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ABSTRACT: The serotonin;, receptor is a representative
member of the G-protein coupled receptor (GPCR) super-
family and serves as an important target in the development of
therapeutic agents for neuropsychiatric disorders. Oligomeriza-
tion of GPCRs is an important contemporary issue since it is
believed to be a crucial determinant for cellular signaling. In this
work, we monitored the oligomerization status of the serotoni-
n;s receptor tagged to enhanced yellow fluorescent protein
(S-HT,oR-EYFP) in live cells utilizing time-resolved fluores-
cence anisotropy decay. We interpret the unresolved fast com-
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ponent of the observed anisotropy decay as fluorescence resonance energy transfer (FRET) between S-HT ;;R-EYFP molecules
(homo-FRET). Homo-FRET enjoys certain advantages over hetero-FRET in the analysis of receptor oligomerization. Our results
reveal the presence of constitutive oligomers of the serotonin; 5 receptor in live cells. We further show that the oligomerization status
of the receptor is independent of ligand stimulation and sphingolipid depletion. Interestingly, acute (but not chronic) cholesterol
depletion appears to enhance the oligomerization process. Importantly, our results are independent of receptor expression level,
thereby ruling out complications arising due to high expression. These results have potential implications in future therapeutic
strategies in pathophysiological conditions in which serotonin; 5 receptors are implicated.

B INTRODUCTION

The G-protein coupled receptor (GPCR) superfamily repre-
sents the largest class of molecules involved in signal transduc-
tion across the plasma membrane."” They are prototypical
members of the family of seven transmembrane domain proteins
and include >800 members which together constitute ~5% of
the human genome.” GPCRs regulate physiological responses to
a diverse array of stimuli and mediate multiple physiological
processes. As a consequence of this, GPCRs have emerged as
major targets for the development of novel drug candidates in all
clinical areas.* It is estimated that ~50% of clinically prescribed
drugs act as either agonists or antagonists of GPCRs.

Aggregation and oligomerization have often been challenging
yet exciting aspects in the study of membrane proteins and
receptors. The oligomerization of GPCRs represents an inter-
esting area of contemporary receptor research® ™ since it is
believed to be an important determinant for cellular signaling.
Such oligomerization is implicated in the proper folding of
receptors, thereby providing the framework for efficient and
controlled signal transduction. The potential implications of such
oligomerization are far reaching, especially keeping in mind the
role of GPCRs as major drug targets.”

The serotonin 5 (5-HT ) receptor is an important G-protein
coupled neurotransmitter receptor and is crucial in a multitude of
physiological processes.'” It serves as an important target in the
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development of therapeutic agents for neuropsychiatric disor-
ders. Interestingly, mutant (knockout) mice lacking the seroto-
nin; receptor exhibit enhanced anxiety-related behavior and
represent an important animal model for genetic vulnerability to
complex traits such as anxiety disorders and aggression in higher
animals.""

In this work, we monitored the oligomerization status of the
serotonin;, receptor tagged to enhanced yellow fluorescent
protein (S-HT;,R-EYFP) in live cells utilizing time-resolved
fluorescence anisotropy decay performed in a fluorescence
microscope. We interpret the observed fluorescence anisotropy
decay to homo-FRET between identical fluorophores (see
Results). Approaches based on fluorescence resonance energy
transfer (FRET) are widely used to address oligomerization
status of GPCRs in cells.® In most cases, energy transfer is
monitored between two different fluorophores (hetero-FRET)
with sufficient spectral overlap. However, hetero-FRET is often
associated with a number of inherent complications, arising from
the use of receptors conjugated to two different probes, and the
lack of control in their relative expression levels.">" Since
hetero-FRET is often monitored by heterologous expression of
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Figure 1. Time-resolved fluorescence anisotropy decay (experimental
and fitted) of fluorescein in buffer (a) and soluble EYFP in buffer (b) and
80% glycerol (c). Data collection was performed in the time-resolved
fluorescence microscope setup (see the Experimental Section) for
validating the setup for measurements on single cells. Fits to mono-
exponential anisotropy decay model are shown. The rotational correla-
tion times estimated from the fits are 0.088 ns (a), 11.0 ns (b), and
>100 ns (c). These values agree with the hydrodynamic estimates based
on the molecular size and the viscosity of the medium. See the
Experimental Section for other details.

