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Abstract

The serotonin1A (5-HT1A) receptor is an important member of the superfamily of seven transmembrane domain G-protein-cou-
pled receptors. We report here that solubilization of the hippocampal 5-HT1A receptor by the zwitterionic detergent CHAPS is
accompanied by loss of membrane cholesterol which results in a reduction in specific agonist binding activity and extent of G-pro-
tein coupling. Importantly, replenishment of cholesterol to solubilized membranes using MbCD–cholesterol complex restores the
cholesterol content of the membrane and significantly enhances the specific agonist binding activity and G-protein coupling. These
novel results provide useful information on the role of cholesterol in solubilization of G-protein-coupled receptors, an important
step for molecular characterization of these receptors.
� 2004 Elsevier Inc. All rights reserved.
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Serotonin receptors represent one of the largest, evo-
lutionarily ancient, and highly conserved families of
G-protein-coupled receptors [1]. Serotonin (5-hydroxy-
tryptamine or 5-HT) is an intrinsically fluorescent [2],
biogenic amine which acts as a neurotransmitter and is
found in a wide variety of sites in the central and periph-
eral nervous system [3]. Serotonergic signaling appears to
play a key role in the generation and modulation of var-
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ious cognitive and behavioral functions such as sleep,
mood, pain, addiction, locomotion, sexual activity,
depression, anxiety, alcohol abuse, aggression, and
learning [4–6]. Disruptions in serotonergic systems have
been implicated in the etiology of mental disorders such
as schizophrenia, migraine, depression, suicidal behav-
ior, infantile autism, eating disorders, and obsessive–
compulsive disorder [4,7–9]. Serotonin exerts its diverse
actions by binding to distinct cell surface receptors which
have been classified into many groups [10]. Serotonin
receptors are members of a superfamily of seven trans-
membrane domain receptors [11] that couple to and
transduce signals via GTP-binding regulatory proteins
(G-proteins) [12]. Among the 14 subtypes of serotonin
receptors, the G-protein-coupled 5-HT1A receptor is
the best characterized for a variety of reasons [13], and
is implicated in several anxiety-related disorders. This
is supported by the fact that the 5-HT1A receptor knock-
out mice are an excellent model system to understand
anxiety-related behavior in higher animals [7–9].
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An essential criterion for purification of an integral
membrane protein is that the protein must be carefully
removed from its native membrane and dispersed in
solution. This process, usually achieved using amphi-
philic detergents, is termed as solubilization [14,15].
We have earlier partially purified and solubilized the
5-HT1A receptor from bovine hippocampus in a func-
tionally active form [16,17] using CHAPS which is
one of the most commonly used detergents in mem-
brane biochemistry and is a mild, non-denaturing,
zwitterionic detergent. We have also reported the solu-
bilization of 5-HT1A receptors stably expressed in Chi-
nese hamster ovary (CHO) cells using the same
detergent [18].

A common problem associated with most solubiliza-
tion experiments is delipidation, i.e., loss of lipids. This
often leads to considerable loss of activity of the solubi-
lized protein or receptor since lipid–protein interactions
play a crucial role in maintaining the structure and func-
tion of integral membrane proteins and receptors [19].
This makes the solubilization process less effective. For
example, displacement of lipids from the receptor was
shown to be an integral feature of detergent-induced
inactivation in case of the nicotinic acetylcholine recep-
tor [20]. The phenomenon of delipidation and its conse-
quences on the activity of solubilized membrane
proteins have been utilized to gain useful insight into
the lipid requirements of membrane proteins [20,21].

It has been previously reported that solubilization by
CHAPS leads to loss of cholesterol, an essential compo-
nent of eukaryotic membranes, from the solubilized
membranes [22,23]. Interestingly, we have recently
shown the requirement of membrane cholesterol in
modulating ligand binding activity of the 5-HT1A recep-
tor from the bovine hippocampus [24]. This was
achieved by the use of methyl-b-cyclodextrin (MbCD)
which physically depletes cholesterol from membranes.
Treatment of bovine hippocampal membranes with
MbCD resulted in specific removal of membrane choles-
terol without any change in phospholipid content. Re-
moval of cholesterol from bovine hippocampal
membranes in this manner resulted in a reduction in li-
gand binding to the 5-HT1A receptor [24]. If cholesterol
is necessary for ligand binding of the 5-HT1A receptor
[24] and solubilization by CHAPS leads to its removal
from the solubilized membranes [22,23], the apparent
loss observed in the activity of the 5-HT1A receptor
upon solubilization could be due to the loss of choles-
terol. In this report, we have tested this proposal by
assaying the cholesterol content of native and solubi-
lized membranes containing the 5-HT1A receptor from
bovine hippocampus. Our results show that there is con-
siderable loss of cholesterol (�60%) upon solubilization
which is accompanied by reduced ligand binding of the
receptor. More importantly, we show here, for the first
time, that a significant fraction of the receptor activity
could be restored upon replenishment of the solubilized
membranes with cholesterol.
Materials and methods

