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B I O P H Y S I C S

A molecular sensor for cholesterol in the human 
serotonin1A receptor
G. Aditya Kumar1†‡, Parijat Sarkar1†, Tomasz Maciej Stepniewski2,3†, Md. Jafurulla1,  
Shishu Pal Singh4, Jana Selent2*, Amitabha Chattopadhyay1*

The function of several G protein–coupled receptors (GPCRs) exhibits cholesterol sensitivity. Cholesterol sensitivity of 
GPCRs could be attributed to specific sequence and structural features, such as the cholesterol recognition/
interaction amino acid consensus (CRAC) motif, that facilitate their cholesterol-receptor interaction. In this work, 
we explored the molecular basis of cholesterol sensitivity exhibited by the serotonin1A receptor, the most studied 
GPCR in the context of cholesterol sensitivity, by generating mutants of key residues in CRAC motifs in transmem-
brane helix 2 (TM2) and TM5 of the receptor. Our results show that a lysine residue (K101) in one of the CRAC 
motifs is crucial for sensing altered membrane cholesterol levels. Insights from all-atom molecular dynamics simula-
tions showed that cholesterol-sensitive functional states of the serotonin1A receptor are associated with reduced 
conformational dynamics of extracellular loops of the receptor. These results constitute one of the first reports on 
the molecular mechanism underlying cholesterol sensitivity of GPCRs.

INTRODUCTION
G protein–coupled receptors (GPCRs) represent the largest group of 
integral membrane proteins in the human proteome and convey di-
verse extracellular signals to the cellular interior (1). They act as pop-
ular drug targets in all clinical areas and account for ~40% of current 
drug targets (2). The sensitivity of GPCRs toward their immediate 
membrane lipid microenvironment constitutes an exciting yet poorly 
resolved area of contemporary GPCR biology. Cholesterol is a vital 
membrane lipid in higher eukaryotes that plays a crucial role in a large 
number of cellular functions (3). The fine-tuned structural attributes 
of cholesterol allow its interaction with membrane proteins with high 
specificity (4, 5). The role of membrane cholesterol in the function of 
several GPCRs has been reported (6–10). We have previously shown 
that the serotonin1A receptor, a representative class A neurotrans-
mitter GPCR (11, 12), exhibits sensitivity toward membrane choles-
terol in terms of its organization, dynamics, function, and trafficking 
(13–22). However, the mechanistic basis underlying the cholesterol-
sensitive GPCR function remains elusive. In other words, what are 
the molecular determinants that enable GPCRs to perceive and 
respond to changes in membrane cholesterol levels in terms of altered 
functional consequences? High-resolution structures of cholesterol-
bound GPCRs offer crucial insight into the interaction of cholesterol 
with these receptors (5, 10, 23, 24) and the promise of novel drug 
discovery (25). In this context, cholesterol interaction motifs repre-
sent putative sites on receptors that could be involved in facilitating 
specific interaction (26–28). Among these, the cholesterol recognition/
interaction amino acid consensus (CRAC) motif is one of the 
most well studied and is characterized by a linear sequence of 

amino acids -L/V-(X)1–5-Y-(X)1–5-R/K- (from the N terminus to the 
C terminus of the protein), where (X)1–5 represents between one and 
five residues of any amino acid (28–31).

In the case of GPCRs, we previously reported the presence of 
CRAC motifs in three representative class A GPCRs (rhodopsin, 
2-adrenergic receptor, and serotonin1A receptor), all of which dis-
play cholesterol-sensitive function (30). Specifically, CRAC motifs in 
serotonin1A receptors were shown to be conserved across vertebrates, 
which further highlights the evolutionary significance of these motifs 
in serotonin1A receptor function (30). With an overall objective to ex-
plore the mechanistic basis underlying the cholesterol-sensitive func-
tion of the serotonin1A receptor, in this work, we explored the role of 
CRAC motifs in transmembrane helix 2 (TM2) and TM5 of the sero-
tonin1A receptor. Using complementary approaches [site-directed 
mutagenesis, measurement of cellular signaling, and all-atom molecu-
lar dynamics (MD) simulations], we show that a key lysine residue 
(K101) forming part of the CRAC motif in TM2 of the serotonin1A 
receptor is crucial in sensing altered membrane cholesterol levels. 
We further show that cholesterol-sensitive functional states of the 
serotonin1A receptor are associated with reduced conformational dy-
namics of the extracellular loops (ECLs) of the receptor. To the best 
of our knowledge, these results represent the first comprehensive 
report on the underlying molecular mechanism associated with cho-
lesterol sensitivity of GPCRs.

