative mobility measure-
ments. When reporting measured diffusion coefficients, the 
temperature of the measurements should always be indicated.

 2. A circular ROI is used for the photobleaching (beached-disked 
FRAP method) so that the fluorescence recovery time course 
can be appropriately analyzed by fitting of the data with the 
analytical equation derived by Soumpasis for the bleached-disk 
scenario [13]. Analytical solutions for bleached ROIs of other 
geometries (for example square) do not generally exist, 
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although fitting of the recovery data with exponential decay 
curves can be used to estimate the recovery time.

 3. The control ROI, which surrounds the bleached ROI but is 
within the cellular perimeter, should be as large as possible so 
that photobleaching does not significantly alter the total fluo-
rescence intensity in the control ROI.

 4. Due to the singularity at t = 0 in the analytical equation used in 
the curve fitting analysis described here, the quality of the anal-
ysis will suffer if data with time values smaller than 0.05⋅τD are 
used. Thus data pairs with t < 0.05⋅τD are generally deleted 
prior to curve fitting.
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    Chapter 10   

 Isolation and Analysis of Detergent-Resistant 
Membrane Fractions       

     Massimo     Aureli    ,     Sara     Grassi    ,     Sandro     Sonnino    , and     Alessandro     Prinetti      

  Abstract 

   The hypothesis that the Golgi apparatus is capable of sorting proteins and sending them to the plasma 
membrane through “lipid rafts,” membrane lipid domains highly enriched in glycosphingolipids, sphingo-
myelin, ceramide, and cholesterol, was formulated by van Meer and Simons in 1988 and came to a turning 
point when it was suggested that lipid rafts could be isolated thanks to their resistance to solubilization by 
some detergents, namely Triton X-100. An incredible number of papers have described the composition 
and properties of detergent-resistant membrane fractions. However, the use of this method has also raised 
the fi ercest criticisms. In this chapter, we would like to discuss the most relevant methodological aspects 
related to the preparation of detergent-resistant membrane fractions, and to discuss the importance of 
discriminating between what is present on a cell membrane and what we can prepare from cell membranes 
in a laboratory tube.  

  Key words     Detergent-resistant membrane  ,   Lipid raft  ,   Liquid-ordered phase  ,   Membrane domain  , 
  Microdomain  ,    Sphingolipid    

1       Introduction 

 Amphipathic lipids represent the major structural lipids in all 
cellular membranes in eukaryotes; due to their aggregative prop-
erties, they form bilayers that represent the bulk structure of 
biological membranes, allowing the compartmentalization of the 
extra- and intra-cellular aqueous environments. Glycero-
phospholipids (GPL) are by far the major components of biologi-
cal bilayers, the main bilayer-forming lipid being phosphatidylcholine 
(PC), which typically accounts for >50 % of all cell membrane 
GPL. In addition, cellular membranes contain cholesterol and 
sphingolipids (SL) (in different amounts, depending on the 
specifi c membrane, with the highest concentration associated with 
plasma membranes). Neither cholesterol nor SL are bilayer- forming 
lipids, however they can be inserted in GPL bilayers through their 
hydrophobic moieties. Singer and Nicholson [ 1 ] proposed that 
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the GPL bilayer acts as two-dimensional solvent for the other 
membrane components, in particular for membrane- associated 
proteins, allowing in principle the unrestricted freedom of lateral 
movement of membrane components. Nevertheless, biological 
membranes are characterized by a high level of lateral order, and 
membrane components appear to be organized into “membrane 
domains,” i.e., “ordered structures that differ in lipid and/or 
protein composition from the surrounding membrane” [ 2 ]. 
Lateral heterogeneity in the structure of cellular membranes is 
strikingly evident in polarized cells (such as epithelial cells, neurons, 
and oligodendrocytes), however it is present in virtually any cell 
type, and it is also present in membrane regions lacking a morpho-
logically distinguishable architecture at the micron scale, as revealed 
by the fi nding that some membrane components are restricted in 
their lateral movements and are transiently confi ned to small 
domains at the submicron scale (“microdomains”) [ 3 ]. According 
to the fl uid mosaic model, short- and long range lateral order in 
biological membranes is due to the creation of a network of 
protein-driven lateral interactions among membrane components. 
Considering the wide variety of biologically relevant protein–
protein interactions, protein-driven events such as the creation of 
membrane-associated multiprotein complexes (in some cases, 
organized by specifi c proteins able to act as scaffolds [ 2 ] such as 
clathrin, tetraspanins [ 4 ], caveolins [ 5 ,  6 ], and fl otillins [ 7 ]) are 
undoubtedly major players in the creation and stabilization of mem-
brane domains. A very sophisticated and comprehensive interpreta-
tion to protein-driven compartmentalization of membrane 
components is given by the membrane-skeleton “fence” model [ 8 ]. 
According to this model, limitations in lateral diffusion observed 
for some membrane-bound proteins might not necessarily imply 
direct interactions with other membrane components, but might be 
due to the formation of compartmental boundaries by actin-based 
membrane skeleton “fences” that are anchored to the membrane by 
“pickets” consisting of transmembrane proteins. Membrane 
components are transiently trapped within the compartment. In 
addition, hydrodynamic friction-like effect at the surface of the 
immobilized proteins reduces the diffusion rate of membrane com-
ponents in the adjacent membrane region. 

 Nevertheless, the collective aggregational properties of mem-
brane lipids might represent a further factor leading to lateral order 
within membranes. In fact, a series of experiments describing ther-
mal effects on the behavior of lipid mixtures, published almost at 
the same time of the presentation of the fl uid mosaic model, sug-
gested that the limited solubility of lipids in complex lipid mix-
tures, leading to fl uid–fl uid phase separation, could be responsible 
for a certain degree of lateral organization, and could represent a 
major driving force behind the separation of distinct domains 
within cell membranes [ 9 – 12 ]. Liquid–liquid phase separation has 
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been observed in a variety of model systems (reviewed in [ 13 ]) 
and, with some limitations, in biological membranes, for example 
using fl uorescence microscopic and spectroscopic analyses employ-
ing order-sensitive probes [ 14 ]. In 1982, Karnovsky had already 
hypothesized that the existence of multiple phases in the mem-
brane lipid environment could drive the “organization of the lipid 
components of membranes into domains” [ 15 ]. However, this 
notion was applied to an actual cell biology problem only 6 years 
later, when it was invoked by Simons and van Meer to explain the 
different lipid composition of the apical and basolateral plasma 
membrane macrodomains of polarized epithelial cells [ 16 ]. 
Glycosphingolipids (GSL) and cholesterol, which are highly 
enriched in the apical macrodomain, need to be sorted from the 
lipids of the basolateral domain (mainly glycerophospholipids) at 
some intracellular site during their traffi cking to the plasma mem-
brane. Van Meer and Simons proposed that the self-associative 
properties of the apical lipids, leading to  the   formation of liquid- 
ordered (l o ) phase [ 17 – 20 ] domains in intracellular membranes 
along the traffi cking pathway, might be the driving force underly-
ing the differential sorting of apical and basolateral membrane lipid 
components [ 21 ]. These authors introduced the  term   “lipid rafts” 
to describe l o  phase-segregated domains. The concept of lipid rafts 
became intimately linked with resistance to detergent solubiliza-
tion in 1992, when Brown and Rose demonstrated that  GPI- 
anchored proteins   can be recovered from lysates of epithelial cells 
in a low-density, detergent-insoluble (Triton X-100-insoluble) 
form. Detergent-resistant membranes (DRM) enriched in GPI- 
anchored proteins were also enriched in GSL, but not in basolat-
eral marker proteins [ 22 ]. This was regarded as a strong 
experimental evidence supporting Simons and van Meer’s hypoth-
esis regarding the sorting of proteins to the apical domain of polar-
ized cells as a consequence of their association with a GSL-enriched 
environment, and strongly infl uenced subsequent research in this 
fi eld, which became enormously popular when Simons and Ikonen 
proposed that association with lipid rafts/detergent-resistant 
membranes might represent a general mechanism for the sorting, 
targeting and co-localization of membrane-associated proteins, 
and that lipid  rafts   might represent functional platforms for the 
segregation of proteins involved in signal transduction processes 
[ 23 ]. Since 1997, more than 5,000 papers have been published 
describing the putative structure and functions of lipid rafts (for a 
few examples,  see  [ 24 – 32 ]), and recently a database specifi cally 
dedicated to mammalian lipid raft-associated proteins (RaftProt, 
  http://lipid-raft-database.di.uq.edu.au/    ) has been developed 
[ 33 ]. A consistent number of these papers relied on the use of 
resistance to detergent solubilization (based on Brown and Rose’s 
method, sometimes with heavy modifi cations) for the preparation 
of fractions representing putative isolated lipid  rafts, and   many 
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investigators de facto equated lipid rafts with a membrane fraction 
characterized by its insolubility in non-ionic aqueous detergents [ 22 ]. 
Alongside enthusiasm, the concept of lipid rafts has elicited fi erce 
criticisms (for an overview  see  [ 34 ,  35 ]), and in particular the 
notion that detergent-resistance might represent an adequate tool 
to isolate a fraction enriched in lipid rafts defi ned as areas of phase 
separation naturally occurring in biological membrane [ 2 ], has 
been strongly opposed by some authors [ 35 ]. 

 In this chapter, we summarize the methodological aspects related 
to the preparation of detergent-insoluble membrane fractions, and 
critically review the usefulness of this method as a tool to investigate 
the supramolecular organization of biological membranes.  

2     Preparation of Detergent-Resistant Membrane Fractions 

 Challenging cells with aqueous solutions containing detergents 
results in the effective solubilization of most components of the 
cell membranes (including GPL and intrinsic membrane glycopro-
teins), as the result of the formation of mixed micelles incorporat-
ing detergent and membrane component molecules [ 36 ,  37 ]. This 
feature has been exploited for the isolation and study of membrane 
associated proteins. On the other hand, it has been known for a 
long time that some cellular components are insoluble in non-ionic 
(Triton X-100) or zwitterionic (Empigin BB) detergents under 
certain experimental conditions. Indeed, detergent insolubility has 
been used as an analytical criterion or as a preparative tool long 
before the lipid  raft   hypothesis was formulated. The “detergent- 
insoluble material” (DIM), isolated by sedimentation or centrifu-
gation, was originally shown to be enriched in pericellular matrix 
proteins (e.g., fi bronectin, tenascin, Gp140), in cell attachment 
site components, including components of cytoskeleton 
(“detergent- insoluble substrate attachment matrix,” DISAM) 
[ 38 ], and in glycosphingolipids, in particular GM1 ganglioside 
(“detergent-insoluble glycolipid-enriched material,” DIG) [ 39 , 
 40 ]. Subsequently, it has been shown that detergent-insoluble 
material was very heterogeneous, being enriched in other sphingo-
lipids, not only gangliosides, (including sphingomyelin, SM, as 
well) [ 41 – 43 ], cholesterol [ 42 ], lipid-anchored proteins (proteins 
with a glycosylphosphatidylinositol (GPI) or linked with fatty acid 
residues) [ 22 ,  43 – 48 ] and other hydrophobic plasma membrane 
proteins, such as caveolin [ 49 ]. Thus, the concept gradually 
emerged that a peculiar lipid composition leading to the separation 
of a l o   phase   (the features corresponding to lipid rafts in biological 
membranes, as hypothesized by van Meer and Simons) could be 
responsible for the insolubility in aqueous non-ionic detergents, 
and that DIM is at least in part represented by “detergent-resistant 
membranes” (DRM), an isolated fraction corresponding to lipid 
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rafts, such as those belonging to the apical compartment of 
polarized epithelial cells (MDCK) or to the caveolar membrane 
system. Treatment with non-ionic detergent (the most widely used 
being Triton X-100) at low temperature allows to solubilize lipid 
components present in the membrane in a liquid-disordered phase 
(e.g., most glycerophospholipids). These lipids are subtracted from 
the membrane due to the formation of mixed micelles with the 
 detergent   (“solubilization”), while lipid raft components 
remains laterally organized, excluding detergent monomers 
(“detergent-insoluble”) forming microsome-like or planar struc-
tures (Fig.  1 ). After detergent treatment, the detergent-insoluble 
membrane fraction can be separated due to its relative low density 
(buoyancy), likely due to its richness in lipids, i.e., to the high 
lipid-to-protein ratio [ 22 ], using continuous or discontinuous 
density gradients.

   Applying the method originally described by Brown and Rose 
[ 22 ], or its modifi cations, DRM fractions were isolated from a 
wide variety of cultured mammalian cells (normal and tumor epi-
thelial cells [ 22 ,  49 – 51 ], lymphocytes [ 52 ,  53 ] and lymphoid 
tumor cells [ 54 ], neutrophils [ 55 ], platelets [ 56 ], erythrocytes 
[ 57 ], fi broblasts [ 50 ,  58 ], neurons [ 59 – 62 ] and neuroblastoma 
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Glycerophospholipids
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  Fig. 1    Detergent insolubility and separation of membrane domains. Detergents in aqueous solutions at con-
centrations above the critical micellar concentration (CMC) form aggregates such as small micelles. CMC for 
Triton X-100 is 0.31 mM. Thus, in a 1 % solution, several detergent monomers are present, and can be inserted 
into the fl uid portions of the membrane. Fluid membranes containing Triton X-100 are dissolved and form 
small mixed micelles enriched in detergent, glycerophospholipids, and proteins. On the other hand detergent 
is not able to penetrate into membrane areas highly enriched in sphingolipids and cholesterol, due to their high 
degree of lateral order. This membrane portions form microsome-like structures that can be separated by 
density gradient centrifugation       
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cells [ 63 – 65 ]), and tissues [ 66 – 73 ], plant cells [ 74 ,  75 ], yeast [ 76 ,  77 ], 
and protozoan [ 78 – 80 ]. We used this procedure to prepare DRM 
fractions from melanoma [ 81 ] and neuroblastoma cells [ 65 ], cul-
tured neurons either at different stages of differentiation [ 59 ,  82 , 
 83 ] or challenged with pro-apoptotic stimuli [ 84 ], ovarian cancer 
cells [ 85 ,  86 ], and mouse brain [ 73 ]. 

 The original experimental procedure used for the preparation 
of Triton-insoluble membrane fractions is as follows:

 ●    Cells (5–8 × 10 7 , usually corresponding to 4–7 mg cell proteins) 
are mechanically harvested in phosphate-buffered saline con-
taining 0.4 mM Na 3 VO 4 , and pelleted.  

 ●   Cell pellet is suspended in 1 ml of lysis buffer containing 1 % 
Triton X-100, 10 mM Tris buffer, pH 7.5, 150 mM NaCl, 
5 mM EDTA, 1 mM Na 3 VO 4 , and protease inhibitors, allowed 
to stand on ice for 20 min, and homogeneized using a hand- 
driven tight Dounce homogenizer (ten strokes).  

 ●   Cell lysates are centrifuged (5 min at 1300 ×  g ) to remove 
nuclei and large cellular debris.  

 ●   The post-nuclear fraction is mixed with an equal volume of 
85 % sucrose (w/v) in 10 mM Tris buffer, pH 7.5, 150 mM 
NaCl, 5 mM EDTA, and 1 mM Na 3 VO 4  (the presence of 
phosphatase and protease inhibitors in the buffers is critical, 
since the association of certain proteins to the DRM can be 
modulated by phosphorylation, and DRM represent a site for 
active and regulated proteolysis).  

 ●   The resulting diluent is placed at the bottom of a continuous 
sucrose concentration gradient (30–5 %) in the same buffer 
and centrifuged (17 h at 200,000 ×  g ) at 4 °C.  

 ●   The entire procedure is performed at 0–4 °C.  
 ●   After ultracentrifugation, the gradient is fractionated, and the 

white light-scattering band in the low density region of the 
gradient is regarded as the sphingolipid-enriched fraction 
(DRM). Fractions can be collected manually or automatically 
from the top or from the bottom of the gradient without 
changing the signifi cance of the results.    

 Two apparently trivial factors deeply infl uence the reproduc-
ibly of the results and the possibility to compare the patterns of 
DRM-associated molecules reported in different papers. One is 
represented by the different methods used to collect the fractions. 
The other is represented by the need to carefully homogenize the 
compact pellet recovered in the bottom fraction, which contains 
the majority of sample protein. Substantially overlapping results 
can be obtained using discontinuous gradients (in our lab, we usually 
use a two step 5–30 % discontinuous sucrose gradient) or density 
media other than sucrose (for example, Optiprep). 
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 However, the method has proven to be very sensitive to the 
specifi c experimental conditions (where temperature, detergent 
concentration and detergent-to-cell ratio seem the most critical 
parameters). Standardization of the experimental procedures is 
diffi cult sometime, and the overall composition of DRM fractions 
or the association of specifi c molecules with it seem to be affected 
even by tiny modifi cations of several conditions, including agents 
used for membrane disruption (different detergents or different 
detergent concentration [ 49 ,  87 – 89 ]), mechanical procedures 
used to obtain or aid membrane solubilization (sonication, homo-
geneization) [ 90 ], temperature [ 22 ,  89 ,  91 ,  92 ], pH, and ratio 
between detergent and biological material [ 88 ].  

3     Temperature 

 As mentioned above, all steps in the DRM preparation should be 
performed between 0 and +4 °C [ 22 ]. Indeed, in our experience 
incubation at room temperature or at +37 °C before gradient 
fractionation [ 92 ] is one of the best methods to ensure the full 
solubilization of DRM components. Applying the Triton X-100 
extraction procedure to purifi ed myelin at 20 °C led to the forma-
tion of two distinct low density fractions [ 93 ], both fractions 
characterized by higher cholesterol/phospholipid and GalCer/
phospholipid ratio than the starting myelin preparation. However, 
the two fractions were characterized by a different content of GM1 
ganglioside and by a different enrichment in specifi c protein mark-
ers. Similar discrepancies between the results obtained performing 
the separation at different temperatures, together with the fact that 
the low temperature, usually maintained during DRM preparation, 
can be hardly be extrapolated to those of living cells, has raised 
serious criticisms about the biological relevance of detergent- 
insoluble fractions prepared under these experimental conditions. 
Nevertheless, separation of a l o  phase in model membranes occurs 
at 37 °C [ 94 ], and DRM in some cases can be prepared from cells 
and tissues at 20 or 37 °C [ 88 ,  89 ,  91 ,  93 ]. In the case of mouse 
cerebral cortex, the lipid membrane domain markers fl otillin, F3, 
prion protein and alkaline phosphatase were detergent-insoluble at 
both 4 and 37 °C. Proper adjustment of the ionic composition of 
the solubilization buffer (e.g., Mg +  and K +  concentrations similar 
to those in the intracellular environment and addition of EGTA to 
chelate Ca 2+ ) allows  the   preparation at 37 °C of DRMs that 
have many of the properties of lipid rafts isolated from brain 
membranes or cultured cells using Triton X-100 or Brij 96 [ 95 ]. 
These “37 °C DRMs” were larger than lipid rafts prepared at low 
temperature, indicating that some aggregation may have 
occurred during the purifi cation. This phenomenon can be 
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avoided by replacing the fl otation method for DRM isolation with 
a magnetic immunopurifi cation procedure, which minimizes the 
time required for DRM isolation [ 96 ].  

4     Type of Detergent 

 As mentioned above, the original method for DRM preparation 
used Triton X-100 as the detergent, and several papers published 
afterwards described the composition and feature of Triton X-100 
DRM. However, early experiments indicated that similar results 
can be obtained with other non-ionic or zwitterionic detergents, 
and in the literature there are several comparative studies per-
formed using a wide range of different detergents [ 83 ,  87 ,  89 ,  97 ], 
aimed at understanding a possible artifactual nature of cellular frac-
tions prepared thanks to their resistance to detergent solubiliza-
tion. These studies showed that, using detergents with different 
stringency, it is possible to prepare  a   DRM fraction enriched in 
cholesterol and sphingolipids, as well as in certain proteins usually 
regarded as lipid membrane domain markers, in particular GPI- 
anchored proteins and acylated proteins. We compared the com-
position of DRM prepared from differentiated cerebellar neurons 
in the presence of Triton X-100 or Brij 96 and found a totally 
overlapping distribution of different lipid classes (DRM being 
highly enriched in sphingolipids and cholesterol, and depleted of 
GPL)    and of several lipid rafts protein markers, including GPI- 
anchored proteins (PrP, Thy-1) and  Src family kinase   s   [ 83 ]. 
However, the association of other proteins (especially integral 
membrane proteins) with the DRM fraction is strongly affected by 
the type of detergent used. We compared the features of DRM 
prepared using different detergents (Triton X-100 vs. Triton 
X-114, or Triton X-100 vs. Brij 98) (Fig.  2 ). All of the different 
detergent used allowed us to separate a DRM enriched in sphingo-
lipids and cholesterol, and heavily depleted of transferrin receptor 
(usually regarded as a non-raft marker). However, the association 
of some proteins, usually regarded as resident in lipid rafts (e.g., 
uPAR, caveolin-1, integrin receptor subunits), with DRM was 
deeply affected by the type of detergent used for the separation. 
For example, uPAR was largely soluble in Triton X-100, but insol-
uble in Triton X-114, whereas integrin receptor subunits were 
largely soluble in Triton X-100, and insoluble in Brij 98 (Fig.  2 ). 
In general, comparing the behavior of different proteins respect to 
solubilization with different detergents allows to draw the conclu-
sion that the detergent insolubility of a protein is determined 
mainly by the intrinsic structural features of the protein, in particu-
lar, by the mode of association with the plasma membrane [ 97 ], 
and, thus, detergent-insolubility per se is not a suffi cient criterion 
to establish the association of a protein with  a   lipid raft. In our 
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  Fig. 2    Lipid and protein composition of DRM prepared using different detergents (Triton X-100 vs. Triton X-114, 
Triton X-100 vs. Brij 98). Panel ( a ): molecular structures and main physicochemical properties of Triton X-100, 
Triton X-114 and Brij 98. Panel ( b ): upper panels depict western blot analysis of uPAR (usually regarded as a 
raft marker), and TfR (usually regarded as a non-raft marker), in fractions prepared by lysis with Triton X-100 
or Triton X-114 from HT1080 cells. Lower panels report the sphingolipid distribution along the gradient frac-
tions. Panel ( c ):  upper   panels depict western blot analysis of integrin receptor subunits β1 and α5 and of 
caveolin-1 (usually regarded as a raft marker) in  fractions   prepared by lysis with Triton X-100 or Brij 98 from 
A2780 ovarian cancer cells. HD, High Density gradient fractions       
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opinion, the biochemical analysis of the complex environment of 
the protein, and especially of its lipid composition, remains essential 
to clarify the protein association with a lipid-rich, laterally orga-
nized membrane domain. On the other hand, some structural 
features that represent putative targeting signals to lipid rafts (in 
particular, the presence of a GPI anchor or a double fatty acyla-
tion) are usually associated with insolubility of the protein in non- 
ionic detergents.

   Many authors reported that the detergent-insoluble material 
obtained in the presence of different detergents fl oats at different 
densities, suggesting DRM prepared using different detergents 
might vary in their lipid composition or in their lipid-to-protein 
ratio. Again, this seems to point out the artifactual nature of these 
fractions; a concern further strengthened by the observation that 
DRM fractions may contain membrane fragments derived from the 
fusion of distinct lipid membrane domains [ 87 ], and that Triton 
X-100 treatment increased the average domain size by inducing 
the aggregation of preexisting domains [ 98 ] in a model  membrane   
with a composition similar to that of the outer leafl et of plasma 
membranes. Remarkably, among different detergents Triton X-100 
(the paradigmatic detergent used for DRM preparation) seems the 
one that more markedly alters the lateral organization of biological 
membranes [ 99 ]. Nevertheless, the separation of a l o  phase in a 
membrane model was not affected by the treatment with Triton 
X-100 [ 98 ]. 

 On the other hand, at least some studies seem to indicate that 
the different composition of DRM obtained by using different 
detergents might actually refl ect the existence of biochemically dis-
tinct lipid membrane domains within the plasma membrane of the 
same cell, or the existence of different degrees of lateral order 
within the same lipid membrane domain [ 22 ,  89 ,  100 – 103 ], in 
agreement with an increasing number of studies indicating the 
presence of a high heterogeneity in membrane lateral organization 
in intact cells. In other words, the use of different detergents might 
represent an adequate tool to dissect the fi ne structure  of   mem-
brane domains [ 89 ,  104 ]. For example, differential solubilization 
by Triton X-100 and Brij 96 has been used to show that two neu-
ronal GPI-anchored proteins, Thy-1 and PrP, belong to structur-
ally different lipid membrane domains characterized by a different 
degree of order [ 87 ]. The presence of two distinct domains char-
acterized by a different detergent solubility has been related to 
differences in the lipid environment of these proteins [ 87 ]. In 
particular, mass spectrometry analysis of phosphatidylcholine, 
sphingomyelin and hexosylceramide [ 104 ], highlighted an enrich-
ment in saturated fatty acids in the Thy-1 domain and in unsaturated 
fatty acids in the PrP domain. In addition, the use of different non- 
ionic (Triton X-100, Brij 96, Triton X-102) or zwitterionic 
(CHAPS) detergents allowed to separate biochemically distinct 
detergent-specifi c domains from myelin membrane [ 89 ].  
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5     Protein/Detergent Ratio 

 Another experimental parameter that is critical in DRM preparation 
is the ratio between the amount of sample and the amount of 
detergent. DRM were originally prepared from MDCK cells using 
about 4 mg of cell protein/1 ml 1 % Triton X-100 [ 22 ]. We pre-
pared DRM fractions starting from 0.5 to 6 mg neuronal cell 
proteins lysed in the same conditions, obtaining a constant compo-
sition of the DRM in terms of lipid content and patterns and of 
selection of proteins associated with this fraction [ 105 ]. The 
amount of lipid and protein material associated with the Triton 
X-100-insoluble fraction remains constant for a wide range of 
detergent-to-sample ratios, but it suddenly drops to barely detect-
able quantities above a certain value, suggesting that for a given 
type of biological material—cell or tissue—there is a certain thresh-
old value for the detergent- to-sample ratio, above which it is 
impossible to prepare a low-density DRM fraction simply because 
the excess of detergent is able to solubilize even membrane domains 
with a high lateral order, that are normally resistant to detergent 
solubilization. These results are in agreement with those obtained 
by Parkin et al. [ 88 ,  106 ], who studied in detail the effect of vari-
ous protein/Triton X-100 ratios on the isolation of a detergent-
resistant fraction from mouse brain. Triton X-100 DRM could be 
prepared by sucrose gradient centrifugation after solubilization of 
mouse cerebral cortex with a fi xed 1 % Triton X-100 concentration 
at different protein/detergent ratios, ranging from 15 to 2 mg of 
protein/ml. This fraction was enriched in two lipid membrane 
domain marker proteins (alkaline phosphatase and fl otillin) regard-
less form the protein/detergent ratio. However, enrichment of 
some lipid  raft markers   (fl otillin, prion protein and F3) in the DRM 
fraction increased when the protein/detergent ratio in the sample 
was decreased, while the association with this fraction of proteins, 
usually excluded from the lipid membrane domain, increased at 
high protein/detergent ratios.  

6     Detergent-Free Methods 

 The fi erce criticisms raised by the use of detergents in the isolation 
of laterally ordered (possibly l o ) membrane domains stimulated the 
development of different “detergent-free” methods for the separa-
tion of low-density membrane fractions corresponding  to   lipid rafts. 
The rationale underlying these methods relies on the principle that 
resistance to solubilization of highly organized, “rigid,” and ther-
modynamically favored lipid membrane domains should represent a 
particular aspect of a more general phenomenon, and thus ordered 
membrane domains should also be resistant to a variety of treatments 
able to disrupt the structure of less ordered membrane. 
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 The disruption of cells in the presence of high pH or hypertonic 
sodium carbonate or by mechanical treatments (sonication under 
carefully controlled conditions, nitrogen cavitation) produces 
membrane fragments that can be separated by density gradient cen-
trifugation [ 107 – 114 ]. The composition of the detergent-free low-
density membrane fractions obtained  as   described above is very 
similar, but not identical [ 49 ,  59 ,  61 ,  65 ,  81 ,  90 ,  91 ,  115 – 122 ], to 
that of DRM obtained using Triton X-100 or other detergents, 
suggesting again that any experimental procedure used for mem-
brane disruption alters at some extent the lateral organization of 
membrane components, while preserving the stable network of 
interactions underlying the formation  of   lipid rafts.  

7     DRM from Tissues 

 DRM fractions have been isolated not only from cultured cells but 
also from various tissues, including chicken smooth muscle [ 67 ], 
mouse [ 97 ], rat and human [ 106 ,  123 ] cerebral cortex, mouse 
[ 87 ,  124 – 128 ], rat [ 104 ,  129 – 132 ] and human [ 133 ] brain, rat 
cerebellum [ 130 ], bovine and mouse brain myelin [ 89 ,  93 ,  126 , 
 134 ], rat [ 135 ] and mouse [ 122 ] brain synaptosomes, rat [ 136 ], 
mouse [ 125 ] and rainbow trout [ 137 ] liver, rat [ 138 ], rabbit [ 139 ] 
and mouse [ 125 ] lung, rat lung endothelium [ 140 ], pig [ 88 ,  97 ] 
and mouse kidney [ 125 ]. However, as mentioned above, it should 
be kept in mind that detergent-insoluble material is represented 
not only by membrane components but also by some extracellular 
matrix components. Moreover, DRM fractions prepared from tissues 
originate from heterogeneous cell populations. Thus, the possibil-
ity that different lipid membrane domains could artefactually 
coalesce due to the presence of the detergent is particularly worrying 
in the case of preparations derived from tissues. Mixing together 
Triton X-100 DRM fractions obtained from rat and mouse brain 
resulted in a system where rat and mouse Thy-1 could be immuno-
precipitated together, indicating that fusion of distinct lipid mem-
brane domains did occur under these experimental conditions [ 87 ]. 
Nevertheless, we have not observed any fusion of PrP-rich and Thy-
1-rich DRM prepared from cultured rat neurons [ 83 ]. Treatment 
of brain tissue sections with low concentrations of Triton X-100 at 
4 °C resulted in the extensive redistribution of gangliosides and 
 GPI-anchored proteins   [ 141 ,  142 ] Moreover, addition of exoge-
nous gangliosides to mouse brain sections in the presence of Triton 
X-100 at 4 °C, resulted in the incorporation of ganglioside mole-
cules in white matter areas. Thus, the application of detergent-
based methods for the preparation of lipid membrane domains 
from tissues still requires careful evaluation. In particular, only in a 
few cases, a partial characterization of the lipid composition of 
DRM obtained from tissues has been carried out [ 104 ,  106 ,  123 ]. 
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We analyzed in detail the DRM prepared from mice brain [ 73 ]. 
Using 3–6 mg of proteins in 1 ml 1 % Triton X-100 (thus a pro-
tein-detergent ratio in the range usually applied for the preparation 
of DRM from cultured cells) we obtained a fraction that contained 
high amounts of Akt protein, that is usually regarded as a non-lipid 
raft protein marker [ 82 ,  143 ]. In addition, this fraction was highly 
enriched in lipids with respect to proteins, but did not show any 
enrichment in sphingolipids and cholesterol with respect to 
GPL. When we reduced to 1 mg protein the amount of brain 
subjected to lysis with 1 ml 1 % Triton X-100, all of the membrane 
were solubilized and no light fraction containing DRM could be 
separated by sucrose gradient ultracentrifugation. Only using the ratio 
of 1.3 mg of brain protein/1 ml of 1 % Triton X-100 we could 
isolate a DRM fraction with lipid and protein enrichments similar 
to those observed in DRM from neuronal cells in culture. This 
result suggested that the preparation of DRM from tissues requires 
careful validation by complex analytical controls, and in particular 
indicates that the simple use of protein markers to defi ne the qual-
ity of a DRM preparation can be misleading, and that it is critical 
to analyze the enrichment in lipids that (sphingolipids, cholesterol 
and GPL) must be assessed to confi rm the separation of  a   fraction 
containing lipid rafts from the bulk membrane.  

8     Analysis of DRM Fraction: Importance of Lipid Analysis 

 Lipid membrane domains are defi ned on the basis of their peculiar 
lipid enrichment with respect to the whole cell or cell membranes. 
Thus, to validate the use of a method for the preparation of  a   lipid 
raft-enriched fraction, it is essential to quantitatively analyze the 
complete cholesterol, glycerolipid and sphingolipid profi le of the 
fraction. Nevertheless, this type of accurate analysis has been per-
formed only in a few papers using detergent insolubility as a tool to 
isolate lipid rafts, mainly due to the technical diffi culties that are 
faced in the analysis of subcellular fractions with high contents of 
detergents, sucrose or other density media and salts. Chemical 
analysis of DRM lipids however usually requires complex purifi ca-
tion of the lipid fraction of interest from the total extract, separa-
tion by HPTLC followed by colorimetric detection or 
immunostaining (using anti-glycolipid antibodies or staining with 
cholera toxin after treatment with bacterial sialidase to identify 
ganglio-series structures), or mass spectrometry analysis. Most 
works on DRM simply rely on the use of cholera toxin B subunit, 
a component of a heat-labile enterotoxin produced by  Vibrio chol-
erae  to detect GM1 as a putative DRM marker. Nevertheless, it is 
necessary to recall that GM1 is a very minor component in several 
cell lines, and that cholera toxin shows similar [ 144 ,  145 ] or higher 
affi nity toward other gangliosides such as Fuc-GM1 [ 146 ,  147 ]. 
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In addition to this, glycoproteins can be also recognized [ 147 ]. 
Thus, the use of cholera toxin alone in a simple immune dot blot 
identifi cation experiment performed on membrane fractions is 
inconclusive [ 147 ]. In our hands, the most effective way to mea-
sure the relative enrichments of different lipid classes in DRM frac-
tions relies on the use of metabolic radiolabeling procedures. 
 Sphingolipids   can be metabolically labeled with radioactive serine, 
palmitate or sphingosine/sphinganine. We have extensively used 
[1- 3 H]sphingosine for steady-state metabolic labeling of sphingo-
lipids in a wide variety of cultured cells (including neural and extra-
neural, normal and transformed, primary cultures and cell lines) 
[ 59 ,  82 – 86 ,  92 ,  148 – 153 ]. Using [1- 3 H]sphingosine allows the 
simultaneous radiolabelling of phosphatidylethanolamine (PE) 
(due to the recycling of radioactive ethanolamine formed in the 
catabolism of [1- 3 H]sphingosine). Using this procedure, we 
observed that the DRM fraction contained 50–65 % of the radio-
activity associated with sphingolipids in the cell homogenate, and 
that less than 10 % of radioactive complex sphingolipids was pres-
ent in the heavy density fraction of the gradient, which contained 
about 60 % of cell proteins. Radioactive PE, on the other hand, was 
predominantly recovered in the heavy fractions of the gradient, 
and only a low amount was detectable in DRM [ 59 ]. Thus, meta-
bolic labeling with [1- 3 H]sphingosine permits the simultaneous 
analysis of lipid components that are differently enriched in the 
DRM and non-DRM gradient fractions, representing a valuable 
analytical tool to check the effi ciency of DRM separation under 
specifi c experimental conditions. In some cases we have performed 
a more detailed analysis of the GPL distribution in the gradient by 
metabolic labeling with [ 32 P]orthophosphate. Using this method, 
we showed that the DRM fraction from rat cerebellar neurons con-
tained less than 10 % of the total cell GPL. However, about 22 % 
of PC was present in the DRM, with an enrichment of 13.2, which 
makes PC the most abundant lipid component of the DRM frac-
tion [ 59 ,  82 ]. Based on our results, all sphingolipids are highly 
enriched in the DRM fraction (with an enrichment ranging from 
30- to 40-fold respect to the cell lysate, depending on the specifi c 
sphingolipid). A similar enrichment has been calculated for cho-
lesterol (that can be easily detected by colorimetric procedures 
after thin layer chromatography separation). In rat cerebellar neu-
rons, the molar ratio between glycerophospholipids, cholesterol, 
sphingomyelin, ceramide and gangliosides was 41.6:6.1:1.3:0.3:1 in 
the cell homogenate and 8.3:4.0:1.4:0.2:1 in the DRM [ 59 ]. 