Materials. 5-HT, CHAPS, cholesterol, EDTA, EGTA, iodoaceta-
mide, MbCD, MgCl2, MnCl2, NaCl, PMSF, PEG, polyethylenimine,
sodium azide, sucrose, and Tris were obtained from Sigma Chemical
(St. Louis, MO, USA). GTP-c-S was purchased from Roche Applied
Science (Mannheim, Germany). [3H]8-OH-DPAT (sp. activity
135.0 Ci/mmol) was from DuPont New England Nuclear (Boston,
MA, USA). BCA reagent kit for protein estimation was obtained from
Pierce (Rockford, IL, USA). Amplex Red cholesterol assay kit was
from Molecular Probes (Eugene, OR, USA). All other chemicals used
were of the highest purity available. GF/B glass microfiber filters were
from Whatman International (Kent, UK). 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
immediately flash-frozen in liquid nitrogen and stored at �70 �C until
further use.

Preparation of native hippocampal membranes. Native hippocampal
membranes were prepared as described earlier [17]. Bovine hippo-
campal tissue (�100 g) was homogenized as 10% (w/v) with a polytron
homogenizer in buffer A (2.5 mM Tris, 0.32 M sucrose, 5 mM EDTA,
5 mM EGTA, 0.02% sodium azide, 0.24 mM PMSF, and 10 mM
iodoacetamide, pH 7.4). The homogenate was centrifuged at 900g for
10 min at 4 �C. The supernatant was filtered through four layers of
cheesecloth and the pellet was discarded. The supernatant was further
centrifuged at 50,000g for 20 min at 4 �C. The resulting pellet was
suspended in 10 vol of buffer B (50 mM Tris, 1 mM EDTA, 0.24 mM
PMSF, and 10 mM iodoacetamide, pH 7.4) using a hand-held Dounce
homogenizer and centrifuged at 50,000g for 20 min at 4 �C. This
procedure was repeated until the supernatant was clear. The final pellet
(native membrane) was resuspended in a minimum volume of buffer C
(50 mM Tris, pH 7.4), homogenized using a hand-held Dounce
homogenizer, flash-frozen in liquid nitrogen, and stored at �70 �C.
Protein concentration was determined using the BCA reagent [25].

Solubilization of native membranes. Native hippocampal mem-
branes were solubilized as described earlier with some modifications
[17]. Membranes were incubated with 5 mM CHAPS and 1 M NaCl in
buffer D (50 mM Tris, 1 mM EDTA, and 10 mM MgCl2, pH 7.4) at a
final protein concentration of �3 mg/ml for 30 min at 4 �C with
occasional shaking. The membranes were briefly sonicated (5 s) using a
Branson model 250 sonifier at the beginning of the incubation period,
and mildly homogenized using a hand-held Dounce homogenizer (five
times) at the beginning and the end of the incubation period. After
incubation for 30 min, the contents were centrifuged at 100,000g for
1 h at 4 �C. The clear supernatant was carefully removed from the
pellet and used for PEG precipitation. PEG precipitation of the crude
CHAPS-solubilized membrane was performed to remove NaCl from
the solubilized extract, since the agonist binding of the 5-HT1A

receptor is inhibited by NaCl [26]. This procedure is believed to remove
the detergent and salt [27]. PEG precipitation was carried out by
diluting the extract with equal volume of 40% (w/w) PEG-8000 in
buffer D. Following vigorous vortexing and incubation for 10 min on
ice, the samples were centrifuged at 15,000g for 10 min at 4 �C. The
pellet was carefully rinsed twice with buffer C, resuspended in the same
buffer, and either used immediately for radioligand binding assays or
for cholesterol replenishment.

Cholesterol replenishment of PEG-precipitated solubilized mem-

branes using MbCD–cholesterol complex. PEG-precipitated solubilized
membranes were replenished with cholesterol using cholesterol–MbCD
complex as described earlier [24] with a few modifications. The com-
plex was prepared by dissolving the required amounts of cholesterol
and MbCD in a ratio of 1:10 (mol/mol), respectively, in buffer C by
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constant shaking at room temperature (25 �C). Stock solutions (typi-
cally 2:20 mM cholesterol:MbCD) of this complex were freshly pre-
pared before each experiment. Cholesterol replenishment was carried
out at a protein concentration of �1.3 mg/ml by incubating the PEG-
precipitated solubilized membranes with the cholesterol–MbCD com-
plex for 30 min in buffer C at room temperature (25 �C) under constant
shaking. Membranes were then spun down at 100,000g for 1 h at 4 �C,
suspended in buffer C, and used for radioligand binding assays. Cho-
lesterol content of membranes was estimated using the Amplex Red
cholesterol assay kit [28]. Values are expressed as the percentage of
cholesterol content in native hippocampal membranes and shown in
Fig. 1A.