RESULTS
Cholesterol-dependent signaling by serotonin1A receptors
We have stably expressed the human serotonin1A receptor in human 
embryonic kidney (HEK) 293 cells and demonstrated that the recep-
tor exhibits characteristic ligand binding, G-protein coupling, lateral 
dynamics, and intracellular trafficking, highlighting functional re-
ceptor expression in these cells (32, 33). As a downstream response 
to agonist stimulation, the serotonin1A receptor is known to activate 
the Gi/Go class of G-proteins in HEK-293 cells (34). This results in 
the inhibition of adenylyl cyclase activity that leads to a reduction in 
cellular cyclic adenosine 3′,5′-monophosphate (cAMP) levels (35) (see 
Fig. 1A). We monitored the effect of serotonin (agonist) stimulation 
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on reduction in cAMP levels in HEK-293 cells stably expressing the 
wild-type human serotonin1A receptor using a fluorescence reso-
nance energy transfer (FRET)–based assay (36,  37) (see Materials 
and Methods for more details). This assay is based on estimating 
agonist-induced reduction in forskolin-stimulated cAMP levels. Since 
basal cellular cAMP levels are low and a further reduction in their 
levels is difficult to measure, we enhanced cellular cAMP levels using 
forskolin, which activates adenylyl cyclase independent of G-proteins. 
As shown in Fig. 1B, forskolin stimulation resulted in ~70% increase 
in cellular cAMP levels. Treatment with 10 M serotonin led to a 
reduction in the forskolin-stimulated enhancement of cAMP levels 
(see Fig. 1B).

Depletion of membrane cholesterol offers a convenient strategy to 
monitor cholesterol dependence of GPCR function (13, 14, 38). We 
used methyl--cyclodextrin (MCD), a water-soluble carbohy-
drate polymer that selectively and efficiently extracts cholesterol 
from membranes (39, 40), to deplete membrane cholesterol from 
HEK-293 cells. To explore the cholesterol sensitivity of serotonin1A 
receptor signaling, we measured serotonin-induced reduction in 

cAMP levels in cholesterol-depleted cells. Figure  2A shows mem-
brane cholesterol content in HEK-293 cells expressing the serotonin1A 
receptor upon treatment with 10 mM MCD. We observed ~40% 
reduction in membrane cholesterol content in cells upon treatment 
with MCD. The reduction in cellular cAMP content upon serotonin 
treatment relative to forskolin-stimulated levels is shown in Fig. 2B. The 
figure shows that control (untreated) cells exhibited ~71% reduction 
in cAMP levels upon treatment with serotonin. As shown in Fig. 2B 
and fig. S1, the serotonin-induced reduction in cAMP levels was in-
hibited upon depletion of membrane cholesterol. This implies that 
membrane cholesterol depletion inhibits serotonin-mediated signal-
ing by the serotonin1A receptor and highlights the cholesterol sensi-
tivity of serotonin1A receptor function.

CRAC motif mutants of the serotonin1A receptor
To explore the molecular determinants of cholesterol-sensitive sero-
tonin1A receptor signaling, we monitored the role of CRAC motifs in 
conferring such sensitivity. For this, we selectively mutated key 
charged and aromatic amino acid residues in these motifs. The ratio-
nale behind our approach was that if an amino acid residue is in-
volved in sensing membrane cholesterol, a receptor harboring a 
mutation in that residue should exhibit functional readouts that 
would remain invariant with changes in membrane cholesterol con-
tent. In other words, mutations in amino acids that are involved 
in sensing membrane cholesterol should not support cholesterol-
dependent changes in receptor signaling as observed in the case of 
the wild-type receptor. Cholesterol interaction motifs in membrane 
receptors facilitate the interaction of receptors with cholesterol via 
aromatic amino acid residues that have been suggested to interact 
with ring D of the fused steroid ring of cholesterol (26, 27). On the 
other hand, positively charged residues in the CRAC motif have 
been proposed to be involved in electrostatic interactions with the 
3-hydroxyl group of cholesterol (27, 41, 42). To understand the mo-
lecular basis of the cholesterol sensitivity exhibited by the serotonin1A re-
ceptor, we generated mutants of key amino acid residues in CRAC 

Fig. 1. Reduction in intracellular cAMP levels upon agonist stimulation of 
serotonin1A receptors. (A) A schematic representation showing cAMP signaling 
by the serotonin1A receptor. Upon agonist (serotonin) stimulation, the serotonin1A 
receptor negatively regulates adenylyl cyclase activity via the inhibitory G-protein 
Gi, resulting in a reduction in cellular cAMP levels. ATP, adenosine 5′-triphosphate. 
(B) Estimation of cellular cAMP levels in HEK-293 cells stably expressing wild-type 
human serotonin1A receptors using a FRET-based assay. Cells were incubated with 
10 M forskolin to enhance the basal levels of intracellular cAMP. The ability of the 
serotonin1A receptor to inhibit forskolin-stimulated increase in cAMP levels upon 
treatment with 10 M serotonin was assessed. Data are normalized to cAMP levels 
in the presence of 50 M IBMX (phosphodiesterase inhibitor). Data represent 
means ± SE of at least six independent experiments. See Materials and Methods for 
further details.

Fig. 2. Effect of cholesterol depletion on cAMP signaling by the serotonin1A 
receptor. (A) Cholesterol was depleted from HEK-293 cells stably expressing wild-
type serotonin1A receptors by incubating cells with 10 mM MCD for 30 min in 
serum-free medium. Membrane cholesterol content upon treatment with MCD is 
shown. Values are normalized to the cholesterol content of control (untreated) 
cells. Data represent means ± SE of three independent experiments. (B) Reduction 
in cAMP upon incubation of cells with 10 M serotonin was monitored in control 
(untreated, blue) and cholesterol-depleted (MCD-treated, gray) cells. Values are 
expressed as percentage reduction in cAMP levels due to agonist stimulation of 
wild-type serotonin1A receptors. Data represent means ± SE of at least three inde-
pendent experiments. See Materials and Methods for further details.
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motif I (in TM2) and CRAC motif II (in TM5) of the receptor (see 
Fig. 3A). For this, we generated four single mutants, Y96S and K101A 
(in CRAC motif I), Y215S and R220A (in CRAC motif II), and 
two double mutants, Y96S + Y215S and K101A + R220A, and subse-
quently stably expressed them in HEK-293 cells (Fig. 3A; see Materi-
als and Methods for details). Confocal microscopic imaging at a 
midplane section of HEK-293 cells expressing wild-type and mutant 
serotonin1A receptors showed that receptors were expressed on the 
plasma membrane (see fig. S2). We further quantified the expression 
of the wild type and mutants of the serotonin1A receptor on the plas-
ma membrane of HEK-293 cells using a flow cytometric assay. As 
shown in fig. S3, all CRAC motif mutants of the serotonin1A receptor 
are expressed on the plasma membrane, although to varying extents.