 Nevertheless, papers reporting on lipidomics analysis  of   lipid 
rafts have recently appeared (and likely their number will greatly 
increase due to the wide diffusion of high sensitivity lipidomics 
tools), providing useful comparative sets of data [ 154 ,  155 ]. The 
analysis of the lipid composition of DRM by mass spectrometry has 
added very important information on DRM lipids, revealing that 
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DRM lipids are selected also on the basis of their fatty acid compo-
sition, being highly enriched in palmitic acid [ 82 ] (confi rming the 
theoretical predictions based on the hypothesis that lipid rafts 
represent l o  phase-separated domains), and that different detergent- 
resistant microenvironments are characterized by a different fatty 
acid composition: the Thy-1-rich and the PrP-rich microenviron-
ments, separated from rat brain plasma membranes on the basis of 
their differential detergent solubility, are respectively enriched in 
saturated and unsaturated fatty acids [ 104 ].  

9     Immunoseparation of DRM Complexes 

 In our opinion, the pieces of information discussed so far indicate 
quite convincingly that detergent membrane fractions contain dif-
ferent subpopulations of particles and supermolecular aggregates, 
and that some of these aggregates do actually refl ect, in their com-
position and architecture, membrane domains actually existing at 
the cell surface. However, it is clear that DRM  fractions   as a whole 
do not represent isolated lipid rafts. The availability of antibodies 
toward specifi c components of DRM (both anti-protein and anti- 
lipid antibodies) has been sometimes exploited to develop highly 
specifi c methods for the immunoisolation of detergent-resistant 
membrane complexes from a “crude” DRM fraction [ 61 ,  81 ,  116 , 
 118 ,  156 – 159 ]. Caveolin-1, the main structural protein present 
in  caveolae  and an important molecular organizer for membrane- 
associated multiprotein complexes [ 6 ] is usually highly enriched in 
lipid rafts (where it closely interacts with sphingolipids). 
 Anti-caveolin- 1 antibodies were used to discriminate between cave-
olar membrane domains and immunoaffi nity-purifi ed non-caveolar 
membrane domains, which seem to represent to distinct lipid raft 
subpopulations [ 55 ,  90 ,  92 ,  121 ,  160 – 162 ]. We used anti-caveo-
lin- 1 antibody to immunoisolate a multimolecular complex from 
DRM obtained from ovarian carcinoma cells characterized by high 
levels of GM3 ganglioside. Caveolin-1 in these cells tightly inter-
acts with gangliosides and integrin receptor subunits, forming a 
signaling complex able to inhibit cell motility by negatively con-
trolling the activity of Src kinase [ 85 ,  86 ]. We used immunosepara-
tion of a PrP-rich detergent insoluble domain to study the 
organization of PrP microenvironment and the effect of  a   modifi -
cation in membrane lipid composition on the association of PrP to 
neuronal membranes during apoptosis [ 83 ,  84 ]. 

 Since a high enrichment in glycosphingolipids is a general fea-
ture of lipid membrane domains, particularly interesting are the 
immunoaffi nity isolation methods relying on the use of anti- 
glycolipid antibodies [ 163 ]. Anti-GM3 ganglioside monoclonal 
antibody DH2 was used to immunoisolate GM3-enriched DRM 
from melanoma [ 162 ] and neuroblastoma cells [ 65 ]. Anti-GD3 
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ganglioside monoclonal antibody R24 was used to isolate a DRM 
fraction from rat cerebellum [ 129 ] and from differentiated rat cer-
ebellar neurons [ 92 ]. Anti-LacCer monoclonal antibody Huly-m13 
was used to isolate LacCer-enriched domains from human neutro-
phils, demonstrating the functional coupling between LacCer and 
Lyn [ 164 ]. Anti-sulfatide monoclonal antibody O4 was used to iso-
late lipid rafts from cultured rat immature oligodendrocytes [ 165 ]. 

 Immunoisolation of detergent-insoluble complexes has the 
potential to discriminate between different subpopulations of lipid 
rafts. Using anti-GM3 ganglioside monoclonal antibody DH2 and 
anti-caveolin-1 antibody, it was possible to isolate two distinct 
Triton X-100-resistant membrane subpopulations  from   B16 mela-
noma cells by antibody, respectively [ 162 ]. Two distinct DRM 
subpopulations were immunoisolated from mouse brain using two 
different neuronal GPI-anchored proteins, Thy-1 and PrP, as the 
target [ 87 ]. Immunoprecipitation of two GPI-anchored proteins 
with different subcellular distribution in polarized epithelial cells 
allowed to conclude that the microenvironment of the two proteins 
is characterized by a different enrichment in lipids, and that there 
is no artifi cial lipid mixing or domain formation caused by Triton 
X-100 extraction (that has been shown in whole brain prepara-
tions, as discussed in the next paragraph),    thus suggesting that the 
co-immunoprecipitated lipids represent the boundary lipids around 
each protein [ 166 ].  

10     Conclusions 

 Several experimental techniques are currently available for the 
 direct   detection of lipid rafts or organized domains in intact cell 
membranes. These experimental tools were almost completely 
unavailable when the lipid raft hypothesis was formulated and 
when Brown and Rose developed the Triton X-100-based method 
for the preparation of DRM. Nevertheless, the highly diverse 
experimental methods used for the identifi cation of lipid rafts on 
the cell surface are all based on the detection of a putative lipid raft 
marker (which is usually defi ned on the basis of the marker’s 
enrichment in DRM fractions) and require the use of a physical, 
chemical, or biological probe whose nature depends on the experi-
mental approach, making it diffi cult to compare results obtained 
with different techniques. When applied to the study of cell mem-
brane heterogeneity, these techniques revealed a non-random dis-
tribution of cell surface molecules, leading to a highly hierarchical 
membrane organization that encompasses the existence of micro-
domains differing in their composition, size, and spatial and 
temporal dynamics (reviewed in ref. [ 13 ]). It is easy to predict that 
at some point Stimulated Emission Depletion (STED) microscopy 
shall become the golden standard in  this   sense. STED has the 
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potential to overcome the limit imposed by the diffraction barrier, 
thus scaling the resolution of fl uorescence microscopy down to the 
nano level required for the study of the fi ne structure of cell mem-
branes and of lipid rafts [ 167 ,  168 ]. STED microscopy demon-
strated that putative lipid raft markers,    including GPI-anchored 
proteins, SM, and GM1, were confi ned to molecular complexes 
that cover membrane areas with diameters <20 nm. These com-
plexes were transient and had an average life span of 10–20 ms. 
The complexes appeared to be cholesterol-dependent, as the trap-
ping was reduced upon cholesterol depletion [ 169 ,  170 ]. STED 
microscopy was also used to demonstrate that CD11b integrin and 
LacCer are associated with the same “nanodomain” in the mem-
brane of living neutrophils and  participate   in LacCer-mediated 
phagocytosis of microorganisms [ 171 ]. 

 The biochemical study of detergent-resistant membrane frac-
tions has undoubtedly greatly contributed to our understanding of 
lateral  organization   of plasma membranes, and the core concepts 
elaborated on the basis of the data obtained using this approach have 
survived the test of modern technologies. It is clear that the associa-
tion of a certain molecule with DRM does not automatically equate 
with its presence in lipid raft. DRM fractions represent an average 
preparation stabilized by the presence of the detergent, while lipid 
rafts are non-equilibrium entities, dynamic and heterogeneous in 
time and space. In our opinion, analysis of DRM can still provide 
useful information, but it is crucial to keep in mind that the methods 
for DRM preparation require a very tough standardization of the 
experimental procedures and careful analytical controls.     
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    Chapter 11   

 Detection of Isolated Mitochondria-Associated ER 
Membranes Using the Sigma-1 Receptor       

     Abasha     Lewis    ,     Shang-Yi     Tsai    , and     Tsung-Ping     Su      

  Abstract 

   The interface between the endoplasmic reticulum (ER) and mitochondria referred to as the MAM 
( mitochondria- associated   ER  m embrane) plays important roles in many physiological functions. A specifi c 
marker for this important entity of cellular structure is urgently needed. Thus, we propose in this method 
chapter that the membrane-bound ER chaperone sigma-1 receptor serves as an ideal marker for the 
MAM. We describe in detail the preparation and purifi cation of the MAM by using the sigma-1 receptor 
as the marker and demonstrate the uniqueness of this marker by using a variety of cells, peripheral and 
neuronal.  

  Key words     Sigma-1 receptor  ,    Chaperone    ,    Endoplasmic reticulum    ,    Mitochondria    ,   MAM  ,   SDS/
PAGE electrophoresis  ,   Fractionation  

1      Introduction 

 Since its detection in the 1970s, the specialized area of the ER in 
physical contact with the outer mitochondrial membrane, termed 
 m itochondria- a ssociated ER  m embrane (MAM) [ 1 – 7 ], has 
emerged as a critical signaling junction within the cell. In fact, the 
transient contact the MAM provides [ 8 ] is used to facilitate critical 
cellular processes including phospholipid exchange, Ca 2+  signaling, 
autophagosome formation, and cellular morphology [ 9 ], and has 
been implicated in several disease models. Just recently, point 
mutations in the presynaptic protein α-synuclein associated with 
Parkinson disease was determined to have reduced association with 
the MAM, in comparison to wild-type α-synuclein, and coincident 
with a decrease in MAM function and increased fragmentation of 
mitochondria [ 10 ]. Abrogation of MAM functioning has also been 
implicated in Alzheimer’s disease [ 11 – 13 ], diabetes [ 14 – 16 ], and 
cancer [ 17 ]. 

 Due to the increasingly critical implications of MAM localized 
proteins in the study of neurodegenerative disease, we provide a 
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subcellular fractionation assay for the  isolation of MAM   by taking 
advantage of differential centrifugation. However, validation of 
isolated MAM can be problematic. Previous studies have identifi ed 
several ER-resident proteins enriched at the MAM [ 9 ]; however, 
most of these proteins are also highly detectable in the bulk ER and 
other cellular compartments. Although phosphatidylethanolamine- 
N-methyltransferase-2 has emerged as a specifi c marker for the 
MAM, it is only reliable in liver and primary hepatocytes [ 18 ]. 
Thus, after careful examination of several MAM-enriched proteins, 
we show that sigma-1 receptor (Sig-1R) is the most reliable pro-
tein marker for this subcellular local in various mammalian cell and 
tissue types.  

2    Materials 

       1.    Cell scraper.   
   2.    Phosphate buffered saline (PBS): 13.7 M NaCl, 2.7 mM KCl, 

10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO4. Adjust pH to 7.4 and 
autoclave.   

   3.    Surgeon’s scalpel.   
   4.    Hank’s balanced salt solution (HBSS) without Ca 2+  and Mg 2+ : 

13.7 mM NaCl, 5.33 mM KCl, 0.34 mM Na 2 HPO 4 , 0.44 mM 
KH 2 PO4. Adjust pH to 7.4 and autoclave.      

       1.    Tefl on glass homogenizer.   
   2.    Pasteur pipettes, fi re-polished.   
   3.    Ultracentrifuge with swinging bucket and fi xed angle rotors.   
   4.    Large (16 × 76 mm) and small (13 × 51 mm) polycarbonate 

thick-walled tubes are preferred for use with the rotors.   
   5.    Homogenization buffer (H-B): 10 mM HEPES 

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), pH 
7.4, and 0.25 M sucrose. Store at 4 °C.   

   6.    Isolation medium (I-M): 5 mM HEPES, pH 7.4, 250 mM 
mannitol, 0.5 mM EGTA. Store at 4 °C.   

   7.    Isolation medium 2 (I-M2): 25 mM HEPES, pH 7.4, 225 
mM mannitol, 1 mM EGTA. Store at 4 °C.   

   8.    Percoll medium: 25 mM HEPES, pH 7.4, 225 mM mannitol, 
1 mM EGTA, 30 % Percoll (v/v). Make fresh before 
experiment.   

   9.     SDS-PAGE   (sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis) and western blotting equipment.   

   10.     Optional : 10,000 MWCO Centrifugation Filtration Unit.       

2.1  Cell and Tissue 
Preparation

2.2  MAM 
 Isolation   Assay
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3    Methods 

         1.    Culture adherent cells in 15-cm dishes until 90–100 % confl uent 
( see   Note 1 ).   

   2.    Place cells on ice and wash once with ice-cold PBS.   
   3.    Collect cells in ice-cold PBS by scraping and place into conical 

tube.   
   4.    Centrifuge cells at 500 ×  g  to pellet and discard supernatant. 

Remove excess supernatant by inverting the tube on a Kimwipes 
for 30–60 s.      

       1.    Use standard procedures to dissect tissue and place on 
ice( see   Note 2 ).   

   2.    Using a surgeon’s scalpel, cut the tissue into small pieces and 
place into conical tube with HBSS.   

   3.    Centrifuge tissue at 500 ×  g  to pellet and discard supernatant. 
Remove excess supernatant by inverting the tube on a Kimwipes 
for 15–30 s.       

   To avoid protein degradation during the process, the subcellular 
fractions should be prepared on ice and centrifuged at 4 °C. Store 
fractions at −80 °C, if not used immediately.

    1.    Suspend pelleted cells/tissue in H-B (approximately 9 v/w of 
wet pellet) and homogenate very slowly with a Tefl on glass 
homogenizer for 20–30 strokes ( see   Note 3 ). Return homog-
enate to original conical tube.   

   2.    Centrifuge homogenate at 600 ×  g  for 5 min. Remove superna-
tant and place into new conical or eppendorf tube(s). Suspend 
pellet in H-B and homogenate again (7–15 strokes).   

   3.    Centrifuge homogenate at 600 ×  g  for 5 min. Combine result-
ing supernatant with previous one from  step 2 . Suspend pellet 
containing cell debris and nuclei in 0.5 ml I-M and store as  P1  
fraction.   

   4.    Centrifuge supernatant at 10,300 ×  g  for 20 min. Collect super-
natant containing microsome and cytosol in large polycarbon-
ate thick-walled tube(s) and place on ice until  step 9 . 
Thoroughly suspend pellet containing crude mitochondria 
(mitochondria with intact MAM) in 500 μl of I-M.   

   5.    Layer the crude mitochondria suspension on top of 3 ml of 
Percoll medium (Fig.  1 ) in a small polycarbonated thick- walled 
tube ( see   Note 4 ). Centrifuge at 95,000 ×  g  for 30 min using a 
swinging bucket rotor with deceleration set to zero as not to 
disturb the gradient.

3.1  Cell and Tissue 
Preparation

3.1.1  Cell Preparation

3.1.2  Tissue Preparation

3.2  MAM 
 Isolation   Assay
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       6.    Collect the MAM and mitochondria (Fig.  2 ) using fi re-pol-
ished Pasteur pipettes ( see   Note 5 ). The MAM is observed as a 
diffuse white layer above the mitochondria. Dense bands con-
taining mitochondria are recovered at approximately  3 / 4  −  2 / 3  
of the way down the tube.

       7.    Dilute the MAM with fi ve times volume I-M2 and centrifuge 
at 6300 ×  g  for 10 min. Place supernatant containing the MAM 
into a large polycarbonate thick-walled tube.  Optional : 
Resuspend pellet in I-M2 and store as  Crude MAM  (MAM 
attached to mitochondria or aggregated MAM membranes), 
otherwise, discard.   

   8.    Centrifuge the MAM and microsome/cytosol from  step 4  at 
100,000 ×  g  for 1 h using a fi xed angle rotor.   

   9.    Dilute mitochondria with fi ve times I-M. Wash three times by 
centrifugation at 10,500 ×  g  for 10 min ( see   Note 6 ). Discard 
all of the supernatant. Collect pelleted   Mitochondria    fraction 
by suspending in I-M2 (50–200 μl to obtain 0.5–2 μg/μl protein 
concentration).   

  Fig. 1    Crude mitochondrial fraction layered over Percoll medium       
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   10.    Collect the MAM: The MAM appears as a loose fl oating white 
material (Fig.  3 ). Gently remove most of the supernatant. 
Using a fi re-polished Pasteur pipette, carefully collect the 
 MAM  and suspend in H-B (50–200 μl to obtain 0.5–2 μg/μl 
protein concentration;  see   Note 7 ).

       11.    Collect microsome and cytosolic fractions: Collect supernatant 
containing  Cytosolic  fraction ( see   Note 8 ). Add 200 μl of H-B 
to tube and suspend pelleted  Microsome  fraction by sonicating 
on ice for 10 s (repeat if necessary).   

   12.    Subcellular fractions ( P1 ,  Mito ,  MAM ,  P3 ,  Cyto ) are analyzed 
by  SDS-PAGE   and western  blot   analysis (Fig.  4 ).

4            Notes 

     1.    Four to six 15-cm dishes are recommended to obtain an adequate 
protein concentration in each fraction; however, the researcher 
should optimize for the number of cells.   

   2.    Standard dissection procedures can be found in [ 19 ].   

  Fig. 2    Ultracentrifugation was used to separate mitochondria and MAM using a 
Percoll gradient. ( a ) The MAM can be found as a diffuse white band towards the 
 top  of the tube, while ( b ) mitochondria are found in several dense bands layered 
 below . ( c ) Cellular debris collects on the bottom of the tube       
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  Fig. 4    Western blotting analysis of subcellular fractions collected by the MAM  isolation   assay protocol in ( a ) 
HEK cells. Known nuclear (NP62), mitochondrial (ATP synthase, Cytochrome c), MAM-enriched (Sig-1R, BiP, 
IP 3 R3), and ER (ERp57) proteins were used to validate the fractions. Of the MAM-enriched proteins visualized, 
Sig-1R is the most reliable and is signifi cantly less detectable in other cellular compartments. Cellular distribu-
tions of MAM-enriched proteins, Sig-1R and BiP, are also shown for ( b )  CHO   cells, ( c ) Astrocytes, and ( d ) 
Neurons. Overall, Sig-1R was the most reliable protein marker for the MAM when compared to other MAM-
enriched proteins       

  Fig. 3    Ultracentrifugation was used to pellet the purifi ed MAM and is found as a 
loose white fl oating material at the bottom of the tube       
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   3.    Homogenization should be done very slowly and thoroughly 
as not to destroy the mitochondria and cause dissociation of 
the MAM. One stroke includes both the up and down 
movement.   

   4.    Tube size may vary depending on the rotor used. The researcher 
should optimize the volume of Percoll medium so that it fi lls 
approximately  2 / 3  of the tube. It is also important that the two 
layers do not signifi cantly mix. Gently layer crude mitochon-
dria on top of Percoll medium so that the interface between 
the two layers is viewed as a sharp line.   

   5.    Take care when collecting MAM and mitochondria. Place the 
tip of the fi re-polished Pasteur pipette on the wall of the tube 
and collect from the top of the layer to avoid contamination.   

   6.    This washing step is necessary to remove Percoll medium from 
the sample. In the presence of Percoll; however, the mitochon-
drial fraction will not pellet. Thus, after each centrifugation 
only remove the top  2 / 5  −  2 / 3  of the supernatant to ensure that 
mitochondria are retained. Washing is complete when a pellet 
is visible. All of the supernatant can be removed at this time.   

   7.    Take particular care when collecting the  MAM   so that only the 
pellet is recovered. Further dilution of the MAM in H-B may 
not be necessary. It is up to the research to  optimize   for desired 
concentration.   

   8.     Optional : The cytosolic  fraction   can be concentrated using a 
10,000 MWCO centrifugal fi ltration unit.         
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    Chapter 12   

 Using Surface Plasmon Resonance to Quantitatively 
Assess Lipid–Protein Interactions       

     Kathryn     Del Vecchio     and     Robert     V.     Stahelin      

  Abstract 

   Surface Plasmon Resonance (SPR) is a quantitative, label-free method for determining molecular interactions 
in real time. The technology involves fi xing a ligand onto a senor chip, measuring a baseline resonance 
angle, and fl owing an analyte in bulk solution over the fi xed ligand to measure the subsequent change in 
resonance angle. The mass of analyte bound to fi xed ligand is directly proportional to the resonance angle 
change and the system is sensitive enough to detect as little as picomolar amounts of analyte in the bulk 
solution. SPR can be used to determine both the specifi city of molecular interactions and the kinetics 
and affi nity of an interaction. This technique has been especially useful in measuring the affi nities of 
lipid-binding proteins to intact liposomes of varying lipid compositions.  

  Key words      Binding affi nity    ,    Equilibrium bind   ing    ,    Kinetics    ,   Lipid–protein interactions  ,   Surface plasmon 
resonance  

1      Introduction 

 A number of techniques have been developed to assess peripheral 
protein interactions with lipid membranes. Surface plasmon reso-
nance (SPR) is one such technique that has emerged for quantify-
ing protein affi nity and specifi city for different lipids [ 1 ,  2 ]. Most 
SPR instruments are based upon the attenuated total refl ectance 
confi guration, which relies on the phenomenon of total internal 
refl ection. Total internal refl ection is observed when light traveling 
through an optically dense medium (e.g., glass) reaches an inter-
face between this medium and a medium of lower optical density 
(e.g., air), and is refl ected back. Detection of binding events is pos-
sible as an evanescent wave is a component of the incident light 
that is able to couple with free oscillating electrons (plasmons) in 
gold fi lm at the interface. A specifi c angle of incidence (resonance 
angle) produces a SPR because of energy transfer between the eva-
nescent wave and plasmons on a gold surface. Thus, the SPR signal 
is sensitive to the mass concentration on the gold surface and is 
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expressed in resonance units (RU). The mass change on the surface 
can be detected in a time dependent manner, which allows for 
real-time biomolecular interaction analysis. 

 SPR has been used extensively to observe protein–protein and 
small molecule–protein interactions, and more recently has been 
used to explore the interactions of proteins with other biomole-
cules such as lipids [ 2 – 4 ]. Lipid biochemistry, especially in eukary-
otic systems is complex and not wholly understood; membranes 
may be comprised of over 1000 different lipid species [ 5 ], and 
many cell-signaling pathways are dependent on protein– lipid inter-
actions   [ 6 ]. As nearly half of proteins are located within or on 
membranes, it is imperative to characterize the specifi cs of lipid–
protein interactions in order to discern the role these proteins and 
lipids play on a broader scale. Inherent advantages of SPR include 
interactions that can be monitored in real-time, neither the ligand 
nor the analyte require labeling, instruments have high sensitivity, 
and high throughput of samples can be performed. 

 Here we discuss how SPR can be used to determine an apparent 
 K  d  after approximately 8 h of data collection. We have demon-
strated sensitivity of this instrument to detect nanomolar quantities 
of protein in bulk solution [ 7 ]. Additionally, the method can be 
used to quantify both on- and off-rates and binding affi nities of 
lipid–protein interactions. These applications allow a user to dig 
deeper into mechanisms regulating peripheral protein association 
and dissociation from lipid vesicles of varying compositions [ 3 ,  4 , 
 8 ,  9 ]. This guide details methods that can be used with a BiacoreX 
system and software.  

2    Materials 

 Prepare all solutions using ultrapure water (18 MΩ resistivity at 
25 °C) and analytical grade reagents. It is recommended that you 
use autoclaved, degassed buffers for both running the instrument 
and sample preparation. Diligently follow all waste disposal proce-
dures. All solutions are kept at room temperature (25 °C) unless 
stated otherwise. 

       1.     SPR running buffer : in the most ideal experimental setup, the 
SPR running buffer should be the same buffer in which the 
analyte is stored. This will help to minimize any refractive index 
changes caused by small differences in buffer components 
(e.g., salt concentration). The running buffer should be free of 
all detergents as this would destabilize lipid vesicles ( see  
 Note 1 ). In the case that there is a buffer incompatibility 
between the analyte storage buffer and the SPR running buf-
fer, a common alternative SPR running buffer is HEPES-KCl 
(10 mM HEPES, 150 mM KCl, pH = 7.4) ( see   Note 2 ).   

2.1  Buffer 
Preparation
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   2.     50 mM NaOH : Measure out 0.10 g of NaOH and add to ~25 
mL of autoclaved ddH 2 O to dissolve the NaOH pellets, fol-
lowed by dilution to a fi nal volume of 50 mL. Sterile fi lter this 
solution through a 0.2 μm fi lter. Store at room temperature.   

   3.     20 mM CHAPS detergent : Measure out 0.614 g CHAPS and 
add to ~25 mL of autoclaved ddH 2 O to dissolve the detergent. 
Once the detergent is solubilized, dilute to a fi nal volume of 50 
mL with autoclaved ddH 2 O. Sterile fi lter this solution through 
a 0.2 μm sterile syringe fi lter. Store at room temperature.   

   4.     40 mM Octyl-β-   d   -Glucopyranoside : Measure out 0.585 g of 
Octyl-β-Gluco-Pyranoside and add to ~25 mL of autoclaved 
ddH 2 O to dissolve the detergent. Once the detergent is solu-
bilized, dilute to a fi nal volume of 50 mL with autoclaved 
ddH 2 O. Sterile fi lter this solution through a 0.2 μm fi lter. Store 
at room temperature.   

   5.     GE L1 Sensor Chip : Choose a sensor chip that is appropriate 
for the SPR instrument model you are using. Two common 
chips are the Sensor Chip L1 and the Series S Sensor Chip L1. 
The HPA chip can also be used to create a supported bilayer 
( see   Note 3 ).      

   It is customary to prepare two samples of lipid vesicles: a control 
vesicle that contains physiologically relevant compositions of lipids 
that minimally interact with your analyte, and a second variable 
component vesicle that contains the same lipids as control vesicles 
with a single, additional lipid species “spiked” in. Avanti Polar 
Lipids is the gold standard in terms of lipid purity. Additionally, 
this setup will help to assess any nonspecifi c binding of protein 
analyte to the L1 sensor chip surface.

    1.     16:0-18:1 PC . 1-palmitoyl-2-oleoyl- sn -glycero-3-phosphocholine.   
   2.     16:0-18:1 PE . 1-palmitoyl-2-oleoyl- sn -glycero-3-

phosphoethanolamine.   
   3.     16:0-18:1 PS . 1-palmitoyl-2-oleoyl- sn -glycero-3-phospho- L- 

SERINE    ( sodium salt).   
   4.     Other commonly used lipids : Lipid–protein SPR can be used to 

test affi nities to lipids other than those listed above. Members 
of the phosphoinositide (PIP) family [ 9 – 11 ], as well as 
ceramide-1- phosphate [ 12 ,  13 ] have been used in lipid SPR 
studies. Most other phospholipids should be amenable to 
study via this technique ( see   Note 4 ).   

   5.     Avanti Lipids Mini-Extruder :   https://www.avantilipids.com/
index.php?option=com_content&view=article&id=509&Item
id=292&catnumber=610023    .   

   6.     Whatman Filter Membranes : Whatman Nuclepore Track- 
Etched Membrane Filtration Product #800309. Specifi cations: 
19 mm diameter, 0.1 μm pore size.      

2.2  Lipids and Lipid 
Vesicle Preparation
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       1.    For the sake of this guide, we discuss proteins as the primary 
SPR analyte. It is recommended that one follows an estab-
lished protein purifi cation protocol, keeping in mind that large 
or bulky tags may interfere with a true SPR signal. In our expe-
rience, hexahistidine tags do not seem to cause much issue, but 
other, larger tags may pose a problem. If your protein is stored 
in glycerol for increased stability, it is recommended your run-
ning buffer contain 5 % glycerol to minimize refractive index 
changes [ 14 ,  15 ]. It is also advised that proteins remain on ice 
until just prior to an SPR run.       

3    Methods 

 Carry out all procedures at room temperature unless otherwise 
specifi ed. 

       1.     Cleaning and Maintenance : This procedure is recommended 
as routine maintenance and should be done before starting a 
new experiment if the SPR has been unused for some time. It 
is important that any buffers or solutions injected into the 
instrument are degassed and fi lter- sterilized. Running buffers 
should be freshly prepared and detergent-free. Run the follow-
ing cleaning steps with a blank sensor chip (a “Maintenance” 
Chip) docked in the instrument to avoid permanently damag-
ing a good Sensor Chip.     

  Ensur e the buffer intake for the SPR is placed in fresh, 
degassed, and detergent-free running buffer. Run  Desorb , 
using BIAdesorb Solution 1 (0.5 % w/v SDS in pure water) 
and BIAdesorb Solution 2 (50 mM glycine-NaOH pH 9.5) as 
per the instrument prompts. Follow the desorb procedure with 
the  Sanitize  (10 % bleach solution) procedure according to the 
BIA instrument handbook and as per the instrument prompts. 
Allow the instrument to run on the  Continue  setting or at a 
low, continuous fl ow rate until it is time to run an experiment. 
It is recommended to dock a proper L1 Sensor Chip at least 12 
h prior to running an experiment so that the chip can become 
equilibrated with the running buffer.  

        1.     Control Vesicles : A standard ratio of lipids in control vesicles is 
100 mol% POPC or 80:20 mole percent POPC:POPE. These 
lipid control compositions work well for protein analytes that 
bind anionic lipids. Prepare 0.5 mL of 0.5 mM lipid mixture. 
It will be necessary to calculate the proper volume of stock 
lipid (in organic solvent) to create the mixture. The formula is 
as follows:  V = [(M)(TV)(c)(P)]/(C)  

2.3  Protein (Analyte)

3.1  Preparation 
of SPR Instrument

3.2  Preparation 
of Lipids/LUVs
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 Where  M  is Molecular Weight of Stock Lipid, in g/mol;  TV  
is Target Volume, in mL;  c  is Target Concentration, in mM;  P  
is Target Mole Percentage, as a decimal value of 1 (e.g., 60 % 
noted as 0.6);  C  is Concentration of Stock Lipid, in mg/mL. 

 Measure out each volume of stock lipid precisely with a 
gastight Hamilton glass syringe. Then dry lipid mixtures under 
N 2  gas ( see   Note 5 ). Alternatively, a rotary evaporator can be 
used. Resuspend lipid mixture in the predetermined amount of 
SPR Running Buffer (component  TV  in the equation above) 
by vortexing the sample for 10 s. Extrude this lipid mixture as 
per the protocol provided by Avanti Polar Lipids, Inc. (  https://
www.avantilipids.com/index.php?option=com_content&view
=article&id=1600&Itemid=381    ). It is recommended to 
extrude lipids 41 times, i.e., so that the lipid mixture passes 
through the inner membrane fi lter 41 times. An odd number 
of extrusions are necessary so as to collect the lipid vesicles on 
the opposite side of fi lter membrane from which the extrusion 
is started. Take note that vesicles used in SPR are generally 0.1 
μm, it is advised to use a proper sized fi lter accordingly. Store 
vesicles in a 1.5 mL tube at room temperature ( see   Note 6 ). 
Vesicles of this size are stable for approximately 36–48 h. 
Dynamic light scattering can be used to assess the mean vesicle 
diameter.   

   2.     Variable Component Vesicles : A standard ratio of lipids in vari-
able component vesicles will add in a physiologically relevant 
percentage of your new lipid species, and account for this mole 
percent addition by subtracting from the total mole percent of 
POPC. (Ex. Preparing 80:20 POPC:POPE control vesicles 
and comparing to 60:20:20 POPC:POPE:POPS vesicles). 
Prepare these vesicles as described in  step 1  ( see   Note 7 ).      

       1.     CHAPS and Octyl Glucoside washes : Begin a new sensorgram 
with access to both fl ow channels and a fl ow rate of 30 μL/min. 
Inject 50 μL of 20 mM CHAPS. On the sensorgram, press 
the “inject” button, and input the injected volume as 25 μL 
( see   Note 8 ). Follow this with an injection of 50 μL of 40 mM 
Octyl Glucoside (Octyl-β- D -Glucopyranoside). On the sensor-
gram inject window, input the injected volume as 25 μL. After 
both injections, exit the sensorgram and prime the system by 
selecting Tools → Working Tools → Prime. Set the SPR to 
 continue or a low (5 μL/min), continuous fl ow rate until ready 
to coat the chip with lipids.   

   2.     Coating the chip with variable-component liposomes : Begin a 
new sensorgram with access only to fl ow channel 2 (FC2) at a 
fl ow rate of 5 μL/min ( see   Note 9 ). Allow the baseline to 
equilibrate for 2–3 min. Set a baseline for both curves. Pipet 
up 105 μL of variable component vesicles (made in Subheading 

3.3  Preparation 
of the Sensor Surface
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 3.2 ,  step 2 ). Then add 5 μL of air by dialing the pipet up to 
110 μL, ensuring the tip is exposed to the air. Then add 5 μL 
of sample by dialing the pipet up to 115 μL, ensuring the tip is 
submerged in the sample tube. Then add one fi nal 5 μL of air. 
Inject all 120 μL of volume into the SPR. On the sensorgram 
inject window, input the injected volume as 80 μL. After the 
lipid injection, change the fl ow rate to 50 μL/min. Inject 50 
μL of 50 mM NaOH. On the sensorgram inject window, input 
the injected volume as 10 μL. After the injection, change the 
fl ow rate back to 5 μL/min and keep the sensorgram running. 
Make note of both the absolute response value and the relative 
response value in resonance units ( see   Note 10 ).   

   3.     Coating the chip with control liposomes : In the same sensorgram 
window, ensure the fl ow rate is 5 μL/min. Change the fl ow 
channel from Flow Channel 2 (FC2) to Flow Channel 1 (FC1) 
by using Command → Flow Cell → Flow Cell 1 ( see   Note 11 ). 
Prepare the injection of control vesicles as above: 105 μL lipo-
somes, 5 μL air, 5 μL liposomes, 5 μL air. Inject all 120 μL into 
the injection port. On the sensorgram inject window, switch 
the Injection Type dropdown to “Manual Mode” → Continue. 
Input volume as 80 μL. Pause the injection when the relative 
response level of FC1 matches FC2, keeping in mind that some 
of the FC1 coating will come off with the NaOH wash, so err-
ing slightly on overshooting is a good strategy. Once FC1 suf-
fi ciently matches FC2, exit the manual injection; any leftover 
liposomes will be diverted to waste. After the lipid injection, 
change the fl ow rate to 50 μL/min. Inject 50 μL of 50 mM 
NaOH. On the sensorgram inject window, input the injected 
volume as 10 μL. Repeat this cycle of NaOH injections two 
more times as necessary (i.e. if both fl ow channels match after 
two washes, stop there). After the three NaOH injections, 
change the fl ow rate back to 5 μL/min. Keep the sensorgram 
running. Make note of both the absolute response value and 
the relative response value in resonance units for both channels 
( see   Note 12 ). Stop this sensorgram; it is recommended to save 
the sensorgram as “Lipid Coat,” for reference. Before starting 
a new sensorgram, prime the system twice by using Tools → 
Working Tools → Prime.      

       1.     Initial blocking with BSA : It is often necessary to block any 
exposed surfaces of the chip with a stable but unreactive pro-
tein ( see   Note 13 ). Bovine Serum Albumen (BSA) is often a 
good choice for this as it does not specifi cally bind to most 
lipids that would be used in the SPR. This is also a good test of 
assessing the coating effi ciency of the L1 sensor chip. Begin a 
new sensorgram with access to both FC1 and FC2 at a fl ow 
rate of 5 μL/min. Allow the baseline to equilibrate for 2–3 min 

3.4  Collecting SPR 
Data of Protein– Lipid 
Interactions  

Kathryn Del Vecchio and Robert V. Stahelin



147

before setting a baseline for both fl ow channels. Prepare a 150 
μL sample of 0.1 mg/mL BSA ( see   Note 14 ). Pipet up 105 μL 
of protein, 5 μL of air, 5 μL of protein, and 5 μL of air. Inject 
all 120 μL into the SPR. On the sensorgram inject window, 
input the injected volume as 80 μL. After the lipid injection, 
change the fl ow rate to 50 μL/min. Inject 50 μL of 50 mM 
NaOH. On the sensorgram inject window, input the injected 
volume as 10 μL. After the injection, change the fl ow rate back 
to 5 μL/min. Repeat this process as necessary to get the rela-
tive response value as close to the baseline as possible ( see   Note 
15 ). Make note of both the absolute response value and the 
relative response value in resonance units for both channels. 
This is the “new” baseline coating that will be used to collect 
all protein injection data.   