proteins, the expression levels of the tagged proteins may vary,
making intensity-based hetero-FRET measurements difficult to
interpret. These factors have somehow limited the usefulness
of FRET-based approaches in providing novel information in
GPCR biology. Homo-FRET (i.e., FRET between identical
fluorophores) represents a useful apgroach to monitor aggrega-
tion of membrane-bound molecules'* and eliminates some of the
limitations of hetero-FRET measurements. Similar to hetero-
FRET, homo-FRET depends on the inverse sixth power of
separation between interacting identical fluorophores on the
nanometre scale and is therefore sensitive to protein oligomer-
ization. The excitation and emission spectra of fluorophores
exhibiting homo-FRET should have considerable overlap. In
other words, fluorophores with relatively small Stokes' shift will
have a greater probability of homo-FRET. Importantly, homo-
FRET gets manifested by the genesis of a new decay process in
time-resolved anisotropy decay kinetics and a resultant reduction
in steady state fluorescence anisotropy, a parameter largely
independent of the concentration of ﬂuorophores,15 and is
effectively used to monitor oligomerization."* Homo-FRET is
usually accompanied by no change in fluorescence lifetime or
intensity. Our results show that the serotonin;, receptor is
constitutively oligomerized. In addition, we report the effects
of ligand stimulation and membrane lipid (cholesterol and
sphingolipid) depletion on receptor oligomerization.

B EXPERIMENTAL SECTION

Materials. Trans-1,4-bis(2-dichlorobenzylaminomethyl)cyclo-
hexane dihydrochloride (AY 9944), fumonisin B,, methyl--
cyclodextrin (MCD), 8-hydroxy-2(di-N-propylamino)tetralin
(8-OH-DPAT), penicillin, streptomycin, gentamycin sulfate,
Tris, and sodium bicarbonate were obtained from Sigma-
(St. Louis, MO). D-MEM/F-12 [Dulbecco's modified Eagle
medium/nutrient mixture F-12 (Ham) (1:1)], fetal calf serum,
and Geneticin (G 418) were from Invitrogen Life Technologies

(@ o040

0.25F

FLUORESCENCE ANISOTROPY
o
w
=]
T

020 L 1 1 1
2 4 6 8
TIME (ns)
(b)
Mean = 0.24
SE =0.03
0.25¢ N = 27
>
O
=
w
>
o
w
~4
[T
w Mean = 0.29
E 0.5 SE =0.03
25} N = 48
:
0.20 -
0.15
0.10
0.05
0

.0 01 02 03 04 05 06
AMPLITUDE OF HOMO-FRET (B,)

Figure 2. (a) Time-resolved fluorescence anisotropy decay of
S-HT;AR-EYFP in control cells (solid line) and cells upon stimulation
with 8-OH-DPAT (dashed line). EYFP was excited at 460 nm, and
emission was collected using a cutoff filter of 475 nm and measured with
TCSPC setup. Experiments were carried out on CHO-5-HT4R-EYFP
cells in 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES)-
Hanks buffer (pH 7.4) at room temperature (~23 °C). (b) Frequency
distribution histograms of amplitudes associated with homo-FRET of
S-HT AR-EYFP. Upper and lower parts of the panel show histograms of
amplitudes associated with homo-FRET for control (untreated) cells
and cells upon stimulation with 8-OH-DPAT, respectively. Means &+ SE
(standard error) are shown in all cases. N represents the number of
independent measurements performed in each case. Apparent initial
anisotropy (r;,""¥) was obtained from the value of r following the initial
rapid drop. The amplitude associated with homo-FRET (f3,) was
estimated from the equation given in the text. See the Experimental
Section for other details.