Receptor binding assays. Receptor binding assays were carried out
as described earlier [24]. Briefly, tubes in duplicate containing �0.5 mg
total protein in a total volume of 1 ml of buffer E (50 mM Tris, 1 mM
EDTA, 10 mM MgCl2, and 5 mM MnCl2, pH 7.4) were used. Tubes
were incubated with the radiolabeled agonist [3H]8-OH-DPAT (final
concentration in the assay tube 0.29 nM) for 1 h at room temperature.
Non-specific binding was determined by performing the assay in the
presence of 10 lM unlabeled 5-HT. The incubation was terminated by
rapid filtration under vacuum in a Millipore multiport filtration
apparatus through Whatman GF/B 2.5 cm diameter (1.0 lm pore size)
Fig. 1. (A) Cholesterol contents and (B) cholesterol to phospholipid
ratios (mol/mol) of native bovine hippocampal membranes (BHM),
PEG-precipitated solubilized membranes (SM), and PEG-precipitated
solubilized membranes enriched with cholesterol (CLSM). Cholesterol
and phospholipid contents were assayed as described in Materials and
methods. Data represent means ± standard errors of at least three
independent experiments. See Materials and methods for other details.
glass microfiber filters which were presoaked in 0.15% (w/v) poly-
ethylenimine for 3 h [29]. The filters were then washed three times with
3 ml of ice-cold water, dried, and the retained radioactivity was mea-
sured in a Packard Tri-Carb 1500 scintillation counter using 5 ml of
scintillation fluid.

Sensitivity of agonist binding to GTP-c-S. In experiments with GTP-
c-S, agonist binding assays were carried out as described above in the
presence of varying concentrations of GTP-c-S as described previously
[30]. The concentrations of GTP-c-S leading to 50% inhibition of
specific agonist binding (IC50) were calculated by non-linear regression
fitting of the data to a four parameter logistic function [31]:

B ¼ a

1þ ðx=IÞS
þ b; ð1Þ

where B is the specific binding of the agonist normalized to control
binding (in absence of GTP-c-S), x denotes the concentration of
GTP-c-S, a is the range (ymax � ymin) of the fitted curve on the ordinate
(y-axis), I is the IC50 concentration, b is the background of the fitted
curve (ymin), and S is the slope factor. Data were analyzed for statisti-
cal significance using one-way ANOVA (Microcal Origin Version 5.0,
Microcal Software, USA).

Estimation of phospholipid content of membranes. Concentration of
lipid phosphate of membranes was determined subsequent to total
digestion by perchloric acid [32] using Na2HPO4 as standard. DMPC
was used as an internal standard to assess lipid digestion. Samples
without perchloric acid digestion produced negligible readings.
Results

Fig. 1 shows the change in lipid composition due to
solubilization of native hippocampal membranes by
CHAPS. Fig. 1A shows the relative cholesterol contents
of native bovine hippocampal membranes (BHM) and
PEG-precipitated solubilized membranes (SM). There
is �60% reduction in the cholesterol content of the hip-
pocampal membranes upon solubilization. Treatment of
solubilized membranes with MbCD–cholesterol com-
plex results in replenishment of cholesterol. Thus, the
PEG-precipitated solubilized membranes enriched with
cholesterol (CLSM) were found to contain �105% of
the original cholesterol content (Fig. 1A). The corre-
sponding cholesterol to phospholipid ratios are shown
in Fig. 1B.

The specific agonist ([3H]8-OH-DPAT) binding
activities of these membranes are shown in Fig. 2. The
specific [3H]8-OH-DPAT binding of the 5-HT1A recep-
tor shows a reduction upon solubilization by CHAPS.
Thus, the specific binding of the agonist reduces upon
solubilization to �67% of that obtained with native
membranes. We attribute this to the loss of lipids
accompanying solubilization (see Fig. 1). Interestingly,
we have previously reported that removal of cholesterol
from hippocampal membranes due to treatment with
the cholesterol complexing agent MbCD results in a de-
crease in specific agonist activity [24]. In order to ex-
plore whether the observed loss in specific agonist
binding is due to loss of cholesterol during solubiliza-
tion, we replenished the cholesterol content of the solu-
bilized membranes using MbCD–cholesterol complex.



Fig. 3. Effect of increasing concentrations of GTP-c-S on the specific
binding of the agonist [3H]8-OH-DPAT to 5-HT1A receptors from SM
(–s–) and CLSM (–d–) membranes. Values are expressed as a
percentage of the specific binding obtained in the absence of GTP-c-S.
The curves are non-linear regression fits to the experimental data using
the four parameter logistic function [31]. The data points represent
means ± standard errors of duplicate points from at least three
independent experiments. The data for native bovine hippocampal
membranes are not shown for clarity. See Materials and methods and
Table 1 for other details.