CRAC motifs in signaling by the serotonin1A receptor
To explore whether mutations in CRAC motifs of the serotonin1A 
receptor affect their downstream signaling ability, we monitored re-
duction in cAMP levels in these mutants upon treatment with se-
rotonin. As shown in Fig. 4 (blue bars) and fig. S4A, under normal 
conditions, a considerable reduction in serotonin-induced cAMP 

levels was observed in CRAC motif mutants similar to wild-type re-
ceptors, suggesting that these mutants retain their downstream sig-
naling ability. The mechanistic basis of cholesterol sensitivity of the 
serotonin1A receptor downstream signaling was explored by moni-
toring the effect of cholesterol depletion on signaling by CRAC motif 
mutants. Figure  3B shows the membrane cholesterol content in 
HEK-293 cells expressing CRAC motif mutants of the serotonin1A 
receptor upon treatment with 10 mM MCD. As discussed above, 
we observed ~40% reduction in membrane cholesterol content in 
wild-type cells upon treatment with MCD. The extent of cholesterol 
depletion in HEK-293 cells expressing CRAC motif mutants was 
similar to cells expressing wild-type receptors and consistent across 
all mutants (see Fig. 3B). Depletion of membrane cholesterol did not 
exhibit a notable effect on the plasma membrane localization of the 
wild-type and mutant serotonin1A receptors (see fig. S2).

We observed inhibition in cAMP signaling upon cholesterol de-
pletion in the case of Y96S, Y215S, and R220A mutants (see Fig. 4, 
gray bars, and fig. S4B). These three mutants exhibited a downstream 
signaling response to cholesterol depletion similar to wild-type recep-
tors, suggesting that Y96, Y215, and R220 residues are not involved 
in conferring cholesterol sensitivity to the serotonin1A receptor. As 
expected, the Y96S + Y215S double mutant exhibited a trend in down-
stream signaling similar to the wild-type receptor and the constituent 
single mutants (Fig. 4 and figs. S4B and S5). Strikingly, the K101A 
mutant did not exhibit any appreciable change in downstream sig-
naling response upon cholesterol depletion, implying that its signal-
ing efficiency was independent of cholesterol content. Notably, the 
K101A + R220A double mutant displayed cholesterol insensitivity as 
observed in the case of the K101A single mutant (see Fig. 4 and figs. 
S4B and S5). Together, our results show that the cholesterol sensitiv-
ity observed in serotonin1A receptor signaling is conferred by the 
K101 residue in CRAC motif I of the receptor.

Fig. 3. CRAC motif mutants of the serotonin1A receptor. (A) The linear sequence 
of amino acids constituting the CRAC motif is shown on top. The serotonin1A re-
ceptors with CRAC motifs in TM2 (CRAC motif I) and TM5 (CRAC motif II) are high-
lighted in blue and pink, respectively. The amino acid sequences corresponding to 
CRAC motifs I and II of the serotonin1A receptor are indicated. To study the role of 
these motifs in rendering cholesterol sensitivity to the serotonin1A receptor, we 
generated four single (Y96S, K101A, Y215S, and R220A) and two double mutants 
(Y96S + Y215S and K101A + R220A) in CRAC motifs of the receptor (highlighted 
with a box and listed on the right). (B) Membrane cholesterol content of HEK-293 
cells expressing wild-type (WT) and CRAC motif mutant serotonin1A receptors 
upon treatment with 10 mM MCD. Values are normalized to the cholesterol con-
tent of the respective untreated cells (control). Data represent means ± SE of three 
independent experiments. See Materials and Methods for further details.

Fig. 4. Role of crucial amino acid residues of the CRAC motif in cholesterol 
sensitivity of serotonin1A receptor signaling. The ability of the wild-type and 
mutant serotonin1A receptors to inhibit forskolin-stimulated increase in cAMP levels 
upon treatment with 10 M serotonin was monitored. Reduction in cAMP in con-
trol (untreated, blue) and cholesterol-depleted (MCD-treated, gray) cells is ex-
pressed as a percentage of cAMP levels in cells incubated with 10 M forskolin. 
Cholesterol sensitivity to signaling is retained in the Y96S, Y215S, and R220A mu-
tants [similar to wild-type (WT) receptor]. However, this sensitivity is lost in the case of 
the K101A mutant, suggesting a possible role of K101 (in CRAC motif I) in confer-
ring cholesterol sensitivity to serotonin1A receptor function. Data represent means ± 
SE of at least three independent experiments. See Materials and Methods for fur-
ther details.
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Binding of cholesterol to the K101 residue in CRAC motif I
To obtain structural insights into the observed cholesterol-sensitive 
signaling by the serotonin1A receptor, we carried out 4 × 2 s all-
atom NVT MD simulations of the receptor in complex with its native 
agonist serotonin in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
(POPC) membranes with 33% cholesterol (termed POPC/chol). We 
computed the occupancy map for cholesterol on the serotonin1A 

