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SUMMARY

1. Insolubility of membrane constituents in nonionic detergents such as Triton X-100
has been a widely used biochemical criterion to indicate their localization in membrane
domains. However, concerns on the possibility of membrane perturbation in the presence
of detergents have led to the development of detergent-free approaches.

2. We have explored the organization of the serotonin1A receptor, an important
G-protein coupled receptor, from bovine hippocampus and CHO cells using a detergent-
free approach in order to address the points of agreement with our previous results using
Triton X-100.

3. A significant fraction of the serotonin1A receptor has been found to be localized
in a heavy density fraction obtained using a detergent-free approach to isolate membrane
domains. In addition, we have characterized the membrane fractions isolated in terms of
their lipid composition and membrane physical properties.

4. The results obtained on the membrane localization of the serotonin1A receptor from
the present experiments using a detergent-free approach correlate well with our earlier
findings obtained using a detergent-based method (Kalipatnapu, S., and Chattopadhyay,
A., FEBS Lett. 576:455–460, 2004). These results provide important information on the
membrane organization of the hippocampal serotonin1A receptor and are relevant in view
of the concerns on the use of detergent in determination of membrane organization of
constituent proteins and lipids.

KEY WORDS: serotonin1A receptor; membrane organization; detergent-free method;
bovine hippocampus.

INTRODUCTION

The serotonin1A (5-HT1A) receptor is an important G-protein coupled receptor
(GPCR) involved in a variety of cognitive, behavioral, and developmental functions
(Raymond et al., 1999; Pucadyil et al., 2005). The serotonin1A receptor agonists
(Blier et al., 1990) and antagonists (Griebel, 1999) represent major classes of
molecules with potential therapeutic effects in anxiety- or stress-related disorders.
Interestingly, mice lacking the serotonin1A receptor, generated a few years back,
exhibit enhanced anxiety-related behavior (Julius, 1998) and represent an impor-
tant animal model for genetic vulnerability to conditions such as anxiety disorders
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and aggression (Toth, 2003). Although pharmacological and behavioral aspects of
the serotonin1A receptor have been well explored, membrane organization of the
receptor and its functional relevance are only beginning to be addressed (Pucadyil
et al., 2005; Kalipatnapu and Chattopadhyay, 2006).

Current understanding of the organization of biological membranes involves
the concept of lateral heterogeneities in the membrane, collectively termed mem-
brane domains (Mukherjee and Maxfield, 2004). Several kinds of membrane do-
mains such as rafts, caveolae, and glycolipid-enriched domains, with possible over-
lapping features have been proposed (Simons and Ikonen, 1997; Hooper, 1999; Pike,
2004). Insolubility of membrane components in nonionic detergents such as Triton
X-100 has been a widely used biochemical criterion to identify, isolate, and char-
acterize membrane domains (particularly “rafts”) (Brown and Rose, 1992; Hooper,
1999; Chamberlain, 2004). Although detergent insolubility continues to be a prin-
cipal biochemical tool to isolate membrane domains, the possible membrane per-
turbing nature of this approach has been a cause of concern (Brown and London,
1998; Edidin, 2003). In addition, weak but essential interactions of proteins with
membrane domains may be difficult to identify in the presence of detergents. In
order to avoid the limitations of detergent-based methods, biochemical approaches
which do not require detergents for the isolation of membrane domains have been
proposed (Smart et al., 1995; Song et al., 1996; Luria et al., 2002; Macdonald and
Pike, 2005). These approaches involve milder treatments such as mild sonication
and/or extraction with sodium carbonate. Interestingly, membrane domains isolated
by detergent-based and detergent-free approaches have been shown to possess sev-
eral overlapping features which include enrichment of lipids such as cholesterol and
sphingolipids (Luria et al., 2002).