   2.     Injections of protein over the sensor surface : For each protein 
injection, wait to prepare the dilution until just prior to the 
injection. Collect a separate sensorgram for each protein injec-
tion to better organize the data sets. It is also advised to use 
fresh, active protein, and to prior to use, spin the stock sample 
of protein at 50,000 ×  g  for 20 min to remove any precipitated 
protein. Plan the protein dilutions that will be tested over the 
sensor surface. It is a good idea to go as low as tenfold below 
the predicted  K  d  and tenfold above the predicted  K  d . A curve 
should have no fewer than six points, and eight or more points 
usually comprise a good data set for curve fi tting with 12 being 
an optimal number of data points for fi tting. Measurements 
should be taken from the lowest concentration of protein to 
the highest concentration ( see   Note 16 ).     

     Begin  a new sensorgram with access to both FC1 and FC2 
at a fl ow rate of 5 μL/min. Allow the baseline to equilibrate for 
2–3 min before setting a baseline for both fl ow channels. 
Prepare a 150 μL sample of dilute protein ( see   Note 17 ). Pipet 
up 105 μL of sample, 5 μL of air, 5 μL of sample, and 5 μL of 
air. Inject all 120 μL into the SPR. On the sensorgram inject 
window, input the injected volume as 80 μL and set a delay for 
washing of 200 s ( see   Note 18 ). Make note of the absolute 
response value and the relative response value of each channel. 
After the lipid injection, change the fl ow rate to 50 μL/min. 
Inject 50 μL of 50 mM NaOH. On the  sensorgram inject win-
dow, input the injected volume as 10 μL. After the injection, 
change the fl ow rate back to 5 μL/min. Repeat this process as 
necessary to get the relative response value as close to the base-
line as possible. Make note of both the absolute response value 
and the relative response value for both channels, noting espe-
cially if there is any minimal  protein   remaining on the chip. 
Proceed with a new sensorgram for each new injection. Once 
all injections are collected, continue with “Preparing the 
Sensor Chip for storage” ( see   Note 19 ).  
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       1.     CHAPS and octyl glucoside washes : After all protein–lipid bind-
ing measurements have been made, the chip should have all 
liposomes removed before storage. In a sensorgram with access 
to both FC1 and FC2 at a fl ow rate of 30 μL/min, inject 50 
μL of 20 mM CHAPS. On the sensorgram, press the “inject” 
button, and input the injected volume as 25 μL. Follow this 
with an injection of 50 μL of 40 mM Octyl Glucoside (Octyl-
β- D- G LUCOPYRANOSIDE    ). On the sensorgram inject window, 
input the injected volume as 25 μL. After both injections, exit 
the sensorgram.   

   2.     Undock L1 chip and store at 4 °C : Undock the L1 chip by navi-
gating to Command → Undock. Take out the L1 chip and 
store in a 50 mL conical tube containing approximately 200 
μL of running buffer at the bottom to ensure slightly damp 
storage conditions. To reduce oxidation, a stream of N 2  or 
argon gas can be used to displace the air in the conical tube 
prior to storage. Store the sealed tube at 4 °C. Place a mainte-
nance chip in the SPR and dock it. Leave the instrument run-
ning on continue or at a low (5 μL/min), continuous fl ow rate 
until it is time to run another experiment. Ensure that the run-
ning buffer does not run out. Should the system not be needed 
for use in 3 days, perform a shutdown procedure can be run 
according to the manufacturer’s instructions.      

   This guide describes how to process the data collected using 
BIAevaluation and KaleidaGraph software.

    1.     Quantify Δresonance Unit (ΔRU) for each injection : In 
BIAevaluation software, open the fi rst protein injection. This 
will open the data fi les for both FC1 and FC2. Select both of 
these curves and display them using the chart button. Right 
click and drag to select a small section prior to the time of 
injection and select Y-Transform → Zero at Average of 
Selection → Replace Original. Then select X-Transform → 
Curve Alignment → Next. Zoom in to the area just prior to 
the injection. Move the cross- hatches for each curve from the 
leftmost edge of the screen to the point of the injection. Select 
Accept/OK and this will align the curves at the same X-position. 
From the Curve: dropdown, select the second of the two 
curves being analyzed. In the Y-Transform window, select 
“Curve—Curve 2 (Blank Run Subtraction)” and select the 
fi rst curve in the pair → Replace Original. Delete off the NaOH 
washes by right clicking with the mouse and dragging to just 
before the NaOH washes begin and selecting Edit → Cut. 
Note the response unit value at the point of saturation on the 
curve. Repeat this process for all remaining injections, making 
a table of protein concentration vs. ΔRU value at saturation. It 
is not necessary to keep the “odd” curves (the zeroed curves) 

3.5  Preparing 
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for Storage
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in the analysis—one can plot all of the “even” curves together 
to obtain a saturation profi le ( see   Note 20 ).   

   2.     KaleidaGraph curve analysis of SPR data : Open KaleidaGraph 
and plot protein concentration in Column A, ΔRU Responses 
in Column B. Select Gallery → Linear → Scatter. Select Protein 
Concentration as  X  and ΔRU as  Y . Select Curve Fit → 
General → Fit1 → Defi ne (m0 × m1)/(m0 + m2); m1 = 1100; 
m2 = 1. Check the “ΔRU” box. The m2 value that appears on 
the graph is the apparent  K  d  of the interaction based on the 
data from Columns A and B. Other graphing programs can be 
used according to user familiarity and preference.       

4    Notes 

     1.    One drawback to the absence of detergents in SPR buffers is 
that the instrument should be cleaned more frequently (every 
2–3 days) as protein will be lost to the inner tube walls of the 
SPR during experimentation. Additionally, it is recommended 
that an SPR instrument is cleaned with the desorb procedure 
approximately every 2 days when working with lipid vesicles to 
minimize any contamination effects on the lipid surface.   

   2.    It is best to make a 1 L solution of SPR running buffer, auto-
clave it, and degas immediately before use using a water bath 
sonicator or vacuum fi lter prior to use. Keep the SPR running 
buffer covered with Parafi lm or capped with a lid at all times.   

   3.    A variety of methods have been utilized to capture lipids on the 
sensor surface of SPR instrumentation. The most popular and 
standardized methods are the supported bilayer (HPA chip) or 
intact lipid vesicles (L1 chip). The HPA chip utilizes hydro-
phobic interactions between alkanethiol groups on the gold 
sensor surface, which will capture the hydrophobic tails of lipid 
molecules injected into the instrument. This forms a lipid 
monolayer on the alkanethiol referred to as a supported bilayer. 
The L1 chip captures intact lipid vesicles injected into the 
instrument using proprietary hydrophobic groups on the gold 
carboxymethyldextran sensor surface. In our experience both 
systems work well for coating and lipid-binding experiments 
with the L1 chip providing more reproducibility and a longer 
lifetime of the sensor surface. On the other hand, the HPA 
chip is better served for proteins that may or are known to 
cause vesicle fusion as these interactions can change the appear-
ance of the vesicles on the L1 chip surface.   

   4.    For phosphoinositides (PIP) it is recommended that concen-
trations in the 1–3 mol% range be used in a phosphatidylcho-
line (PC) vesicle. This way phosphatidylcholine can be used as 
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a control to directly compare binding of the protein to PC or 
PC:PIP (97:3) vesicles.   

   5.    Lipid solutions that are prepared in glass amber vials can be 
dried down under N 2  gas and stored at −20 °C for up to 6 
months. It is recommended to wrap the junction between the 
cap and vial in Parafi lm.   

   6.    An odd number of extrusions are necessary so as to collect the 
lipid vesicles on the opposite side of fi lter membrane from 
which the extrusion is started. Take note that vesicles used in 
SPR are generally 0.1 μm, it is advised to use a proper sized 
fi lter accordingly. Vesicles of this size are stable for approxi-
mately 36–48 h and dynamic light scattering can be used to 
assess the mean vesicle diameter.   

   7.    The variable component vesicles should be extruded after con-
trol vesicles, so that there is no risk of contaminating the con-
trol lipids with any of the variable lipid species.   

   8.    It is always a good idea to inject a higher volume of solution 
into the SPR to minimize the accidental introduction of air 
bubbles into the system. The SPR will inject the volume that is 
input in the program and will divert any leftover solution into 
the waste—in this way, there is always more than enough liq-
uid in the system and air introduction is minimized.   

   9.    Flow rates faster than 5 μL/min will not robustly support suf-
fi cient and timely coating of liposomes on the L1 sensor chip 
surface.   

   10.    The relative response value is just the Δresponse unit (ΔRU) 
change in absolute response units relative to the baseline of 
that particular sensorgram.  Absolute response units can be 
compared from one sensorgram to another.   

   11.    Preparing fl ow cell 1 as the control and fl ow cell 2 as the active 
surface will prevent migration and sample loss of some lipids 
from fl ow cell 1 to fl ow cell 2. In our experience, this is neces-
sary to obtain reproducible data over the course of 1 or 2 days 
of experimentation with a lipid surface.   

   12.    It is best to have relative response levels to be within 3–5 % 
between the channels so as not to bias data collection one-way 
or the other. The closer the channels match, the better.   

   13.    How the lipid vesicles form on the L1 surface is still under 
debate with most studies suggesting that vesicles are retained 
intact on the L1 chip surface. One studied suggested the vesi-
cles fuse and form a lipid bilayer [ 16 ], while several others 
using imaging and dye leakage assessment have strong evi-
dence that the lipid vesicles are intact on the sensor surface [ 4 ]. 
The type of surface that forms may be specifi c to the types and 
origins of the lipids and lipid mixtures employed as well as the 
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pH and osmolarity of the running buffer. Either way vesicles 
anchored to the L1 chip adopt a structure that is relevant for 
examining lipid–protein interactions.   

   14.    The signifi cance of lipid-coating can be verifi ed by injecting 
0.1 mg/mL BSA as less than 100 RU of BSA should bind to a 
well coated surface while >1000 RU of BSA will bind to an 
uncoated or poorly coated lipid surface. We’ve demonstrated 
that BSA left on the sensor surface will not infl uence lipid- 
binding parameters and under some conditions can reduce 
nonspecifi c binding to the L1 chip should the protein of inter-
est nonspecifi cally associate with the carboxylmethyldextran 
layer.   

   15.    If the relative response value goes down to a certain point but 
does not completely reach baseline, this is the BSA that has 
“blocked” the exposed hydrophobic portions of the chip. This 
often does not take more than 3–5 NaOH washes. Typically, 
BSA response will be less than 100 resonance units for a suffi -
ciently lipid coated L1 sensor chip.   

   16.    Start with low protein concentration fi rst in case protein binds 
or sticks to chip or is hard to remove from the lipid vesicles.   

   17.    Only prepare protein sample dilutions right before you are 
going to inject them into the SPR.   

   18.    It is advised to add a 200+ second delay so that washing of the 
injection port, which ensues immediately following an injec-
tion, does not signifi cantly infl uence the SPR signal stability. 
Washing of the injection port can contribute to noise in the 
SPR signal. When performing saturation (equilibrium bind-
ing) measurements a short delay of 200 s or so is suffi cient to 
avoid these issues. Should a user wish to perform detailed 
kinetic analysis of the off-rate, it is advised to use a longer delay 
in washing so as to monitor the off-rate as long as possible. 
This will provide more data points for analysis without noise in 
signal that comes from the SPR wash step.   

   19.    SPR is also a technique that should receive dedication once a 
system is working and reproducible. The lifetime of a lipid sur-
face on a L1 chip can last from 12 to 48 h so we recommend 
dedication, organization, and experimental planning during 
these times for lab members to collect robust reproducible 
data over a period of 1–2 days.   

   20.     Kinetic   analysis of SPR data can be quite cumbersome and 
requires careful consideration before publishing results. In 
brief, the rate of adsorption and desorption are dependent on 
intrinsic kinetics and mass transport of the system.  Diffusion   
through the boundary layer is usually much slower than the 
intrinsic adsorption kinetics and is, therefore, the rate deter-
mining factor. The best method of detecting a mass transport 
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limitation is to vary the fl ow rate of the system, and calculate 
rate constants under these varying conditions. If mass trans-
port is not rate limiting then rate constants will be consistent 
over a broad range of fl ow rates. This holds true because diffu-
sion kinetics are dependent on the fl ow rate while intrinsic 
kinetics are not. To eliminate potential mass transport effects, 
the rate of diffusion must be increased and the rate of binding 
reduced. Thus, increasing the fl ow rate and decreasing the 
ligand density so as to reduce the number of available binding 
sites are two ways of minimizing the mass transport limitations 
of a  system  .         
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    Chapter 13   

 Analyzing Protein–Phosphoinositide Interactions 
with Liposome Flotation Assays       

     Ricarda     A.     Busse    ,     Andreea     Scacioc    ,     Amanda     M.     Schalk    , 
    Roswitha     Krick    ,     Michael     Thumm    , and     Karin     Kühnel      

  Abstract 

   Liposome fl otation assays are a convenient tool to study protein–phosphoinositide interactions. Working 
with liposomes resembles physiological conditions more than protein–lipid overlay assays, which makes 
this method less prone to detect false positive interactions. However, liposome lipid composition must be 
well-considered in order to prevent nonspecifi c binding of the protein through electrostatic interactions 
with negatively charged lipids like phosphatidylserine. In this protocol we use the PROPPIN Hsv2 
(homologous with swollen vacuole phenotype 2) as an example to demonstrate the infl uence of liposome 
lipid composition on binding and show how phosphoinositide binding specifi cities of a protein can be 
characterized with this method.  

  K ey word s      Analytical ultracentrifuge    ,    Small unilamellar vesicle   s    ,   Protein–lipid overlay assay  , 
   PROPPIN    ,    Hsv2    

1       Introduction 

 Phosphoinositide (PIP) binding of proteins can be analyzed with a 
variety of techniques. Among them are surface plasmon resonance 
[ 1 – 3 ], refl ectometric interference spectroscopy [ 4 ], fl uorescence 
resonance energy transfer (FRET) based liposome binding assays 
[ 5 ], stopped-fl ow FRET measurements [ 6 ,  7 ], and isothermal 
titration calorimetry [ 8 ]. These methods also allow quantifi cation 
of PIP binding, but not every laboratory has access to the required 
equipment. 

 The easiest method to probe protein– lipid interactions   are pro-
tein–lipid overlay  assays  , where lipids are spotted on a membrane. 
These membranes are then incubated with the protein of interest 
and binding is detected through immunoblotting. The commer-
cially available PIP strips (Echelon Biosciences Incorporated, Salt 
Lake City USA) contain the seven natural  occurring phosphoinosit-
ides. The major disadvantage of protein–lipid overlay assays is that 
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frequently interactions are found, which are not detected when 
using other methods. An explanation for these observations is that 
pure lipids are present at very high local concentrations on nitrocel-
lulose or polyvinylidenfl uorid membranes, which is very different 
from physiological conditions, where phosphoinositides are present 
at low concentrations in lipid bilayers with 1 % at most [ 9 ,  10 ]. In a 
genome wide analysis of  Saccharomyces cerevisiae  pleckstrin homol-
ogy (PH) domain containing proteins, 27 of 33 proteins interacted 
with PIPs in dot blot assays [ 11 ]. However, phosphoinositide bind-
ing was confi rmed for only ten of these proteins by other methods. 
More recently, a systematic screen for protein– lipid interactions   in 
 S. cerevisiae  with lipid-arrays yielded 530 interactions among 124 
proteins and 30 lipids [ 12 ]. The fraction of true interactions was 
extrapolated as 61.4 % in this study. Thus, interactions detected in 
protein–lipid  overlay   assays need to be verifi ed by at least one other 
method. 

 Here we describe liposome fl otation assays as a convenient tool 
to analyze protein– phosphoinositide interactions  . These experiments 
require an analytical ultracentrifuge. We perform liposome fl otation 
assays with small unilamellar vesicles (SUVs), which have an average 
radius of 18 nm [ 8 ,  13 ,  14 ]. SUVs and the protein of interest are 
mixed and overlaid with a Nycodenz gradient. After ultracentrifuga-
tion the liposomes will fl oat on top of the gradient. If the protein 
binds to liposomes it will be also present in the top fractions; other-
wise, it is localized in the middle and bottom fractions. 

 In this protocol we use  Kluyveromyces lactis  Hsv2   (homologous 
with swollen vacuole phenotype 2) as a test case and demonstrate 
the importance of liposome lipid composition in order to avoid 
detecting nonspecifi c interactions. Hsv2 belongs to the  PROPPIN   
(β-propeller that bind polyphosphoinositides) family [ 2 ,  15 ]. 
PROPPINs have two PIP binding sites [ 4 ,  5 ,  16 ]. The conserved 
FRRG motif, which is part of the two PIP binding sites, is essential 
for PIP binding of PROPPINs [ 2 ,  17 ,  18 ]. 

 PIP strip analysis shows that  K. lactis  Hsv2   appears to bind 
phosphatidylinositol-3,5-bisphosphate (PtdIns(3,5)P 2 ) with a 
much larger preference than phosphatidylinositol-3-phosphate 
(PtdIns3P) (Fig.  1 ). However, a FRET-based liposome binding 
assay showed that  K. lactis  Hsv2 binds both PtdIns(3,5)P 2  and 
PtdIns3P-containing liposomes with a submicromolar affi nity [ 5 ]. 
Consistent with these results we demonstrate that  K. lactis  Hsv2 
specifi cally interacts with PtdIns3P and PtdIns(3,5)P 2  but not with 
other phosphoinositides using liposome fl otation assays.

2        Materials 

 An analytical ultracentrifuge is required for liposome fl otation assays. 
We use a Sorvall Discovery M150 SE analytical ultracentrifuge 
with a S55-S swinging-bucket rotor (Thermo Scientifi c, Waltham, 
MA, USA). 
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 All preparatory steps are carried out at room temperature. 
When disposing of chloroform, follow the local waste disposal reg-
ulations for halogenated hydrocarbon compounds.

    1.    Prepare lipid stock solutions with chloroform ( see   Note 1 ). 
 l-α- phosphatidylcholine     (PC),  l -α-phosphatidylethanolamine 
(PE), and 1,2-dioleoyl- sn- glycero-3-phospho- l -serine (PS) 
are dissolved at a concentration of 25 mg/mL. Phosphoinositide 
stock solutions have a concentration of 1 mg/mL: 1,2-dioleoyl- 
sn   -glycero-3-phospho-(1′-myo-inositol-3′-phosphate) 
(PtdIns3P)  l -α-phosphatidylinositol-4-phosphate (PtdIns4P) 
1,2-dioleoyl- sn -glycero-3-phospho-(1′-myo-inositol-5′-
phosphate) (PtdIns5P), 1,2-dioleoyl- sn -glycero-3-phospho-
(1′-myo-inositol-3′,5′-bisphosphate) (PtdIns(3,5)P 2 ), 
1,2-dioleoyl- sn -glycero-3-phospho-(1′-myo-inositol-4′,5′-
bisphosphate) (PtdIns(4,5)P 2 ),  1,2-dioleoyl- sn -glycero-3- phospho-
(1′-myo-inositol-3′,4′,5′-trisphosphate) (PtdIns(3,4,5)P 3 ). 
Prepare a 1 mg/mL stock solution of Texas-Red- 1,2-
dihexadecanoyl- sn -glycero-3-phosphoethanolamine (TR-
PE), which colors the liposomes pink. 

 Store lipid stock solutions in 2 mL screw top amber glass 
vials (Supelco 27000).   

   2.    Prepare 500 mL HP150 buffer composed of 150 mM KCl, 20 
mM HEPES pH 7.4 by dissolving 5.59 g KCl and 2.38 g 

  Fig. 1    Protein–lipid overlay  assay   with  Kluyveromyces lactis  Hsv2  . The protein 
was expressed and purifi ed as described previously [ 4 ]. The PIP strip was incu-
bated with 2 μg/mL Hsv2 in 0.15 M NaCl, 20 mM NaH 2 PO 4 , 2 mM MgCl 2  pH 7.3 
supplemented with 1 % (w/v) milk powder for 1 h at room temperature. Binding 
was detected with Penta-His HRP conjugate antibody (Qiagen, Hilden, Germany) 
in a 1:2000 dilution       
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HEPES in 450 mL water. Adjust the pH to 7.4 with NaOH 
and fi ll up to 500 mL with water.   

   3.    For 3 % (w/v) sodium cholate in HP150 buffer dissolve 1.5 g 
sodium cholate in 50 mL HP150.   

   4.    Prepare 30 % (w/v) and 80 % (w/v) Nycodenz stock solutions 
in HP150 buffer ( see   Note 2 ).      

3     Methods 

   Since phosphoinositide-binding proteins can also bind to liposomes 
containing negatively charged lipids like PS through nonspecifi c 
electrostatic interactions, care needs to be taken with the liposome 
lipid composition [ 10 ]. Here we tested different liposomes for bind-
ing of  K. lactis  Hsv2  . The PIP binding defi cient Hsv2 FTTG  mutant 
was used as a negative control. Indeed, increasing amounts of 
PS enhanced nonspecifi c binding of  K. lactis  Hsv2 to liposomes 
(Fig.  2a ). Neutral liposomes composed of PC:PE:TR-PE (75:23:2, 
weight ratio) did not interact with wild- type protein and the FTTG 
mutant. When 1–2 % PIP was added to neutral liposomes, only spe-
cifi c PIP binding of the wild-type protein was observed (Fig.  2a ). 
 Liposomes   composed of PIP:PE:TR-PE (1:74:23:2) were then used 
for analyzing the PIP binding specifi city of  K. lactis  Hsv2.  Liposome   
fl otation assays show that the protein interacts specifi cally with 
PtdIns3P and PtdIns(3,5)P 2  (Fig.  2b ).

     1.    Prepare 1 mg of lipid mixture by pipetting the corresponding 
amounts of the individual lipids. We add 2 % (w/v) TR-PE to 
all preparations to stain the liposomes. For example, to prepare 
liposomes composed of PtdIns3P:PC:PE:TR-PE (1:74:23:2, 
weight ratio) add 10 μL 1 mg/mL PtdIns3P, 29.6 μL 25 mg/
mL PC, 9.2 μL 25 mg/mL PE, and 20 μL 1 mg/mL TR-PE 
into a 2 mL Eppendorf tube. Air-dry through evaporation for 
approximately 2 h. The dried lipid pellet is purple ( see   Note 1 ).   

   2.    Resuspend the dried lipid pellet in 150 μL 3 % (w/v) sodium 
cholate in HP150. The sample can be vortexed.   

   3.    The lipid mixture is then run through a self-packed gel- 
fi ltration column to remove the sodium cholate causing lipo-
some formation. For one column, resuspend 0.5 g Sephadex 
G-50 in 10 mL HP150. The slurry is then fi lled into the col-
umn, for example a Bio-Rad 0.5 cm × 15 cm Econo-Column 
with an attached stopcock, and left to settle. HP150 is also 
used as the running buffer. Evenly pipet 150 μL of the resus-
pended lipid mix across the gel bed. After it has entered the gel 
bed, carefully add 200 μL HP150 and then 4 mL HP150 buf-
fer. Take care not to disturb the lipid layer when pipetting buf-
fer onto the column. The lipids can be followed visually as the 

3.1  Preparation 
of  Liposomes  

Ricarda A. Busse et al.
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  Fig. 2     Liposome   fl otation assays with wild-type  K. lactis  Hsv2   and  K. lactis  Hsv2 FTTG . 
The FTTG mutant is defi cient in PIP binding and serves as a negative control for 
detecting nonspecifi c binding. When a protein binds to liposomes it is found in the 
top two fractions. In contrast, if there are no interactions the protein is localized in 
the bottom four fractions. ( a ) Increasing amounts of PS increase nonspecifi c bind-
ing of wild-type and  K. lactis  Hsv2 FTTG . Neutral liposomes composed of PC:PE:TR-PE 
(75:23:2) do not bind to wild-type protein and the FTTG mutant. At 5 and 10 % 
PtdIns3P, nonspecifi c binding to liposomes is also observed.  K. lactis  Hsv2 FTTG  was 
expressed with an N-terminal His-tag from the pACE vector [ 19 ] and purifi ed like 
the wild-type protein. ( b ) Liposome fl otation assays to analyze PIP binding speci-
fi cities of  K. lactis  Hsv2.  Liposomes   contained 1 % of the respective PIP.  K. lactis  
Hsv2 specifi cally interacts with PtdIns3P and PtdIns(3,5)P 2        

pink band. Collect fractions in Eppendorf tubes and pool those 
that are pink and thus contain small unilamellar vesicles 
(SUVs).  Liposomes   can be stored for several days at 4 °C. Do 
not freeze liposomes.    

         1.    Proteins are diluted with HP150 buffer to a concentration of 
2 μM. 5 μL of 2 μM protein is mixed with 45 μL of liposomes 
and incubated at room temperature for 10–30 min.   

3.2   Liposome   
Flotation Assays
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   2.    50 μL of the incubated protein–liposome sample is transferred 
into a 230 μL polycarbonate thick-walled tube and thoroughly 
mixed with 50 μL of 80 % (w/v) Nycodenz in HP150 by 
pipetting it up and down ten times.   

   3.    50 μL of 30 % (w/v) Nycodenz in HP150 is then gently added 
on top without mixing ( see   Note 3 ).   

   4.    Finally 30 μL HP150 is pipetted as top layer onto the Nycodenz 
gradient. The bottom layer is pink, whereas the 30 % Nycodenz 
and top HP150 layers are colorless.   

   5.    Place centrifugation tubes into adaptors for the S55-S swinging- 
bucket rotor, which allows four samples to run at a time. Spin 
at 55,000 rpm (260,000 ×  g ) for 90 min at 4 °C in a Sorvall 
Discovery M150 SE analytical ultracentrifuge.   

   6.    Prepare six 1.5 mL Eppendorf tubes, each containing 15 μL 
3× concentrated sample loading buffer. Carefully remove 
buckets from the rotor and take out the tubes.  Liposomes   
form a pink rim on top of the gradient. Take six 30 μL fractions 
from the gradient and use a fresh tip for each pipetting step. 
Heat Eppendorf tubes for 3 min at 95 °C ( see   Note 4 ).   

   7.    Analyze samples by Western blotting. The top two fractions of 
the gradient contain protein bound to liposomes and the bot-
tom four fractions show the unbound protein.       

4     Notes 

     1.    Chloroform has a high vapor pressure. To ensure accurate 
pipetting fi rst pre-wet the tip with chloroform by pipetting 
chloroform up and down ten times when either preparing lipid 
stock solutions or pipetting chloroform containing solutions.   

   2.    Nycodenz is a non-ionic tri-iodinated derivative of benzoic acid. 
It is a nontoxic and very water-soluble compound. To prepare a 
80 % (w/v) stock solution weigh 4 g Nycodenz, transfer it into 
a 15 mL Falcon tube and add 2 mL of HP150 buffer. Put the 
Falcon tube onto a rotating wheel. After it has dissolved, fi ll to a 
fi nal volume of 5 mL. For a 30 % (w/v) Nycodenz stock solu-
tion, use 1.5 g with a fi nal volume of 5 mL.   

   3.    A small ball of modeling clay can be used as a support to hold 
the tube in an approx. 45° tilted angle when pipetting the 
gradient. Gently pipette solution onto the tube wall and let it 
run down to the liquid surface.   

   4.    For pipetting off the gradient fractions, fi rst use 200 μL tips to 
pipette the top layer from the rim of the gradient. This step is 
repeated once and yields samples 1 and 2. Next use thin 200 μL 
gel loading tips to pipette samples 3–6 starting from the very 
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bottom of the centrifugation tube. In this scheme sample 3 
corresponds to the very bottom of the gradient. Load samples in 
the order 1, 2, 6, 5, 4, 3 on a gel to show the gradient starting 
from top to bottom. TR-PE will be visible as a pink band at the 
bottom of the  SDS PAGE   gel for the fi rst two  fractions  .         
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Chapter 14

High-Throughput Fluorometric Assay  
for Membrane–Protein Interaction

Wonhwa Cho, Hyunjin Kim, and Yusi Hu

Abstract

Membrane–protein interaction plays key roles in a wide variety of biological processes. To facilitate 
rapid and sensitive measurement of membrane binding of soluble proteins, we developed a fluores-
cence-based quantitative assay that is universally applicable to all proteins. This fluorescence-quenching 
assay employs fluorescence protein (FP)-tagged proteins whose fluorescence intensity is greatly 
decreased when they bind vesicles containing synthetic lipid dark quenchers, such as 
N-dimethylaminoazobenzenesulfonylphosphatidylethanolamine (dabsyl-PE). This simple assay can be 
performed with either a spectrofluorometer or a plate reader and optimized for different proteins with 
various combinations of FPs and quenching lipids. The assay allows rapid, sensitive, and accurate deter-
mination of lipid specificity and affinity for various lipid binding domains and proteins, and also high-
throughput screening of small molecules that modulate membrane binding of proteins.

Key words Membrane–protein binding, Lipid specificity, high-throughput fluorescence assay, 
Membrane binding inhibitors, Dark quenchers, Fluorescence proteins

Abbreviations

Dabsyl-PE Dimethylaminoazobenzenesulfonyl-phosphatidylethanolamine
DMSO Dimethylsulfoxide
EGFP Enhanced green fluorescence protein
FP Fluorescence protein
PC Phosphatidylcholine
POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
POPE 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
POPS 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine
PS Phosphatidylserine
PtdIns Phosphatidylinositol
PtdIns(3,4,5)P3 Phosphatidylinositol-3,4,5-trisphosphate
PtdInsP Phosphoinositides
SPR Surface plasmon resonance
YFP Yellow fluorescence protein
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1 Introduction

Membrane lipids regulate a wide variety of biological processes, 
including cell signaling, membrane trafficking, blood coagulation, 
and viral infection, by recruiting diverse soluble proteins to cell 
membranes both intracellularly and extracellularly [1–4]. Most of 
membrane binding proteins contain lipid-binding domains or 
motifs that mediate membrane binding either through specific rec-
ognition of lipid headgroups or by nonspecific electrostatic and/or 
hydrophobic interactions with membrane lipids [1, 2, 4]. Recent 
genome-scale computation and characterization of cellular pro-
teins have shown that a large number of previously unsuspected 
proteins, including protein interaction domains such as PDZ 
domains, directly interact with membrane lipids [5–11]. A rapid, 
sensitive, and universally applicable assay for membrane–protein 
interaction is therefore necessary for identification and character-
ization of a rapidly growing number of diverse membrane binding 
proteins and for identification of small molecules that can modu-
late their membrane interaction.

Membrane binding of soluble and/or peripheral proteins has 
been measured by various biochemical and biophysical methods 
[12, 13]. The lipid overlay assay has been popular due to its ease of 
use but it suffers from low sensitivity, poor reliability and an inabil-
ity to yield quantitative information [14]. The sedimentation assay 
using lipid vesicles has also been routinely used to assess membrane 
binding of proteins [15]. However, its relatively qualitative nature 
and variable pelleting efficiency associated with different lipid vesi-
cles have limited its utility. The SPR analysis allows robust quanti-
tative analysis of membrane–protein interactions and has thus been 
a mainstay in biophysical characterization of membrane binding 
proteins [12, 13]. Although this assay offers many advantages, 
including high sensitivity, no requirement for protein labeling, and 
an ability to provide kinetic information, it also has drawbacks, 
including the necessity of expensive instrumentation and rigorous 
controls to eliminate nonspecific binding, uncertainty about the 
physical nature of lipids coated on the sensor chip, and binding 
measurements under nonequilibrium conditions. Due to their 
high sensitivity, various fluorescence techniques have been exten-
sively employed to monitor membrane–protein interaction. Most 
commonly, an increase [16], quenching [17], or fluorescence reso-
nance energy transfer [18, 19] of Trp fluorescence is monitored 
during membrane–protein binding. Although rapid and conve-
nient, these methods are not generally applicable to all proteins 
because many proteins do not have Trp on their membrane- binding 
surfaces. Although Trp can be genetically introduced to the mem-
brane binding surface to a protein, this can dramatically change its 
membrane binding property [20]. Alternatively, the protein can be 
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labeled with an organic fluorophore but this approach is limited by 
experimental inconvenience and the relative low yield of chemical 
modification [21]. Fluorescence anisotropy [22] and fluorescence 
correlation spectroscopy analyses [23] have been also used to mea-
sure membrane–protein interaction but with limited applications.

Most important, none of these methods allow sensitive, robust, 
and universal high-throughput analysis. To overcome these techni-
cal limitations and obstacles, we have developed a high-throughput 
membrane binding assay that is based on fluorescence quenching 
of fluorescence proteins (FPs), such as enhanced green FP (EGFP), 
fused to a membrane-binding protein by a dark quencher- 
containing lipid, such as N-dimethylaminoazobenzenesulfonyl- 
phosphatidylethanolamine (dabsyl-PE), incorporated in lipid 
vesicles [24]. Since FPs do not have affinity for membrane lipids 
[24], a FP tag does not affect the membrane binding of a diverse 
group of proteins tested so far. Furthermore, FPs offer an addi-
tional advantage of stabilizing the fused protein or domain (see 
Note 1). Through the custom selection of a FP and a dark quencher 
from widely available collections, this simple and rapid assay can be 
optimized for sensitive, accurate, and reproducible quantitative 
determination of lipid affinity and specificity of diverse proteins as 
well as for high-throughput screening of small molecules that can 
modulate their membrane binding.

2 Materials

 1. Regular lipids: Dissolve 1-palmitoyl-2-oleoyl-sn- 
glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (POPE), 1-palmi 
toyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS), or soy 
phosphatidylinositol (PtdIns) (all from Avanti Polar Lipids) in 
the highest grade oxygen-free chloroform to yield 10 mg/ml 
stock solutions. Store them in Teflon-sealed vials at −20 °C.

 2. Phosphoinositides (PtdInsPs): Dissolve 1,2-dipalmitoyl deriva-
tives of PtdInsPs (Cayman Chemical), including 
phosphatidylinositol- 3,4,5-trisphosphate (PtdIns(3,4,5)P3), in 
the highest grade oxygen-free chloroform/methanol/water 
(3:3:1 v/v/v) to yield 0.5 mg/ml solutions. Store them in 
Teflon- sealed vials at −20 °C.

 1. Dabsyl-PE: Dissolve POPE (50 mg) in chloroform (2 ml) and 
add it to a solution of dabsyl chloride (22.6 mg) and triethyl-
amine (0.2 ml) in chloroform (5 ml). Stir the solution for 6 h 
at room temperature in the dark and remove the solvent under 
reduced pressure. Dissolve the residue in dichloromethane/
methanol (9:1) and purify it by silica column chromatography 

2.1 Lipid Stock 
Solutions

2.2 Dark Quencher- 
Containing Lipids  
(See Note 2)

High-Throughput Fluorometric Assay for Membrane–Protein Interaction



166

eluted with the same solvent mixture. Evaporate the solvent in 
vacuo to afford dabsyl-PE as an orange solid. Prepare 10 mg/
ml stock solution in chloroform and store it in a Teflon-sealed 
vial at −20 °C.

 2. BHQ1-PE and QSY7-PE: Mix 8 mg of POPE and 5 mg of 
QSY7 carboxylic acid succinimidyl ester (Life Technologies) or 
BHQ1 carboxylic acid succinimidyl ester (Biosearch 
Technologies) in 800 μl of chloroform and 200 μl of triethyl-
amine. Carry out the reaction and purification as described for 
dabsyl-PE to obtain BHQ1-PE and QSY7-PE. Prepare 10 mg/
ml stock solutions in chloroform and store them in Teflon-
sealed vials at −20 °C.

 1. Large unilamellar vesicles (LUV: 100-nm diameter): Mix the 
lipid solutions in chloroform according to the final lipid com-
position (e.g., POPC/dabsyl-PE/PtdIns(3,4,5)P3 = 92:5:3) 
(see Note 4) and evaporate the solvent under the gentle stream 
of nitrogen gas. Add 20 mM Tris buffer, pH 7.4, containing 
0.16 M NaCl to the lipid film to adjust the final lipid concen-
tration, vortex the mixture for 1 min, and sonicate it in a soni-
cating bath for 1 min to break multilamellar vesicles. Prepare 
large unilamellar vesicles by multiple extrusion through a 100-
nm polycarbonate filter using a Mini-Extruder (Avanti).

 2. Small unilamellar vesicles (SUV: 15-nm diameter): Mix the 
lipid solutions in chloroform according to the final lipid com-
position and evaporate the solvent under the gentle stream of 
nitrogen gas. Add 20 mM Tris buffer, pH 7.4, containing 
0.16 M NaCl to the lipid film to adjust the final lipid concen-
tration, vortex the mixture for 1 min, and sonicate it using a 
Branson Sonifier until the solution becomes clear.