receptor and analyzed the preferred binding sites for cholesterol on 
the receptor. We observed that cholesterol favored a site near K101 
during at least 20% of the simulations (see yellow volume in Fig. 5A). 
Detailed analysis of the binding modality showed that the bound 
cholesterol molecule is sandwiched between TM1 and TM2 in a 
binding groove formed by multiple hydrophobic residues (Fig. 5B). 
In this binding mode, cholesterol can establish polar interactions 

Fig. 5. Binding dynamics of cholesterol to the serotonin1A receptor. (A) Binding mode of cholesterol to the serotonin1A receptor detected in MD simulations. Choles-
terol occupancy (at a 0.2 threshold) in the vicinity of K101 residue (shown in dark blue) in CRAC motif I is plotted as a yellow surface. A cholesterol molecule bound in this 
predicted area is represented in cyan. Serotonin is depicted in red. (B) Residues in contact with cholesterol in the identified binding mode. Residues (except K101) are 
numbered according to the Ballesteros-Weinstein scheme. Polar interactions with cholesterol are depicted as red dotted lines. Nonpolar, polar, and positively charged 
residues on the serotonin1A receptor are colored in gray, green, and dark blue, respectively. The C of the K101 residue in serotonin1A receptor is depicted in van der Waals 
representation (dark blue). (C) The K101 residue facilitates cholesterol binding to the serotonin1A receptor. Snapshots along the binding pathway of cholesterol to the 
serotonin1A receptor are shown. When cholesterol is within sufficient proximity to the binding site (unbound cholesterol, 118 ns), it forms initial contacts with K101 (pre-
bound cholesterol, 225 ns). In such a state, cholesterol is initially tethered to the serotonin1A receptor, and later, it can transit into a tighter binding mode (bound choles-
terol, 708 ns) in which, besides K101, it interacts with other residues in the serotonin1A receptor. See Materials and Methods for further details.



Kumar et al., Sci. Adv. 2021; 7 : eabh2922     23 July 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 10

with Q1.32 and K101 residues (see Fig. 5B). In addition, our results 
showed that K101 forms the first recognition point that drives cho-
lesterol interaction (see Fig. 5C, prebound cholesterol) with the re-
ceptor. In this state, the cholesterol molecule remains bound mainly 
to the K101 residue for extended periods of time. In the prebound 
modality, the methyl groups on the  face have no strict orientation. 
However, upon transition to the fully bound state, they turn around 
to tightly fit into the binding groove where they interact with hydro-
phobic residues on the serotonin1A receptor (see Fig. 5C, bound 
cholesterol). The first recognition event with K101 is preceded by the 
transition of one cholesterol from the bulk toward the serotonin1A 
receptor in the upper bilayer leaflet (Fig. 5C, unbound to pre-
bound cholesterol). During this transition, the polar headgroup 
of cholesterol firmly interacts with the phosphocholine part of 
the lipid bilayer (fig. S6). Together, these observations comple-
ment our experimental results on the role of the K101 residue in 
rendering cholesterol sensitivity to the serotonin1A receptor 
(see Fig. 4).

ECL dynamics in cholesterol-sensitive receptor function
With the aim of exploring the molecular interplay between choles-
terol interaction at the K101 residue and agonist-induced signaling 
by the serotonin1A receptor, we generated additional 4 × 2 s NVT 
simulations starting from the observed cholesterol-bound receptor 
state and filtered our simulations based on the presence of choles-
terol in the proximity of the K101 residue. We compared these frames 
with another set of 4 × 2 s of NVT simulations of the serotonin1A 
receptor in POPC membranes without cholesterol (termed POPC). 
As shown in Fig. 6A, analysis of receptor conformational dy-
namics quantified as root mean square fluctuation (RMSF) revealed 
higher stability of ECL1 in POPC/chol membranes (cholesterol-
bound state of the receptor) relative to POPC membranes 
(cholesterol-unbound state of the receptor). Differences in the 
observed conformational dynamics can be appreciated by plot-
ting structural snapshots along the simulations into one structural 
depiction (see Fig. 6A, compare left and right). Our data indicate 
that cholesterol binding limits ECL1 mobility by forming polar in-
teractions with the K101 residue (as highlighted by red dotted lines 
in Fig. 5B), which tether the loop in a specific conformation. This 
observation raised the interesting possibility that the cholesterol 
sensitivity in serotonin1A receptor function could be due to the sta-
bilization of ECL1 conformational dynamics by cholesterol. To test 
this hypothesis, we simulated the K101A mutant of the serotonin1A 
receptor in POPC and POPC/chol membranes. As shown in Fig. 4, 
a mutation in the K101 residue (K101A) renders the serotonin1A 
receptor insensitive to changes in membrane cholesterol. We ob-
served that ECL1 of the K101A mutant assumes a helical conform
ation in both POPC and POPC/chol membranes, although less 
extensively in the case of POPC (see Fig. 6B). Notably, such a 
conformation was not explored by ECL1 of the wild-type serotonin1A 
receptor. To further understand the impact of a helical conformation 
on ECL1 stability of the K101A mutant, we filtered out simulation 
frames where the loop adopted a helical conformation (Fig  6B, 
right). Analysis of ECL1 conformational dynamics of the K101A 
mutant (in both POPC and POPC/chol membranes) yielded RMSF 
values comparable to values observed for wild-type receptors in 
POPC/chol membranes. Together, these observations suggest that 
K101A-induced helical conformation promotes ECL1 stability in a 
manner analogous to the stabilization of ECL1 of the wild-type 