In order to monitor membrane organization of the serotonin1A receptor, we
have earlier developed a novel GFP-based approach to directly determine deter-
gent insolubility of membrane proteins, and showed a small but significant frac-
tion of the serotonin1A receptor to be insoluble in Triton X-100 (Kalipatnapu and
Chattopadhyay, 2004). In addition, we examined the membrane organization of the
serotonin1A receptor tagged to enhanced yellow fluorescent protein under condi-
tions of reduced membrane cholesterol and agonist stimulation using this approach
(Kalipatnapu and Chattopadhyay, 2004, 2005). In order to compliment these results
and to check the possible effects of detergent, we have now used a detergent-free
method to assess the membrane organization of the serotonin1A receptor. For this
purpose, we have employed the detergent-free approach proposed by Luria et al.
(2002), which involves mild sonication of the membranes before the separation of
membrane fractions on a sucrose density gradient. The isolated membrane fractions
are designated as light, heavy, and extra heavy fractions based on their density. It
has been shown that the light membrane fraction isolated from Xenopus oocytes
exhibits similar physical and biochemical characteristics as that of the detergent-
resistant membrane (DRM) fraction isolated from the same system (Luria et al.,
2002). In particular, the light fraction isolated in the absence of detergent and the
DRMs have been found to display a comparable protein composition, enrichment
of lipids like cholesterol and sphingolipids, and a similar thermotropic phase be-
havior. The heavy membrane fraction was found to display significant differences
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from both the light membrane fraction as well as DRMs (Luria et al., 2002). We
have utilized this detergent-free method to explore membrane organization of the
serotonin1A receptor from the bovine hippocampus which is a relatively rich natural
source of the receptor, and from CHO cells. We have determined the relative levels
of the serotonin1A receptor in the membrane fractions isolated by detergent-free ap-
proach by performing receptor–ligand binding assays of the fractions. Further, the
membrane fractions isolated by the detergent-free method have been characterized
in terms of their lipid content and membrane order.

MATERIALS AND METHODS

Materials

5-HT (5-hydroxytryptamine), DMPC (dimyristoyl-sn-glycero-3-phosphocho-
line), DPH (1,6-diphenyl-1,3,5-hexatriene), EDTA, EGTA, gentamycin sulfate,
iodoacetamide, MgCl2, p-MPPI (4-(2′-methoxy)-phenyl-1-[2′-(N-2′′-pyridinyl)-p-
iodobenzamido]ethyl-piperazine), PMSF (phenylmethylsulfonyl fluoride), peni-
cillin, polyethylenimine, serotonin, sodium azide, streptomycin, sucrose, and
Tris were obtained from Sigma Chemical Co. (St. Louis, MO). D-MEM/F-12
(Dulbecco’s Modified Eagle Medium: nutrient mixture F-12 (Ham) (1:1)), fe-
tal calf serum, and geneticin (G 418) were from Invitrogen Life Technolo-
gies (Grand Island, NY). Sphingomyelin was obtained from Avanti Polar Lipids
(Alabaster, AL). [3H]8-OH-DPAT (8-hydroxy-2(di-N-propylamino)tetralin; sp.
activity 135.0 Ci/mmol) and [3H]p-MPPF (4-(2′-methoxy)-phenyl-1-[2′-(N-2′′-
pyridinyl)-p-fluorobenzamido]ethyl-piperazine; sp. activity 70.5 Ci/mmol) were pur-
chased from DuPont New England Nuclear (Boston, MA). BCA (bicinchoninic
acid) reagent kit for protein estimation was obtained from Pierce (Rockford, IL).
Amplex Red cholesterol assay kit was obtained from Molecular Probes (Eugene,
OR). Precoated silica gel 60 TLC (thin layer chromatography) plates were obtained
from Merck (Merck KGaA, Germany). Solvents used for TLC were of analyti-
cal grade. Water was purified through a Millipore (Bedford, MA) MilliQ system
and used throughout. All other chemicals used were of the highest purity avail-
able. GF/B glass microfiber filters were from Whatman International (Kent, UK).
Concentration of stock solution of DPH in methanol was estimated from its molar
absorption coefficient (ε) of 88,000 M−1 cm−1 at 350 nm (Haugland, 1996). Fresh
bovine brains were obtained from a local slaughterhouse within 10 min of death and
the hippocampal region was carefully dissected out. The hippocampi were immedi-
ately flash frozen in liquid nitrogen and stored at − 70◦C till further use.

Preparation of Native Hippocampal Membranes

Native hippocampal membranes were prepared as described earlier
(Harikumar and Chattopadhyay, 1999). Protein concentration was determined
using the BCA reagent with bovine serum albumin as standard (Smith et al., 1985).
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Cells and Cell Culture

CHO-K1 (Chinese hamster ovary) cells stably expressing the serotonin1A re-
ceptor tagged to enhanced yellow fluorescent protein (referred to as CHO-5-
HT1AR-EYFP) were used. Cells were grown in D-MEM/F-12 (1:1) supplemented
with 2.4 g/L of sodium bicarbonate, 10% fetal calf serum, 60 µg/mL penicillin,
50 µg/mL streptomycin, 50 µg/mL gentamycin sulfate in a humidified atmosphere
with 5% CO2 at 37◦C. CHO-5-HT1AR-EYFP cells were maintained in the above-
mentioned conditions with 300 µg/mL geneticin.