 1. The pRSETb-EGFP vectors: Subclone the EGFP sequence 
into the pRSETb vector to express the protein as either a 
N-terminal or C-terminal EGFP-fusion protein (see Note 1), 
and with the N-terminal His6 tag. Subclone a lipid binding 
domain/protein into the pRSETb-EGFP vector to prepare a 
N-terminal or C-terminus EGFP-fusion protein and transform 
the vector into BL21 RIL cells for protein expression.

 2. Lysis buffer: 50 mM Tris–HCl, 300 mM NaCl, 10 mM imid-
azole, and 10 % (v/v) glycerol, pH 7.9.

 3. Ni-NTA agarose column elution buffers: 50 mM Tris buffer- 
HCl, pH 7.4, containing 20 mM, 40 mM, and 300 mM imid-
azole, respectively.

 1. Assay buffer: 20 mM Tris–HCl buffer, pH 7.4, containing 
0.16 M NaCl.

2.3 Lipid Vesicles 
(See Note 3)

2.4 Protein 
Expression 
and Purification

2.5 Binding 
and Inhibition Assays
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 2. Protein stock solutions: Dilute the protein solution in the assay 
buffer to 20–60 μM.

 3. Lipid stock solutions: see above.
 4. Inhibitor stock solutions: Dissolve inhibitors in dimethylsulf-

oxide (DMSO) to prepare 5 mM solutions.

3 Methods

 1. Inoculate 500 ml of Luria broth containing 50 μg/ml kanamy-
cin or 100 μg/ml ampicillin with BL21 RIL colonies express-
ing each protein construct.

 2. Allow cells to grow in the medium at 37 °C until an absor-
bance at 600 nm reaches 0.6.

 3. Induce protein expression with the addition of 100 μM isopro-
pyl 1-thio-β-d-galactopyranoside, and move the cells to a 
25 °C shaker for 14 h incubation.

 4. Harvest cells by centrifugation (2500 × g for 10 min at 4 °C), 
and resuspend the pellet in 20 ml of the lysis buffer.

 5. Sonicate the solution for 5 min with 30 s interval and centri-
fuge the mixture for 30 min (39,000 × g at 4 °C). Transfer the 
supernatant to a 50-ml Falcon tube and add 1 ml of Ni-NTA 
agarose (Qiagen) to it.

 6. Allow the supernatant to equilibrate with the resin for 30 min 
at 4 °C with gentle mixing.

 7. Pour the supernatant onto a column, and wash the resin with 
50 ml of 50 mM Tris buffer, pH 7.4, containing 20 mM imid-
azole and another 50 ml of 50 mM Tris buffer, pH 7.4, con-
taining 40 mM imidazole. Elute the protein using 50 mM Tris 
buffer, pH 7.4, with 300 mM imidazole.

 8. Check the purity of the eluted protein by sodium- dodecylsulfate 
gel electrophoresis using 18 % polyacrylamide gel, and deter-
mine the concentration using the Bradford reagents. Freeze 
the protein in liquid nitrogen and store it at −20 °C.

 1. Add a fixed concentration of protein (e.g., 100 nM) to each 
well of a non-treated black polystyrene 96-well plate (Corning).

 2. To each row, add vesicles with varying lipid composition (e.g., 
POPC/dabsyl-PE/L1 (95-x:5:x) (L1 = any signaling lipid such as 
PtdInsP, phosphatidic acid; x = 0–10 mol%)) (see Note 6). Keep 
the total lipid concentration constant (e.g., 10 μM) and adjust 
the final volume of the mixture in the assay buffer to 200 μl.

 3. Fill other rows with different lipid mixtures (e.g., POPC/
dabsyl- PE/L2 (95-x:5:x), POPC/dabsyl-PE/L3 (95-x:5:x)) 
(see Note 6).

3.1 Protein 
Expression

3.2 Plate Reader- 
Based Quantitative 
Lipid Specificity Assay 
(See Note 5)
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 4. Select one row for background correction for nonspecific  
binding and quenching with the same protein and POPC/
dabsyl- PE (95:5) vesicles.

 5. Incubate the plate at 25 °C with extremely gentle shaking for 
5 min.

 6. Monitor the decrease in EGFP fluorescence intensity at 509 nm 
with excitation set at 488 nm using a fluorescence plate reader.

 1. To each well of a given row of a 96-well plate add a fixed con-
centration of protein (e.g., 100 nM) and an increasing concen-
tration of lipid vesicles with fixed composition (e.g., 0–150 μM 
of POPC/PtdIns(3,4,5)P3/dabsyl-PE (92:3:5) vesicles). 
Adjust the final volume of the assay mixture to 200 μl.

 2. Fill multiple (i.e., ≥ triplicate) rows with the same protein and 
lipid mixtures for multiplex determination.

 3. Select one row for background correction for nonspecific bind-
ing and quenching with the same protein and dabsyl-PE vesi-
cles (e.g., POPC/dabsyl-PE (95:5) vesicles).

 4. Incubate the plate at 25 °C with extremely gentle shaking for 
5 min.

 5. Monitor the decrease in EGFP fluorescence intensity at 509 nm 
with excitation set at 488 nm using a fluorescence plate reader.

 1. Add 10–20 μl of the protein stock solution to 2 ml of the assay 
buffer equilibrated at 25 °C to the final concentration (typi-
cally 100 nM) depending on the Kd value for the protein and 
the particular vesicles (e.g., POPC/PtdIns(3,4,5)P3/dabsyl-
PE (92:3:5) vesicles). Transfer the protein solution to a 3-ml 
quartz cuvette in a thermostated (25 °C) spectrofluorometer.

 2. Monitor the equilibrated value of EGFP fluorescence emission 
intensity at 509 nm with excitation set at 488 nm after 5 μl 
incremental addition of the lipid vesicle solution.

 3. Continue lipid addition until binding reaches saturation.
 4. Repeat the same experiment with dabsyl-PE vesicles (e.g., 

POPC/dabsyl-PE (95:5) vesicles) for background correction 
for nonspecific binding and quenching.

 1. Add fixed concentrations of a protein and a lipid vesicle in 
200 μl of the assay buffer to each well of the plate. Typically, 
the protein concentration is 100 nM and the lipid vesicle con-
centration is adjusted to give ≈80 % of maximal FP 
quenching.

 2. Add a fixed concentration of different inhibitors to each well. 
Minimize the volume of DMSO (i.e., ≤2 % v/v) to avoid pro-
tein denaturation. The inhibitor concentration is typically set 

3.3 Plate Reader- 
Based Membrane 
Binding Affinity Assay 
(See Note 7)

3.4 Spectrofl 
uorometric Membrane 
Binding Affinity Assay 
(See Note 8)

3.5 High-Throughput 
Screening 
of Membrane Binding 
Inhibitors
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at 20 μM for initial screening and is gradually lowered for the 
following rounds of screening to increase the detection 
threshold.

 3. For background correction for each row, run the assay without 
lipid vesicles in the mixture in the next row.

 4. Incubate the plate at 25 °C with extremely gentle shaking for 
10 min.

 5. Monitor the increase in EGFP fluorescence intensity at 509 nm 
with excitation set at 488 nm.

 1. Add fixed concentrations of a protein and a lipid vesicle in 
200 μl of the assay buffer to each well of the plate. Typically, the 
protein concentration is 100 nM and the lipid vesicle concen-
tration is adjusted to give ≈80 % of maximal FP quenching.

 2. Add an increasing concentration of an inhibitor to each well of 
a given row. Keep the total volume of DMSO (i.e., ≤2 % v/v) 
constant for all wells.

 3. Incubate the plate at 25 °C with extremely gentle shaking for 
10 min.

 4. Monitor the increase in EGFP fluorescence emission intensity 
of each well at 509 nm with excitation set at 488 nm.

 5. For background correction for each row, run the assay without 
lipid vesicles in the mixture in the next row.

 1. Subtract the background fluorescence values from binding 
data.

 2. Analyze resulting membrane binding data of proteins using 
the equation: ΔF/ΔFmax = 1/(1 + [L]%/K). ΔF and ΔFmax indi-
cate the fluorescence quenching and the maximal quenching, 
respectively, and [L]% and K are mole% of a particular lipid and 
the [L]% value causing half-maximal quenching, respectively.

 1. Subtract the background fluorescence values from binding 
data.

 2. Analyze resulting membrane binding isotherms of proteins 
assuming each protein binds independently to a site on the 
vesicle surface composed of n lipids with dissociation constant 
Kd [12] (see Note 9).

 3. Determine values of n and Kd by nonlinear least-squares analy-
sis of the [P]b/[P]o vs. [L]o plot using equation 1 [12]: 
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3.6 Determination 
of Inhibition 
Parameters

3.7 Specificity Data 
Analysis

3.8 Binding Data 
Analysis
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where [L]o, [P]o and [P]b are total lipid, total protein and bound 
protein concentrations, respectively and ΔF and ΔFmax indicate 
the fluorescence quenching and the maximal quenching, 
respectively.

 1. Subtract the background fluorescence values from inhibition 
data.

 2. Analyze inhibition of membrane binding of a protein by an 
inhibitor using an equation: ΔF = ΔF0/(1 + [I]/Ki) [25]. ΔF 
and ΔF0 indicate the fluorescence intensity decrease of EGFP 
by dabsyl-PE-containing vesicles in the presence and the 
absence of a given concentration of inhibitor, respectively. [I] 
and Ki are the free inhibitor concentration and the inhibition 
constant.

4 Notes

 1. For most proteins, N-terminal and C-terminal EGFP tags have 
essentially the same effect: i.e., they improved the protein 
expression yield without affecting membrane binding proper-
ties of the fused proteins. Depending on the structure of the 
protein, the location of the N- and C-termini in particular, the 
efficiency of EGFP quenching by quenching lipids can vary 
significantly. The location of the EGFP tag and the sequence 
and length of the linker between EGFP and the tagged protein 
should thus be adjusted to maximize the EGFP quenching 
efficiency.

 2. Dabsyl-PE is a preferred quenching lipid for routine use 
because it is easy and inexpensive to prepare in large quantities. 
Because its absorption spectrum significantly overlaps with the 
excitation spectrum of EGFP, however, it is not ideal for the 
assay employing EGFP-fusion proteins. That is, excitation of 
EGFP at 488 nm also significantly excites the dabsyl group, 
limiting its capacity to quench EGFP emission. For high 
quenching efficiency and assay sensitivity, one can substitute 
BHQ1-PE or QSY7-PE for dabsyl-PE as a quenching lipid. 
BHQ1-PE (absorption maximum at ≈550 nm) has a lower 
degree of spectral overlap with EGFP and typical fluorescent 
small molecules (λex < 500 nm). The EFGP quenching can be 
measured with λex = 488 nm and λem = 515 nm. BHQ1-PE typi-
cally allows >50 % improvement over dabsyl-PE in EGFP 
quenching efficiency. QSY7-PE (absorption maximum 
at ≈570 nm) is better suited for YFP (λex = 514 nm; λem = 527 nm) 
and YFP quenching can be measured with λex = 510 nm and 
λem = 540 nm. Despite their superior spectral properties, how-

3.9 Inhibition Data 
Analysis
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ever, general use of BHQ1-PE and QSY7-PE is limited because 
they are expensive to prepare in large quantities.

 3. LUVs are more uniform and stable than SUVs and they are 
thus more suitable for accurate binding measurements. The 
uniformity of vesicles is also important for quenching efficiency 
because the presence of vesicles devoid of quenching lipids 
would lower the overall quenching efficiency by sequestering 
EGFP-tagged proteins. However, it takes much longer to pre-
pare LUVs through extrusion, which becomes a major limiting 
factor for high-throughput screening that requires a large 
amount of vesicles. It is therefore recommended to use SUVs 
for high-throughput screening. Due to their instability, SUVs 
should be used within a few hours of preparation.

 4. The lipid composition of vesicles and the mole% of a quench-
ing lipid can be adjusted according to the purpose of the assay. 
All quenching lipids are anionic lipids and might nonspecifi-
cally increase the vesicle binding of proteins with cationic 
membrane binding surfaces. For accurate determination of 
membrane binding affinity (or specificity) of a protein under 
physiologically relevant conditions, the concentration of a 
quenching lipid must be thus kept as low as possible (i.e., just 
high enough to allow robust quenching). Typically, 40 % of FP 
quenching is sufficient for accurate and reproducible binding 
analysis. For initial assessment of membrane binding affinity of 
a large number of proteins and high-throughput screening of 
small molecule, one can increase the concentration of the 
quenching lipid to maximize the FP quenching efficiency. For 
all cases, background correction with lipid vesicles containing 
primarily the quenching lipid is recommended. For example, 
for PtdIns(3,4,5)P3-binding proteins that are assayed with 
POPC/dabsyl-PE/PtdIns(3,4,5)P3 (92:5:3) vesicles, back-
ground correction with POPC/dabsyl-PE (95:5) is appropri-
ate. Here POPC is used as a bulk lipid because most proteins 
do not bind PC.

 5. The lipid specificity (such as phosphoinositide specificity) can 
be determined by simply comparing the quenching efficiency 
in the same column (i.e., at the same mole% of L1, L2, L3, etc.). 
More preferably, the lipid specificity is determined by compar-
ing the lipid mole% values giving rise to half-maximal quench-
ing. This is a much more accurate and quantitative way to 
determine the lipid specificity than other commonly used 
assays, such as lipid overlay assay and vesicle pelleting assay. 
Also, our assay allows for determination of lipid acyl chain 
specificity as well as headgroup specificity.

 6. Many membrane-binding proteins interact with both bulk lip-
ids and a signaling lipid coincidently [2]. For example, most of 

High-Throughput Fluorometric Assay for Membrane–Protein Interaction



172

pleckstrin homology (PH) domains bind multiple anionic lipid 
molecules, most notably phosphatidylserine (PS), and a 
PtdInsP molecule [26–29]. For accurate, physiological rele-
vant determination of lipid specificity, a two-step assay is thus 
recommended: (1) First with POPC/dabsyl-PE/L1 (95-x:5:x) 
(L1 = PS, PtdIns, cholesterol, etc.; x = 0–30 mol%) vesicles to 
detect any requirement for a bulk lipid and (2) with POPC/
dabsyl-PE/L1/L2 (75-x:5:20:x) (L2 = PtdInsP, phosphatidic 
acid, ceramide, diacylglycerol etc.; x = 0–10 mol%; 20 mol% is 
an arbitrary concentration for a bulk lipid) vesicles to deter-
mine signaling lipid specificity. This assay is preferred to a sin-
gle-step assay employing e.g., POPC/dabsyl-PE/L (70:5:25) 
(L = all lipids) because it is not physiologically meaningful to 
directly compare bulk lipids, such as PS, with signaling lipids, 
such as PtdIns(3,4,5)P3, which exist in such different concen-
trations in cell membranes.

 7. Once lipid specificity of a protein is known, its affinity for the 
favorite lipid vesicles, such as POPC/POPS/PtdIns(3,4,5)P3/
dabsyl-PE (72:20:3:5), is determined by varying the total con-
centration of the same lipid vesicles with a fixed concentration 
of the protein. An alternative way is to employ the fixed total 
concentration of lipid vesicles and varying concentrations of 
the protein. This approach is useful when the nonspecific 
quenching becomes significant because of low quenching effi-
ciency of specific binding. In this case, a control row contain-
ing only varying concentrations of the protein will be used to 
calculate the degree of quenching and the equation 1 will be 
used for curve fitting with [P]o as a variable.

 8. The cuvette-based spectrofluorometric assay is recommended 
when accurate and robust quantification of membrane affinity 
of proteins is required for biophysical analysis (e.g., binding 
energy calculation).

 9. In this binding formalism, nKd instead of Kd corresponds to 
the lipid or protein concentration that causes half-maximal 
binding. Alternatively, the binding isotherms can be analyzed 
by a simple 1:1 Langmuir-type binding equation (i.e., substi-
tuting [L]o for [L]o/n in equation 1) or assuming partition of 
a protein between the bulk and the membrane [30].
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    Chapter 15   

 Guidelines for the Use of Protein Domains in Acidic 
Phospholipid Imaging       

     Matthieu     Pierre     Platre     and     Yvon     Jaillais      

  Abstract 

   Acidic phospholipids are minor membrane lipids but critically important for signaling events. The main 
acidic phospholipids are phosphatidylinositol phosphates (PIPs also known as phosphoinositides), phos-
phatidylserine (PS), and phosphatidic acid (PA). Acidic phospholipids are precursors of second messengers 
of key signaling cascades or are second messengers themselves. They regulate the localization and activa-
tion of many proteins, and are involved in virtually all membrane traffi cking events. As such, it is crucial to 
understand the subcellular localization and dynamics of each of these lipids within the cell. Over the years, 
several techniques have emerged in either fi xed or live cells to analyze the subcellular localization and 
dynamics of acidic phospholipids. In this chapter, we review one of them: the use of genetically encoded 
biosensors that are based on the expression of specifi c lipid binding domains (LBDs) fused to fl uorescent 
proteins. We discuss how to design such sensors, including the criteria for selecting the lipid binding 
domains of interest and to validate them. We also emphasize the care that must be taken during data analy-
sis as well as the main limitations and advantages of this approach.  

  Key words      Biosensor    ,   Phosphatidylinositol phosphate  ,    Phosphatidic acid    ,    Phosphatidylserine    , 
   Genetically encoded probe   s    ,   Lipid binding domain  ,   Live imaging  ,   PtdIns  ,   Lipid signaling  , 
   Phospholipase    

1      Introduction 

 Anionic phospholipids have a negatively charged head group, 
which gives them specifi c properties, notably in  terms   of protein–
lipid interactions. The main acidic phospholipids are phosphatidyl-
serine (PS), phosphatidic acid (PA), and  phosphatidylinositol   (PI 
and PIPs). In erythrocytes, the PS/PA/PI proportions (by weight) 
are approximately 8.5 %, 1.5 %, and 1.0 %, respectively, but these 
may vary according to species or cell types [ 1 ]. 

 Phosphatidylinositolphosphates (PIPs) are minor phospholip-
ids, accounting less than 1 % of total membrane lipids, yet they are 
of disproportionate importance for many membrane-associated 
signaling events: (1) PIPs can be precursors of various second 
 messengers (e.g., Inositol-3-Phosphate, Diacylglycerol), (2) they 
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can activate many ion channels and enzymes, (3) they are involved 
in membrane traffi cking and, (4) they can recruit proteins to the 
plasma membrane or intracellular compartments through several 
structured interaction domains (e.g., Pleckstrin Homology domain 
(PH), Phox homology domain (PX), Fab1/YOTB/Vac1/EEA1 
domain (FYVE)) [ 1 – 4 ]. PIPs can  be   phosphorylated at different 
positions of the inositol head group, which can generate up to 
seven different PIP species that include three phosphatidylinositol 
monophosphates [PI3P, PI4P, and PI5P], three phosphatidylino-
sitol biphosphate [PI(3,4)P 2 , PI(3,5)P 2 , and PI(4,5)P 2 ] and one 
phosphatidylinositol triphosphate [PI(3,4,5)P 3 ]. PIP kinases and 
phosphatases modify  the   phosphorylation state of the inositol head 
group, and phospholipases hydrolyze PIPs to release the soluble 
head group into the cytosol [ 1 ,  4 ]. The combined action of these 
enzymes produces the PIP signature of a cell, where certain mem-
brane compartments are enriched or depleted of specifi c PIPs, con-
tributing to their  functional   identity [ 1 ,  3 ,  4 ]. 

  Phosphatidylserine   (PS) is an important constituent of eukary-
otic membranes and the most abundant acidic phospholipid (up to 
10 % of biological membrane) [ 1 ,  5 – 7 ]. PS is involved in many 
signaling pathways, as it can recruit and/or activate proteins, nota-
bly through their stereospecifi c PS-binding domain and by regulat-
ing membrane surface charges [ 1 ,  5 ,  6 ,  8 ]. One particularity of PS 
is its role as a lipid landmark in both extracellular and intracellular 
membranes leafl ets. For instance, extracellular PS (exposed on the 
outer leafl et of the plasma membrane) serves as an “eat me” signal 
for the clearance of apoptotic cells [ 7 ,  9 ]. Intracellular PS regulates 
a number of signaling pathways involving kinases, small GTPases, 
and fusogenic proteins [ 5 ,  8 ]. 

  Phosphatidic acid   (PA) is a precursor for the biosynthesis of 
many lipids [ 10 ,  11 ]. Indeed, various enzymes add different chem-
ical group on PA, such as Choline, Ethanolamine, Serine or Inositol 
to produce phosphatidylcholine (PC), phosphatidylethanolamine 
(PE), phosphatidylserine (PS) and phosphatidylinositol (PI). PA is 
also the substrate of  Phospholipase   D, which produces diacylglyc-
erol, a second messenger involved in many signaling pathways 
[ 12 ]. Furthermore, the biophysical characteristics of PA infl uence 
membrane properties such as membrane curvature or membrane 
fusion [ 1 ,  13 ,  14 ]. In addition, PA itself recruits various proteins to 
membranes and PA-protein interaction activates many enzymes. As 
such, PA can be considered a  bona fi de  lipid second messenger.  

2    Subcellular Localization of Anionic  Phospholipids   at a Glance 

 The localization of the various acidic phospholipid species has 
been an intense area of research [ 4 ,  15 ,  16 ]. Functional studies, 
together with biochemical  and   live-cell imaging, have built a 
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relatively clear picture of the precise location of most acidic 
phospholipids in yeast (Fig.  1a ), cultured mammalian cell lines 
(Fig.  1b ), and plants (Fig.  1c ).

   In animal cells, PI3P mainly resides in early endosomes, where 
it controls endosome maturation, cargo protein degradation/recy-
cling and cell signaling notably through its interplay with Rab5 
GTPases [ 3 ] (Fig.  1b ). During autophagy induction in animal 
(e.g., triggered by amino acid starvation), PI3P is transiently pro-
duced at the Endoplasmic Reticulum (ER) membrane by the PI3- 
kinase VPS34 [ 17 ] (Fig.  1b ). PI3P production in the ER supports 
the formation of the omegasome a specialized ER domain at the 
origin of the formation of the autophagophore (also known as  the   
isolation membrane), that itself elongates to form the autophago-
some (i.e., double membrane vesicles) [ 17 ,  18 ]. 

 In yeast and animals, PI4P is located in at least two different 
pools in the cell, one at the Golgi apparatus and the other one at 
the plasma membrane [ 19 – 21 ] (Fig.  1a, b ). Each pool of PI4P has 
separate and diverse functions. The main function of PI4P at the 
Golgi is to control membrane traffi cking events, in particular, the 
sorting of proteins toward the plasma membrane or endosomes [ 3 , 
 22 – 24 ]. PI4P,  together   with other PIPs, recruits strong cationic 
proteins to the plasma membrane [ 25 ]. In yeast, the plasma mem-
brane pool of PI4P controls ER-to-plasma membrane tethering 
sites that regulate cell signaling and ER morphology [ 26 – 28 ] (Fig. 
 1a ). Furthermore, plasma membrane-localized PI4P is a source of 
PI(4,5)P 2  in animal cells [ 23 ,  29 ]. A pool of PI4P has been recently 
described in late endosomes/lysosomes in animal cells but the 
function of PI4P in these compartments remains to be fully eluci-
dated [ 20 ] (Fig.  1b ). 

 In mammals, the rare phosphoinositide, PI5P, accumulates in 
the nucleus and at the plasma membrane under certain stimuli, or 
during infection by certain pathogens such as the bacterium 
 Shigella fl exneri  [ 30 – 34 ] (Fig.  1b ). Furthermore, it has been 
recently showed that PI5P transiently accumulates at the ER dur-
ing autophagy induction and can substitute PI3P at the omegas-
ome [ 35 ] (Fig.  1b ). 

 In both animal and yeast, PI(3,5)P 2  is thought to reside in late 
endosomes, where it regulates lysosome/vacuole biogenesis [ 36 –
 38 ] (Fig.  1a, b ). In every eukaryotes, PI(4,5)P 2  is localized at the 
plasma membrane where it has a large spectra of action such as 
anchoring signaling and membrane traffi cking proteins [ 2 ,  4 ,  25 , 
 39 – 41 ] (Fig.  1a–c ). In addition, PI(4,5)P 2  controls ion channel 
activation and is a substrate of  Phospholipase   C, which triggers 
synthesis of the second messengers inositol 1,4,5-trisphosphate 
and diacylglycerol [ 2 ,  4 ,  42 ]. PI(4,5)P 2  is the source of PI(3,4,5)
P 3 , which together with PI(3,4)P 2 , accumulate at the plasma mem-
brane but only when specifi c signaling pathways are activated (e.g., 
growth factor signaling) [ 2 ,  4 ] (Fig.  1b ). PI(3,4)P 2  also controls 
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late-stage clathrin-coated pit formation, independent of PI(3,4,5)
P 3  [ 41 ,  43 ]. 

 PS is synthesized in the ER lumen and reaches the cytosolic 
leafl et through the action of P4-ATPases fl ippases [ 7 ,  9 ]. 
Depending on the species, this translocation occurs either at the 
 trans -Golgi Network (TGN) and/or at the plasma membrane. 
This asymmetric PS distribution can be used as a signaling device 
by the regulated activation of scramblases, which rapidly exposes 
PS on the extracellular leafl et of the plasma membrane and plays 
important roles in blood clotting and apoptosis [ 7 ,  16 ], as above-
mentioned. On the cytosolic leafl et, PS mainly accumulates at the 
plasma membrane in yeast (Fig.  1a ), while it is present both at the 
plasma membrane and throughout the endosomal system in ani-
mal cells (Fig.  1b ) [ 5 ,  8 ,  44 ]. 

 Like PS, PA is synthetized in the ER in all eukaryotic cells [ 10 , 
 11 ]. PA can also be synthesized de novo in other organelles such as 
for example mitochondria or chloroplasts [ 10 ]. However, the main 
pool of PA that is facing the cytosol is likely localized at the plasma 
membrane. This pool is locally produced by  Phospholipase   D and 
Diacylglycerol kinases [ 12 ].  

3    Detection of Acidic  Phospholipids   by   Lipid Binding Domains 

 Anionic lipids such as phosphoinositides are markers  of   organelle 
identity. Moreover, because they act as second messengers, their 
quantity varies rapidly (i.e., within minutes) upon stimulation of 
various signaling pathways. It is therefore key to be able to track 
the amount of these lipids in real time and at subcellular resolu-
tion. However, the investigation of lipid subcellular localization 
has proven to be diffi cult for various reasons. First, it is obviously 
not possible to label lipids by direct tagging with fl uorescent  pro-
teins   (FPs). Second, common methods of cell or tissue fi xation do 
not fi x lipids and are therefore not compatible with the study of 
lipid subcellular localization. Yet many techniques have been used 
over the years to uncover the subcellular localization of acidic 
phospholipids and their respective dynamics upon various stimula-
tions. These techniques were used either in fi xed cells, such as for 
example immuno-labeling with anti-PIP antibodies [ 19 ] or live 
cells, such as for example direct labeling of lipid molecules or the 
use of genetically encoded biosensors [ 45 ]. The later method has 
been extensively used to indirectly reveal the localization and 
 dynamics   of PIPs in intact living cells and, currently, is probably 
the most widespread technique used to localize acidic phospho-
lipid species [ 4 ,  40 ,  45 ]. Importantly, this method is directly ame-
nable to  live   imaging techniques. Genetically encoded  biosensors   
consist of lipid-binding domains (LBDs) that interact specifi cally 
with known lipid species in vitro (Fig.  2a, b ). These domains 
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localize in the cell compartments that accumulate the targeted 
PIPs and can be easily traced when fused with a fl uorescent protein 
(Fig.  2a, b ). LBDs are globular domains that mostly bind to acidic 
phospholipids such as PIPs and PS [ 1 ,  46 ]. Broadly, they fall into 
two categories: nonspecifi c LBDs and stereospecifi c LBDs. 
Nonspecifi c LBDs recognize general membrane properties, such as 
curvature, lipid packing defects, or charges [ 1 ,  14 ]. Examples of 
nonspecifi c LBDs include the BAR domain that recognizes mem-
branes with a specifi c curvature or the KA1 domain that binds 
highly electronegative membrane [ 1 ,  47 ]. Stereospecifi c LBDs 
bind particular acidic lipids with sometime exquisite specifi city. 
PH, PX, FYVE, and some C2 domains belong to this category [ 1 , 
 46 ]. To date most LBDs that have been used to report on lipid 
localization are stereospecifi c LBDs, yet in recent years nonspecifi c 
LBDs have also been exploited to probe some basic properties of 
the cytosolic leafl et of membrane compartments. For example, the 
KA1 domain has been used as a reporter of membrane surface 
charges  in   human cells [ 25 ].

4       Design of Genetically Encoded Acidic  Phospholipid   Probes 

   To visualize a certain lipid species, the strategy is to fuse the 
LBD of interest with a fl uorescent protein (FP) (Fig.  2a ). Most 
LBDs can  be   fused either to their N-terminal or C-terminal end 
without affecting their binding properties since they are derived 
from multidomain proteins. To maximize the chances to obtain 
a stable and functional fusion protein, we usually place the LBD 
where it would be in its original protein context and separates it 
from the fl uorescent protein by a short fl exible linker (e.g., 
SAGGSAGG or GAGARS linkers). For example the PX domain 
of the p40 phox  protein is localized at its N-terminus. We therefore 
replaced the C-terminal part of this protein with fl uorescent pro-
teins, giving PX p40 -FP constructs (Fig.  2a ). A fl uorescent protein 
is usually suffi cient to report each lipid, however methods based 
on Förster Resonance Energy Transfert (FRET) have also been 
used [ 48 – 51 ] (Fig.  2c ). 

 Most genetically encoded lipid sensors are soluble proteins and 
therefore are designed to report only the lipid species that are 
 facing the cytosol. However, addition of a signal peptide to the 
probe has been generated to secrete the LBD and to follow the 
accumulation of its cognate lipid along the secretory pathway, such 
as for example its presence in the ER lumen [ 9 ]. However, because 
of the resolution limits of conventional light microscope, this 
approach requires Transmission Electron Microscopy (TEM) to 
distinguish between membrane-bound LBDs and soluble LBDs in 
the organelle’s lumen.  

4.1  Construct 
Strategy
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    The most critical aspect in the design a genetically encoded sensor 
for a given lipid is to take into account binding specifi city and affi n-
ity of the LBDs. If one wants to report the localization of a given 
lipid, the ideal probe should be highly specifi c for this lipid. 
However, very few, if any, LBDs are completely specifi c for only 
one lipid. Most of the time, their affi nity is greater for a lipid than 
for the others, yet this is enough to confer a specifi city of recogni-
tion in vivo. Nonetheless, this should be verifi ed, if possible by 
several in vitro lipid-binding assays. Such assays include qualitative 
methods (e.g., lipid–protein overlay assays) and more quantitative 
techniques such as liposome-binding assays, surface plasmon reso-
nance, or isothermal titration calorimetry. Finally, the structure of 
the LBD-lipid complex (e.g., by X-ray crystallography or NMR 
spectroscopy) might help to rationalize how the domain specifi -
cally recognizes a particular phospholipid headgroup [ 1 ]. 

 Moreover, it is common that LBDs require the coincidence 
detection of a given lipid together with another molecule to pro-
mote membrane binding. The most widespread examples are 
LBDs that bind their target lipid in a calcium-dependent manner 
(e.g., most C2 domain binds their lipids, mostly PS, only in the 
presence of Ca 2+ ) [ 1 ]. Some LBDs also require the coincidence 
binding of another protein [ 1 ] (Fig.  2b ). For example, the PH 
domain of FAPP1 (and to a lesser extend the PH domain of OSBP) 
interacts with PI4P preferentially in the presence of the small 
GTPase ARF1 [ 21 ] (Fig.  2b ). This requirement for coincidence 
binding can lead to confounding results that are sometime diffi cult 
to evaluate. For example, the PH domain of FAPP1 is capable of 
binding PI4P alone, but in vivo membrane binding is enhanced by 
the presence of ARF1 [ 21 ]. Because ARF1 mainly localizes at the 
Golgi and TGN, two compartments that are enriched in PI4P, the 
PH domain of FAPP1 (and OSBP) preferentially localizes to these 
two compartments, although PI4P is also present at the plasma 
membrane [ 21 ] (Fig.  1 ). This particular result led to the long- 
lasting belief that PI4P is mainly localized at the Golgi and 
TGN. Therefore, the PH domains of FAPP1 and OSBP are not 
optimum to report PI4P in all membranes. However, because 
PI4P association is required for membrane binding of these LBDs, 
they are suitable PI4P reporters in the Golgi and TGN and have 
been successfully used to this aim [ 52 ] (Fig.  2b ). When available, 
the use of probes that do not require coincidence binding with 
other molecules should be favored. Alternatively, if such LBD has 
not been characterized yet, the use of LBD requiring coincidence 
binding should not be discarded entirely, but the results should  be 
  interpreted accordingly.  

   The second parameter that one should take into account is the 
relative binding affi nity of the LBD for its target lipid. This is also 
an important parameter, since difference in relative affi nity might 
result in different subcellular localization of the probe. The fi rst 

4.2  Choosing 
the  Appropriate   LBD, 
Consideration on LBD 
Specifi city

4.3  Choosing the 
 Appropriate   LBD, 
Consideration on LBD 
Affi nity
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obvious caveat is when the binding affi nity is too weak, which leads 
to mostly or exclusively soluble localization of the probe (their 
localization by default, in the absence of binding, being soluble in 
the cytosol). For example, a single PI3P-binding FYVE domain is 
soluble when express in mammalian cells and only a tandem dimer 
construct (2 × FYVE domain) is localized to early endosomes, 
where PI3P accumulates [ 53 ]. This leads to the second caveat, 
which is when binding affi nities are too high and high-affi nity 
LBDs might outcompete the lipid binding of endogenous pro-
teins, leading to toxicity upon expression of the probe. However, 
because any given cell expresses hundreds of proteins harboring 
LBDs at the same time, it is unlikely that transgenic expression of 
LBDs will outcompete all the other lipid-binding proteins. It is 
however common that expression of acidic phospholipid probes 
affects some signaling pathways. It is therefore advisable to test the 
toxicity due to the expression of the probe and to favor cells or 
transgenic organisms with relatively weak expression of the probe 
(for example by using promoters that confer mild expression). 

 One should choose LBDs that have affi nity ranging in between 
the two extreme scenarios discussed above. Because there is no way 
to predict in silico how a LBD will behave in vivo in a particular 
system, it is preferable to use, when available, several probes to 
report on the same lipid species. Because of slight changes in either 
binding affi nity or specifi city, we often observed that several report-
ers for the same lipid might harbor different, although overlap-
ping, localization [ 40 ]. For example in Arabidopsis root, a 2 × FYVE 
PI3P reporter is localized to late endosomes (where PI3P accumu-
lates in plants, Fig.  1c ), while the PX domain of the p40 phox  pro-
tein, also a well characterized PI3P binding domain, localizes to 
both late endosomes and tonoplast (the membrane of the plant cell 
vacuole) [ 40 ] (Fig.  1c ). Although it is not entirely understood how 
these differences in localization might be explained, these results 
are useful for several reasons. First, both probes localize to late 
endosomes, providing confi rmation that PI3P is likely to 
 accumulate in this compartment in plants. Second, because the PX 
domain also localizes to the tonoplast, this raised the possibility 
that PI3P might localized to this compartment. Although this con-
clusion should be taken with care, since it was confi rmed with only 
one of the two LBD, it provided us with a new testable hypothesis. 
One way to explain the dissimilar localization of the FYVE and PX 
domains is to consider their difference in relative binding affi nity. 
In fact, high affi nity LBDs are expected to localize more specifi cally 
to the membrane compartment that accumulates the most its cog-
nate lipid, while lower affi nity LBDs are more likely to have a 
broader localization domain (Fig.  3 ). Low affi nity sensors are less 
effi cient in discriminating between two membranes with two dif-
ferent concentrations of their targeted lipid species and as a result 
they might be targeted to both of these membranes (Fig.  3a ). By 
contrast, high affi nity sensors will have increased dwell time at the 
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  Fig. 3    LBD affi nities infl uence  the   subcellular localization of the sensors. When 
several pools of the same lipid exist within the cell, low or high affi nity sensors 
will behave differently with respect to these pools. ( a ) A low affi nity sensor (e.g., 
1 × LBD) will localize to both membranes with slightly more sensor molecules at 
the compartment with the highest lipid concentration, while ( b )  a high affi nity 
sensor (e.g., 2 × LBD) will localize preferentially to the compartment with the 
highest lipid concentration.  ( c ) Example of low (1 × PH FAPP1 ) and high (2 × PH FAPP1 ) 
affi nity sensor localization in Arabidopsis root cell (image from Simon et al., 2014 
Plant Journal)       
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membrane that is the most enriched in the targeted lipid and they 
will accumulate preferentially in this compartment (Fig.  3b ). In 
other words, high affi nity sensors work like a “Velcro fastener”: 
they will grab more strongly to a surface with more spikes (in this 
case the spikes being an acidic lipid) (Fig.  3b ). Therefore, it is pos-
sible that the high affi nity 2 × FYVE probe mainly localizes to late 
endosomes because this could be the cell compartment where 
PI3P accumulates the most, while the PX-based probe localizes 
also to the tonoplast because this compartment might also have 
PI3P but to a lesser extent than late endosomes. This is further 
exemplifi ed when comparing the localization of single versus tan-
dem dimer LBDs. For example in Arabidopsis, we found that the 
high affi nity PI4P sensor 2 × PH FAPP1  was more strongly localized 
to the plasma membrane and less to endomembrane compart-
ments than the low affi nity sensor 1 × PH FAPP1  [ 40 ] (Fig.  3c ). When 
kept in mind, these variations in localization can actually be 
exploited to address the relative concentration of a given lipid in 
several membranes. For example, the results presented in Fig.  3c  
suggest that the concentration of PI4P is greater at the plasma 
membrane than  in   intracellular compartments in plants [ 40 ].