serotonin1A receptor in the presence of cholesterol. In other 
words, cholesterol-induced reduction in ECL1 conformational 
dynamics for the wild-type serotonin1A receptor (Fig. 6A, left) 
could serve as a molecular determinant of serotonin1A receptor sig-
naling. As a corollary, upon mutating the cholesterol-sensing K101 
residue to alanine, the induction of a helical conformation leads to 
reduced ECL1 conformational dynamics in cholesterol-containing 
membranes (POPC/chol) and in membranes without cholesterol 
(POPC) (Fig. 6B, right), thereby stabilizing a signaling state of the 
receptor independent of membrane cholesterol (see Figs.  4 and 
6B, right).

In the next step, we assessed whether ECL1 conformational dy-
namics could be correlated to global structural changes within the 
receptor that could be associated with differential signaling states of 
the receptor. As shown in Fig. 6C, our simulations show that in the 
case of the wild-type serotonin1A receptor in POPC membranes 
(which corresponds to a nonsignaling state of the receptor), fluctua-
tions in ECL1 propagate to other ECL regions as indicated by 
higher RMSF values for ECL2 and ECL3 (maroon bars), compared 
to the wild-type receptor in POPC/chol membranes (orange bars) 
and the K101A mutant in either POPC (olive bars) or POPC/chol 
(green bars) membranes (all of which correspond to the signaling 
state of the receptor).

DISCUSSION
The sensitivity of GPCRs to membrane cholesterol constitutes an ex-
citing area of research in GPCR biology (7–10). The function of sev-
eral GPCRs has been shown to be intimately dependent on 
membrane cholesterol. For example, we have previously shown that 
the serotonin1A receptor exhibits sensitivity toward membrane choles-
terol in terms of its organization, dynamics, and function (13–20, 22). 
Such cholesterol dependence of GPCRs could be attributed to struc-
tural features of these receptors that could facilitate their preferential 
association with membrane cholesterol. In this backdrop, cholesterol 
interaction motifs such as the CRAC motif offer putative interaction 
sites on GPCRs that could facilitate the cholesterol-sensitive func-
tion of these receptors (27, 28). We previously reported the pres-
ence of conserved CRAC motifs in TM2, TM5, and TM7 of the 
serotonin1A receptor (30). To understand the molecular basis of the 
cholesterol sensitivity exhibited by the serotonin1A receptor, in this 
work, we generated mutants of crucial amino acid residues in CRAC 
motif I (in TM2) and CRAC motif II (in TM5) of the receptor (see 
Fig. 3A). We chose not to mutate any residue in CRAC motif III (in 
TM7) since this motif overlaps with the NPXXY motif, which acts as 
a conserved microswitch involved in receptor activation (1, 43, 44). It 
has been suggested that the central tyrosine residue of the CRAC 
motif could interact with the fused steroid ring of cholesterol (4, 26). 
The interfacial localization of aromatic residues such as tyrosine 
is a unique feature of transmembrane proteins (45). We chose 
to mutate tyrosine residues of CRAC motifs I and II (in TM2 
and TM5, respectively) to serine, since such a mutation would 
preserve the hydrogen bonding ability within a helix such that 
the overall transmembrane helical structure is maintained (46). 
Our results show that the functional sensitivity of the serotonin1A 
receptor to membrane cholesterol is lost when the residue K101 in 
CRAC motif I is mutated (in both single and double mutants), 
indicating the role of K101 as a molecular sensor of membrane 
cholesterol.
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Fig. 6. Cholesterol sensitivity of the serotonin1A receptor correlates with conformational dynamics of ECLs. (A) Conformational states of ECL1 in frames of the 
serotonin1A receptor with cholesterol bound (left) and the serotonin1A receptor in a pure POPC membrane (right). For each system, 100 snapshots of the behavior of ECL1 
(colored cyan) are shown. The C of the K101 residue in the wild-type serotonin1A receptor is depicted in van der Waals representation (dark blue). (B) K101A mutation 
alters ECL1 conformational dynamics. Frequencies of helical states for individual residues in the ECL1 for the wild-type and K101A mutant serotonin1A receptor in 
cholesterol-containing membranes (POPC/chol) or membranes without cholesterol (POPC) (left). Helical states of the ECL1 in the K101A mutant are shown in the right. 
The C of A101 (K101A) residue is depicted in van der Waals representation (dark blue). Note that the helicity of the wild-type receptor is negligible and not visible in the 
plot. (C) Altered behavior of ECL1 correlates with changes in ECL2 and ECL3 dynamics. Locations of ECL1 (cyan), ECL2 (red), and ECL3 (orange) in the serotonin1A receptor 
are shown in the left. Plots of RMSF as a measure of the dynamics of ECL1, ECL2, and ECL3 for the wild-type and K101A mutant serotonin1A receptor in cholesterol-
containing membranes (POPC/chol) or membranes without cholesterol (POPC) are shown in the right. See Materials and Methods for further details.
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To address the molecular mechanism of cholesterol sensitivity of 
the serotonin1A receptor and the role of the K101 residue in mediating 
this sensitivity, we carried out all-atom MD simulations. Our analy-
sis showed that cholesterol tightly binds between TM1 and TM2 by 
establishing polar contacts with K101 that leads to stabilization of 
ECL1. While this manuscript was being revised, an active-state 
structure of the serotonin1A receptor coupled to Gi was published 
(47). This structure revealed a cocrystallized cholesterol molecule in 
a position almost identical to the one observed in our MD simula-
tions (see fig. S7). This strongly validates our observations and rein-
forces the molecular mechanism for cholesterol sensitivity of the 
serotonin1A receptor that we proposed. The link between ECL1 sta-
bility and cholesterol sensitivity was further supported by simula-
tions of the K101A mutant, which exhibited cholesterol-insensitive 
signaling (Fig.  4 and fig. S4). This prompted us to speculate that 
ECL1 dynamics and receptor signaling could be structurally associ-
ated. Our simulations revealed that ECL1 dynamics (fluctuations) 
could propagate to other ECL regions, which is indicated by similar 
higher values of RMSF for ECL2 and ECL3. These results highlight 
that changes within ECL1 could lead to global structural changes in 
the receptor that are responsible for the observed cholesterol sensi-
tivity. Our results assume significance in the backdrop of growing 
evidence on the role of ECL dynamics in regulating the function of 
several GPCRs (48–51) that include the closely related serotonin2B 
(52) and serotonin2A (53) receptors. These results point toward 
the role of membrane cholesterol in inducing global structural 
changes that could propagate via ECLs and facilitate signaling confor-
mations of GPCRs. In addition to the CRAC motifs, the presence of 
other cholesterol-binding sites (e.g., cholesterol consensus mo-
tif) has previously been reported for the serotonin1A receptor 
(28). It is important to note that our findings do not rule out a func-
tional interplay between different cholesterol-binding sites. Fu-
ture work could provide more insight into this additional level of 
complexity.