Preparation of Cell Membranes

Cell membranes were prepared as described earlier (Kalipatnapu et al., 2004).
Cells were harvested by treatment with ice-cold buffer containing 10 mM Tris, 5 mM
EDTA, 0.1 mM PMSF, pH 7.4. Cells were then homogenized for 10 s at 4◦C at
maximum speed with a Polytron homogenizer. The cell lysate was centrifuged at
500 × g for 10 min at 4◦C and the resultant postnuclear supernatant was centrifuged
at 40,000 × g for 30 min at 4◦C. The pellet thus obtained (cell membranes) was sus-
pended in 50 mM Tris, pH 7.4 buffer. Total protein concentration in cell membranes
thus isolated was determined using the BCA reagent (Smith et al., 1985).

Detergent-Free Method to Isolate Various Membrane Fractions

Membrane fractions were isolated on a sucrose density gradient as described
earlier (Luria et al., 2002; Monneron and d’Alayer, 1978) with a few modifications.
Native bovine hippocampal membranes or cell membranes were suspended at a
protein concentration of ∼ 2 mg/mL in 50 mM Tris, pH 7.4 buffer. The membranes
were briefly sonicated on ice using a Branson model 250 sonifier fitted with a mi-
crotip, and mixed with a sucrose solution (prepared in 50 mM Tris, pH 7.4) such that
the final sucrose concentration would be 40% (w/v). This sample was then placed at
the bottom of a centrifuge tube and overlaid with ∼ 3 mL each of 35, 22.5, and 10%
(w/v) sucrose solutions prepared in 50 mM Tris, pH 7.4 buffer. Gradients were cen-
trifuged for 3 h at a speed of 100,000 × g at 4◦C using a Beckman SW-41 rotor.
Diffuse bands were obtained at 10/22.5% and 22.5/35% sucrose interfaces of the
sucrose density gradient which are termed light and heavy membrane fractions, re-
spectively (Luria et al., 2002). A faint band visible at the 35/40% sucrose interface
was termed the extra heavy membrane fraction. All three bands were collected sep-
arately and diluted approximately threefold with cold 50 mM Tris, pH 7.4 buffer.
The diluted membrane fractions were then centrifuged at ∼ 140,000 × g for 30 min
at 4◦C. The resulting pellets were suspended in 50 mM Tris, pH 7.4 buffer and used
for further analysis.

Radioligand-Binding Assays

Receptor-binding assays for agonist and antagonist were carried out as de-
scribed earlier (Harikumar and Chattopadhyay, 1999) with a few modifications.
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Briefly, tubes in duplicate containing 0.2–0.4 mg of total protein in a volume of
1 mL of buffer D (50 mM Tris, 1 mM EDTA, 10 mM MgCl2, 5 mM MnCl2, pH
7.4) for agonist-binding assays, and buffer E (50 mM Tris, 1 mM EDTA, pH 7.4) for
antagonist-binding assays were used. Tubes were incubated with the radiolabeled
agonist [3H]8-OH-DPAT (final concentration in the assay tube being 0.29 nM)
or antagonist [3H]p-MPPF (final concentration in the assay tube being 0.5 nM) for
1 h at 25◦C. Nonspecific binding was determined by performing the assay in the pres-
ence of 10 µM unlabeled 5-HT in the case of agonist binding or 10 µM unlabeled
p-MPPI in the case of antagonist binding. The incubation was terminated by rapid
filtration under vacuum in a Millipore multiport filtration apparatus through What-
man GF/B 2.5 cm diameter (1.0 µm pore size) glass microfiber filters which were
presoaked in 0.15% (w/v) polyethylenimine for 3 h (Bruns et al., 1983). The filters
were then washed three times with 3 mL of ice-cold water, dried, and the retained
radioactivity was measured in a Packard Tri-Carb 1500 scintillation counter using
5 mL of scintillation fluid.

Estimation of Inorganic Phosphate and Cholesterol

The concentration of lipid phosphate of membranes and membrane fractions
was determined subsequent to total digestion by perchloric acid (McClare, 1971)
using Na2HPO4 as standard. DMPC was used as an internal standard to assess
lipid digestion. Samples without perchloric acid digestion produced negligible read-
ings. Cholesterol content was estimated using the Amplex Red cholesterol assay kit
(Amundson and Zhou, 1999).

Estimation of Sphingomyelin Content of Membranes

Analysis of sphingomyelin content of membranes and membrane fractions in-
volved lipid extraction of the membrane samples followed by the separation of lipids
using TLC. Lipid extraction of membranes and membrane fractions was carried out
according to Bligh and Dyer (1959). The extracts were dried under a stream of nitro-
gen at 45◦C and resuspended in a mixture of chloroform/methanol (1:1, v/v). The ex-
tracted lipids were then separated on a TLC plate using chloroform/methanol/water
(65:25:4, v/v/v). A sphingomyelin standard was run along with the lipid extracts. The
TLC plate was sprayed with a solution of 0.01% (w/v) primuline prepared in ace-
tone (van Echten-Deckert, 2000) and the lipid bands were visualized under ultravio-
let light. The lipid bands corresponding to the location of that of the sphingomyelin
standard on the TLC plate were scraped out and the lipids were re-extracted. The
extract was dried, and the concentration of lipid phosphate of the extract was as-
sessed as described above, in order to determine the sphingomyelin content.