5         Validation of Acidic  Phospholipid   Sensors 

 As mentioned in the previous section, it is important to test the 
in vitro binding specifi city of a particular LBD. However, this 
apparent in vitro specifi city does not necessarily refl ect its localiza-
tion in vivo or the localization of its cognate lipid in cells. In fact, 
a comprehensive study on all yeast PH domain suggest that in vitro 
binding specifi city is not a good indicator of the localization of this 
domain in vivo and does not always predict whether the LBD will 
be a useful lipid probe or not [ 54 ]. Expression of each LBD has to 
be tested in vivo and if possible validated. A fi rst screen will rapidly 
discard domains that do not properly accumulate, do not localizes 
to any membrane compartment or induce strong phenotypes [ 40 ]. 
It is then important to check whether the localization of the probe 
is in fact dependent on the presence of its cognate lipid. Among 
other approaches, this could be achieved by pharmacological or 
genetic inhibition of the lipid biosynthetic enzymes (e.g.,  phospha-
tidylinositol   kinases, phosphatidylinositol  phosphatases,   phospho-
lipases). For example, a loss-of-function mutation in  mss4 , the yeast 
PI4P 5-kinase, leads to a soluble localization of a 2 × PH PLC  probe 
that normally highlights PI(4,5)P 2  at the yeast plasma membrane 
[ 21 ]. An elegant approach is also the targeted recruitment of lipid 
kinases or phosphatases to a specifi c compartment using small 
molecules or light, because these approaches mediate rapid lipid 
modifi cations that are spatially restricted [ 20 ,  25 ,  39 ,  42 ,  55 – 59 ]. 
The localization of an ideal lipid reporter should be dependent on 
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its cognate lipid in both loss- and gain-of-function experiment but 
not dependent on the production/loss of unrelated lipids. In other 
words, the probe should leave its endogenous membrane compart-
ment upon loss of its cognate lipid at that membrane. Conversely, 
it should be recruited to a new membrane compartment upon pro-
duction of its cognate lipid in this organelle. To date, very few 
probes have been tested extensively with such gain- and loss-of- 
function experiments. Besides, they are rarely so versatile, probably 
because of their requirement on coincidence binding to other mol-
ecules (see above the section on the design of genetically encoded 
acidic phospholipid probes). However, the recent characterization 
of the P4M PI4P reporter is a must read as an example on how to 
validate an acidic phospholipid sensor in vivo [ 20 ]. 

 In order to validate the localization of a lipid sensor and there-
fore the cellular localization of a particular lipid, it is important to 
accumulate several lines of evidence to confi rm this localization, 
such as for example the use of alternate techniques (immunolocal-
ization, direct lipid labeling, …), the similar localization  of   indepen-
dent LBDs known to bind the same lipid and/or the colocalization 
of the probe with endogenous lipid binding proteins.  

6    Well-Characterized Acidic  Phospholipid   Sensors 

 Several  LBDs   have been used over the years in different systems 
and have been shown to behave robustly. In this section we briefl y 
describe these well characterized genetically encoded lipid sensors 
and, if applicable, point out their respective advantages and limita-
tions. It is nonetheless important to consider the controls described 
above when using one of these reporters in a new biological con-
text (e.g., new species, new cell type).  

7    Phosphoinositide Sensors 

   The most widely used probe for PI3P are  derived   from the PX 
domain of the p40 phox  protein and the tandem dimer of the FYVE 
domains (2 × FYVE) from the HRS or EEA1 proteins [ 1 ,  46 ,  53 , 
 60 ,  61 ]. These domains have been extensively used over the years 
and are well-accepted PI3P reporters. In animal cells, they mainly 
report the localization of PI3P in early endosomes [ 53 ], but plasma 
membrane localization has been observed in certain conditions 
(e.g., insulin treatment [ 62 ,  63 ]). However, they do not highlight 
the pool of PI3P at the ER upon autophagy induction.  

   As discussed above ( see  Subheading  4.2 ), the PH domain of FAPP1 
and OSBP report on the localization of PI4P at the Golgi/TGN 
but not in other membrane compartments due to their require-
ment for ARF1 binding [ 21 ]. The PH domain of the yeast 
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OSBP- like protein OSH2 is not dependent on ARF1 binding [ 64 ]. 
It is localized both at the Golgi and plasma membrane in yeast but 
it is localized mainly at the plasma membrane and only weakly at 
the Golgi in mammalian cells [ 20 ,  64 ]. Therefore, PH OSH2  seems 
to be a better reporter of plasma membrane PI4P than PH FAPP1  or 
PH OSBP . The exact reasons for the plasma membrane preference of 
PH OSH2  are unknown, but might be due to residual PI(4,5)P 2  
binding [ 20 ,  64 ]. The newly described PI4P reporter, called P4M, 
seems to be able to report both Golgi and plasma membrane PI4P 
localization in animal cells and it detects as well a previously 
uncharacterized pool of PI4P in late endosomes [ 20 ]. This reporter 
seems to be superior to the PH domains of FAPP1, OSBP and 
OSH2 since it is very specifi c to PI4P and does not require coinci-
dence binding with other proteins. However, because it has been 
described fairly recently, it is not yet clear whether this probe will 
behave similarly in a broad range of cellular contexts.  

   Few PI5P-binding domains have been characterized, including the 
PH domains of Dok-1 and Dok-2 [ 34 ,  32 ] and the PHD domain 
of ING2. A triple repeat of this domain (3 × PHD ING2 ) has been 
used as a sensor of PI5P localization. It mainly localizes to the 
nucleus in animal cells [ 30 ,  32 ]. However, immunolocalization 
and mass spectrometry methods suggest that PI5P localizes in 
membrane compartments such as the plasma membrane or endo-
somes [ 32 ,  65 ]. 3 × PHD ING2  has been recently found to accumu-
late in omegasomes during autophagy induction by glucose 
starvation [ 35 ]. However, 3 × PHD ING2  has not extensively been 
used over the years, perhaps because its expression inhibits PI5P- 
dependent processes [ 32 ]. Therefore, this reporter should be used 
with caution.  

   The PH domain  of   PLCdelta1 (hereafter referred to as PLC) was 
one of the fi rst LBD to be used as a lipid biosensor [ 4 ,  45 ,  66 ]. It 
has an exquisite selectivity for PI(4,5)P 2  and has been robustly 
expressed in many different cellular systems including yeast, mam-
malian and plant cells [ 4 ,  21 ,  32 ,  40 ,  66 ]. It allowed for example 
to monitor the reversible PI(4,5)P 2  hydrolysis triggered upon PLC 
activation, i.e., relocalization of membrane-bound PH PLC  into the 
cytosol upon PLC activation by agonists [ 66 ]. The C-terminal 
domain of the TUBBY protein has also been used as a PI(4,5)P 2  
reporter [ 40 ,  67 – 69 ]; however, this protein domain binds PI(3,4)
P 2  in vitro in addition to PI(4,5)P 2  [ 69 ]. Both reporters are local-
ized exclusively to the plasma membrane, while PI(4,5)P 2  has been 
found in Golgi and ER membrane. This point out to a possible 
limitation of these probes or simply to the fact that the concentra-
tion of PI(4,5)P 2  in these compartments is not suffi cient to trigger 
membrane binding at these sites. It is also possible that the physi-
cochemical properties of these compartments (such as their 
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packing or curvature) are not compatible with binding of these 
domains. Finally, we cannot exclude that both  LBD   actually rely 
on coincidence binding of PI(4,5)P 2  and a  plasma   membrane-resi-
dent protein. However, the fact that both reporters behave simi-
larly in many different cellular contexts and species argues against 
this hypothesis. Altogether, PH PLCd1  and TUBBY-C are robust 
reporters of PI(4,5)P 2  dynamics at the plasma membrane but 
might not refl ect the possible pool of this lipid in other membrane 
compartments.  

   The ENTH domains of the yeast proteins Ent3p and Ent5p as well 
as the  PROPPIN   domains of Svp1p protein binds to PI(3,5)P 2  
in vitro [ 36 ,  37 ,  70 ]. These proteins localize to the membrane of 
the yeast vacuole suggesting that PI(3,5)P 2  accumulates in this 
compartment [ 36 ,  37 ,  70 ], but expression of the isolated ENTH 
or PROPPIN domains does not give consistent results when 
express in heterologous systems such as animal cells or plants (per-
sonal communication). Recently, the cytoplasmic phosphoinositide- 
interacting domain (ML1N) of the transient receptor potential 
Mucolipin 1 (TRPML1) has been described to bind PI(3,5)P 2  
in vitro in the nanomolecular range [ 38 ]. A 2 × ML1N construct 
was used successfully to report on the localization of PI(3,5)P 2  in 
late endosomes and lysosomes in animal cells [ 38 ]. Yet this new 
tool remains to be tested in additional cellular contexts.  

   Some PX and PH domains are binding PI(3,4)P 2  in vitro (e.g., the 
PX domain of p47 and the PH domains of TAPP1 and TAPP2) 
[ 60 ,  71 ]. Mainly, PH TAPP1  has been used as a read-out of PI(3,4)P 2  
in vivo and revealed that this lipid mainly accumulates at the plasma 
membrane [ 43 ,  72 ].  

   The PH domain of AKT recognizes both PI(3,4)P 2  and PI(3,4,5)
P 3  and has been extensively used as a read out of type I PI3-kinase 
activity [ 4 ,  45 ]. Several PH domains have also been described to 
recognize specifi cally PI(3,4,5)P 3  but not PI(3,4)P 2 , such as the 
PH domains from BTK, GRP1, ARNO, or cytohesin1 [ 1 ,  4 ,  45 , 
 46 ]. PI(3,4,5)P 3  does not accumulate at the plasma membrane in 
the absence of specifi c stimulus but is synthetized upon stimulation 
by growth factor or insulin. For example, PH BTK  has been used to 
detect PI(3,4,5)P 3  generation at the plasma membrane upon stim-
ulation of fi broblasts by EGF or PDGF [ 73 ].  

   PS-binding C2 domains have been characterized early on, but in 
many cases, lipid binding occurs only in the presence of calcium 
[ 1 ]. This restricted the use of these domains to study PS localiza-
tion in vivo. Nonetheless, the recombinant purifi ed C2 domain of 
Annexin A5 has been used to detect the presence of PS on the 
plasma membrane outer leafl et, but this assay requires the presence 

7.5  PI(3,5)P 2 

7.6  PI(3,4)P 2 

7.7  PI(3,4,5)P 3 

7.8  PS

Matthieu Pierre Platre and Yvon Jaillais



189

of exogenous calcium and is not compatible with  live   imaging of 
intracellular events [ 8 ]. However, the C2 domain of Lactadherin 
Synthase 1 (LactC2) was shown to bind specifi cally PS in the 
absence of calcium and turned out to be an excellent PS reporter 
in many systems, including yeast and animal cells [ 8 ,  9 ,  15 ,  74 , 
 75 ]. The PH domain of EVECTIN2, a protein localized to the 
recycling endosomes and involved in membrane traffi c, was also 
shown to specifi cally bind PS in vitro and to report PS localization 
in vivo in human cells [ 44 ].  

   To date, only PA-binding linear motifs but no PA-binding domains 
have been found and characterized [ 1 ]. These short stretches of 
sequences do not seem to have a particular globular structure and 
are often rich in basic amino acids. As such, these PA-binding 
motifs are relatively poorly stereospecifi c and are able to bind, 
although with various affi nities, other acidic phospholipids [ 1 ,  13 ]. 
 Biosensors   using these PA-binding motifs rather  than   LBDs have 
been used, such as the PA-binding sequence of the yeast SNARE 
protein, spo20p, or the yeast protein kinase, Raf1 [ 76 ]. Because of 
the questionable specifi city of these motifs for PA, results obtained 
with these probes should be cautiously interpreted. Their use has 
nonetheless been instrumental to address some aspects of PA local-
ization and dynamics [ 76 – 78 ].   

8    Special Care and Caveat of the Approach 

 We have highlighted some of the limitations and important con-
trols that must be carried out while analyzing results deduced from 
genetically encoded lipid biosensors throughout this chapter. 
However, there are additional potential pitfalls of this approach 
that should also be considered. We have already covered potential 
problems due to toxicity. This toxicity might arise,    in part, because 
of competition between endogenous protein and transgenically 
expressed LBDs for binding the same lipid. This situation is likely 
to occur when the transgene is overexpressed by strong constitu-
tive promoters and we advocate for the use of mild promoters 
and/or for the selection of cells or organisms that express weak-to- 
intermediate level of the reporters. Another strategy is to use 
inducible expression systems and to study the localization of the 
lipid sensor at the onset of expression following transgene induc-
tion. Furthermore, overexpression of LBDs might induce feedback 
regulation on the synthesis of the lipid, leading to over- accumulation 
of this lipid. Systems for mild expression, or better, inducible 
expression, will reduce these potential feedbacks. It is likely that 
this lipid over-accumulation is involved in some of the toxicity, 
which can be observed upon LBD overexpression, possibly by dis-
placing endogenous proteins to new pool of lipids. In addition, it 
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is important to keep in mind that in some cases, phosphoinositide 
binding LBDs are able to recognize both the membrane bound 
lipid and its soluble inositol phosphate counterpart, which could 
infl uence membrane association. Lastly, it is unlikely that all phos-
phoinositides are freely available for LBDs binding. Rather, some 
lipid species might be synthesized locally and readily engage inter-
actions with endogenous lipid binding proteins as they are being 
synthesized. For example PI(4,5)P 2  is a very important lipid 
involved in clathrin mediated endocytosis (CME) and several pro-
teins involved in this process are known to binds to this lipid, yet a 
PH PLC  reporter does not localize to clathrin coated pits (CCP) 
[ 79 ]. It is fully conceivable that PI(4,5)P 2  in CCPs are bound by 
the CME machinery and therefore not labeled by the PH PLC  probe. 

 Altogether, it is important  to   keep in mind that the absence of 
labeling by a lipid reporter is by no mean a proof of the absence of 
this lipid. However, the detection of a certain lipid pool by a LBD 
reporter, if controlled adequately ( see  Subheading  5 ) is a useful 
tool, directly amenable to  live   imaging and dynamic studies.     
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    Chapter 16   

 Analysis of Sphingolipid Synthesis and Transport 
by Metabolic Labeling of Cultured Cells with [ 3 H]Serine       

     Neale     D.     Ridgway      

  Abstract 

   Analysis of lipid biosynthesis by radioactive precursor incorporation provides information on metabolic 
rates and the identity of rate-limiting enzymes and transporters. The biosynthesis of sphingolipids in cul-
tured cells is initiated in the endoplasmic reticulum (ER) by the formation of a sphingoid base from serine 
and palmitoyl-CoA. N-acylation of the sphingoid base produces ceramide, which is transported to the 
Golgi apparatus where phosphocholine or carbohydrate headgroups are added to form sphingomyelin 
(SM) and complex glycosphingolipids (GSLs), respectively. Herein is described a protocol to measure 
ceramide and SM biosynthesis in cultured cells based on [ 3 H]serine incorporation at the fi rst step in the 
pathway. The method can be used to assay the effect of pharmacological and genetic manipulations on 
ceramide synthesis and transport to the Golgi apparatus.  

  Key words     Sphingomyelin  ,    Ceramide    ,    Metabolic label   ing    ,   CHO cells  ,   Thin-layer chromatography  , 
   Glucosylceramide    

1      Introduction 

  Sphingolipid   synthesis is initiated in the endoplasmic reticulum by 
the serine palmitoyltransferase (SPT)-catalyzed condensation of 
serine and palmitoyl-CoA to form 3-keto sphinganine [ 1 ] (Fig.  1 ). 
The 3-keto group of this intermediate is subsequently reduced to 
produce sphinganine, which is N-acylated to form dihydrocer-
amide. A 4,5-trans double bond is introduced into dihydrocer-
amide to form ceramide, the immediate precursor for the synthesis 
of SM, ceramide-1-phosphate, glucosylceramide (GlcCer), and 
galactosylceramide (GalCer). GlcCer and GalCer are the precur-
sors for hundreds of complex (GSLs) that are synthesized in the 
Golgi apparatus by successive addition of carbohydrate moieties. 
 Ceramide   transfer protein (CERT) binds ceramide in the ER and 
transports it to the cytosolic surface of the  trans -Golgi, where it is 
fl ipped to the luminal side of the membrane and converted to SM 
by the SM synthase 1 (SMS1) [ 2 ,  3 ]. GalCer synthesis occurs in 
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the ER, while GlcCer is synthesized on the luminal surface of the 
 cis/medial  Golgi apparatus after transport from the ER by a poorly 
understood mechanism.

   The synthesis of SM is regulated by the activity of SPT at the 
level of substrate (serine and palmitoyl-CoA) availability [ 4 ], 
 subunit composition [ 5 ], and end-product inhibition [ 6 ].  Ceramide   
transport from the ER to the  trans -Golgi by CERT is also regu-
lated and rate-limiting for SM synthesis under some conditions 
[ 3 ,  7 ]. CERT is a steroidogenic acute regulatory protein-related 
lipid transfer (START) protein family member characterized by a 
C-terminal ceramide binding domain, an N-terminal phosphati-
dylinositol 4-phosphate (PI-4P)-specifi c pleckstrin homology 
domain and an internal motif that binds to vesicle-associated mem-
brane protein (VAMP)-associated protein (VAP) on the cytosolic 
surface of the ER. Interaction with PI-4P in the Golgi and VAP in 
the ER is proposed to facilitate unidirectional transfer of ceramide 
from the ER to the  trans -Golgi. 

 Isotopically labeled precursors (sphingoid bases, serine or pal-
mitate) have been used to monitor the synthesis and degradation 
of ceramide and SM in cultured cells [ 8 ]. These studies involve the 
continuous (pulse) or phased (pulse-chase) incubation of cultured 
cells with radioactive precursors, followed by analysis of precursor 
incorporation into lipid or water-soluble products. Isotopic 

  Fig. 1    Pathway for the synthesis of [ 3 H]serine-labeled sphingolipids in the ER and 
Golgi apparatus. Radioactive serine is incorporated at the fi rst step in the  pathway 
catalyzed by serine palmitoyltransferase (SPT). 3-Keto sphinganine is converted 
to ceramide on the cytosolic surface of the ER in a three-step reaction. Radioactive 
ceramide is transported to the  cis/medial -Golgi for conversion to GlcCer or to SM 
synthase 1 (SMS1) located in the lumen of the  trans -Golgi. Abbreviations used: 
 Cer  ceramide,  DHCer  dihydroceramide,  3-KSpa  3- ketosphinganine,  Spa  sphin-
ganine,  Pal-CoA  palmitoyl-CoA,  PC  phosphatidylcholine,  DAG  diacylglycerol       
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labeling offers an advantage over steady-state mass analysis by 
 providing information on precursor fl ux through a biosynthetic 
pathway and the activity of individual enzymes/transporters. It 
should be noted, however, that determining the mass of the pre-
cursors and products in a lipid biosynthetic pathway is often neces-
sary to fully interpret isotopic labeling experiments. Previously, we 
developed a short, continuous [ 3 H]serine-pulse protocol using 
Chinese hamster ovary ( CHO) cells   to specifi cally assay the activa-
tion of [ 3 H]SM synthesis in response to altered levels of cholesterol 
and oxysterol [ 9 ]. The protocol has been validated with respect to 
(1) substrate- and time- dependence and (2) incorporation of [ 3 H]
serine at the SPT- catalyzed step and not secondarily into the acyl-
CoA pool. Variations of this protocol have also been used to iden-
tify how pharmacological agents [ 10 – 12 ] and regulatory proteins 
affect SM synthesis [ 7 ,  13 ].  

2    Materials 

       1.    Chinese hamster ovary ( CHO) cells   (ATCC CCL61): Other 
commonly used cultured cells have been adapted to this proto-
col, including HEK293, HeLa, and primary fi broblasts.   

   2.    Medium A: Dulbecco’s modifi ed Eagle’s Medium (DMEM) 
with 5 % (v/v) fetal bovine serum (FBS) and 33 μg/ml pro-
line. Prewarm medium to 37 °C before adding to cells.   

   3.    Medium B: Serine-free DMEM with 5 % (v/v) fetal bovine 
serum (FBS) and 33 μg/ml proline. Medium is pre-warm to 
37 °C before adding to cells.   

   4.     L -[ 3 H(G)]Serine (PerkinElmer): This serine isotope is uni-
formly labeled at non-exchangeable positions and is preferred 
due to low cost and high specifi c activity (1 μCi/ml, 20–40 
mCi/mmol). Avoid using serine labeled at C 1  because decar-
boxylation occurs during the SPT reaction.   

   5.    PBS: 10 mM sodium phosphate, pH 7.4, 150 mM NaCl.      

       1.    Glass screw cap tubes (10–12 ml capacity): Screw cap tubes 
with solvent-resistant cap liners are required for solvent extrac-
tion of lipids from cell suspensions.   

   2.    Ideal Upper Phase (IUP): Methanol–0.58 % NaCl–chloroform 
(45:47:3, v/v) can be added to tubes with a pump dispenser.   

   3.    Nitrogen evaporating bath: Chloroform is removed from 
radioactive lipids extracts by evaporation under nitrogen in a 
35 °C water bath. We use a 49-position Multivap Analytical 
Evaporator (Organomation).   

   4.    Low speed centrifuge: Separation of chloroform and aqueous 
phases during lipid extraction requires a non-refrigerated 

2.1  Pulse-Labeling 
of Cells with [ 3 H] 
Serine

2.2  Extraction 
and Isolation of [ 3 H]
Serine- Labeled 
 Phospholipids   
and  Sphingolipids  
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 centrifugation equipped with high capacity swinging bucket 
rotor (for example, the Allegra 6 model from Beckman 
Coulter).      

       1.    TLC plates: Silica gel HL plates (20 × 20 cm, 250 μm thick-
ness, Analtech). Plates are divided into 12 lanes using a pencil 
(not scored) and lipid extracts are applied in 1 cm zones within 
the lanes.   

   2.    TLC developing solvent for phospholipids: Chloroform–
methanol–acetic acid–water (60:40:4:1, v/v) ( see   Note 1 ).   

   3.    TLC developing solvent for sphingolipid: Chloroform–metha-
nol–water (65:25:4, v/v).   

   4.    TLC standards:  Phosphatidylserine   (PS) (porcine brain, Avanti 
Polar Lipids), phosphatidylethanolamine (PE) (egg yolk, 
Avanti Polar Lipids), SM (egg yolk, Avanti Polar Lipids), and 
ceramide (porcine brain, Avanti Polar Lipids) standards are 
prepared as 1 mg/ml stocks in chloroform. A 1 mg/ml GlcCer 
(bovine buttermilk, Matreya) standard is prepared in chloro-
form–methanol (2:1, v/v). All standards were stored at −20 °C 
under nitrogen.   

   5.    Scintillation cocktail: We use Ready Safe (Beckman Coulter) to 
quantify radioactivity in silica gel scrapings from TLC plates. 
Typically, TLC scrapings are collected in 2.5 ml of scintillation 
cocktail and allowed to set for 12 h to allow full release of 
radioactive lipids.       

3    Methods 

       1.     CHO cells   are seeded on 60 mm dishes in 3 ml of medium A 
and cultured in a 37 °C incubator with a 5 % CO 2  atmosphere. 
Cells are seeded at 400,000 cells/dish. Optimal incorporation 
of [ 3 H]serine into phospholipids and sphingolipids is obtained 
when the cells are 60–70 % confl uent, which is typically 48 h 
after seeding. However, if cells are transfected or exposed to 
other treatments that could affect growth and viability, the 
seeding density or the culture period should be adjusted 
accordingly.   

   2.    When CHO cells have reached optimal confl uence, medium A 
is removed and replaced with 3 ml of medium B for 4 h 
( see   Note 2 ).   

   3.    After 4 h in medium B, 20 μl of [ 3 H]serine (20 μCi) is added 
directly to each dish of cells followed by gentle agitation to 
ensure mixing.   

   4.    Cells are incubated with [ 3 H]serine for 2 h, the medium is 
aspirated and disposed of in accordance with local radiation 
licensing protocols. Each dish is rinsed with 2 ml of cold PBS.      

2.3  Thin-Layer 
Chromatography (TLC) 
Separation 
and Quantifi cation 
of Lipids

3.1  Pulse-Labeling 
of Cultured Cells 
with [ 3 H]Serine
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         1.    After aspiration of the last PBS wash, add 1 ml of methanol–
water (5:4, v/v) to each dish, collect the cells with a disposable 
plastic scraper and transfer the cell suspension to a screw cap 
tube.   

   2.    Rinse the culture dish with 1 ml of methanol–water and com-
bine with the primary cell suspension.   

   3.    Sonicate the cell extract for 5 s with needle tip probe (30–40 W 
output) to break up cell aggregates, vortex, and remove a 200 
μl aliquot to a 6 ml glass tube for protein analysis ( see   step 5 , 
Subheading  3.3 ).   

   4.    Add 6 ml of chloroform–methanol (1:2, v/v) to the sonicated 
cell suspension, cap each tube, and vortex for 5 s. Add 3 ml of 
0.58 % NaCl, cap each tube, and vortex for 5 s. Centrifuge at 
2000 ×  g  for 5 min to separate the upper aqueous phase and the 
lower chloroform phase (there should be approximately 2 ml 
of chloroform phase). Carefully aspirate the upper aqueous 
phase and add 2 ml of IUP, cap the tube, and vortex for 5 s. 
Separate the phases by centrifugation at 2000 ×  g  for 5 min and 
aspirate the upper phase. Add another 2 ml of IUP and repeat 
the extraction. It is important to remove as much IUP as pos-
sible from the chloroform phase.   

   5.    Evaporate the chloroform from the radiolabeled lipid extract 
under nitrogen at 35 °C. This step should take 5–10 min; 
however, be certain that all chloroform and residual IUP is 
evaporated before continuing to the next step.   

   6.    Dissolve the dried lipid extract in 1 ml of chloroform. Remove 
a 0.4 ml aliquot to a clean glass test tube, add phosphatidylser-
ine (PS) and phosphatidylethanolamine (PE) standards (5 μg 
each) and evaporate under nitrogen at 35 °C (proceed to 
 step 1 , Subheading  3.3 ).   

   7.    The remaining 0.6 ml of lipid extract (in a screw cap tube) is 
dried under nitrogen and subjected to base hydrolysis by the 
addition of 0.5 ml of 0.1 N KOH in methanol. The sample is 
incubated for 1 h at 37 °C, cooled for 5 min, and the hydroly-
sate is neutralized by addition of 0.1 ml of 0.5 N HCl ( see  
 Note 3 ).   

   8.    SM, glucosylceramide and ceramide standards (5 μg each) are 
added to the neutralized lipid hydrolysate, followed by 3 ml of 
chloroform–methanol (2:1, v/v) and 2 ml of 0.58 % NaCl. 
Tubes are capped and vortexed for 5 s, and the aqueous and 
chloroform phases separated by centrifugation for 5 min at 
2000 ×  g . Aspirate the upper aqueous phase and extract the 
lower chloroform phase twice with IUP as described in  step 4 , 
Subheading  3.2 . Finally, the chloroform extract is dried under 
nitrogen at 35 °C (proceed to  step 2 , Subheading  3.3 ).      

3.2  Extraction 
and Isolation of [ 3 H]
Serine- Labeled 
 Phospholipids   
and  Sphingolipids  
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           1.    The dried lipid extract containing the PS and PE standard is 
dissolved in 50 μl of chloroform and applied in a narrow 1 cm 
zone approximately 1 cm from the bottom of a TLC plate. The 
tube is rinsed with an additional 25 μl of chloroform, which is 
applied to the same zone. The TLC plate is placed in a tank 
containing the phospholipid developing solvent at a depth of 
approximately 0.5 cm and the solvent is allowed to migrate to 
within 2–3 cm from the top of the plate (run time is 40–60 
min). After removal from the tank, solvents are evaporated 
from the TLC plate in a fume hood for 30–60 min.   

   2.    The dried lipid extract containing the sphingolipids is applied 
to a TLC plate and developed exactly as described in  step 1 , 
Subheading  3.3  above, except that the sphingolipid develop-
ing solvent is used.   

   3.    There are a number of methods for the non-destructive detec-
tion of phospholipid and sphingolipid on TLC plates. We 
expose each TLC plate to iodine vapor in a tank for 5–10 min 
and quickly mark the positions of the lipid standards. 
Alternatively, sphingolipids and phospholipids can be visual-
ized by fl uorography (Fig.  2 ). The plate is lightly sprayed with 
EnHance (surface autoradiography enhancer, PerkinElmer) in 
a fume hood, covered with plastic wrap and exposed to Kodak 
XAR fi lm for 2–3 days at −70 °C. The exposed fi lm is used as a 
template to mark the position of radioactive phospholipids and 
sphingolipids.

       4.    The bands corresponding to radioactive PS, PE, SM, ceramide 
and GlcCer are scraped onto 5 cm square weighing papers and 
carefully poured in 5 ml scintillation vials. Scintillation cocktail 
is added (2.5 ml) and radioactivity is quantifi ed by scintillation 
counting in the tritium spectrum for 2 min.   

   5.    Aliquots of the cell suspension that will be assayed for protein 
(Subheading  3.2 ,  step 3 ) are allowed to evaporate in a fume 
hood overnight. Protein residues are dissolved in 0.1 ml of 
0.1 N NaOH for 5–10 min at room temperature. Protein is 
quantifi ed with an available colorimetric assay (Bradford or 
Lowry methods) using bovine serum albumin to generate a 
standard curve. The incorporation of [ 3 H]serine into PS, PE 
and sphingolipids is expressed relative to total cellular protein 
(i.e., DPM/mg protein).       

4    Notes 

     1.    The quantifi cation of [ 3 H]serine incorporation into PS and PE 
provides a useful internal control for [ 3 H]serine uptake into 
cells and incorporation into an unrelated lipid biosynthetic 
pathway. PS synthase 1 and/or 2 catalyze the synthesis of PS 

3.3  TLC Separation 
and Quantifi cation 
of Lipids
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by headgroup exchange with PE and PC. PS is decarboxyl-
ated to PE by the mitochondrial PS decarboxylase. Be aware 
that an apparent increase in [ 3 H]PE occurs upon inhibition of 
ceramide synthesis due to increased [ 3 H]sphinganine degra-
dation to phospho-[ 3 H]ethanolamine, which enters the CDP- 
ethanolamine pathway [ 11 ].   

   2.    The addition of serine-free medium B has two purposes; deple-
tion of cellular serine to enhance [ 3 H]serine incorporation into 
lipids, and to provide a 4 h window during which cells can be 
treated with agents that alter SM synthesis. For instance, we 
treat  CHO cells   with 25-hydroxycholesterol during this time to 
activate OSBP and CERT-dependent ceramide transport [ 7 ].   

  Fig. 2    Fluorogram of [ 3 H]serine-labeled PE, PS, and sphingolipids separated by 
TLC.  Panel  ( a ), lipid extracts that were subjected to base hydrolysis to remove 
glycerophospholipids were resolved by TLC, sprayed with EnHance and exposed 
to fi lm for 3 days at −70 °C. The positions of radioactive SM, GlcCer, and ceramide 
coincided with authentic standards that were visualized with iodine vapor prior 
to fl uorography.  Panel  ( b ), total lipid extracts were subject to TLC, sprayed with 
EnHance and exposed to fi lm for 1 day at −70 °C. The positions of PE and PS 
coincide with authentic standards that were visualized with iodine vapor prior to 
fl uorography       
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   3.    It is necessary to remove radioactive PE, PS, and other 
 glycerolipids since these constitute >70 % of the radioactivity in 
the lipid extract and potentially interfere with separation and 
quantitation of the less abundant sphingolipids.         
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    Chapter 17   

 Determination and Characterization of Tetraspanin- 
Associated Phosphoinositide-4 Kinases in Primary 
and Neoplastic Liver Cells       

     Krista     Rombouts       and     Vinicio     Carloni       

  Abstract 

   Accumulating evidence implicates phosphoinositide 4-phosphate as a regulatory molecule in its own right 
recruiting specifi c effector proteins to cellular membranes. Here, we describe biochemical and immunocy-
tochemical methods to evaluate tetraspanin-associated phosphoinositide-4 kinases activity in primary 
human hepatic stellate cells (hHSC) and neoplastic hepatoblastoma cells.  

  Key words     Thin layer chromatography  ,    Tetraspanins    ,    Tetraspanin  -enriched microdomains  ,   Human 
hepatic stellate cells  ,    Density gradient centrifugation    ,   Hepatocellular carcinoma cells  

1       Introduction 

  Tetraspanins   are transmembrane proteins defi ned by small and large 
outer loops, short N-terminal and C-terminal tails with four trans-
membrane domains. They form complexes termed tetraspanin-
enriched microdomains (TEMs) by interacting with other 
tetraspanins and with a variety of transmembrane and cytosolic pro-
teins that are required for their function. Although the structure of 
TEMs is similar to that of  the   lipid rafts, TEMs are evidently distinct 
from lipid rafts based on the absence of lipid raft-specifi c glycopro-
teins such as glycosylphosphatidylinositol-anchored proteins. Several 
tetraspanin molecules have been identifi ed and implicated in the 
regulation of cell proliferation, cell migration and cell fusion [ 1 – 4 ]. 
The most important partners are integrins, particularly α3β1, α4β1, 
α6β1, and α6β4, intracellular associated heterotrimeric G proteins, 
proteases, immunoglobulin superfamily members and type II phos-
phoinositide-4 kinases ( PI4K2A  and its homologue  PI4K2B ) [ 5 ]. 
Type II phosphoinositide 4-kinase (PI4KII)  is   specifi cally associated 

 *These authors contributed equally to this work. 
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with different tetraspanins such as CD81, CD9, CD63, and CD151 
to create functional complexes [ 2 ]. PI4KII catalyzes the phosphory-
lation of phosphatidylinositol on the D-4 position of the inositol 
ring. The product of this reaction, phosphatidylinositol 4-phosphate 
(PI4-P) is a precursor in the synthesis of PI3,4P 2 , PI4,5P 2 , and 
PI3,4,5P 3 , but PI4-P itself participates in signal transduction, mem-
brane traffi cking, and cytoskeletal reorganization.  

2    Materials 

 Prepare all solutions by using ultrapure water (to be prepared by 
purifying deionized water to attain a sensitivity of 18 MΩ cm at 
25 °C) and analytical grade reagents. Prepare and store all reagents 
at room temperature (unless indicated otherwise). Follow all dis-
posal regulations when discarding waste materials.