Table 1
Effect of cholesterol replenishment in PEG-precipitated solubilized
bovine hippocampal membranes on sensitivity of [3H]8-OH-DPAT
binding to GTP-c-Sa

Condition IC50 (nM)

BHM 78 ± 4
SM 181 ± 6
CLSM 96 ± 5

a The IC50 values shown in the table represent means ± standard
errors from at least three independent experiments. Bovine hippocam-
pal native membranes are denoted as BHM, PEG-precipitated
solubilized membranes as SM, and PEG-precipitated solubilized
membranes enriched with cholesterol as CLSM. See Materials and
methods for other details.

Fig. 2. Effect of enrichment of cholesterol in PEG-precipitated
solubilized bovine hippocampal membranes on the specific [3H]8-
OH-DPAT binding to 5-HT1A receptors. Bovine hippocampal mem-
branes are denoted as BHM, PEG-precipitated solubilized membranes
as SM, and PEG-precipitated solubilized membranes enriched with
cholesterol as CLSM. Values are expressed as a percentage of the
specific binding obtained with native membranes. The data points
shown are the means ± standard errors of at least four independent
experiments. See Materials and methods for other details.
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This resulted in an increase of specific agonist binding
to �85% of the native membranes, possibly due to an
increase in cholesterol content of the membrane (shown
in Fig. 1A).

The hippocampal 5-HT1A receptor is negatively
coupled to adenylate cyclase through Gi-proteins [33].
Sensitivity of agonist binding to guanine nucleotides
can be monitored by performing the agonist binding
assay in the presence of GTP-c-S, a non-hydrolyzable
analogue of GTP [30]. In order to assess the status
of receptor–G-protein interaction for the 5-HT1A

receptor in these membranes, we monitored the specific
agonist binding of the receptor in the presence of
increasing concentrations of GTP-c-S. These results
are shown in Fig. 3 and Table 1. Fig. 3 shows the
inhibition of specific agonist binding to the 5-HT1A

receptor by GTP-c-S in a characteristic concentra-
tion-dependent manner. The corresponding values of
the half maximal inhibition concentrations (IC50) are
shown in Table 1. As seen from the table, the IC50 va-
lue for BHM is �78 nM and is increased to �181 nM
upon solubilization using CHAPS. This implies that
the G-protein coupling of the CHAPS-solubilized
receptors is considerably reduced. Upon replenishment
of cholesterol to PEG-precipitated solubilized mem-
branes, the IC50 value shows a significant decrease
(�96 nM). This shows that the extent of G-protein
coupling is enhanced when cholesterol is loaded back
into the solubilized membranes. This confirms our ear-
lier conclusion that membrane cholesterol is required
for efficient G-protein coupling of the hippocampal
5-HT1A receptor [24].
Discussion

Solubilization of biological membranes is often
accompanied by selective or differential solubilization
of membrane lipids [22,23]. Thus, the lipid environment
around a protein of interest assumes significance since
the extent of solubilization as well as the function of
the solubilized protein could depend on it. Interestingly,
the possibility of membranes being organized into do-
mains consisting of certain classes of lipids and proteins
which are resistant to detergent extraction has generated
a lot of interest. In fact, detergent insolubility of mem-
brane components is commonly used as a biochemical
tool to monitor domain organization of membranes
[34–36].
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We report here that solubilization of the hippocam-
pal 5-HT1A receptor by CHAPS is accompanied by a
loss of membrane cholesterol which results in a reduc-
tion in specific agonist binding activity and extent of
G-protein coupling. Replenishment of cholesterol to sol-
ubilized membranes using MbCD–cholesterol complex
restores the cholesterol content of the membrane and
significantly enhances specific agonist binding activity
and G-protein coupling. Since other membrane lipids
besides cholesterol could be lost during solubilization,
it is possible that further enhancement of ligand binding
and G-protein coupling could be achieved by appropri-
ate incorporation of any other lipid lost.

The 5-HT1A receptor belongs to the family of G-
protein-coupled receptors. These receptors constitute
a superfamily of proteins whose function is to transmit
information across a cell membrane from the extracel-
lular environment to the interior of the cell thus pro-
viding a mechanism of communication between the
exterior and the interior of the cell [11]. G-protein-cou-
pled receptors represent the single largest family of cell
surface receptors involved in signal transduction. Our
results are relevant for optimal solubilization of
G-protein-coupled receptors in general, especially con-
sidering the fact that very few G-protein-coupled
receptors have been successfully solubilized. Efficient
solubilization of receptors from their native source
with high ligand binding activity and intact signal
transduction components may constitute the first step
in the molecular characterization of the G-protein-cou-
pled receptors.
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