Measurement of Fluorescence Polarization

Fluorescence polarization measurements were carried out with membranes
containing 50 nmol of total phospholipid suspended in 50 mM Tris, pH 7.4 buffer.
Stock solution of the fluorescent probe 1,6-diphenyl-1,3,5-hexatriene (DPH) was



468 Kalipatnapu and Chattopadhyay

prepared in methanol. The final probe concentration was 1 mol% with respect to
the total phospholipid content, so that optimal fluorescence intensity could be ob-
tained with negligible membrane perturbation. The final probe concentration was
0.33 µM and the methanol content was low (0.03% v/v). The samples were incu-
bated at room temperature (23◦C) for 30 min in dark. Steady-state fluorescence
measurements were performed with a Hitachi F-4010 spectrofluorometer using 1 cm
path length quartz cuvettes. Excitation and emission wavelengths were set at 358
and 430 nm. Excitation and emission slits with bandpasses of 1.5 and 20 nm were
used. To reverse any photoisomerization of DPH, samples were kept in dark in the
fluorimeter for 30 s before the excitation shutter was opened and fluorescence was
measured (Chattopadhyay and London, 1984). Background intensities of samples in
which fluorophores were omitted were negligible and were subtracted from sample
intensities to cancel out any scattering artifacts. Fluorescence polarization measure-
ments were performed at 23◦C using a Hitachi polarization accessory. Polarization
values were calculated from the following equation (Chen and Bowman, 1965):

P = IVV − GIVH

IVV + GIVH

where IVV and IVH are the measured fluorescence intensities (after appropriate
background subtraction) with the excitation polarizer vertically oriented and the
emission polarizer vertically and horizontally oriented, respectively. G is the grat-
ing correction factor and is equal to IHV/IHH. The optical density of the samples
was kept low to avoid possible scattering artifacts. All experiments were done with
multiple sets of samples and average values of fluorescence polarization are shown
in Fig. 2. Significance levels were estimated by one-way ANOVA using Microcal
Origin software version 5.0 (OriginLab Corp., Northampton, MA).

RESULTS AND DISCUSSION

Membrane organization of the serotonin1A receptor represents an important
aspect in the understanding of the function of this pharmacologically relevant recep-
tor (Pucadyil et al., 2005; Kalipatnapu and Chattopadhyay, 2006). We have recently
addressed the membrane organization of the serotonin1A receptor through the
biochemical criterion of detergent insolubility (Kalipatnapu and Chattopadhyay,
2004, 2005). Although detergent insolubility continues to be of great practical value
for the study of membrane domains, the issue of whether use of detergent merely
helps in isolation of membrane domains, or induces their formation remains a cause
for concern (Heerklotz, 2002; Edidin, 2003). We therefore used a detergent-free
method to isolate membrane fractions, which have earlier been shown to corre-
spond to those isolated employing detergents such as Triton X-100 (Luria et al.,
2002), to further explore the membrane organization of the serotonin1A receptor.
Membranes prepared from bovine hippocampus were subjected to a detergent-free
method, originally described by Luria et al. (2002), to isolate various membrane
fractions. A typical isolation pattern of membrane fractions on a sucrose density
gradient is shown in Fig. 1A. These fractions are designated as light, heavy, and
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Fig. 1. (A) Typical pattern of isolation of light, heavy, and extra heavy membrane fractions from hip-
pocampal membranes on a sucrose density gradient using the detergent-free method of Luria et al.
(2002). The membrane fraction at 10–22.5% sucrose interface is designated as “light,” at 22.5–35% su-
crose interface as “heavy,” and a faintly visible fraction at 35–40% sucrose interface as “extra heavy.” (B)
Comparison of total protein content of light, heavy, and extra heavy membrane fractions. Values are ex-
pressed as a percentage of the total protein content recovered from all the three membrane fractions iso-
lated. The data points represent means ± SD of duplicate points from three independent experiments.
See Materials and Methods section for other details. (C) Comparison of ligand binding to serotonin1A
receptors from the light and heavy membrane fractions isolated using a detergent-free method from na-
tive hippocampal membranes. The white bars represent the binding of the agonist [3H]8-OH-DPAT and
the shaded bars that of the antagonist [3H]p-MPPF. Values are expressed as a percentage of the total
recovered ligand binding obtained from the light and heavy membrane fractions. The data points rep-
resent means ± SD of duplicate points from three independent experiments. See Materials and Meth-
ods section for other details. (D) Comparison of ligand binding to serotonin1A receptors from the light
and heavy membrane fractions isolated using a detergent-free method from CHO-5-HT1AR-EYFP cell
membranes. The white bars represent the binding of the agonist [3H]8-OH-DPAT and the shaded bars
that of the antagonist [3H]p-MPPF. Values are expressed as a percentage of the total recovered ligand
binding obtained from the light and heavy membrane fractions. The data points represent means ± SD
of duplicate points from two independent experiments. See Materials and Methods section for other
details.