    1.      Hepatocellular carcinoma (HCC)    complete culture medium:  
human hepatoblastoma cell line HepG2 cultured in Eagle’s 
Minimum Essential medium (EMEM), supplemented with 
GlutaMAX, 0.1 mM/L nonessential amino acids, 1.0 mM/L 
sodium pyruvate, and 10 % FBS.   

   2.     Human hepatic Stellate (hHSC)   complete    culture medium  (fi nal 
volume 500 mL): 400 mL IMDM Iscove’s Modifi ed 
Dulbecco’s Medium, 100 mL FBS fetal bovine serum, perfor-
mance plus, US, 5 mL sodium pyruvate (100×), 5 mL 
EM-NEAA (100×), 5 mL antibiotics–antimycotics (100×), 5 
mL  L- GLUTAMINE   (200 mM).   

   3.     PI4KII lysis buffer (fi nal) : 25 mM HEPES, pH 7.5 ( see  
 Note 1 ), 1 % CHAPS ( see   Note 2 ), 200 mM NaCl, 5 mM 
MgCl 2 , 200 μM Na 3 VO 4  ( see   Note 3 ), 2 mM NaF, 2 mM 
phenylmethylsulfonyl fl uoride (PMSF).   

   4.     PI4KII reaction buffer (fi nal) : 20 mM HEPES, pH 7.5, 5 mM 
MgCl2, 0.3 % Triton X-100.   

   5.     Immunoprecipitation (IP) buffer (fi nal) : 50 mM Tris–HCl, pH 
7.5, 0.5 M NaCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 0.1 % Tween 20.      

3    Methods 

   HepG2 cells are cultured in serum-rich culture medium. Cells are 
cultured under standard conditions in a humidifi ed incubator 
under 5 % CO 2  in air at 37 °C. Every 3 days the complete culture 
medium is changed and sub-confl uent cells are trypsinized and 
passaged at a split ratio 1:3.  

3.1  HCC Culture
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   Human HSCs were isolated from wedge sections of liver tissue, 
obtained from patients undergoing surgery in the Royal Free 
Hospital after giving informed consent (EC01.14-Royal Free). Cells 
were isolated according to Mederacke et al. [ 6 ] with modifi cations 
for non-cirrhotic human liver. Weigh the received human liver. All 
concentrations and volumes of the solutions described in this proto-
col are used for a wedge section of 10 g of human liver (non-cir-
rhotic). The principle of using the density gradient centrifugation to 
isolate HSCs from other hepatic cell types is based on the presence 
of intracellular vitamin A-containing lipid droplets in HSCs [ 7 ].

    1.    Preheat water bath at 37 °C and warm up the enzymatic diges-
tion solution ( see   Note 4 ).   

   2.    Remove liver and wash excessive blood away as much as pos-
sible with HBSS solution. Place extracted liver in a petri dish 
and homogenize with a sterile scalpel and scissor.   

   3.    Transfer the homogenate in an autoclaved Erlenmeyer and add 
100 mL of enzymatic digestion solution ( see   Note 4 ). Place in 
a shaking water bath, 37 °C for 30 min. Visually examine the 
process of digestion by analyzing the obtained cell suspension 
under the light microscope to assess the extent of digestion.   

   4.    Filter the homogenate through a 100 μm nylon cell strainer.   
   5.    Divide the obtained cell suspension in 4×50 mL conical centri-

fuge tubes, replenish with HBSS and centrifuge for 2 min at 4 
°C, 500 rpm (50 ×  g ). Discard the pellet which contains few 
hepatocytes.   

   6.    Transfer the supernatant into 8 × 50 mL conical centrifuge 
tubes and fi ll up with HBSS then centrifuge for 7 min at 4 °C 
and 1500 rpm (427 ×  g ). Discard the supernatant.   

   7.    Collect and resuspend the cell pellet in 11.6 mL of gradient 
solution 1.   

   8.    Prepare 4 × 15 mL conical centrifuge tubes for gradient density 
centrifugation: add 2.1 mL of gradient solution 2 to each coni-
cal centrifuge tube and add to this solution 2.9 mL of gradient 
solution 1 containing the cell suspension of  step 7 . Mix gently 
to form OptiPrep fi nal concentration of 17 % to remove 
Kupffer cells or macrophages in general. At this point the fi nal 
volume should be exactly 5 mL.   

   9.    Layer an equal amount (5 mL) of gradient solution 3, very 
gently to create another gradient of OptiPrep 11.5 %, which 
after centrifugation contains a layer of human HSC.   

   10.    Layer an additional 2 mL of gradient solution 1.   
   11.    Centrifuge at 1400 ×  g  for 17 min at 4 °C. It is very important 

to not use the centrifuge break nor accelerator.   

3.2  Human  Hepatic 
  Stellate Cell (hHSC) 
Isolation
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   12.    Aspirate with a 1 mL tip the hHSC layer ( see  Fig.  1 ) and  resus-
pend   in complete culture medium ( see Subheading 2,  item 2 ) 
followed by a centrifugation of 7 min at 427 ×  g .    

   13.    Discard the supernatant and resuspend the cells in complete 
culture medium. Count the cells and establish viability by 
using trypan blue solution, then culture the cells according to 
the obtained yield ( see  Fig.  2 ).     

         1.    Trypsinize the cells and culture the cells until ~70 % 
confl uent   

   2.    Put the cells in serum-free medium for 12 h.   
   3.    Wash the cells with phosphate-buffered saline.   
   4.    Lysate the cells with PI4KII lysis buffer at 4 °C, centrifuge, 

and measure protein concentrations in the supernatant      

3.3  Immuno- 
precipitation and Lipid 
 Kinase   Assay

  Fig. 1    Human hepatic stellate cells (hHSC) are isolated by employing an ex vivo 
enzymatic digestion of the liver tissue by enzymes such as collagenase, pronase, 
and DNase which allow the  dissociation   of the hepatic cells from the surrounding 
extracellular matrix (ECM). This is then followed by sequential centrifugation 
steps at different g force to separate the various cell types from the hHSC popu-
lation. Next, a refi ned single step gradient centrifugation (OptiPrep 11.5–17 %) 
allows to select and to purify hepatic stellate cells       
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       5.    Carry out immunoprecipitations by using protein G Sepharose 
4 Fast Flow. Protein G and protein A have different IgG bind-
ing specifi cities, dependent on the origin of the IgG. Compared 
to protein A, protein G binds more strongly antibodies from 
various species. For each antibody use 100 μl of protein G 
Sepharose 4 Fast Flow matrix.   

   6.    Wash three times with ice-cold IP buffer   
   7.    Add 300 μl of ice-cold IP buffer. Add antibodies 5–10 μg of 

anti-CD81 mAb, anti-CD63 rabbit, or nonimmune mouse 
IgG as a control, place on a rotator at 4  °C  and incubate for a 
minimum of 30 min.   

   8.    Wash protein G Sepharose-antibody complexes three times 
with ice-cold IP buffer.   

   9.    Add lysate to each tube (500 μg to 1 mg of proteins). Be sure to 
add equal amount of proteins per tube/immunoprecipitation.   

   10.    Bring total volume up to 300 μl with IP buffer. Try to not 
exceed 400 μl.   

   11.    Incubate overnight on rotator at 4 °C.   
   12.    Next day, spin down immune complexes and transfer superna-

tant to new tubes and store at −70 °C. Consider these aliquots 
as depleted lysates.   

   13.    Wash immune complexes four times in lysis buffer and one 
time in 10 mM HEPES pH 7.5 plus 5 mM MgCl 2       

       14.    Perform reaction directly on immune complexes. Add the 
reaction mixture (50 μl total/tube), 20 μl water, 10 μl PI4KII 
reaction buffer, 5 μl ATP (50 μM fi nal).   

   15.    Start reactions adding 50 μg of  L -α-phosphatidylinositol ( see  
 Note 5 ) and 10–15 μCi of ATP, [γ- 32 P] ( see   Note 6 ), 
 remember to store and dispose of radioactive and organic 
waste appropriately.   

3.4  Immuno- 
precipitation 
of  Tetraspanin  - 
Associated 
Phosphoinositide-4 
 Kinases  

3.5  Phosphoinositide 
 Kinase   Reactions

  Fig. 2    Phase contrast images of HSCs in culture. Twenty four hours after isolation the freshly isolated hepatic 
stellate cells show prominent dendritic cytoplasmic processes, and the presence of lipid droplets. The HSC 
morphology gradually displays a slightly more myofi broblast-like phenotype during the subsequent days in 
culture. Images were taken after HSC isolation at <24 h, 3–10 days in culture and after the third passage. 
Magnifi cation 4×, 10×, 20×, and 40×       
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   16.    Carry out reactions for 5–10 min at room temperature 
 Type II PI 4-kinases are not sensitive to wortmannin, but 

are inhibited by the nonspecifi c inhibitor adenosine, therefore 
perform a kinase reaction in the presence of the drug (200 
μM/tube) as control ( see  Fig.  3 ) [ 8 ].    

   17.    Prepare stop solution (1:1 MeOH–1 N HCl) and stop the 
reaction with 90 μl. Extract the organic layer twice with 100 μl 
CHCl 3  and vortex gently. Use elongated tips to withdraw the 
lower layer to a new tube. Combine the two organic layers and 
dry under nitrogen gas. Add 15 μl of 2:1 CHCl 3 –MeOH solu-
tion to each tube, vortex and spin quickly.   

   18.    Resolve the organic layer by thin layer chromatography (TLC) 
on potassium oxalate-treated silica gel 60 glass plates ( see  
 Note 7 ). Spot on TLC plate, no closer than 1 cm apart. Put 
plate in TLC tank fi lled to a depth of about 2 cm with develop-
ing buffer (120 ml chloroform–94 ml methanol–22.6 ml 
water–4 ml ammonium hydroxide), after running close to the 
top plate, lift up the plate, air-dry and expose with X-ray fi lm. 
Cut out spots from TLC for counting radioactivity using scin-
tillation counter [ 9 ,  10 ].      

   The use of the carrier-cargo system to ferry fl uorescent derivatives 
or native phosphoinositide polyphosphates (PIPs) into living cells 
provides a simple method to examine the action, localization, and 
metabolism of PIPs involved in signal transduction pathways in the 
context of changes in cell physiology. PIPs are crucial components 
for endocytic, exocytic, and Golgi vesicle movement, and in 
remodeling of the actin cytoskeleton [ 11 – 13 ].

3.6  Intracellular 
Delivery 
of Phosphoinositides

  Fig. 3     Tetraspanin  -associated phosphoinositide kinase activity. Huh7 cells are 
lysed and immunoprecipitated CD81 and CD63 are subjected to an in vitro phos-
phoinositide kinase assay in the absence or presence of adenosine. PI4-P is 
separated by thin layer chromatography       
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    1.    Prepare freshly long-chain (di-C16) synthetic phosphatidylino-
sitol 4-phosphate or BODIPY Fluorescent-PI4P at 300 μM in 
150 mM NaCl, 4 mM KCl, and 20 mM HEPES pH 7.2 and 
resuspend by bath sonication.   

   2.    Prepare polyamine carrier–PI4-P complexes following the 
Echelon Shuttle PI4-P kit guidelines..   

   3.    Plate the cells on coverslips (10-mm diameter) for 12–24 h 
before employing delivery experiments with synthetic PI4-P or 
fl uorescently tagged analogs.   

   4.    Mount coverslips onto a glass bottom culture dish and add 20 
μl of medium in the well and polyamine carrier–PI4-P com-
plexes to the medium. The fi nal concentrations are between 
0.1 and 50 μM, but the optimal concentration for a given 
experimental system should be determined.   

   5.    Collect optical sections after 10 min by using an inverted 
microscope and/or a laser scanning confocal microscope system 
with acquisition software ( see  Fig.  4a ).     

         1.    Discharge culture medium and fi x cells by adding an equal vol-
ume of 2.5 % paraformaldehyde ( see   Note 8 ) for 10 min on ice.   

   2.    Wash three times with Tris-buffered saline (TBS) ( see   Note 9 ).   
   3.    Permabilize the cells with 0.5 % saponin on ice for 15 min.   
   4.    Wash three times with TBS.   
   5.    Block with 10 % Goat Serum in TBS either overnight at 4 °C 

or 30 min at 37 °C.   

3.7  Immuno- 
fl uorescence 
of Phosphoinositides 
(PIPs) in Cultured Cells

  Fig. 4    Delivery and immunocytochemical detection of PI4-P into HepG2 cells. ( a ) Carrier-delivered BODIPY 
fl uorescent- PI4-P in HepG2 cells. Image shown is recorded at 10 min after addition of the complex. The green 
fl uorescing PI4-P can be seen in intracellular patterns consistent with its presence in the Golgi, cytoplasmic 
vesicles and the nuclear membrane. ( b ) HepG2 cells are fi xed with 2.5 % paraformaldehyde and stained using 
saponin permeabilization. Anti-PI4-P antibody is applied to the cells. Anti-PI4-P antibody staining of the Golgi 
complex and cytoplasmic vesicles       
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   6.    Add anti-PI4-P antibody diluted in TBS to the concentration 
suggested on the technical data sheet (use 200 μL per well in 
an 8-well chamber slide). Incubate for 60 min at 37 °C.   

   7.    Wash 3 times with TBS-Goat Serum 1 %.   
   8.    Add 200 μL /well biotinylated goat anti-mouse IgM (1:2000) 

or IgG (1:5000) in TBS. Incubate for 30 min at 37 °C.   
   9.    Wash three times with TBS-Goat Serum 1 %.   
   10.    Add Streptavidin-Alexa Fluor 488 at a dilution of 1:2000 in 

TBS. Incubate 200 μl/well for 30 min at 37 °C.   
   11.    Rinse thoroughly with water.   
   12.    Dry completely.   
   13.    Seal with mounting media and coverslip. Store at 4 °C in 

the dark.   
   14.    View with a confocal or fl uorescence microscope ( see  Fig.  4b ).       

4    Notes 

     1.    Add 11.91 g of HEPES to an appropriate beaker with about 
80 mL of deionized water to the beaker. Add a stir bar to the 
beaker and leave it on a stir plate until completely dissolved (~1 
min). Begin monitoring pH of the solution. It should be acidic 
(pH ~5). Add NaOH 10 N to increase the pH towards 7.5. If 
the pH is too high, lower it back to a pH of 7.5 by carefully 
adding HCl, while monitoring the pH. Once the pH of the 
solution is 7.5, add enough deionized water to raise the vol-
ume to 100 mL. Store at 4 °C for up to 2 months.   

   2.    Sodium orthovanadate (activated), 200 mM. Dissolve 1.84 g 
of sodium orthovanadate in 45 ml purifi ed water in a small 
beaker with a stir bar. Adjust the pH to 10 using either 1 N 
NaOH or 1 N HCl, with stirring. The starting pH of the 
sodium orthovanadate may vary with lots of the chemical. At 
pH 10, solution will be yellow. Boil solution until it turns col-
orless (approximately 10 min). All of the crystals should dis-
solve. Cool to room temperature. Readjust the pH to 10 and 
repeat  steps 3  and  4  until solution remains colorless and pH 
stabilizes at 10. Adjust the fi nal volume to 50 ml with purifi ed 
water. Store the activated sodium orthovanadate in 1-ml ali-
quots and freeze at −20 °C.   

   3.    CHAPS, 3-[(3-Cholamidopropyl) dimethylammonio]-1- 
propanesulfonate  is   sulfobetaine derivative of cholic acid. This 
zwitterionic detergent is useful for membrane protein solubili-
zation when it is important to maintain protein activity. Prepare 
a 10 % solution in water.   
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   4.    Prepare Stock solutions and Buffers to be used during human 
hepatic stellate cell isolation: 

 Collagenase Type IV: Stock solution: 1 %—dissolve 0.1 g 
in 10 mL HBSS (without Ca +2 , Mg +2 ), fi lter,  aliquots   can be 
stored at −20 °C. 

 Pronase (protease): Stock solution: 5 %—dissolve 0.5 g in 
10 mL HBSS (without Ca +2 , Mg +2 ), fi lter, aliquots can be 
stored at −20 °C. 

 Deoxyribonuclease I from bovine pancreas: Stock solu-
tion: 1 %—dissolve 0.1 g in 10 mL HBSS (without Ca +2 , Mg +2 ), 
fi lter, aliquots can be stored at -20 °C. 

 Bovine Serum Albumin (BSA): Stock solution: 10 % dis-
solve in HBSS—fi lter, aliquots can be stored at −20 °C. 

 Enzymatic Digestion solution 1 (100 mL): HBSS (with 
Ca +2 , Mg +2 ) add 1 mL Collagenase (0.01 % fi nal), 1 mL Pronase 
(0.05 % fi nal) and 0.1 mL DNase I (0.001 %). 

 Gradient solution 1 (30 mL): 28.95 mL HBSS (without 
Ca +2 , Mg +2 ) add 0.300 ml DNase I (0.001 % fi nal), and 0.75 
mL BSA (0.25 % fi nal). 

 Gradient solution 2 (21 mL): gradient solution 1 (7 mL) 
and add 14 mL of OptiPrep™ Density Gradient Medium fi nal 
density gradient of 40 %. 

 Gradient solution 3 (25 mL): 17.83 mL HBSS (without 
Ca +2 , Mg +2 ) and add 7.17 mL of gradient solution 2 (fi nal 
OptiPrep gradient of 11.5 %).   

   5.     L -α-phosphatidylinositol, sodium salt. 
 Use 4 μl of phosphatidylinositol, dry under nitrogen gas, 

and add 120 μl of deionized water. Seal the tube with Parafi lm 
to avoid evaporation. Sonicate for 10 min for allowing micelle 
formation.   

   6.    ATP, [γ- 32 P]- 3000 Ci/mmol 10 mCi/ml  . Lipid kinase activ-
ity is expressed as counts/min within a defi ned area representing 
the PI 4-   32   P.    

   7.    Silica Gel 60 20 × 20 cm glass plates. 
 TLC pretreatment solution: 2 % (w/v) potassium oxalate in 

methanol–water (40:60). Prepare fresh TLC pretreatment 
solution. Place plates in a TLC developing tank and add pre-
treatment solution. Run solvent, air-dry, and then activate 
plates at 100 °C for 1 h.   

   8.    Paraformaldehyde fi xation 
 Heat a 2.5 % solution in calcium magnesium free PBS at 60 

°C, add 2–4 drops of 10 N NaOH. When paraformaldehyde 
goes in solution, allow to cool at room temperature. Then 
adjust pH to 7.2 with HCl. Store for no longer than 1 week 
at 4 °C.   
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   9.    Tris-buffered saline (TBS)   
        Dissolve the following salts in 800–900 ml of water. 8 g 

sodium chloride (136.8 mM fi nal), 0.38 g potassium chloride 
(5.0 mM fi nal), 0.1 g calcium chloride (anhydrous; 0.9 mM 
fi nal). 0.1 g magnesium chloride hexahydrate (0.5 mM fi nal), 
0.1 g dibasic sodium phosphate (anhydrous; 0.7 mM fi nal). 
Add 25 ml 1 M Tris–Cl, pH 7.4. Add water up to 1 l, distrib-
ute 100 ml aliquots into glass bottles, autoclave and store at 
room temperature.         
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    Chapter 18   

 Analysis of the Phosphoinositide Composition 
of Subcellular Membrane Fractions       

     Deborah     A.     Sarkes     and     Lucia     E.     Rameh      

  Abstract 

   Phosphoinositides play critical roles in the transduction of extracellular signals through the plasma mem-
brane and also in endomembrane events important for vesicle traffi cking and organelle function (Di Paolo 
and De Camilli, Nature 443(7112):651–657, 2006). The response triggered by these lipids is heavily 
dependent on the microenvironment in which they are found. HPLC analysis of labeled phosphoinositides 
allows quantifi cation of the levels of each phosphoinositide species relative to their precursor, phosphati-
dylinositol. When combined with subcellular fractionation techniques, this strategy allows measurement of 
the relative phosphoinositide composition of each membrane fraction or organelle and determination of 
the microenvironment in which each species is enriched. Here, we describe the steps to separate and quantify 
total or localized phosphoinositides from cultured cells.  

  Key words     Phosphoinositide  ,   Subcellular fractionation  ,    Metabolic label   ing    ,   Organelle  

1       Introduction  

 Phosphatidylinositol and its seven phosphorylated phosphoinosit-
ide (PI) forms are interconnected by a network of kinases and 
phosphatases, which act in a dynamic balance to allow for the rapid 
initiation and termination of the PI signal in response to extracel-
lular and intracellular cues [ 2 ]. Given that the cellular responses to 
activation/inhibition of PI-kinases and phosphatases depend not 
only on changes in the local concentration of the PI being formed, 
but also on changes in the local concentration of its precursors, 
precise measurement of the changes in all seven PIs within the cell 
is critical for full understanding of the outcome. High Performance 
 Liquid Chromatography   (HPLC) analysis of metabolically labeled 
phosphoinositides (PIs) has been the golden standard for quan-
titative measurements of cellular PI composition for many years. 
With the advancement in our understanding of the function of 
PIs in cells, new methodology for measuring cellular PIs have 
been  developed. The discovery of PI-specifi c probes, for example, 
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allowed for the detection of the subcellular localization of specifi c 
PIs in real- time [ 3 ]. The use of phospho-specifi c antibodies against 
proteins that are phosphorylated in a PI-dependent manner (as for 
phospho- Akt) became a popular method for quickly evaluating the 
activity of PI-kinases (e.g., PI 3-kinase) and the potential changes 
in the levels of PIs in cells. More recently, the development of 
PI-specifi c antibodies together with new methodology for staining 
PIs in situ added another valuable tool in the study of these lipids 
[ 4 ]. However, one major shortcoming of these techniques is the 
potential for generating false negative results. For example, cer-
tain subpopulations of PIs may not be accessible to PI probes and 
antibodies, or the local concentration and/or microenvironmental 
factors may prevent proper detection [ 5 ,  6 ]. HPLC analysis of PIs 
remains the most sensitive and the only technique that allows for a 
direct comparison between the levels of various PIs. However, this 
technique also has its own limitations. Unlike the in situ PI probes 
and antibodies, HPLC analysis of labeled PIs only gives a snap-
shot of the global cellular PI composition, with no spatial informa-
tion. With this in mind, we developed a strategy for analyzing the 
subcellular PI composition, which combines two well-established 
 techniques  : subcellular fractionation of microsomal membranes 
and HPLC analysis of labeled PIs. Together these two techniques 
become a powerful tool for mapping the dynamic membrane dis-
tribution of all PIs within the cell and unraveling the coordinated 
function of these signaling molecules. Nonetheless, one has to 
keep in mind that for precise comparison of the levels of the vari-
ous PI species, the metabolic labeling step needs to reach equilib-
rium. The subcellular fractionation methods described below have 
been developed by applying fundamental principles  for   organelle 
fractionation [ 7 ] and adapted from protocols used to isolate lipid 
binding proteins [ 8 ]. They have been optimized to reduce sample 
loss and minimize lipid dephosphorylation. Analysis of the subcel-
lular distribution of PIs in HeLa and BTC6 cells using this strategy 
was previously reported [ 9 ]. For an overview of the procedures, 
refer to the workfl ow chart (Fig.  1 ).

2       Materials 

     1.    Cells of interest and tissue culture reagents and facilities.   
   2.    Tabletop ultracentrifuge and centrifuge tubes.   
   3.    HPLC quaternary pump with degasser and autosampler 

(optional).   
   4.    Strong anionic exchange columns (Agilent Zorbax SAX or 

Whatman Partisphere SAX).   
   5.    Flow scintillation analyzer or β-counter and scintillation fl uid.   
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   6.    Chemical fume hood.   
   7.    Centrifugal evaporator.   
   8.    Protective equipment for radioactivity and permit.      

3    Methods 

          1.    Inositol-free media.   
   2.     L -glutamine 100×.   
   3.    [ 3 H] inositol.   
   4.    Treated tissue culture plates, 100 mm (P100).   
   5.    Dialyzed fetal bovine serum ( see   Note 1 ).   
   6.    Phosphate buffered saline (PBS).      

   For tips for avoiding contamination of the area,  see   Note 2 :

    1.    Seed a tissue culture plate with the cells of interest the day 
before the start of the labeling.   

   2.    Rinse the cells with about 5 mL PBS and incubate them with 
inositol-free media for about 30 min (pre-labeling).   

   3.    Add fresh inositol-free media (5 ml/P100) containing 1× (200 
mM)  L -glutamine, dialyzed serum (at the concentration in 
which your cells grow) and 10 μCi of [ 3 H] inositol per ml 
( see   Note 3 ).   

3.1  Labeling Cells 
with [ 3 H] Inositol

3.1.1  Materials

3.1.2  Protocol

3.1. Metabolic Labeling

OR

Unlabeled cells
(for protein analysis)

3.3. Subcellular Fractiontion3.2. Total PI Extraction

3.4. Lipid extraction and deacylation Protein preparation

3.5. HPLC Analysis Western-blot Analysis

3.3.1.
Separation of

nuclear fraction and
associated
membranes

3.3.2.
Differential

Centrifugation of
microsomes

(cytosol, heavy and
light microsomes)

3.3.3.
Sucrose density

gradient
fractionation of

microsomes
(fractions 1-6)

  Fig. 1    Diagram depicting the workfl ow chart for the studies of the subcellular 
localization of PIs, as described in this chapter       
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   4.    Culture cells in labeling medium for 24–72 h ( see   Note 4 ).    
  At this point, you can proceed to extract the total phos-

phoinositide content (as described in  steps 1  through  6  in 
Subheading  3.2 ), or use the labeled cells for subcellular fraction-
ation (as described in Subheading  3.3 ).   

         1.    Rinse the cells in 5 ml PBS. After removing the PBS, keep the 
plate tilted for a few seconds and remove the last drop of PBS 
with a P1000 pipet tip ( see   Note 5 ).   

   2.    Add 400 μl of 1 M HCl, then 400 μl of methanol.   
   3.    Scrape the cells and transfer to a 1.5 ml microfuge tube ( see  

 Note 6 ) using a wide mouth P1000 pipet tip, clipped about 
5 mm from the end (because the lysate will have a lot of white, 
insoluble material). 
 Optional: add carrier lipids to the tube to which the lysate is 
being transferred ( see   Note 7 ).   

   4.    Add 400 μl chloroform, vortex very well ( see   Note 8 ), centri-
fuge approximately 1 min in a microfuge at maximum speed (if 
using nanofuge, spin for at least 5 min) and collect bottom 
phase (organic phase) into a new microfuge tube ( see   Note 9 ). 
The white, insoluble material should make a thin line at the 
interface. Avoid this material when collecting the lipids.   

   5.    To each tube containing the organic phase, add 400 μl of a 
mixture of freshly prepared methanol : 0.1 M EDTA pH 8.0 
(10:9, v:v). Vortex very well, spin and collect the bottom phase 
into a new microfuge tube ( see   Note 10 ).   

   6.    Evaporate the organic phase containing your lipids under a 
nitrogen stream and store the dried lipids at −80 °C until deac-
ylation (Subheading  3.4.1 ).      

        Cytosol buffer with phosphatase and protease inhibitors: 0.2 M 
sucrose; 25 mM HEPES, pH 7; 125 mM potassium acetate; 1 mM 
dithiothreitol; 1 mM sodium orthovanadate; 2 mg/ml sodium 
fl uoride; 2 mg/ml β-glycerophosphate; 1 mM phenanthroline; 
1 mM benzamidine, and protease inhibitor cocktail ( see   Note 11 ). 

 Sucrose solutions: using the cytosol buffer with phosphatase 
and protease inhibitors, make a 16 % (w:vol) sucrose solution 
(light) and a 64 % (w:vol) sucrose solution (heavy).  

         1.    Prepare cytosol buffer (25 ml for four 100 mm plates).   
   2.    Turn on the tabletop ultracentrifuge and set temp to 4 °C.   
   3.    Prechill the rotor in cold room.   
   4.    Start with one 100 mm tissue culture dish, approximately 

90–100 % confl uent, containing cells labeled with [ 3 H]-inositol 
as in Subheading  3.1  ( see   Note 12 ).   

3.2  Collection 
of Total PI Content

3.3  Subcellular 
Fractionation

3.3.1  Materials

3.3.2  Protocol
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   5.    Treat cells as required for your particular experiment. At the 
end of the treatment, place cells on ice. 
 All steps below are conducted on ice with solutions at 4 °C.   

   6.    Rinse plate 3 times with 5 ml PBS, removing excess in between 
washes ( see   Note 13 ).   

   7.    Rinse twice with cytosol buffer plus inhibitors, 2 ml per plate.   
   8.    Remove excess buffer by tilting the plate and aspirating remain-

ing liquid with a pipet, without drying cells ( see   Note 14 ).   
   9.    Scrape cells from plate: for optimal recovery, scrape the bor-

ders fi rst and then tilt the plate towards you to scrape the cen-
ter downward, letting the liquid fl ow to the bottom edge of 
the plate.   

   10.    Transfer lysate to a microcentrifuge tube using a 29-gauge 
needle. Each plate of cells should yield about 150 μl of lysate. 
Pass cells through the needle about 6–12 times, avoiding cre-
ation of foam ( see   Note 15 ).   

   11.    The percentage of cell lysis will vary from cell line to cell line 
and from experiment to experiment. If you are running a non-
radioactive test for protein analysis, you can check for lysis at 
this point by mixing 5 μl of the lysate with 5 μl of Trypan Blue 
reagent and visualizing on a hemocytometer with an inverted 
phase contrast microscope. 
 Optional: If lysis is less than 90 %, spin the lysate in a nanofuge 
for 1 min, transfer the supernatant to a new microcentrifuge 
tube and pass the concentrated pellet through the 29-gauge 
needle a few more times, returning the supernatant back 
gradually.   

   12.    Centrifuge the lysates at approximately 100 ×  g  for 10 min at 
4 °C to pellet the nuclear fraction and associated membranes.   

   13.    Remove the supernatant (post-nuclear fraction) carefully with 
clean pipet tip and transfer to new centrifuge tube.   

   14.    Resuspend the nuclear fraction in 200 μl of cytosol buffer. 
 Optional: pass the resuspended pellet through the same 
29-Gauge needle 6–12 times and spin the tube at approxi-
mately 100 ×  g  for 10 min to remove any remaining buffer. 
Remove supernatant and combine with the other supernatant, 
containing post-nuclear fraction.   

   15.    Process the nuclear fraction by following Subheading  3.3.1  
and process the post-nuclear supernatant by following either 
Subheading  3.3.2  (for separation of microsomal fraction 
through differential centrifugation) or Subheading  3.3.3  (for 
separation of microsomal fractions through sucrose density 
gradient) ( see   Note 16 ).      
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          1.    Resuspend the pellet in 200 μl of cytosol buffer and go through 
three freeze-thaw cycles (using dry ice and ethanol) to break 
remaining unbroken cells ( see   Note 17 ).   

   2.    Spin at approximately 100 ×  g  for 10 min in cold room. Remove 
supernatant (we usually save this fraction for analysis and label 
it Fraction X,  see   Note 18 ).   

   3.    Resuspend the pellet with 200 μl of fresh cytosol buffer + 1 % 
Triton X-100.   

   4.    Rock for 10 min in cold room and spin at 16,000 ×  g  for 10 min 
in cold room.   

   5.    Remove and save supernatant (this is the fraction containing 
the Triton-soluble membranes associated with the nucleus).   

   6.    Resuspend the pellet in 200 μl of fresh cytosol buffer + 1 % 
Triton X-100 and save (this is the nuclear fraction).      

       1.    If you opted to rinse the nuclear pellet as in  step 14  of 
Subheading  3.3  (above), combine the supernatant for each 
sample into one microcentrifuge tube.   

   2.    Using a microfuge, spin the post-nuclear supernatant at 
16,000 ×  g  for 30 min.   

   3.    Collect the supernatant and transfer to a thick-wall polycar-
bonate ultracentrifuge tube (11 × 34 mm). The pellet gener-
ated in  step 2  is the heavy microsomal fraction and should be 
resuspended in 200 μl of cytosol buffer containing 1 % Triton 
X-100 with protease and phosphatase inhibitors.   

   4.    Balance and centrifuge the supernatant at 400,000 ×  g  for 1 h 
on a tabletop ultracentrifuge with fi xed angle rotor (we use 
Beckman TLA120.2).   

   5.    Remove supernatant carefully and transfer to new tube (this is 
the cytosol fraction).   

   6.    Add 200 μl of cytosol buffer containing 1 % Triton X-100 to 
pellet and let it soak for 45–60 min on ice ( see   Note 19 ). 
Resuspend by pipetting up and down and transfer to a new 
tube, making sure that nothing is left behind (this is the light 
microsomal fraction).      

       1.    Prepare light (16 %) and heavy (64 %) sucrose solutions in 
cytosol buffer with protease and phosphatase inhibitors (4 ml 
of each is more than suffi cient for four gradients).   

   2.    Prepare nine microfuge tubes with mixtures of the two sucrose 
solutions, such that the fi rst tube (solution A) has 10 % of the 
light sucrose and 90 % of the heavy sucrose solution, the sec-
ond tube (solution B) has 20 % of light and 80 % of heavy, etc., 
increasing the ratio of the light to heavy solution by 10 % each 
time until you reach 90 % light and 10 % heavy sucrose solu-
tion (for solution I). Mix each tube well.   

3.3.3  Separation 
of Membrane Associated 
with the Nucleus 
from the Nuclear Fraction

3.3.4  Separation 
of Microsomal Fractions 
from Cytosol by Differential 
Centrifugation

3.3.5  Sucrose Density 
Fractionation of the 
Microsomal Fractions
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   3.    In a thick-wall polycarbonate centrifuge tube (11 × 34 mm), 
carefully overlay 100 μl of each sucrose solution, starting with 
the heaviest mixture (solution A) and ending with the 16 % 
sucrose solution alone, for the tenth layer.   

   4.    Layer 200–250 μl of the post-nuclear supernatant on top of 
the discontinuous gradient, balance and spin at 250,000 ×  g  for 
4.5 h on a tabletop ultracentrifuge using a swinging bucket 
rotor (we use TLS55).   

   5.    Collect 6 fractions of 200 μl each, starting from the top of the 
tube and going down, by placing the pipet tip just below the 
meniscus of the gradient and aspirating slowly as you move 
down with the meniscus ( see   Note 20 ). Fractions are labeled 
1–6, 1 containing the lightest and 6 containing the heaviest 
organelles and cellular debris.       

   If performing protein analysis of subcellular fractions from unla-
beled cells, add 40 μl of 6× loading buffer containing reducing 
agent to all fractions and proceed to western-blot analysis, using 
conventional methods. 

 If performing PI analysis of labeled cells, proceed to  steps 1 – 4 , 
described below:

    1.    To each tube containing 200 μl of fractionated lysate, add 200 μl 
of 2 M HCl, 400 μl of methanol, and 400 μl of chloroform. 
 Optional: add carrier lipids to the tube to which the lysate is 
being transferred ( see   Note 22 ).   

   2.    Vortex the tube well, and then centrifuge approximately 1 min 
in a microfuge at maximum speed to separate the organic and 
aqueous phases. Collect the bottom organic phase containing 
lipids into a fresh microfuge tube, as in Subheading  3.2 ,  step 7 , 
for total lipids.   

   3.    To each tube containing the organic phase, add 400 μl of a 
mixture of freshly prepared Methanol : 0.1 M EDTA pH 8.0 
(10:9, v:v). Vortex very well, spin and collect the bottom phase 
into a new microfuge tube ( see   Note 23 ).   

   4.    Evaporate the organic phase containing your lipids under a 
nitrogen stream and store the dried lipids at −80 °C until deac-
ylation (Subheading  3.4.1 ).    

          1.    Prepare fresh methylamine reagent in the chemical hood. For 
10 ml (10 samples): 

 40 % methylamine in water  2.68 ml 

 H 2 O  1.61 ml 

 Methanol  4.57 ml 

  n -butanol  1.14 ml 

3.4  Lipid or Protein 
Extraction of Samples 
from Subcellular 
Fractionation Protocols 
( See   Note 21 )

3.4.1  Chemical 
Deacylation of the Lipids
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       2.    Prepare a vacuum pump inlet trap by fi lling the bottom of the 
trap with 50–100 ml of H 2 SO 4  and surrounding it with dry ice 
to freeze the acid and avoid aspiration. Connect it to the cen-
trifugal evaporator, in between the centrifuge and the 
condenser.   