Together, our results show that the cholesterol sensitivity exhib-
ited by the serotonin1A receptor is mediated by the K101 residue in 
the evolutionarily conserved CRAC motif I. The specific interac-
tion of cholesterol with membrane proteins has been implicated 
in modulating the function of several important GPCRs. Identifi-
cation of cholesterol recognition motifs such as CRAC in GPCRs has 
enabled us to explore the mechanistic basis of GPCR-cholesterol 
interaction.

In general, the presence of CRAC motifs in a transmembrane re-
gion suggests the “possibility” of cholesterol interaction with the re-
ceptor. However, it is advisable to exercise caution before attributing 
cholesterol dependence in receptor function to the mere presence of 
these motifs. For example, an earlier study of bacterial genomes 
(Streptococcus agalactiae, Staphylococcus aureus, and Escherichia coli) 
reported an average occurrence rate of two to three CRAC motifs in 
diverse proteins that do not interact with cholesterol (54). In addition, 
the neurotensin type 1 receptor has CRAC motifs in its TM1 and 
TM6. However, this receptor does not display any change in down-
stream signaling upon cholesterol depletion (55). Conversely, in 
a recent crystal structure of the oxytocin receptor, which exhibits 
cholesterol-sensitive function, a single cholesterol molecule was ob-
served at a site that did not harbor a CRAC motif (56). Experimental 
evidences such as the ones reported in our present work are there-
fore crucial in establishing the molecular basis underlying the role 
of CRAC motifs in conferring cholesterol sensitivity to GPCRs.

MATERIALS AND METHODS
Materials
Bovine serum albumin, custom DNA oligos, EDTA, doxycycline 
hyclate, forskolin, hygromycin B solution, 3-isobutyl-1-methylxanthine 
(IBMX), MCD, phenylmethylsulfonyl fluoride (PMSF), penicillin, 
streptomycin, gentamycin sulfate, serotonin, and tris were obtained 
from Sigma Chemical Co. (St. Louis, MO). DMEM/F-12 [Dulbecco’s 
modified Eagle’s medium:nutrient mixture F-12 (Ham) (1:1)] and 
fetal calf serum (FCS) were obtained from Invitrogen/Life Technol-
ogies (Grand Island, NY). Bicinchoninic acid (BCA) assay reagent 
was from Pierce (Rockford, IL). Anti-myc antibody Alexa Fluor 488 
conjugate was purchased from Millipore (Bedford, MA). Amplex 
Red cholesterol assay kit was purchased from Molecular Probes/
Invitrogen (Eugene, OR). HTRF cAMP-Gi assay kit was purchased 
from CisBio Bioassays (Codolet, France). QuikChange Lightning 
Multi Site-Directed Mutagenesis Kit was purchased from Agilent 
Technologies (Santa Clara, CA). Flp-In 293 T-REx cell lines and Li-
pofectamine 2000 were purchased from Invitrogen (Eugene, OR). 
All other chemicals used were of the highest available purity. Water 
was purified through a Millipore (Bedford, MA) Milli-Q system and 
used throughout.