extra heavy based on their density. Figure 1B shows a comparison of the protein
content recovered from each of the membrane fractions. The heavy membrane
fraction, with ∼ 57% of the total recovered protein, contains the highest amount of
protein. The light and extra heavy membrane fractions are found to contain ∼ 23
and 15% of the total recovered protein, respectively (see Fig. 1B). The light and
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heavy membrane fractions have been earlier shown to be derived primarily from
the plasma membrane, whereas the extra heavy fraction is shown to be mainly from
intracellular components (Luria et al., 2002; Monneron and d’Alayer, 1978). We
therefore chose the light and heavy membrane fractions for further analysis.

We have determined the binding of the receptor to its ligands, 8-OH-DPAT
and p-MPPF, which act as the agonist and antagonist, respectively, in order to as-
sess the distribution of serotonin1A receptors among the light and heavy membrane
fractions. Fig. 1C shows a comparison of ligand binding to hippocampal serotonin1A

receptors from the light and heavy membrane fractions. Data obtained from ligand-
binding assays has been represented as a percentage of the total recovered lig-
and binding in order to appreciate the distribution of active serotonin1A receptors
among the light and heavy membrane fractions. As seen from Fig. 1C, the heavy
membrane fraction represents ∼ 96 and 85% of the total recovered agonist and
antagonist binding, respectively, of the serotonin1A receptor. In contrast, the light
membranes show significantly lower ligand binding. In terms of the specific ligand-
binding activity (ligand binding per milligram total protein) of the serotonin1A re-
ceptor, the heavy membrane fraction has been found to show ∼ 1.6- and 1.7-fold
higher agonist- and antagonist-binding activity, respectively, as compared to native
membranes (data not shown). We further monitored ligand binding of receptors
from membrane fractions isolated by detergent-free method from cells expressing
serotonin1A receptor fused to EYFP. The light and heavy membrane fractions were
isolated from cell membranes using a sucrose density gradient, and relative ago-
nist and antagonist binding of 5-HT1AR-EYFP were determined (Fig. 1D). As seen
from the figure, the heavy membrane fraction displays ∼ 83 and 74% of the to-
tal recovered agonist and antagonist binding, respectively. These results, obtained
from both native and heterologous expression systems, indicate a distinct enrich-
ment of the serotonin1A receptor in the heavy membrane fraction over that of
the light membrane fraction as monitored by ligand-binding assays. The light frac-
tion isolated by this detergent-free method has previously been shown to resemble
detergent-resistant membranes in terms of its lipid and protein composition (Luria
et al., 2002). Our earlier findings on detergent insolubility of the serotonin1A recep-
tor fused to EYFP suggest a small fraction of the receptor to be insoluble in Triton
X-100 (Kalipatnapu and Chattopadhyay, 2004), indicating a relatively large fraction
to be soluble in the detergent. This is probably reflected in the higher ligand binding
in case of the heavy membrane fraction compared to the light fraction isolated by
the detergent-free method.

A comparison of cholesterol, phospholipid, and sphingomyelin contents of
the native hippocampal membranes and the membrane fractions isolated by the
detergent-free method is shown in Table I. This analysis indicates a higher lipid con-
tent of the light membranes compared to the heavy membrane fractions. The light
membrane fraction displays ∼ 1.6-fold higher cholesterol content over the heavy
membrane fraction. The corresponding cholesterol to phospholipid ratios indicate
an enrichment of cholesterol in the light membrane fraction. Analysis of the sphin-
gomyelin content of the membrane fractions by TLC shows that the light fraction
contains ∼ 1.5-fold higher levels of sphingomyelin than does the heavy membrane
fraction (Table I). In order to gain insights into the physical characteristics of the
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Table I. Analysis of Cholesterol, Phospholipid, and Sphingomyelin Contents of Native Hippocampal
Membranes, Light and Heavy Membrane Fractions Isolated on a Sucrose Density Gradient

Membranes/
membrane fractions

Cholesterola

(nmol/mg
protein)

Phospholipidb

(nmol/mg protein)
C/P ratioc

(mol/mol)
Sphingomyelind

(nmol/mg protein)