   3.    Add 1 ml methylamine reagent to each sample in a chemical 
fume hood.   

   4.    Incubate samples at 53 °C for 50 min in well-sealed tubes. 
Cool samples to room temperature, quick spin to remove con-
densation, and dry them in the centrifugal evaporator. For 
proper set up of the centrifugal evaporator,  see   Note 24 .   

   5.    Store dried lipids at −80 °C until fatty acid extraction 
(Subheading  3.4.2 ).      

        1.    Mix  n -butanol, petroleum ether, and ethyl formate at 20:4:1 
(v:v:v) (we call this “fatty acid extraction mix”).   

   2.    Label 2 sets of tubes per sample such that each set can be dis-
tinguished from each other and from the set of tubes already 
containing your sample.   

   3.    Add 500 μl deionized H 2 O and 500 μl fatty acid extraction mix 
to each deacylated, dried sample in the chemical fume hood. 
Vortex twice for at least 30 s and centrifuge for 1 min at top 
speed.   

   4.    Remove the bottom (aqueous) layer with a P200 ( see   Note 
26 ) and add it to the fi rst set of tubes with 500 μl fatty acid 
extraction mix already in it. Vortex twice for at least 30 s and 
centrifuge for 1 min in a microfuge at top speed.   

   5.    Extract the bottom (aqueous) layer using a P200 pipet tip and 
store in the empty set of labeled tubes.   

   6.    Dry these samples by centrifugal evaporation (~2 h) and store 
at −80 °C.       

         1.    Resuspend samples in 100–120 μl H 2 O.   
   2.    Add the appropriate standards to the sample ( see   Note 27 ). 

Final volume should be about 120 μl.   
   3.    Transfer to a microfuge spin fi lter and spin sample together 

with standards in a tabletop centrifuge, making sure to fi lter 
most of the sample volume.   

   4.    If you have an automatic HPLC injector, transfer sample to a 
mini conical glass tube and insert into the HPLC sample holder, 
with all bubbles removed. You should have at least 110 μl.      

       1.    For conventional  method  , install a 250 mm anionic exchange 
column. For PI-5-P separation, install two 250 mm anionic 
exchange columns in tandem (these must be Whatman 
Partisphere SAX columns).   

3.4.2    Fatty Acid   
Extraction ( See   Note 25 )

3.5  HPLC 
Analysis of PIs

3.5.1  Preparing Samples 
for HPLC Injection

3.5.2  Prepare the HPLC
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   2.    Prepare 1 M ammonium phosphate dibasic pH 3.8 or 6.0, for 
conventional or PI-5-P separation methods, respectively. Use 
phosphoric acid to adjust the pH.   

   3.    Fill reservoir for pump A with HPLC grade H 2 O.   
   4.    Fill reservoir for pump B with 1 M ammonium phosphate at 

appropriate pH.   
   5.    Wash column as suggested by the vendor. We usually run H 2 O 

followed by ammonium phosphate, then equilibrate with H 2 O 
before running samples.   

   6.    For conventional phosphoinositide separation, program the 
HPLC to run gradient A. For separation of PI-5-P from all 
other phosphoinositides, use gradient B:

  Ammonium Phosphate pH 3.8, Gradient A 

  Step 1A. H 2 O 5 min  
  Step 2A. Ammonium phosphate gradient from 0 to 15 % over 

55 min  
  Step 3A. Isocratic 15 % ammonium phosphate for 15 min  
  Step 4A. Ammonium phosphate gradient from 15 to 65 % over 

25 min  
  Step 5A. Isocratic 65 % ammonium phosphate for 5 min  
  Step 6A. H 2 O for 15 min   

  Ammonium phosphate pH 6.0 ( see   Note 28 ), gradient B: 

  Step 1B. H 2 O 5 min  
  Step 2B. Ammonium phosphate gradient from 0 to 1 % over 5 min  
  Step 3B. Ammonium phosphate gradient from 1 to 4 % over 

60 min  
  Step 4B. Ammonium phosphate gradient from 4 to 15 % over 

5 min  
  Step 5B. Isocratic 15 % ammonium phosphate for 20 min  
  Step 6B. Ammonium phosphate gradient from 15 to 65 % over 

25 min  
  Step 7B. Isocratic 65 % ammonium phosphate for 5 min  
  Step 8B. H 2 O for 15 min         

       1.    Using an automatic or manual injector, inject 100 μl of sample 
into the HPLC.   

   2.    Run ammonium phosphate gradient A or B, described above, 
at 1 ml/min.   

   3.    If using an online fl ow scintillation analyzer, use UltimaFlo 
AP (Perkin Elmer) as your scintillation cocktail, running at 

3.5.3  Inject 
and Run HPLC
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222

5 ml/min. If using a 0.5 ml cell, set up detection for every 6 s 
( see   Note 29 ).   

   4.    If using a fraction collector, collect fractions as you desire and 
as frequently as possible. Mix them with scintillation fl uid and 
measure the counts in a scintillation counter. This will need to 
be optimized for your own system to avoid losing fractions of 
interest.   

   5.    Wash column with 65 % ammonium phosphate solution for 
20 min followed by H 2 O for 20 min.      

   Using HPLC analysis software, identify and quantify the peaks 
equivalent to each phosphoinositide species. Enter the values in an 
excel spreadsheet, correct and normalize the data according to 
your particular application. At this point, you may have to correct 
for any loss that may have occurred during the process. For exam-
ple, if you only load 50 % of the post-nuclear supernatant into the 
sucrose gradient, then the values from the sucrose gradient frac-
tions need to be multiplied by 2. For analysis of fractionation data, 
we normalize the data two ways. First, we calculate the distribution 
of each species over the various fractions ( see  Fig.  2 , Table B). 
Second, we calculate the distribution of all PI species within a par-
ticular fraction ( see  Fig.  2 , Table C). By adding the total counts 
from each PI species and comparing the results with the expected 
relative amount of each PI in samples prepared without fraction-
ation, you can determine whether there was any loss or gain of PIs 
due to dephosphorylation.

   Based on our previous analysis, the bulk of the PIs will frac-
tionate with the nuclear-associated membranes [ 9 ]. This fraction 
contains most of the endoplasmic reticulum (ER), where phospha-
tidylinositol is synthesized. The ER will also be present in the 
 post- nuclear fractions and will be enriched in the heavy fractions of 
the density gradient (fractions 5 and 6) together with  other   heavy 
organelles, such as mitochondria and lysosomes. Plasma membrane 
derived microsomes will be enriched in fraction 4. Light organelles 
will be enriched in fractions 3 and 2 of the gradient. Fractions 1 
and 2 will also contain cytosolic proteins. This pattern of distribu-
tion may vary from cell to cell.    

4    Notes 

     1.    Dialyzed serum can be purchased or prepared in the lab using 
a small pore dialysis bag and performing the dialysis at 4 °C 
overnight against PBS, to remove inositol from the serum.   

   2.    Always use proper personal protective equipment, including 
gloves, lab coat, and appropriate shielding for isotope in use; 
use pipet tips with cotton plug when pipetting radioactive 

3.5.4  Data Analysis
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material. During incubation, place cells in a labeled box or tray, 
with shielding if necessary. Cover benches with absorbent 
paper pad. Use plastic bag for disposal of all solid consumables, 
and add absorbent material to container for liquid waste. Label 
area, waste container, and incubation box with radiation tape. 
Always check for spills by wipe testing the area when fi nished. 
Monitor with Geiger counter when appropriate.   

   3.    Some commercial [ 3 H]-inositol comes dissolved in ethanol. If 
the fi nal concentration of ethanol in the labeling medium is 
likely to harm your cells, you may choose to fi rst evaporate the 
ethanol in a microfuge tube and resuspend the dried inositol in 
inositol-free media.   

   4.    The ideal labeling period will depend on each cell line. If the 
cell line grows well in the labeling medium, it should incorpo-
rate the [ 3 H]-inositol into lipids in approximately 24–48 h 
(equilibrium). HeLa cells label well within 48 h. However, 
slow-growing cells may need to be labeled for 72 h or more, 

  Fig. 2    Example of an Excel spreadsheet for analyzing the data from the fractionation studies described within. 
 Table A  is the raw data.  Table B  is the PI composition of each fraction relative to phosphatidylinositol (PtdIns). 
 Table C  is the distribution of each PI through the fractions. The numbers shown are fi ctitious, not from an actual 
experiment. For example data refer to Sarkes and Rameh [ 9 ]       
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assuming that they won’t die in the labeling medium. In order 
to optimize labeling time, perform a test labeling.   

   5.    It is important to remove all PBS to avoid diluting the HCl in 
the next step.   

   6.    Use good quality microfuge tubes. Some brands don't seal 
well and will leak during vortexing.   

   7.    This is especially important if you are starting with few cells, to 
avoid loss of the [ 3 H]-labeled lipids. You can use crude brain 
phosphoinositides or a mixture of any lipids available.   

   8.    When “vortexing” radioactive materials dissolved in organic 
solvents, use a paper wipe around the tube to avoid spreading 
radioactivity to the area around the mixer, if leaking occurs. 
Always centrifuge the tubes before opening the cap to avoid 
contamination of the area.   

   9.    When pipetting organic solvents, saturate the pipet tip fi rst, to 
avoid dripping. When transferring chloroform from one tube 
to another, hold both tubes in one hand to shorten the dis-
tance between them and avoid sample loss and contamination 
of the work area.   

   10.    At this point you can estimate the total counts obtained by 
measuring the cpm present in 1 μl of each sample using a scin-
tillation counter and scintillation fl uid. You should have at least 
1,000,000 cpm total per sample.   

   11.    Sodium orthovanadate, sodium fl uoride and β-glycerophosphate 
are phosphatase inhibitors and are essential to the preservation 
of the phosphoinositide composition of the lysates during the 
fractionation. Other phosphatase inhibitors can be added to 
supplement these inhibitors.   

   12.    Prior to using radioactive labeled cells, it is recommended to 
run through the protocol using unlabeled cells. This will allow 
for analysis of the distribution of organelle markers through 
western-blot and troubleshooting before conducting PI 
analysis.   

   13.    Use plastic bag for disposal of all contaminated solid consum-
ables, and add absorbent material to container for liquid waste.   

   14.    Excess buffer is removed to reduce the total volume of the 
lysate to the minimum retained by the cell layer. The more con-
centrated the cells in the cytosol buffer, the higher the percent-
age of lysed cells after passage through the narrow needle.   

   15.    Unlike other subcellular fractionation protocols, we avoid 
freezing and thawing at this stage, to avoid disrupting organ-
elles. Passing the cells through a small needle will mechanically 
disrupt the cells without affecting the structure of most organ-
elles. However, creation of foam may lead to protein denatur-
ation and should be avoided.   

Deborah A. Sarkes and Lucia E. Rameh
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   16.    Subheading  3.3.2  separates the microsomes based on size to 
isolate heavy microsomes from light microsomes and from 
cytosol. This is a faster fractionation protocol and suitable for 
quickly isolating small cytosolic vesicles such as Golgi-derived 
vesicles (COPI and COPII-containing vesicles) from other 
organelles and plasma membrane, and from nucleus and 
nuclear-associated membranes. Subheading  3.3.3  is more time 
consuming, but allows for separation of dense organelles, such 
as mitochondria and lysosome, from lighter organelles, such as 
smooth ER and Golgi. Subheading  3.3.3  also allows for sepa-
ration of plasma membrane-derived microsomes from the 
other organelles.   

   17.    By freezing and thawing the lysates several times, you should 
achieve 100 % lysis. Thus, this step allows removal of any con-
taminating post-nuclear material from unbroken cells.   

   18.    Fraction X may contain a mixture of organelles. It will contain, 
for example, the microsomes from the leftover unbroken cells. 
We save and analyze this fraction to ensure that no material was 
lost at the end of the protocol.   

   19.    You can also freeze the resuspended pellet overnight.   
   20.    After centrifugation, the total volume may decrease such that 

the last fraction may have less than 200 μl. Be sure to record 
the volume of the last fraction for normalization during data 
analysis. If you loaded more than 200 μl of lysate on top of the 
gradient, you should collect 250 μl (or your actual load vol-
ume) as your fi rst fraction.   

   21.    We recommend running the procedure for protein extraction 
and western-blot analysis prior to any lipid analysis to confi rm 
the separation of various organelles using antibodies against 
proteins markers. We also recommend checking the density of 
the collected fractions using a refractometer. When performing 
protein extraction for western-blot and density measurements, 
cells should not be labeled with [ 3 H]-inositol.   

   22.    This is especially important if you are starting with few cells, to 
avoid loss of the [ 3 H]-labeled lipids. You can use crude brain 
phosphoinositides from Sigma or a mixture of any lipids 
available.   

   23.    At this point you can estimate the total counts obtained by 
measuring the cpm present in 1 μl of each sample using a scin-
tillation counter and scintillation fl uid.   

   24.    Make sure a dry ice H 2 SO 4  trap is properly fixed to the 
centrifugal evaporator, to allow circulation of the vapors from 
the samples into the trap, without aspiration of the acid into 
the pump. After 2 h have passed, remove the H 2 SO 4  trap and 
continue until lipids are dry. Avoid overnight usage of the 
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centrifugal evaporator. Monitor the increasing volume of the 
sulfuric acid/methylamine reagent mixture and empty when 
necessary to prevent contamination of your samples or aspira-
tion by the pump. Store H 2 SO 4  trap in a chemical fume hood 
and dispose of waste properly.   

   25.    We are interested in the PI head group only. This step is to 
clean the sample from the fatty acid chains and from any 
remaining lipids and thus avoid clogging the HPLC column.   

   26.    Using a P200 gives better control and prevents sample loss and 
contamination of work area. Do not use P1000 pipet tips, they 
are too large for 1.5 ml microcentrifuge tubes containing 1 ml 
sample and the mixture will spill over the tube.   

   27.    PI-4-P and PI-4,5-P 2  peaks are easy to identify, as they are the 
most abundant PIs in cells. Therefore, we don’t need stan-
dards for these lipids. We use [ 32 P] labeled standards to identify 
the peaks corresponding to the less abundant PIs. For exam-
ple, we prepare [ 32 P]-labeled PI-3-P, PI-3,4-P 2 , PI- 3,5-P 2 , and 
PI-3,4,5-P 3  using baculovirus-expressed PI3- kinase and the 
appropriate precursor as substrate.   

   28.    We found that using ammonium phosphate pH 6.0 makes the 
PI-4-P and PI-5- P   peaks narrower and helps avoid overlapping 
bases. However, with this method we sometimes loose good 
separation of PI-3,4-P 2  from PI-4,5-P 2 .   

   29.    In order to cut on the volume of scintillation fl uid used per 
sample, we often opt to start detection after 45 min into the 
gradient, just before PI-3-P elutes. This can only be done if 
you opt to use the total counts, rather than the PI counts,  for   
normalization.         

  Acknowledgements 

 This work was supported by the NIH-NIDDK grant # 
RO1-DK63219-06 (L.E.R.). The content does not necessarily 
refl ect the position or the policy of the United States Government, 
and no offi cial endorsement should be inferred.  

   References 

   1.    Di Paolo G, De Camilli P (2006) 
Phosphoinositides in cell regulation and mem-
brane dynamics. Nature 443(7112):651–657  

    2.    De Matteis MA, Godi A (2004) PI-loting 
membrane traffi c. Nat Cell Biol 6(6):487–492  

    3.    Downes CP, Gray A, Lucocq JM (2005) 
Probing phosphoinositide functions in signal-
ing and membrane traffi cking. Trends Cell Biol 
15(5):259–268  

    4.    Hammond GR, Schiavo G, Irvine RF (2009) 
Immunocytochemical techniques reveal 
 multiple, distinct cellular pools of PtdIns4P 
and PtdIns(4,5)P(2). Biochem J 422(1):
23–35  

    5.    Balla T (2005) Inositol-lipid binding motifs: 
signal integrators through protein-lipid and 
protein-protein interactions. J Cell Sci 118(Pt 
10):2093–2104  

Deborah A. Sarkes and Lucia E. Rameh



227

    6.    Carlton JG, Cullen PJ (2005) Coincidence 
detection in phosphoinositide signaling. Trends 
Cell Biol 15(10):540–547  

    7.    Higgins JA, Graham JM (1997) Membrane 
analysis. The introduction to biotechniques. 
Bios Scientifi c Publishers, New York  

    8.    Patki V, Virbasius J, Lane WS, Toh BH, 
Shpetner HS, Corvera S (1997) Identifi cation 

of an early endosomal protein regulated by 
phosphatidylinositol 3-kinase. Proc Natl Acad 
Sci U S A 94(14):7326–7330  

      9.    Sarkes D, Rameh LE (2010) A novel HPLC- 
based approach makes possible the spa-
tial characterization of cellular PtdIns5P 
and other phosphoinositides. Biochem 
J 428(3):375–384    

Analysis of the Phosphoinositide Composition of Subcellular Membrane Fractions



229

Mark G. Waugh (ed.), Lipid Signaling Protocols, Methods in Molecular Biology, vol. 1376,
DOI 10.1007/978-1-4939-3170-5_19, © Springer Science+Business Media New York 2016

    Chapter 19   

 Single-Molecule Imaging of Signal Transduction via 
GPI- Anchored Receptors       

     Kenichi     G.  N.     Suzuki       

  Abstract 

   Lipid rafts have been drawing extensive attention as a signaling platform. To investigate molecular interac-
tions in lipid rafts, we often need to observe molecules in the plasma membranes of living cells because 
chemical fi xation and subsequent immunostaining with divalent or multivalent antibodies may change the 
location of the target molecules. In this chapter, we describe how to examine dynamics of raft-associated 
glycosylphosphatidylinositol (GPI)-anchored receptors and interactions of the receptors with downstream 
signaling molecules by single-particle tracking or single-molecule imaging techniques.  

  Key words      Single-particle track   ing    ,   Single-molecule imaging  ,   GPI-anchored protein  ,   Rafts  , 
   Colocalization    ,    Temporal confi nement    ,    Src family kinase    ,   PLCγ  ,    IP 3     ,    Calcium    

1      Introduction 

 Lipid  rafts   in cell plasma membranes have been drawing extensive 
attention as a platform where glycosylphosphatidylinositol (GPI)-
anchored receptors, glycosphingolipids, cholesterol, and lipid- 
anchored signaling molecules such as  Src family kinase   s   and 
G-proteins are assembled and activated [ 1 ]. Lipid rafts have been 
defi ned operationally in terms of their detergent-resistant insolu-
bility in cold Triton X-100 treatment [ 2 ]. However, Triton X-100 
induces domain formation in lipid raft mixtures [ 3 ], and a more 
recent study showed that Triton X-100 induced phase separation 
in the previously homogeneous membrane of giant unilamellar 
vesicles of erythrocyte membrane lipids [ 4 ], which further compli-
cates the defi nition of lipid rafts. Although characterization by 
detergent insolubility is still useful and may help us to predict the 
association preference of specifi c membrane molecules to rafts, we 
should keep in mind that the insoluble fraction is created by the 
detergent treatment. 
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 To examine the location of raft-associated molecules in plasma 
membranes, immunoelectron and immunofl uorescence micros-
copy is frequently used. These methods usually contain a fi xation 
step using 1–4 % paraformaldehyde. However, lipid-anchored 
 proteins such as   GPI-anchored proteins and  Src family kinase   s   are 
easily cross-linked by antibodies even after the fi xation procedure 
[ 5 ]. For example, about half of GPI-anchored proteins, in which 
the ecto-protein domain is Halo-tagged, are still mobile and eas-
ily cross-linked by antibodies even after fi xation with 4 % para-
formaldehyde for 90 min [ 5 ]. Tanaka et al. found that 80 % of 
lipid- anchored proteins could be fi xed after treating cells with 4 % 
paraformaldehyde and 0.2 % glutaraldehyde at 25 °C for 30 min or 
longer, yet up to 20 % of the molecules could still be cross-linked 
by antibodies. Tanaka et al. recommended that for fl uorescence 
microscopy, it would be better to observe live cells using fl uo-
rescent protein-conjugated molecules or monovalent fl uorescent 
probes. 

 Obviating the limitations incurred through fi xation steps, 
single- molecule imaging is a powerful tool to observe molecular 
events that transiently or only rarely occur. In particular, dual-color 
observation of two different kinds of single molecules allows us to 
observe molecular interactions within plasma membranes. For 
example, dual-color single-molecule imaging revealed that the 
GPI-anchored receptor CD59 formed transient (~160 ms) 
homodimers, which are induced by ecto-protein domain interac-
tions and stabilized by raft-lipid interactions [ 6 ]. Upon ligation, 
CD59 formed stable homooligomers, which repeatedly underwent 
stimulation-induced Temporal Arrest of LateraL diffusion (STALL) 
[ 7 ,  8 ], which is induced by the activity of  Src family kinase   and 
binding of actin fi lament [ 9 ,  10 ] and stabilized by cholesterol. Just 
before STALL periods, lipid-anchored signaling molecules such as 
G-protein (Gαi2) and Src family kinase (Lyn) were transiently 
(0.1–0.2 s) recruited to the stable CD59 homooligomers [ 7 ], and 
the activation of these signaling molecules further induced the 
transient (~0.25 s) recruitment of PLCγ2 to STALL sites. PLCγ2 
molecules produced 20–50  IP 3    molecules during each recruitment 
period, inducing the intracellular Ca 2+  response [ 8 ]. The pulse-like 
signaling of PLCγ2 may easily maintain a stable level in the overall 
signaling activity [ 11 ]. 

 As evidenced by the aforementioned study, single-molecule 
imaging provides very useful information on signal transduction 
occurring  in   rafts of plasma membranes. In this chapter, we describe 
protocols to induce signal transduction by stimulating CD59 with 
40-nm gold particles or fl uorescent latex beads coated with anti-
 CD59 IgG antibody, or by providing CD59 ligand to cells. 
Furthermore, we also explain how the dynamic behavior of CD59, 
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especially the STALL events in plasma membranes, are correlated 
with the downstream signaling events such as recruitment of Gαi2, 
Lyn, and PLCγ2,  IP 3    production, and intracellular Ca 2+  mobiliza-
tion. The methodology described here would be also applicable to 
the study of signaling mediated by other GPI-anchored receptors 
within rafts.  

2    Materials 

       1.    Gold particles: 40 nm in diameter.   
   2.    Yellow-green or dark-red latex beads: 40 nm in diameter.   
   3.    Washing buffer: Carbowax 20 M in 2 mM phosphate buffer 

(pH 7.2). Prepare 2 mM phosphate buffer (pH 7.2) by mixing 
1/15 M KH 2 PO 4  with 1/15 M Na 2 HPO 4 , adjusting the pH 
to 7.2, and diluting the mixture with Milli-Q water. Filter 2 
mM phosphate buffer with a 0.22 μm fi lter to remove con-
taminants which induce aggregation of gold particles and latex 
beads.   

   4.    Observation buffer: Carbowax 20 M in Hanks’ balanced salt 
solution buffered with 2 mM PIPES, pH 7.2. Filter HBSS 
with a 0.22 μm fi lter as well.      

       1.    Partial cholesterol depletion: 4 mM methyl-β-cyclodextrin 
(MβCD) in HBSS.   

   2.    Partial actin depolymerization: 50 nM latrunculin B in HBSS.   
   3.    Inhibition of activity of  Src family kinase   s  : 10 μM PP2 in 

HBSS.   
   4.    Inhibition of activity of Gαi2: 1.7 nM pertussis toxin in HBSS.      

       1.    Prepare commercially available rhodamine G110 (R110) or 
tetramethylrhodamine (TMR)-conjugated ligand for the 
Halo7 tag.   

   2.    Prepare 50 nM fl uorescent ligand solution in cell culture 
medium.      

       1.    Vector: Epstein-Barr virus (EBV)-based episomal vector 
pOsTet15T3, which carries the components of the tetracycline- 
regulated expression system, including the transactivator 
(rtTA2-M2) and the TetO sequence (a Tet-on vector) [ 6 ,  12 ].   

   2.    Subcloning of tagged signaling molecule fusion proteins: 
Insert cDNA sequences that encode monomeric GFP (A206K) 
or Halo7 tags for expression of N- or C-terminal tagged sig-
naling molecules.       

2.1  Preparation 
of Gold Particles 
and Latex Beads 
for Stimulating CD59

2.2  Drug Treatments

2.3  Labeling 
of Halo7-Tagged 
 Signaling   Molecules 
with Fluorophores

2.4  cDNA 
Construction 
of Vectors 
for the Expression 
of Tagged  Signaling   
Molecules
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3    Methods 

       1.    Centrifuge at 100 ×  g  for 10 min to remove clumped particles.   
   2.    Mix a fi vefold minimal protecting amount (MPA) of IgG antibody 

directed against the GPI-anchored receptor of interest, such as 
CD59, with the gold particles (40 nm in diameter). In the specifi c 
case of anti-CD59 IgG, the MPA is 2.5 μg/ml ( see   Note 1 ).   

   3.    Incubate the mixture of the antibody and the gold particles on 
a slowly tumbling shaker at room temperature for 60 min.   

   4.    Stabilize the gold particles by addition of Carbowax 20 M to a 
fi nal concentration of 0.03 % and resume incubation for an 
additional 15 min.   

   5.    Wash the gold particles by sedimentation (17,400 ×  g  for 10 
min) and resuspension in 0.03 % Carbowax 20 M in 2 mM 
phosphate washing buffer 3 times and then resuspend them in 
HBSS containing 0.03 % Carbowax 20 M (Observation buf-
fer). Use the gold particles within 6 h.      

       1.    Centrifuge at 100 ×  g  for 10 min to remove clumped particles   
   2.    Mix small amounts of the Fab fragment of IgG antibody 

against the GPI-anchored receptor of interest with 40-nm 
gold particles ( see   Note 2 ). In the specifi c case of the Fab frag-
ment of anti-CD59 IgG antibody, the fi nal concentration of 
the Fab fragment in the mixture is one third of the MPA, or 
0.8 μg/ml.   

   3.    Incubate the mixture of the Fab fragment and gold particles 
on a slowly tumbling shaker at room temperature for 60 min. 
Stabilize and wash the Fab-coated gold particle mixture as 
described above in the preparation of the IgG-coated gold par-
ticle mixture ( see   Note 3 ).      

       1.    Centrifuge at 2400 ×  g  for 10 min to remove clumped 
particles.   

   2.    Mix 6 μl of the 40-nm (diameter) yellow-green or dark-red 
fl uorescent latex beads with 1 μl (2.1 mg/ml) of IgG antibody 
against GPI-anchored receptors, as well as 3 μl (1.25 mg/ml) 
of nonspecifi c IgG antibody, and adjust the total volume to 
200 μl with 2 mM phosphate buffer ( see   Note 4 ).   

   3.    Incubate the mixture on a slowly tumbling shaker at 4 °C for 
4 h. Stabilize the beads by adding Carbowax 20 M to a fi nal 
concentration of 0.02 % and resume incubation for 15 min.   

   4.    Washing by alternate sedimentation (100,000 ×  g  for 15 min) 
and resuspension in 0.02 % Carbowax 20 M in 2 mM  phosphate 
washing buffer for 3 times and then resuspend the beads in 
HBSS containing 0.02 % Carbowax 20 M (Observation buf-
fer). Use the beads within 8 h.      

3.1  Preparation 
of Gold Particles 
Coated 
with Antibodies 
Directed Against 
GPI-Anchored 
Receptors

3.2  Preparation 
of Gold Particles 
Coated with the Fab 
Fragment 
of Antibodies Directed 
Against GPI-Anchored 
Receptors

3.3  Preparation 
of 40-nm Yellow-Green 
or Dark-Red 
Fluorescent Latex 
Beads Coated 
with Antibodies 
Directed Against 
GPI-Anchored 
Receptors
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       1.    Trypsinize ECV304 (T24) cells cultivated in a 6-cm dish, seed 
the cells on coverslips (4 × 10 3  cells/coverslip), and grow the 
cells for 18–30 h before each experiment. Use cells at about 
the same level of confl uency (~10 %) for every experiment 
because the diffusion coeffi cient of ECV304 (T24) cell mem-
branes depends on the confl uency level (the macroscopic diffu-
sion coeffi cient for CD59 was twofold larger in the membranes 
of confl uent cells).   

   2.    Add 40-nm IgG-coated gold particles or 40-nm IgG-coated 
yellow-green or dark-red fl uorescent latex beads to the cells at 
a fi nal concentration of 1.8 × 10 10  particles/ml. This optimal 
concentration is suffi ciently high enough to induce robust 
intracellular signaling responses yet suffi ciently low enough 
not to interfere with the single-particle tracking, which may be 
disrupted if two particles on the cell surface come into close 
proximity with one another. The 40-nm IgG-coated gold par-
ticles or 40-nm IgG-coated fl uorescent latex beads cross-link 
about 3–6 CD59 molecules (Fig.  1 ). Cross-linking of CD59 
induces signaling events that are very similar to those initiated 
by the addition of the ligand C8 [ 7 ,  8 ,  13 ].

       3.    In case of CD59 stimulation with C8, add a mixture of 40-nm 
Fab fragment-coated gold particles to the cells at a fi nal 
 concentration of 1.8 × 10 10  particles/ml, 8.3 μg/ml of free Fab 
fragment (which is not bound to gold particles,  see   Note 5 ), and 
C8 of a cytolytic membrane attack complex unit of 1000 (Fig.  1 ).      

3.4  Stimulation 
of Cells with Antibody- 
Coated 40-nm Gold 
Particles or 40-nm 
Yellow- Green or 
Dark-Red Fluorescent 
Latex Beads

  Fig. 1    Gold particles or fl uorescent latex beads to induce CD59 clustering. Non- 
stimulated CD59 is observed with 40-nm diameter gold particles coated with 
small amounts of anti-CD59 Fab fragments (Fab-coated Gold). To inhibit multiva-
lent binding, free Fab fragment should be included in the observation buffer. To 
observe CD59 upon stimulation, CD59 is fi rst tagged with a Fab-coated gold 
particle and then the ligand (C8) is added, or CD59 is cross-linked by 40-nm gold 
particles or latex beads conjugated with anti-CD59 IgG antibody (IgG-coated 
Gold, IgG-coated Bead) [ 7 ]       
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       1.    For single-particle tracking of the gold particles, observe the 
particles attached to the apical/dorsal membrane at 33-ms 
resolution (video rate), using a microscope equipped with a 
100× 1.4 NA objective lens and a CCD camera [ 14 ,  15 ].   

   2.    For single-fl uorescent particle tracking of the latex beads, 
observe the beads attached to the apical/dorsal membrane at 
33-ms resolution (video rate), using objective lens-type, TIRF 
microscope equipped with a 100× 1.49 NA objective lens and 
an image intensifi er coupled with a sCMOS camera. Use 
oblique angle illumination to observe the beads on the apical 
membrane.   

   3.    Estimate the accuracy of the position determinations for sta-
tionary probes from the standard deviations of the determined 
coordinates of the probes fi xed on poly- L -lysine-coated cover-
slips immersed in a 10 % polyacrylamide gel ( see   Note 6 ).   

   4.    Detect STALL events of the 40-nm gold particles or the 40-nm 
fl uorescent latex beads recorded at a video rate (33-ms resolu-
tion) for a period of 10 s [ 16 ] ( see   Note 7 ). The length of the 
trajectories for the analysis has no infl uence on the estimated 
parameters, as long as it is >5 s.   

   5.    Observe the STALL events of the gold particles or the beads 
after cholesterol depletion with 4 mM MβCD treatment (30 
min), actin depolymerization with 50 nM latrunculin B (10 
min), inhibition of  Src family kinase   with 10 μM PP2 (5 min), 
or inhibition of Gαi2 with 1.7 nM pertussis toxin (22 h).      

       1.    Transfect ECV304 (T24) cells with cDNA (vector; pEGFP) 
encoding the PH domain of PLCδ fused to GFP at the 
C- terminus [ 17 ] in a 6-cm dish. The PH domain binds to both 
 IP 3   , which is located in the cytoplasm, and PIP 2 , which is 
located on the inner leafl et of the plasma membrane. Upon 
binding to CD59, PLCγ hydrolyzes membrane-bound PIP 2  to 
generate IP 3 , and thus the cytoplasmic IP 3  concentration 
increases.   

   2.    Cultivate the transfected cells in Ham’s F12 medium supple-
mented with 10 % (v/v) FBS for 24 h. After cultivation, tryp-
sinize the transfected cells, seed the cells on a glass-based dish 
(4 × 10 3  cells/dish), and grow the cells for 18–30 h before each 
experiment.   

   3.    Wash the cells with HBSS twice and then cover the washed 
cells with fresh HBSS.   

   4.    Add 40-nm IgG-coated gold particles or 40-nm dark-red fl uo-
rescent latex beads to the cells to a fi nal concentration of 
1.8 × 10 10  particles/ml.   

   5.    Observe the distribution of the PH-GFP fusion protein with a 
fl uorescence microscope equipped with a spinning-disc confo-
cal scanner system. Detect the relative increase of the fl uores-

3.5  Single-Particle 
Tracking of Gold 
Particles and 
Fluorescent Latex 
Beads and Detection 
of Stimulation- 
Induced Temporal 
Arrest of LateraL 
 Diffusion   (STALL)

3.6  Observation 
of  IP 3    Production 
in Relation to STALL 
Events
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cence signal of PH-GFP in the cytoplasm versus that in the 
plasma membrane [ 8 ,  18 ].   

   6.    Observe the distribution of PH-GFP after cholesterol deple-
tion, actin depolymerization, inhibition of  Src family kinase  , or 
inhibition of Gαi2, and examine correlation between occur-
rences of STALL events and  IP 3    signaling.      

       1.    Incubate ECV304 (T24) cells in HBSS containing 5 μM fl uo-8 
AM for 30 min.   

   2.    Wash cells twice with HBSS and incubate with the IgG—
coated gold particles or Fab-coated gold particles and C8, or 
with the IgG-coated dark-red beads.   

   3.    Obtain fl uorescence images of fl uo-8 by epi-fl uorescence 
microscopy.   

   4.    Observe Ca 2+  mobilization after cholesterol depletion, actin 
depolymerization, inhibition of  Src family kinase  , or inhibition 
of Gαi2, and examine correlation between occurrences of 
STALL events and Ca 2+  response.      

       1.    Transfect ECV304 (T24) cells with cDNA (vector; 
pOsTet15T3) encoding signaling molecules (e.g., Gαi2,  Src 
family kinase  , PLCγ2) tagged with monomeric GFP (A206K) 
or Halo7 in a 6-cm dish.   

   2.    Culture the transfected cells in Ham’s F12 medium supple-
mented with 10 % (v/v) FBS for 24 h. Trypsinize the trans-
fected cells, seed the cells on coverslips or glass-based dishes 
(4 × 10 3  cells/coverslip), and grow the cells for 18–30 h before 
each experiment.   

   3.    For observation of signaling molecules tagged with Halo7, 
incubate cells with Halo7 fl uorescent ligand in the cell culture 
medium. Specifi cally, incubate cells with Halo7 ligand conju-
gated with 50 nM TMR for 15 min or 50 nM R110 for more 
than 120 min at 37 °C and 5 % CO 2  ( see   Note 8 ). Wash the 
cells with the cell culture medium 3 times, and incubate the 
cells in the cell culture medium at 37 °C and 5 % CO 2  for 
30 min.   

   4.    Wash the cells with cell culture medium twice, and add HBSS 
to the coverslips or the glass-based dishes for single-molecule 
observation.      

       1.    Using TIRF microscopy, simultaneously observe ECV304 
(T24) cells expressing low amounts of signaling molecules 
(e.g., Gαi2,  Src family kinase  , PLCγ2) conjugated with fl uoro-
phores via Halo7 or mGFP fusion tags and 40-nm fl uorescent 
beads which crosslink CD59 on the plasma membranes ( see  
 Note 9 ). For detailed instructions regarding TIRF microscopy, 
 see  ref.  12 . Use dark-red or yellow-green beads when signaling 
molecules are labeled with R110 or TMR, respectively.   