Generation of CRAC motif mutants
Four single mutants [(i) Y96S (the tyrosine residue in the CRAC mo-
tif I replaced by a serine), (ii) K101A (the lysine residue in the CRAC 
motif I replaced by an alanine), (iii) Y215S (the tyrosine residue in the 
CRAC motif II replaced by a serine), and (iv) R220A (the arginine 
residue in the CRAC motif II replaced by an alanine)] and two double 
mutants [(v) Y96S + Y215S and (vi) K101A + R220A] were generated. 
The point mutations were carried out using the QuikChange Lightning 
Multi Site-Directed Mutagenesis Kit as per the manufacturer’s pro-
tocol and verified by DNA sequencing. The primers used for the 
generation of the point mutations are as follows: Y96S_sense, 5′-
CCC ATG GCC GCG CTG AGT CAG GTG CTC AAC AA-3′; 
K101A_sense, 5′-GTA TCA GGT GCT CAA CGC GTG GAC ACT 
GGG CCA G-3′; Y215S_sense, 5′-TGC TCA TGC TGG TTC TCA 
GTG GGC GCA TAT TCC GAG-3′; R220A_sense, 5′-TCT CTA 
TGG GCG CAT ATT CGC AGC TGC GCG CTT C-3′.

Generation of stable cell lines
Stable HEK-293 cell lines with tetracycline-inducible expression of 
N-terminal 6xHis and Myc-tagged serotonin1A receptor and N-terminal 
6xHis and Myc-tagged serotonin1A receptor with mutations in 
CRAC motifs I and/or II were generated using the Flp-In T-REx Sys-
tem (57). The Flp-In T-REx System consists of Flp-In T-REx 293 
cells containing a Flp recombination target (FRT) site and express-
ing the tetracycline repressor (tet repressor), inducible expression 
vector pcDNA5/FRT/TO, and pOG44 Flp recombinase expression 
vector. The complementary DNA sequences encoding the N-terminal 
6xHis and Myc-tagged serotonin1A receptor and those with the CRAC 
motif mutations were subcloned into pcDNA5/FRT/TO vector be-
tween Kpn I and Bam HI restriction sites after polymerase chain re-
action amplification using the primers KPNIHISF (5′-CCG CTA 
GGT ACC ATG CAT CAT CAC-3′) and HTR1ABAMHIR (5′-TCA 
TCA GGA TCC TCA CTG GCG GCA GAA CTT-3′). The resulting 
constructs, after sequence verification, were transfected into Flp-In 
T-REx 293 cells along with pOG44 Flp recombinase expression vec-
tor by lipofectamine-mediated transfection, and the stable colonies 
were selected using hygromycin B.
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Cell culture
HEK-293 cells stably expressing N-terminal myc-tagged serotonin1A 
receptor and its mutants were maintained in DMEM/F-12 medium 
with 10% (v/v) FCS containing penicillin (60 g/ml), streptomycin 
(50 g/ml), gentamicin sulfate (50 g/ml), and hygromycin B 
(250 g/ml) (complete medium) in a humidified atmosphere with 
5% CO2 at 37°C. The culture medium was supplemented with 
doxycycline (1 g/ml) for 24 hours to induce receptor expression 
before experiments.

Confocal microscopic imaging
Cells were plated on glass coverslips and grown in complete medium 
in a humidified atmosphere with 5% CO2 at 37°C. To obtain repre-
sentative confocal microscopic images for plasma membrane local-
ization of the receptor, cells were washed with phosphate-buffered saline 
(PBS) and fixed with 4% (w/v) formaldehyde. Cells were then labeled 
with anti-myc antibody Alexa Fluor 488 conjugate (1:100 dilution) 
in PBS containing 2% (v/v) FCS for 60 min, washed, and mounted. 
Images were acquired on a Zeiss LSM 880 confocal microscope 
(Jena, Germany). N-terminal myc-tagged serotonin1A receptors were 
imaged by exciting anti-myc antibody Alexa Fluor 488 conjugate at 
488 nm and collecting emission from 495 to 560 nm. Images 
were acquired with a 63×/1.4 NA oil immersion objective under 
1 airy condition.

Flow cytometric analysis of receptor expression level
HEK-293 cell lines expressing the wild-type and CRAC motif mu-
tant serotonin1A receptor were collected in PBS on ice. Cells were 
fixed with 4% (w/v) formaldehyde in PBS for 30  min and labeled 
with anti-myc antibody Alexa Fluor 488 conjugate (1:100 dilution) 
in PBS containing 2% (v/v) FCS for 60 min on ice. Cells were washed 
and suspended in PBS. A MoFlo XDP flow cytometer (Brea, CA) 
was used to acquire data from 10,000 cells. Alexa Fluor 488 was 
excited at 488 nm, and emission was collected using a 529/28-nm 
bandpass filter. The plasma membrane–associated receptor popula-
tion was measured in terms of mode count values using the Summit 
analysis software version 5.4.0.

Membrane cholesterol depletion and estimation
Membrane cholesterol from cells was depleted as described previously 
(13). Briefly, cells were grown in complete medium for 48 hours fol-
lowed by incubation in serum-free DMEM/F-12 (1:1) medium for 
3 hours in a humidified atmosphere with 5% CO2 at 37°C. Membrane 
cholesterol was depleted using 10 mM MCD in serum-free medium 
at 37°C for 30 min. Cells were subsequently washed with PBS, and 
membranes were prepared. Cholesterol content of cell membranes 
was estimated using the Amplex Red cholesterol assay kit (58). Cho-
lesterol levels were normalized to the total protein content of cell 
membranes.