Native 390 ± 25 1007 ± 62 0.39 ± 0.02 60.6 ± 6.2
Light 766 ± 86 1537 ± 96 0.51 ± 0.02 91.4 ± 4.9
Heavy 470 ± 14 1146 ± 67 0.42 ± 0.04 59.5 ± 5.3

aCholesterol content was assessed using the Amplex Red cholesterol oxidase-based assay and was nor-
malized to the total protein. Data shown represent the means ± SE of at least three independent
experiments.

bPhospholipid content has been determined as described in Materials and Methods section. Values
have been normalized to the total protein. Data shown represent the means ± SE of at least three
independent experiments.

cCholesterol to phospholipid ratio. Data shown represent means ± SE of at least three independent
experiments.

dAnalysis of sphingomyelin content. Total lipids extracted from native membranes, light and heavy
membrane fractions were separated by TLC. The total sphingomyelin content in the lipid extracts
was assessed by determining the phosphate content of the bands corresponding to sphingomyelin in
each case. Values are normalized with respect to the total protein content. Data shown represent the
means ± SE of four independent experiments.

membrane fractions isolated by the detergent-free method, we monitored fluores-
cence polarization of the fluorescent membrane probe DPH, incorporated in these
membranes. Fluorescence polarization monitors rotational diffusion of the probe,
which is sensitive to the packing of the fatty acyl chains (Lakowicz, 1983). A higher
polarization value would indicate higher motional restriction (more order) expe-
rienced by the probe. Fluorescence polarization values of DPH incorporated into
native membranes, and light and heavy membrane fractions are shown in Fig. 2.
The light membrane fraction shows the highest polarization value indicating a rel-
atively rigid environment in these membranes compared to the heavy membrane
fraction as well as the native membranes (Fig. 2). It is interesting to note that the
overall trend observed in cholesterol to phospholipid ratios for different membrane
fractions is in agreement with the corresponding fluorescence polarization values.
Thus, an enrichment of cholesterol in the light membrane fraction is accompanied
by higher fluorescence polarization values (indicative of greater order) of this mem-
brane fraction. These results are relevant in the context of the role of cholesterol
in modulating physical properties of biological membranes (Yeagle, 1985) and in
its proposed involvement in the formation of membrane domains (Silvius, 2003;
Mukherjee and Maxfield, 2004). The preferential interaction of cholesterol with
phospholipids containing saturated acyl chains, such as sphingomyelin, resulting in
tight packing could make the membrane regions enriched in these lipids more or-
dered (Brown and London, 1998; London, 2002). This phenomenon is also thought
to confer detergent resistance to such regions of the membrane and to the proteins
residing in them.

The main objective of this paper is to identify the points of agreement be-
tween the results obtained using detergent-based and detergent-free approaches in
relation to the membrane organization of the serotonin1A receptor. Results from
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Fig. 2. Fluorescence polarization of DPH
incorporated into native hippocampal mem-
branes (shown as native), light and heavy
membrane fractions. Fluorescence polariza-
tion experiments were carried out with mem-
branes containing 50 nmol of total phos-
pholipid at a probe to phospholipid ratio of
1:100 (mol/mol) at room temperature (23◦C).
Values represent means ± SE of three
independent experiments. Fluorescence po-
larization values for the light and heavy
membrane fractions are significantly different
(P < 0.05). See Materials and Methods sec-
tion for other details.

the present experiments indicate that the heavy membrane fraction isolated by
the detergent-free method represents a much larger pool of serotonin1A receptors
compared to the light membrane fraction, as monitored by ligand-binding assays.
These results correlate well with our earlier data on the detergent insolubility of
the serotonin1A receptor fused to EYFP (Kalipatnapu and Chattopadhyay, 2004).
It should be mentioned here that the possibility of physical presence of receptor
with altered ligand-binding activity in any of the membrane fractions could affect
our analysis of the present results. This aspect could be dealt with by employing a
method of detection of the receptor which is independent of modulation by mem-
brane environment. Nevertheless, the distribution of the active receptor among var-
ious membrane fractions merits to be addressed. Importantly, the fact that a very
similar overall trend was observed whether hippocampal membranes, or a heterol-
ogous expression system has been used for the analysis strengthens our analysis.