3.7  Fluorescence 
Imaging of Ca 2+  
Mobilization in Living 
Cells in Relation 
to STALL Events

3.8  Expression 
and Fluorescent 
Labeling of  Signaling   
Molecules in Cell 
Membranes for Dual-
Color Observations

3.9  Simultaneous 
Dual-Color 
Observation of CD59 
Clusters Underneath 
40-nm Fluorescent 
Latex Beads and 
Signaling   Molecules
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   2.    Defi ne colocalization of a fl uorescent signaling molecule and a 
fl uorescent bead (a CD59 cluster) when they become located 
within 240 nm of each other [ 12 ]. The probability of fi nding two 
molecules located at exactly the same coordinates within a dis-
tance  x  in the images increases with an increase in  x , and with the 
localization precision of single particles, the probability of fi nding 
these bound particles within 240 nm is greater than 99 %.   

   3.    Examine the relationship between the timing  of   colocalization 
of signaling molecules with CD59 and that of STALL events of 
CD59 clusters ( see   Note 10 ).       

4    Notes 

     1.    The concentration of IgG antibody should be optimized. 
When the concentration of IgG antibody on the gold particles 
is too high, the IgG antibody tends to release from the gold 
particles after the preparation, then bind to the target proteins 
in the plasma membranes. This interferes with the ability of the 
gold particles to cross-link the proteins and trigger signal 
transduction.   

   2.    We do not use 40-nm fl uorescent latex beads that are coated 
with Fab fragments of IgG antibody to monovalently label 
GPI-anchored receptors.   

   3.    We optimized the concentration of Carbowax to maximize the 
signal-transducing activity of the Fab fragment. It is usually 
easier to prepare gold particles coated with the Fab fragments 
from a monoclonal antibody rather than from a polyclonal 
antibody, since gold particles coated with the Fab fragment of 
a polyclonal antibody sometimes tend to aggregate.   

   4.    Nonspecifi c IgG antibodies are mixed with antibodies against 
GPI-anchored receptors to decrease the number of GPI- 
anchored receptors bound to the beads. Extensively  cross- linked 
GPI-anchored receptors tend to be immobilized, while ligan-
ded GPI-anchored receptors diffuse slowly (diffusion coeffi -
cient is ~0.02 μm 2 /s), with 3–6 receptors in a typical cluster 
[ 7 ]. Therefore, we aimed to cluster 3–6 receptors underneath 
each of the IgG-coated gold particles.   

   5.    Free Fab fragments should be added with Fab-coated gold 
particles to inhibit multivalent binding of the gold particles to 
CD59.   

   6.    For the ATTO488, ATTO594, TMR, Cy3, and ATTO647N 
probes recorded at a video rate, the localization precisions of 
single molecules are ±17, ±12, ±17, ±17, and ±14 nm, 
respectively.   
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   7.    The temporal confi nement of GPI-anchored clusters can be 
also detected by the method developed by Sahl et al. [ 19 ].   

   8.    The incubation period of cells with R110 should be longer 
than that with TMR because TMR penetrates through plasma 
membranes more easily than R110. The density of the  fl uores-
cent   spots should be lower than 2 molecules/μm 2  because 
higher spot densities interfere with tracking of the single mol-
ecules. If the density of the fl uorescent spots is too high, 
decrease the dye concentration.   

   9.    For dual-color observation of CD59 clusters and single signal-
ing molecules, 40-nm yellow-green or dark-red fl uorescent 
latex beads are used because gold particles give signals that 
cannot be separated from the fl uorescence signals [ 7 ,  8 ].   

   10.    Periods of colocalization between CD59 clusters and signaling 
molecules (e.g., Gαi2, Lyn, and PLCγ2) are very short (0.1–
0.2 s). Furthermore, STALL behavior of CD59 clusters also 
transiently occurs (~0.6 s). Single molecules of Gαi2 were 
recruited to CD59 clusters  just   before the STALL events, 
while single molecules of Lyn randomly recruited to the clus-
ters. Interestingly, single molecules of PLCγ2 were recruited 
only during the STALL events, as shown in Fig.  2 .

  Fig. 2    Simultaneous observation of GFP-PLCγ2 and CD59 clusters (IgG-Bead). ( a ) An image  sequence   of simul-
taneous observation of a CD59 cluster and a single molecule of GFP-PLCγ2. They are colocalized from frame 
7 to 16, which are within a STALL period. GFP-PLCγ2 suddenly appears and then returns to the cytoplasm [ 8 ]. 
( b ) A typical trajectory of a CD59 cluster, which includes 3 STALL periods ( three circles ). During one of the 
STALL periods (indicated by a  circle  in the  top-left ) a GFP-PLCγ2 molecule is recruited to the CD59 cluster. The 
colocalization period is included within the STALL period       
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    Chapter 20   

 Measuring Phosphatidylinositol Generation 
on Biological Membranes       

     Mark G.     Waugh      

  Abstract 

   Phosphatidylinositol (PI) is a phospholipid molecule required for the generation of seven different phos-
phoinositide lipids which have a diverse range of signaling and traffi cking functions. The precise mecha-
nism of phosphatidylinositol supply during receptor activated signaling and the cellular compartmentation 
of the synthetic process are still incompletely understood and remain controversial despite several decades 
of research in this area. The synthesis of phosphatidylinositol requires the activity of an enzyme called 
phosphatidylinositol synthase, also known as CDIPT, which catalyzes a reversible headgroup exchange 
reaction on its substrate liponucleotide CDP-diacylglycerol resulting in the incorporation of inositol to 
generate phosphatidylinositol and the release of CMP. This protocol describes a method for locating PI 
synthase activity in isolated, intact biological membranes and vesicles.  

  Key words     Phosphatidylinositol  ,    CDIPT    ,   Lipid  ,    Endoplasmic reticulum    

1      Introduction 

 The enzyme phosphatidylinositol (PI) synthase (also known  as 
   CDIPT   or  CDP-diacylglycerol  --inositol 3- phosphatidyltransferase) 
[ 1 – 3 ] catalyzes the reversible exchange of inositol for CMP on 
CDP-DAG [ 4 ] resulting in the production of the phospholipid PI 
which is the crucial upstream precursor for the subsequent kinase- 
and phosphatase-catalyzed generation of signaling lipids such as 
PI(4,5)P 2 , P(3,4,5)P 3  and PI5P. Eukaryotes express a single PI 
synthase enzyme [ 5 ] which localizes mainly to the endoplasmic 
reticulum (ER) [ 6 ] but pools of the enzyme have also been 
reported on traffi cking vesicles [ 7 ] as well as at the plasma mem-
brane [ 8 – 10 ]. The cellular targeting of this enzyme has generated 
a lot of interest since it is still not clear, despite several decades of 
research, how a primarily ER-localized enzyme can sense and 
replenish pools of PI that are depleted following receptor- 
stimulated phospholipase C activation [ 11 ]. Different experimen-
tal models have suggested that either PI is transported via transfer 
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proteins and presented  to   PI kinases on other membranes or that 
PI resynthesis occurs in specialized, low-density vesicles that can 
traffi c to the plasma membrane [ 7 ,  12 ,  13 ]. Another possible 
explanation is that specialised ER domains contact the plasma 
membrane and that lipid transfer can occur across these protein- 
mediated inter organelle   contact sites [ 6 ]. 

 There are some indications that PI synthase may be dysfunc-
tional in disease. Increased PI synthase expression has been associ-
ated with oral cancer [ 14 ] and recent insights gained from studies 
on zebrafi sh have linked ablated expression of the enzyme with the 
development of hepatic steatosis [ 15 ] and infl ammation of the 
intestinal mucosa [ 15 ]. Additionally in zebrafi sh, PI synthase 
expression in the eye is required to maintain particular cell popula-
tions [ 16 ] including photoreceptor and lens epithelial cells; 
 loss-of- function mutations in this enzyme give rise to the opaque 
lens or cataract phenotype in this organism [ 16 ]. 

 Despite some progress in understanding the physiological and 
pathological roles of the enzyme there is still a dearth of knowl-
edge concerning how, or even if, PI synthase is regulated and how 
its activity integrates into the phosphoinositide synthetic pathways 
known to be important for receptor signaling and intracellular traf-
fi cking. The protocol described herein describes a method for 
assessing PI synthesis on intact membrane vesicles isolated under 
detergent-free conditions using sucrose density gradients [ 17 ,  18 ]. 
However, the assay works well with all types of membrane prepara-
tions. This method has an advantage in that it allows for an assess-
ment of PI synthase activity in its endogenous membrane 
environment where potential lipid and protein regulators of the 
enzyme may reside or be recruited to and this approach has previ-
ously been very useful for uncovering the mechanisms regulating 
PI 4-kinase IIα activity [ 19 – 21 ]. This protocol involves isolating 
membrane enriched for PI synthase activity and then monitoring 
the incorporation of radiolabeled inositol into membrane associ-
ated CDP-DAG to form [ 3 H]PI which can then be detected and 
measured by liquid scintillation counting. 

 The  membrane   isolation step in this procedure takes about a 
day to complete while the assay and downstream analyses usually 
occurs on the following day, although membrane samples can also 
be frozen and analyzed on a later date.  

2    Materials 

 The water used for making up buffers is highly purifi ed and deion-
ized. Personal protective equipment and access to a fume hood are 
necessary for preparing the lipid extraction and chromatography 
buffers requiring the use of solvents and strong acids. Radioactive 
inositol is used as substrate for  the   phosphatidylinositol synthase 
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reaction and most institutions will have policies in place covering 
the use of unsealed radioisotopes that may have to be taken into 
consideration when setting up these experiments. 

       1.    Phosphate-buffered saline (PBS) with Ca 2+  and Mg 2+ , pH 7.4. 
This should be pre-chilled on ice for at least 30 min before 
commencing the experiment.   

   2.    TE buffer: 1 mM EGTA, 1 mM EDTA, 10 mM Tris–HCl, pH 
7.4.   

   3.    Carbonate buffer: 100 mM Na 2 CO 3 , pH 11.0 and 1 protease 
inhibitor tablet (Complete™ Roche) added per 10 ml. This 
buffer is used for cell lysis; it is freshly prepared before each 
experiment and placed on ice about 30 min before starting the 
cell harvesting step.   

   4.    Sucrose solutions of varying densities: These are required for 
membrane isolation on discontinuous sucrose density gradi-
ents. These prepared by adding the desired weight of sucrose 
to the 50 ml falcon tubes and topping up to 10 ml with TE 
buffer. The sucrose concentrations required are 80 % w/v, 35 
% w/v, and 5 % w/v of sucrose dissolved in TE buffer (Please 
 see   Note 1 ).   

   5.    A probe ultrasonicator for the cell disruption step. In our labo-
ratory we use a Sonics vibracell ultrasonics processor.   

   6.    12 ml polycarbonate ultracentrifuge tubes.   
   7.    A supply of ice.   
   8.    Access to a swing-out rotor such and ultracentrifuge, for example 

an SW41 Ti Beckman rotor and Beckman Coulter Optima™ 
LE80-K ultracentrifuge.   

   9.    Liquid scintillation counter.   
   10.    Solvent-resistant scintillation vials.   
   11.    Bench-top vortexer.   
   12.    50 ml polypropylene conical tubes.   
   13.    5 ml polystyrene round- bottomed   tubes.      

       1.    Assay buffer: 20 mM Tris–HCl pH 7.4, 20 mM MgCl 2 , 1 mM 
EGTA and 1 mM CTP containing 1–2 μCi/tube [ 3 H] myo- 
inositol ([ 3 H] myo-inositol with a specifi c activity of >60 Ci/
mmol can be purchased from Perkin Elmer). This is usually 
prepared just before use, although stock solutions of 10 mM 
unlabeled CTP can be stored immediately after preparation for 
up to a month at −20 °C. A high concentration of unlabeled 
CTP is included to enable the liponucleotide substrate CDP-
DAG to be produced by membrane-associated CDP-DAG 
synthase activity from endogenous phosphatidic acid.   

2.1  Membrane 
 Isolation   Materials

2.2  PI Synthase 
Assay Reagents

Assay for Phosphatidylinositol Synthesis
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   2.    Chloroform.   
   3.    HCl 1 M.   
   4.    Lipid organic extraction buffer: This consists of 

chloroform:methanol:1 M HCl prepared in the ratio 60:36:4 
and methanol:HCl 1:1. The ratios refer to the volume of each 
component of the buffer and it is important they be added in 
the order listed and with constant mixing. Usually 100 ml of 
this buffer is prepared as it can be stored for up to a week at 
room temperature in a glass bottle with a glass stopper.       

3    Isolation of a Low  Buoyant   Density Membrane Preparation 

     1.    Cells such as A431 or Hela care grown on 100 mm tissue culture 
dishes. For this preparation at least one confl uent plate of cells 
is required but up to six plates can be combined per ultracen-
trifugation tube.   

   2.    Place cell culture dish on a tray of ice.   
   3.    Rapidly aspirate off all of the culture medium.   
   4.    Wash the cell monolayer twice with 20 ml of ice-cold PBS 

making sure that the PBS is completely removed at the end of 
each wash.   

   5.    Add 2 ml of carbonate buffer to lyse the cells. Agitate the plate 
to ensure that the entire cell monolayers come into contact 
with the carbonate buffer.   

   6.    Using a plastic cell lifter scrape all the cells from the culture 
dish into the carbonate buffer. If more than one dish cells is to 
be used, this 2 ml carbonate cell lysate can be kept on ice and 
used to harvest cells from subsequent dishes. This latter tech-
nique concentrates the amount of membrane present facilitat-
ing easier downstream detection of enzyme activity.   

   7.    The cell lysate (2 ml) is transferred to a 5 ml polystyrene round-
bottomed tube. These lysates are usually viscous due to nuclear 
lysis and the release of DNA. The 5 ml tube is then stood 
securely in the middle of a 200 ml plastic beaker that has been 
half-fi lled with ice.   

   8.    The carbonate cell lysate is disrupted by sonication by 6 × 5-s 
blasts at an amplitude setting of 40, using a Sonics vibracell 
ultrasonics processor in pulsed mode or equivalent settings 
when using another apparatus. The sonication probe is placed 
approximately halfway down the tube in the middle of the cell 
lysate to minimize foaming. If a small amount of foaming does 
occur it tends to subside in minutes and does not have a notice-
able negative impact to on subsequent analyses. Adjust the 
sample volume if necessary to 2 ml with TE buffer.   
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   9.    Add the sonicated cell lysate to the bottom of a 12 ml polycar-
bonate ultracentrifuge tube. Add 2 ml of 80 % sucrose w/v 
solution by pipetting directly into the sonicated cell lysate and 
not down the side of the tube. Pipette up and down slowly 
several times to mix thoroughly.   

   10.    Layer on 4 ml of 35 % w/v sucrose solution, 1 ml at a time 
using a pipette. It is very important to add the sucrose slowly 
and to avoid mixing with the 40 % sucrose layer at the bottom 
of the tube.   

   11.    Add 4 ml of 5 % w/v sucrose solution slowly on top of the 35 
% sucrose w/v layer. It is important that the ultracentrifuge 
tube is fi lled to within with 5 mm of the top; otherwise the 
tube may collapse inwards during the ultracentrifugation step. 
As the tubes must be balanced for ultracentrifugation another 
ultracentrifuge tube should be fi lled in an identical manner 
with either another sonicated cell sample or 2 ml of carbonate 
buffer and the gradient prepared exactly as detailed here for 
the sample-containing tube.   

   12.    Carefully transfer the sample-containing tube to the swing-out 
rotor bucket and centrifuge for a minimum of 4 h but usually 
overnight 4 °C at 175,000 ×  g .   

   13.    After centrifugation has ceased, the ultracentrifuge tubes are 
removed and placed securely and vertically in an ice bucket. A 
turbid white or opaque membrane band situated between the 
5 and 35 % sucrose layers can sometimes be visible at this point 
in the preparation.   

   14.    To harvest the subcellular fractions a 1 ml pipette is used to 
slowly decant off 12 × 1 ml fractions beginning at the top of 
the sucrose gradient. Note that the volume of the ultracentri-
fuge tubes tends to be slightly greater than 12 ml which means 
that fraction 12, the last to be collected, will often be more 
than 1 ml in volume (please  see   Note 2 ).   

   15.    The fractions that contain ER-derived low buoyant density 
membranes enriched for PI synthase activity usually peak in 
fractions 5 and 6 of the gradient which corresponds to the 
interface between the 5 and 35 % w/v sucrose layers (Fig.  1 ). 
The subcellular fractions can be used immediately or alterna-
tively they can be aliquoted and stored for later use at 
−20 °C. Note that these membranes also contain low-buoyant 
density membrane fragments from other cellular membrane 
and organelles (please  see   Note 3 ).

             1.    Initiate the PI synthase assay by gently mixing equal volumes 
of membrane sample (50 μl) with 50 μl assay buffer in a 1.5 ml 
polypropylene microcentrifuge tube.   

   2.    Incubate the reaction at 37 °C for 30 min.   

3.1  PI Synthase 
Assay

Assay for Phosphatidylinositol Synthesis
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   3.    Terminate reaction by the addition of 100 μl of 
chloroform:methanol:1 M HCl (60:36:4).   

   4.    Centrifuge tubes for 2000 r.p.m. for 10 s to aid phase 
separation.   

   5.    Remove 50 μl from the lower organic phase which contains the 
phosphatidylinositol product to a fresh tube. Unincorporated 
[ 3 H]-inositol should partition into the top aqueous phase.   

   6.    Add 100 μl of methanol:HCl.   
   7.    Centrifuge tubes for 2,000 r.p.m. for 10 s to repeat phase sepa-

ration step. This is done to minimize carryover of any free 
radiolabeled inositol into the organic phase.   

   8.    Remove 30 μl of the organic lower chloroform phase and 
remove to a solvent resistant scintillation vial.   

   9.    Allow to dry in a fume hood. As only a small organic sample 
volume is present it only takes a few minutes for the chloro-
form to evaporate.   

   10.    Add scintillation fl uid, close the vial securely, and vortex to 
resuspend lipid.   

   11.    Determine the amount of [ 3 H]PI present using a  scintillation   
counter.       

4    Notes 

     1.    It can be diffi cult to prepare the 80 % w/v sucrose solution 
which for example involves dissolving 8 g of sucrose in TE buf-
fer to give a fi nal volume of 10 ml. This solubility issue can be 
overcome by adding the sucrose to 50 ml polypropylene conical 

  Fig. 1    Typical distribution of [ 3 H]PI generation activity in the sucrose density gra-
dient fractions. The peak activity is located at the interface of the 5 and 35 % w/v 
sucrose layers which correspond to gradient fractions 5 and 6       
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tube and then topping up with TE buffer to the 10 ml mark on 
the tube. The tube is then placed horizontally on a rocking 
platform with gentle movement for about 15 min during 
which time the sucrose will slowly dissolve.   

   2.    The sucrose density profi le of the gradients can be measured 
using a refractometer and by converting the refractive index 
measurements obtained to sucrose concentrations using 
 standard Blix tables. Often experimental variability in these 
types of preparations is due to differences in the gradient 
sucrose density profi le.   

   3.    As well as ER membranes, fractions 5 and 6 also contain low-
buoyant- density membrane vesicles enriched for lipid raft pro-
teins such as caveolin. The  presence   of ER membranes can be 
confi rmed by western blotting for calnexin—an ER-resident 
protein or for  phosphatidylinositol   synthase. Western blotting 
for phosphatidylinositol synthase also facilitates an estimate of 
the apparent specifi c activity of the enzyme in each subcellular 
fraction by relating the mass of enzyme present to the rate of 
[ 3 H]PI generation. A more accurate determination of the 
enzymatic properties requires detergent solubilization of the 
membranes and the addition of CDP-DAG substrate the assay 
buffer in order to offset potential liponucleotide substrate vari-
ations and limitations in the different gradient fractions. For 
these purposes the PI synthase assay buffer needs to be modi-
fi ed by the addition of 0.3 % v/v TX-100 detergent and 0.4 
mM CDP- DAG [ 22 ]. The liponucleotide substrate is prepared 
by dissolving the CDP-DAG in chloroform which is then evap-
orated off under a steady stream of nitrogen. H 2 O is added to 
a fi nal concentration of 4 mM and the CDP-DAG is then dis-
persed into solution by probe sonication.         
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    Chapter 21   

 Assay for CDP-Diacylglycerol Generation 
by CDS in Membrane Fractions       

     Mark G.     Waugh      

  Abstract 

   CDP-DAG is a liponucleotide formed by the condensation of CTP with the phospholipid phosphatidic 
acid in a reaction catalyzed by CDP-DAG synthase (CDS). CDP-DAG is required for the synthesis of 
phosphatidylinositol; the parent molecule whence all seven phosphoinositides including the signaling mol-
ecules PI4P, PI(4,5)P 2 , and PI(3,4,5)P 3  are derived. This protocol describes a highly sensitive radiometric 
assay to detect the generation of CDP-DAG on isolated biological membrane fractions.  

  Key words     CDP-DAG  ,   CDS  ,    Liponucleotide    ,   Assay  ,    Endoplasmic reticulum    ,   Membrane  

1      Introduction 

 Cytidine-diphosphate diacylglycerol (CDP-DAG) is a liponucleotide 
generated on endoplasmic reticulum membranes [ 1 ,  2 ] by the 
enzyme CDP-DAG synthase (CDS) [ 3 ] which is also known as 
CDP-DAG synthetase or phosphatidate cytidylyltransferase. CDS 
catalyzes the condensation of CTP with phosphatidic acid (PA) to 
form CDP-DAG. This reaction is important for lipid signaling via 
the receptor-activated phospholipase C and phosphoinositide 
3-kinase pathways as the enzyme phosphatidylinositol synthase 
requires a supply of CDP-DAG to provide the acyl chains used in 
the production of phosphatidylinositol. In this way CDS activity is 
required for the resynthesis of phosphatidylinositol and therefore 
PI(4,5)P 2  required for receptor-stimulated phospholipase C signal-
ing [ 4 ]. However, the mechanism through which CDS activity 
replenishes signalling pools of phosphoinositides is unclear and 
another report has demonstrated that the overexpression of recom-
binant CDS in mammalian cells, even in combination with phos-
phatidylinositol  synthase  , does not result in an increase in cellular 
phosphatidylinositol levels [ 5 ]. 
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 There are two isoforms of CDS expressed in mammalian cells 
 CDS1   and CDS2 [ 5 – 8 ]. These enzymes both localize to domains 
of the endoplasmic reticulum and some of these may be closely 
juxtaposed to the plasma membrane where receptor-stimulated 
phosphoinositide signaling is initiated [ 9 ]. Very recently an 
enzyme called Tam41 has been identifi ed in Saccharomyces cere-
visiae that appears to account for CDP-DAG generation in the 
mitochondria [ 1 ]. While the reactions catalyzed by both CDS 
enzymes result in the generation of the same CDP-DAG end 
product, a recent publication has suggested that CDS1 is less 
restricted in terms of acyl chain preference for its phosphatidic 
acid substrate than CDS2, and also that both isoforms are nega-
tively regulated by their anionic downstream phosphoinositide 
products such as PI(4,5)P 2  [ 2 ]. 

 CDS enzymes are tightly membrane-associated and found 
across both eukaryotic [ 10 – 12 ] and prokaryotic phylae [ 3 ]. The 
crystal structure of a CDS enzyme from the thermophilic 
 bacterium  Thermotoga maritima  has recently been described [ 1 ] 
and this work has revealed the existence of a funnel-shaped struc-
tural feature that enables this enzyme to simultaneously interact 
with its membrane associated lipid substrate PA and hydrophilic 
CTP molecules in order to catalyze their condensation to form 
CDP-DAG. 

 The assay described here has been designed to detect the 
generation of CDP-DAG by  CDS1   on endoplasmic reticulum 
membranes using endogenous membrane-associated PA as the 
lipid substrate. This method monitors the incorporation of 
radiolabeled CDP into CDP-DAG from α 32 P-CTP. It is possible 
to use [ 3 H]-labeled CTP as a low-energy β-emitting substrate 
(as for example as in ref.  13 ) but the inclusion of CTP labeled 
on the α-position with  32 P allows for more rapid and sensitive 
detection of the liponucleotide reaction product. The subcel-
lular fractionation step to isolate membrane fractions enriched 
for the endoplasmic reticulum typically takes about a day, 
including an overnight ultracentrifugation step. The  radiomet-
ric assay   is based on the technique originally described by Mok 
and colleagues [ 13 ]. This assay usually takes about 2–3 h to 
perform and the subsequent separation, detection, and quanti-
fi cation of the radiolabeled CDP-DAG usually takes place over 
the ensuing 24 h.  

2    Materials 

 Where indicated the H 2 O used is highly purifi ed and deionized. 
This protocol requires the use of strong acids and solvents which 
require appropriate working practices and areas for safe handling. 

Mark G. Waugh
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Radioactive CTP is used in this method. Most jurisdictions have 
strict legislation regarding the safe storage, use, and disposal of 
radioisotopes and this should be taken into account when planning 
these experiments. All reagents are analytical grade. 

       1.    Phosphate-buffered saline (PBS) with Ca 2+  and Mg 2+ , pH 7.4.   
   2.    TE buffer: 1 mM EGTA, 1 mM EDTA, 10 mM Tris–HCl, pH 

7.4.   
   3.    Homogenization buffer: 0.25 M sucrose, 10 mM EGTA, 10 

mM EDTA, 10 mM Tris–HCl, pH 7.4, plus 1 protease inhibi-
tor tablet (Roche) per 10 ml.   

   4.    Sucrose solutions of varying densities: These are prepared by 
adding the desired weight of sucrose to the 50 ml falcon tubes 
and topping up to 10 ml with TE buffer (Please  see   Note 1 ).   

   5.    12 ml polycarbonate ultracentrifuge tubes.   
   6.    Access to a swing-out rotor such and ultracentrifuge, for exam-

ple an SW41 Ti Beckman rotor and Beckman Coulter Optima™ 
LE80-K ultracentrifuge.      

       1.    Assay buffer: 20 mM Tris–HCl pH 7.4, 40 mM MgCl 2 , 2 mM 
EGTA, and 1 mM CTP containing 20 μCi/ml [α 32 P]CTP (can 
be purchased from Perkin Elmer). This is usually prepared just 
before use, although stock solutions of 10 mM unlabeled CTP 
can be stored immediately after preparation for up to a month 
at −20 °C.   

   2.    Chloroform.   
   3.    HCl 1 M.   
   4.    Phase extraction reagents: Chloroform:methanol:1 M HCl in 

the ratio 60:36:4 and methanol:HCl 1:1. The ratios refer to 
the volume of each component and the reagents should be 
added in the order listed and with constant mixing.      

       1.    Thin-layer chromatography (TLC) plates: Silica plates with 
lane divisions for example Merck Silica60, glass plates without 
fl uorescence indicator are usually used.   

   2.    Oxalate buffer: 1 % w/v potassium oxalate, 20 % v/v metha-
nol, and 1 mM EDTA. This buffer is used for activating TLC 
plates.   

   3.    TLC acidic resolving buffer: 65:35 propan-1-ol:2 M acetic 
acid and 1 % 5 M H 3 PO 4 . This buffer contains highly volatile 
solvents and should be handled in a fume cabinet.   

   4.    Glass tank for developing TLC plates.   
   5.    Unlabeled, purifi ed CDP-DAG standard. This can be purchased 

pre-dissolved in chloroform from Avanti Polar lipids.       

2.1  Membrane 
 Isolation   Materials

2.2  CDS Assay 
Reagents

2.3  Thin-Layer 
Chromatography 
Components

Assay for CDP-Diacylglycerol Generation by CDS in Membrane Fractions
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3    Methods 

       1.    Adherent mammalian cells such as A431, Cos-7, or Hela cells 
are cultured at 37 °C in a humidifi ed incubator at 10 % CO 2 . 
Cells are grown in DMEM supplemented with stabilized glu-
tamate, 10 % fetal calf serum, 50 i.u./ml penicillin, and 50 μg/
ml streptomycin. For this method 2–4 confl uent 150 mm 
dishes of cells are required.   

   2.    Cell monolayers are harvested by placing the culture dish on a 
tray of ice; aspirating the cell culture medium and then rinsing 
the monolayer twice with 30 ml ice-cold PBS.   

   3.    The PBS is removed and 15 ml of ice-cold TE buffer is added 
for 1 min to induce osmotic swelling. This buffer is quickly 
removed and replaced with 1 ml of ice-cold homogenization 
buffer into which the cells are scraped using a plastic cell lifter 
(please  see   Note 2 ).   

   4.    The cell suspension is removed to a manually operated loose- 
fi tting 2 ml capacity Dounce homogenizer and disrupted by 
15 strokes.   

   5.    A post-nuclear supernatant (PNS) is obtained by centrifuging 
the disrupted cell homogenate at 1,000 ×  g  for 5 min in a 
cooled bench-top centrifuge to pellet unbroken cells and 
nuclei.   

   6.    The PNS is removed, taking care not to disturb the nuclear 
pellet fraction and adjusted to 2 ml with homogenization buf-
fer and stored on ice.   

   7.    A 10 ml 20—60 % w/v sucrose gradient is prepared in a 12 ml 
polycarbonate ultracentrifuge tube by adding 2 ml of 60 % 
w/v sucrose slowly to the bottom of the tube and then layer-
ing on slowly and without mixing 2 ml of 55 % w/v sucrose, 
2 ml of 45 % sucrose, 2 ml of 40 % sucrose, 1 ml of 30 % 
sucrose, and 1 ml of 20 % w/v sucrose (please  see   Note 3 ).   

   8.    The PNS is added to the top of the sucrose gradient and the 
tube is topped up to the top if necessary with homogenization 
buffer.   

   9.    The gradient is subjected to a minimum of 4 h but usually 
overnight ultracentrifugation at 175,000 ×  g  using an SW41 Ti 
swing-out rotor.   

   10.    When centrifugation has stopped the ultracentrifuge tube is 
slowly removed from the rotor and placed vertically in ice or 
held securely using a clamp or retort stand.   

   11.    1 ml gradient fractions are carefully and slowly removed using 
a 1 ml pipette and by following the meniscus. The gradient 
fractions can be used immediately or stored at −20 °C for up to 

3.1  Membrane 
 Isolation  
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a year with no noticeable loss in activity as long as there are no 
repeated cycles of thawing and freezing. The endoplasmic 
reticulum fraction usually bands between gradient fractions 6 
and 9 of the sucrose gradient (Fig.  1 ) corresponding to a 
sucrose  density   of 1.2–1.23 g/ml (please  see   Note 4 ).

              1.    To detect CDS activity using endogenous membrane-associ-
ated PA as substrate, remove a 50 μl aliquot of membrane sam-
ple from the gradient fraction of interest and add to a 1.5 ml 
non- coated microcentrifuge tube.   

   2.    Add 50 μl of assay buffer and leave for 30 min at room 
temperature.   

   3.    Stop the reaction by the addition of 100 μl of 
chloroform:methanol:1 M HCl (60:36:4).   

   4.    Shut the lid of the microcentrifuge tube securely and vortex 
briefl y to mix the phases. 

    Spin the tube for 20 s at 1000 ×  g  at room temperature in 
a bench-top microfuge.   

   5.    Remove 35 μl of the lower organic phase which contains the 
CDP-DAG lipid and add to a fresh tube.   

   6.    Add 100 μl of methanol:HCl 1:1. Shut the lid of the tube and 
vortex briefl y gain.   

   7.    Spin the microcentrifuge tube for 20 s at 1000 ×  g  at room 
temperature in a bench-top centrifuge.   

   8.    Remove 20 μl from the lower solvent phase. This fraction con-
tains the radiolabeled CDP-DAG (please  see   Note 5 ).      

3.2  CDS Assay 
to Detect CDP-DAG 
Generation

  Fig. 1    A typical distribution of [ 32 P]CDP-DAG in the sucrose density gradient frac-
tions. Note that Fraction 1 refers to the fi rst fraction and least dense fraction 
collected from the top of the ultracentrifuge tube. Fraction 12 is the densest 
fraction and is located at the bottom of the ultracentrifuge tube. [ 32 P]CDP-DAG 
peaks in a broad region in the middle of the sucrose density gradient which cor-
responds to the location of membranes from the endoplasmic reticulum       
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       1.    Activation of TLC plates. This step is necessary to remove ions 
that could potentially chelate and interfere with the mobility of 
the CDP-DAG during TLC. Silica 60 TLC plates (Whatman) 
are dipped for a few seconds in oxalate buffer and then dried in 
an oven set at 118 °C for 20 min.   

   2.    Using a small-bore pipette tip spot 1 μl aliquots of the solvent- 
extracted lipid reaction products and CDP-DAG standard on 
the loading area/origin at a position estimated to be well above 
the mobile phase. The volume of sample to be loaded can be 
increased by allowing each spot to dry and by repeating the 
application step.   

   3.    Place the plate in the TLC tank already containing 1 cm of 
TLC resolving buffer and permit to develop for at least 5 h or 
until such time that a minimum of three quarters of the plate 
has been developed 
 Remove the plate from the TLC tank and evaporate residual 
organic solvent by standing upright supported in a fume hood 
or more rapidly by using an electric hair dryer. If desired, the 
position of the unlabeled CDP-DAG standard can be visual-
ized at this point by primulin staining (please  see   Note 6 ). 
However, in our experience this assay only ever results in a 
single, mobile radioactive lipid band in each lane following 
TLC.   

   4.    Wrap the plate securely in cling fi lm or saran wrap and tape to 
the inside of an X-ray cassette. 
 Expose to X-ray fi lm and overlay the TLC plate with the devel-
oped fi lm to locate the position of the radioactive CDP- DAG 
spots   

   5.    Cut the spots out by fi rst wetting the TLC lanes with a small 
stream of deionized water using a plastic bottle. This softens 
the silica strips and renders them easier to detach from the 
plate. The wetted area of interest can subsequently be removed 
by using a razor blade to slowly scrape along the TLC lane 
whilst all the time maintaining contact with the backing glass.   

   6.    Place the sample containing the radioactive liponucleotide 
product into a scintillation vial and count by Cerenkov count-
ing (please  see   Note 7 ) using a scintillation counter.       

4    Notes 

     1.    As an example, a 50 % w/v sucrose solution consists of 5 g of 
sucrose added to a 50 ml tube which is then topped up top 
10 ml with TE buffer. The use of the wide 50 ml tube allows 
for a greater surface area for the sucrose to dissolve and this is 

3.3  Separation 
of the Reaction 
Products by Thin-
Layer Chromatography
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further facilitated by placing the tube horizontally on a rotating 
or rocking platform.   

   2.    The cell swelling step can be omitted if preferred but usually 
this leads to an increase in size of the p1000 nuclear fraction 
suggesting that cell disruption is not as effective under such 
conditions.   

   3.    It is not absolutely necessary to partially isolate endoplasmic 
reticulum membranes prior to assaying for  CDS   activity. The 
assay works has also been shown to work well with on cell 
lysates, immunoisolated vesicles, and  detergent-resistant mem-
brane   fractions [ 9 ].   

   4.    It can be useful to western blot the gradient fractions in order 
to identify the position of the endoplasmic reticulum protein 
calnexin and also the  CDS1   enzyme. Antibodies directed 
against both proteins that are suitable for this purpose are 
commercially available [ 9 ]. The sucrose concentrations of the 
gradient can be determined using a handheld refractometer 
such as the Leica AR200 model and by converting refractive 
index values to sucrose densities using linear regression and 
standard conversion tables.   

   5.    The volume of the chloroform CDP-DAG fraction can be fur-
ther reduced if desired using a continuous very slow stream of 
liquid nitrogen in a fume hood. This step permits concentra-
tion of the reaction products when the dried down lipids are 
subsequently resuspended in a smaller chloroform volume.   

   6.    Primulin solutions at a concentration of 50 mg/ml dissolved 
in a solution of acetone:H 2 O at ratio of 8:1 can be used to 
detect phospholipids and neutral lipids. The primulin solution 
is sprayed as a thin fi lm on the surface of the TLC which is then 
dried. The position of the primulin-bound lipids can then be 
visualized under a UV light source [ 14 ].   

   7.    TLC plates can also be imaged using phosphorimaging tech-
nologies such as the Typhoon 9400 phosphorimager (GE 
Healthcare) that is used in our laboratory. This method of 
detection has many advantages including greater sensitivity 
leading to shorter exposure times and also the elimination of 
the spot cutting and scintillation counting steps. The detection 
of radiolabel incorporation is also more accurate and  sensitive   
than for X-ray fi lm-based techniques.         
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