Cell membrane preparation
Cell membranes were isolated from control and MCD-treated cells 
as described previously (59). Briefly, cells were collected in ice-cold 
hypotonic buffer containing 10 mM tris, 5 mM EDTA, and 0.1 mM 
PMSF (pH 7.4). Cells were then homogenized for 10 s at 4°C with a 
Polytron homogenizer at maximum speed. The cell lysate was centri-
fuged at 500g for 10 min at 4°C, and the resulting postnuclear super-
natant was centrifuged at 40,000g for 30 min at 4°C. The final pellet 
was resuspended in 50 mM tris buffer (pH 7.4), homogenized using 

a handheld Dounce homogenizer, and used for membrane choles-
terol estimation. The total protein concentration in isolated mem-
branes was measured using BCA assay (60).

Cellular signaling assay
HEK-293 cells stably expressing wild-type or CRAC motif mutant 
serotonin1A receptors were plated at a density of ~5 × 104 cells in six-
well plates and grown in complete medium for 48 hours followed by 
incubation in serum-free DMEM/F-12 (1:1) medium for 3 hours. 
After treatment with 10 mM MCD in serum-free medium at 
37°C for 30 min, cells were rinsed with PBS and incubated with 
50 M IBMX (basal), 50 M IBMX/10 M forskolin (forskolin-
stimulated), or 50 M IBMX/10 M forskolin/10 M serotonin 
(agonist treatment) for 30 min at 37°C. The phosphodiesterase in-
hibitor IBMX was present during all treatments to prevent breakdown 
of cAMP. After discarding media, cells were washed once with 
PBS. Cells were subsequently detached using a cell scraper, counted, 
and added at 6000 cells per well to a low-volume HTRF 96-well plate 
(CisBio Bioassays, Codolet, France). The ability of wild-type and mu-
tant serotonin1A receptors to inhibit the forskolin-stimulated increase 
in cAMP levels in cells was assessed using the FRET-based HTRF 
cAMP-Gi assay kit (CisBio Bioassays, Codolet, France) as specified 
by the manufacturer (36). Fluorescence was measured at 620  nm 
(cAMP-cryptate donor emission) and 655 nm (anti–cAMP-d2 acceptor 
emission) upon excitation of the donor at 320 nm using an EnSpire 
multimode plate reader (PerkinElmer, Waltham, MA). cAMP 
levels were calculated as a ratio of the acceptor and donor emission. 
Values for serotonin-induced cAMP reduction were normalized and 
expressed as a percentage of the cAMP content in cells stimulated 
with forskolin.

Statistical analysis
Statistical significance of data was analyzed using Student’s two-
tailed unpaired t test using GraphPad Prism software version 4.0 
(San Diego, CA). SigmaPlot version 11.0 (Systat Software Inc., San 
Jose, CA) was used to generate plots.

System generation for MD simulations
For studying the serotonin1A receptor in complex with an agonist, 
we simulated an active conformation of the receptor. A model of the 
serotonin1A receptor in this conformation was retrieved from 
GPCRdb (ClassA_5ht1a_human_Active_6G79_2019-09-03_GPCRdb) 
(61). This structural model was based on the closely related serotonin1B 
receptor in complex with the heterotrimeric Go protein [Protein Data 
Bank (PDB) ID: 6G79]. The ligand (serotonin) was placed within the 
model using docking and available mutational data. Protonation states 
were calculated at pH 7.4 using PROPKA (62). The conserved D2.50 
residue was kept protonated, due to the receptor being in an active 
state. The receptor-ligand complexes thus obtained were embedded 
within a POPC or POPC containing 33 mole percent cholesterol 
(POPC/chol) membrane and solvated using TIP3P waters in 
CHARMM-GUI (63). Ionic strength of the systems was kept at 
0.15 M using NaCl ions. Protein and lipid parameters were obtained 
from Charmm36m (64) and Charmm36 (65), respectively.

Simulation protocol and analysis
Generated systems were simulated using the ACEMD package (66). 
The simulation protocol included an equilibration step of 50 ns under a 
condition of constant pressure (1.01325 bar, NPT) to ensure proper 
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lipid packing. During this step, the backbone of the receptor was 
constrained, and the time step was set at 2 fs. The pressure was kept 
constant using the Berendsen barostat (67). This was followed by 
four production runs of 2 s for each system with a time step of 4 fs 
under conditions of constant volume (NVT). During both NPT and 
NVT runs, temperature was maintained constant using the Langevin 
thermostat (68). Van der Waals and short-range electrostatic inter-
actions were implemented with a cutoff of 9 Å and a switching 
potential applied at 7.5 Å, and long-range electrostatic interactions 
were approximated using the particle mesh Ewald method (69). 
Analysis of systems was carried out using VMD (70). All volumetric 
occupancy maps were plotted at isovalue of 0.2. Helicity of ECL2 was 
assessed using the VMD Timeline plugin. Parameters for the ligand 
were assigned from the CGenFF force field automatically by the 
ParamChem tool implemented in CHARMM-GUI (71, 72).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/30/eabh2922/DC1

View/request a protocol for this paper from Bio-protocol.
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