Detergent insolubility of membrane components has been a crucial biochem-
ical method available to study membrane domains in spite of concerns on whether
lipids and proteins isolated as an insoluble membrane fraction upon treatment
with detergents would correspond to those residing in domains in intact cells. In
this context, detergent-free methods provide an additional biochemical means
of understanding membrane organization. Detergent-based and detergent-free
methods of membrane domain isolation have been compared earlier in the litera-
ture, and an overall analysis of these reports presents a somewhat varied picture.
Domains isolated by these two approaches have been shown to display overlapping
characteristics involving lipid and protein composition, and physical properties
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(Luria et al., 2002; Gaus et al., 2005). On the other hand, there are reports suggesting
membrane domains prepared in the presence or absence of detergents could have
different constituent lipids and proteins. For example, the epidermal growth factor
receptor is found to be soluble in Triton X-100, but found to localize in membrane
domains when assessed using a detergent-free method (Pike et al., 2005). Against
this backdrop, it would be prudent to monitor the membrane organization of a
given protein and its functional significance by multiple approaches in order to gain
useful insights into the role of membrane environment in protein function. The
present work on the serotonin1A receptor represents an attempt in this direction.
Taken together, our results on the membrane organization of the serotonin1A

receptor obtained from a detergent-free approach correlate well with our earlier
observations from a detergent-based method. It would be interesting to compare
such results for other G-protein coupled receptors.

ACKNOWLEDGMENTS

This work was supported by the Council of Scientific and Industrial Research,
Government of India. AC is an Honorary Professor of the Jawaharlal Nehru Centre
for Advanced Scientific Research, Bangalore, India. SK thanks the Council of Scien-
tific and Industrial Research for the award of a Senior Research Fellowship, and the
Jawaharlal Nehru Centre for Advanced Scientific Research, Bangalore, India, for a
Research Associate Fellowship. We thank Sadashiva S. Karnik for the serotonin1A-
EYFP receptor construct. We gratefully acknowledge Thomas J. Pucadyil for useful
discussions and for help with the cholesterol assay. We thank S. Rajanna, Md. Jafu-
rulla, Yamuna D. Paila, and Sandeep Shrivastava for help with the tissue collection
and members of our laboratory for critically reading the manuscript.

REFERENCES

Amundson, D. M., and Zhou, M. (1999). Fluorometric method for the enzymatic determination of choles-
terol. J. Biochem. Biophys. Methods 38:43–52.

Blier, P., de Montigny, C., and Chaput, Y. (1990). A role for the serotonin system in the mechanism of
action of antidepressant treatments: Preclinical evidence. J. Clin. Psychiatry 51:14–20.

Bligh, E. G., and Dyer, W. J. (1959). A rapid method of total lipid extraction and purification. Can. J.
Biochem. Physiol. 37:911–917.

Brown, D. A., and London, E. (1998). Structure and origin of ordered lipid domains in biological mem-
branes. J. Membr. Biol. 164:103–114.

Brown, D. A., and Rose, J. K. (1992). Sorting of GPI-anchored proteins to glycolipid-enriched membrane
subdomains during transport to the apical cell surface. Cell 68:533–544.

Bruns, R. F., Lawson-Wendling, K., and Pugsley, T. A. (1983). A rapid filtration assay for soluble recep-
tors using polyethylenimine-treated filters. Anal. Biochem. 132:74–81.

Chamberlain, L. H. (2004). Detergents as tools for the purification and classification of lipid rafts. FEBS
Lett. 559:1–5.

Chattopadhyay, A., and London, E. (1984). Fluorimetric determination of critical micelle concentration
avoiding interference from detergent charge. Anal. Biochem. 139:408–412.

Chen, R. F., and Bowman, R. L. (1965). Fluorescence polarization: Measurement with ultraviolet-
polarizing filters in a spectrophotofluorometer. Science 147:729–732.

Edidin, M. (2003). The state of lipid rafts: From model membranes to cells. Annu. Rev. Biophys. Biomol.
Struct. 32:257–283.



474 Kalipatnapu and Chattopadhyay

Gaus, K., Rodriguez, M., Ruberu, K. R., Gelissen, I., Sloane, T. M., Kritharides, L., and Jessup, W. (2005).
Domain-specific lipid distribution in macrophage plasma membranes. J. Lipid Res. 46:1526–1538.

Griebel, G. (1999). 5-HT1A receptor blockers as potential drug candidates for the treatment of anxiety
disorders. Drug News Perspect. 12:484–490.

Harikumar, K. G., and Chattopadhyay, A. (1999). Differential discrimination of G-protein coupling
of serotonin1A receptors from bovine hippocampus by an agonist and an antagonist. FEBS Lett.
457:389–392.

Haugland, R. P. (1996). Handbook of Fluorescent Probes and Research Chemicals, 6th edn., Molecular
Probes, Eugene, OR.

Heerklotz, H. (2002). Triton promotes domain formation in lipid raft mixtures. Biophys. J. 83:2693–2701.
Hooper, N. M. (1999). Detergent-insoluble glycosphingolipid/cholesterol-rich membrane domains, lipid

rafts and caveolae. Mol. Membr. Biol. 16:145–156.
Julius, D. (1998). Serotonin receptor knockouts: A moody subject. Proc. Natl. Acad. Sci. U.S.A. 95:15153–

15154.
Kalipatnapu, S., and Chattopadhyay, A. (2004). A GFP fluorescence-based approach to determine de-

tergent insolubility of the human serotonin1A receptor. FEBS Lett. 576:455–460.
Kalipatnapu, S., and Chattopadhyay, A. (2005). Membrane organization of the human serotonin1A re-

ceptor monitored by detergent insolubility using GFP fluorescence. Mol. Membr. Biol. 22:539–547.
Kalipatnapu, S., and Chattopadhyay, A. (2006). The serotonin1A receptor and its interaction with the

membrane environment. Proc. Ind. Natl. Sci. Acad. B 71:61–72.
Kalipatnapu, S., Pucadyil, T. J., Harikumar, K. G., and Chattopadhyay, A. (2004). Ligand binding char-

acteristics of the human serotonin1A receptor heterologously expressed in CHO cells. Biosci. Rep.
24:101–115.

Lakowicz, J. R. (1983). Principles of Fluorescence Spectroscopy, Plenum, New York, pp. 111–153.
London, E. (2002). Insights into lipid raft structure and formation from experiments in model mem-

branes. Curr. Opin. Struct. Biol. 12:480–486.
Luria, A., Vegelyte-Avery, V., Stith, B., Tsvetkova, N. M., Wolkers, W. F., Crowe, J. H., Tablin, F.,

and Nuccitelli, R. (2002). Detergent-free domain isolated from Xenopus egg plasma membrane with
properties similar to those of detergent-resistant membranes. Biochemistry 41:13189–13197.

Macdonald, J. L., and Pike, L. J. (2005). A simplified method for the preparation of detergent-free lipid
rafts. J. Lipid Res. 46:1061–1067.

McClare, C. W. F. (1971). An accurate and convenient organic phosphorus assay. Anal. Biochem. 39:527–
530.

Monneron, A., and d’Alayer, J. (1978). Isolation of plasma and nuclear membranes of thymocytes. I.
Enzymatic composition and ultrastructure. J. Cell Biol. 77:211–231.

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

Pike, L. J. (2004). Lipid rafts: Heterogeneity on the high seas. Biochem. J. 378:281–292.
Pike, L. J., Han, X., and Gross, R. W. (2005). Epidermal growth factor receptors are localized to lipid

rafts that contain a balance of inner and outer leaflet lipids: A shotgun lipidomics study. J. Biol.
Chem. 280:26796–26804.

Pucadyil, T. J., Kalipatnapu, S., and Chattopadhyay, A. (2005). The serotonin1A receptor: A representa-
tive member of the serotonin receptor family. Cell. Mol. Neurobiol. 25:553–580.

Raymond, J. R., Mukhin, Y. V., Gettys, T. W., and Garnovskaya, M. N. (1999). The recombinant 5-HT1A
receptor: G protein coupling and signalling pathways. Br. J. Pharmacol. 127:1751–1764.

Silvius, J. R. (2003). Role of cholesterol in lipid raft formation: Lessons from lipid model systems.
Biochim. Biophys. Acta 1610:174–183.

Simons, K., and Ikonen, E. (1997). Functional rafts in cell membranes. Nature 387:569–572.
Smart, E. J., Ying, Y.-S., Mineo, C., and Anderson, R. G. W. (1995). A detergent-free method for puri-

fying caveolae membrane from tissue culture cells. Proc. Natl. Acad. Sci. U.S.A. 92:10104–10108.
Smith, P. K., Krohn, R. I., Hermanson, G. T., Mallia, A. K., Gartner, F. H., Provenzano, M. D.,

Fujimoto, E. K., Goeke, N. M., Olson, B. J., and Klenk, D. C. (1985). Measurement of protein using
bicinchoninic acid. Anal. Biochem. 150:76–85.

Song, K. S., Shengwen, L., Okamoto, T., Quilliam, L. A., Sargiacomo, M., and Lisanti, M. P. (1996). Co-
purification and direct interaction of Ras with caveolin, an integral membrane protein of caveolae
microdomains. Detergent-free purification of caveolae microdomains. J. Biol. Chem. 271:9690–9697.

Toth, M. (2003). 5-HT1A receptor knockout mouse as a genetic model of anxiety. Eur. J. Pharmacol.
463:177–184.

van Echten-Deckert, G. (2000). Sphingolipid extraction and analysis by thin-layer chromatography.
Methods Enzymol. 312:64–79.

Yeagle, P. L. (1985). Cholesterol and the cell membrane. Biochim. Biophys. Acta 822:267–287.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