(Carlsbad, CA). Purified EYFP was a generous gift from Prof.
Steven Boxer (Stanford University, CA). All other chemicals
used were of the highest available purity. Water was purified
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Table 1. Apparent Initial Time-Resolved Fluorescence Ani-
sotropy of 5-HT,R-EYFP

apparent initial

fluorescence anisotropy

condition (rn*®) (mean & SE) ;" (mean + SE)
control” 0.29+0.011 0.24+0.030
ligand (8-OH-DPAT) treated 0.27+0.010 0.29+0.026
control” 0.30 % 0.005 0.2140.014
cholesterol-depleted (acute) 0.25 £ 0.006 0.34£0.016
control” 0.32 % 0.005 0.16+0.013
cholesterol-depleted (chronic) 0.30 - 0.007 0214 0.018
control” 0.31+£0.006 0.19+0.012
sphingolipid-depleted 0.31 £ 0.004 0.18£0.011

“For each condition, a corresponding control experiment was per-
formed due to unavoidable day-to-day variations in r;,"**. In our data
analysis, we compared r;,""* under a specific condition and the same
value from the corresponding control. b Amplitude of the unresolved fast
correlation time (f3;) attributed to homo-FRET (see the Supporting
Information). Note that the calculated value of /3, is in close agreement
with the corresponding value obtained from the fit (see Table 2). See
text for other details.

through a Millipore (Bedford, MA) Milli-Q system and used
throughout.

Cells and Cell Culture. CHO-K1 cells stably expressing the
serotonin; s receptor tagged to EYFP (referred to as CHO-S-
HT,,\R-EYFP; ~10° receptors/cell) were used for all measure-
ments. CHO-5-HT | A\R-EYFP cells were grown in D-MEM/F-12
(1:1) supplemented with 2.4 g/L of sodium bicarbonate, 10%
fetal calf serum, 60 ug/mL penicillin, 50 #g/mL streptomycin,
and S0 ug/mL gentamycin sulfate (complete medium) in a
humidified atmosphere with 5% CO, at 37 °C. CHO-5-HT | 5R-
EYFP cells were maintained in the above-mentioned conditions
with 300 #g/mL Geneticin. Cells for fluorescence microscopy
and time-resolved anisotropy measurements were grown in Lab-
Tek chambered coverglass (Nunc, Denmark).

Ligand Stimulation. CHO-5-HT | \R-EYFP cells were treated
with 10 uM 8-OH-DPAT for 30 min at room temperature
(~23 °C) to stimulate serotonin,  receptors.

Acute Cholesterol Depletion. Cells plated in Lab-Tek cham-
bered coverglass were grown for 3 days followed by incubation in
serum-free D-MEM/F-12 (1:1) medium for 3 h. Cholesterol
depletion was carried out by treating cells with 10 mM MSBCD in
serum-free D-MEM/F-12 (1:1) medium for 30 min at 37 °C
followed by a wash with serum-free D-MEM/F-12 (1:1)
medium.'®

Metabolic Depletion of Cholesterol and Sphingolipid. To
achieve metabolic deprivation of cholesterol or sphingomyelin,
S uM AY 9944 or 6 uM fumonisin B; (FB;) were used,
respectively.'”'® Stock solutions of AY 9944 and FB, were
prepared in water and added to cells grown for 24 h in complete
medium at a final concentration of 5 uM AY 9944 or 6 uM FB,
and incubated in D-MEM/F-12 medium containing 5% serum
for 63—66 h. Control cells were grown under similar conditions
without any treatment.

Microscopy Setup. The time-resolved fluorescence micro-
scope was a combination of a picosecond time-resolved fluores-
cence spectrometer and an inverted epifluorescence microscope.'”
The time-resolved fluorescence measurements were carried out
with a time-correlated single photon counting (TCSPC) setup

coupled with a picosecond laser. A titanium-sapphire picosecond
laser beam (Tsunami, Spectra Physics) pumped by a diode
pumped CW Nd-Vanadate laser (532 nm) (Millenia X, Spectra
Physics) was used to excite EYFP at 460 nm. The pulse width of
the excitation laser beam was typically ~1 ps. A pulse repetition
rate of 80 MHz was reduced to a repetition rate of 4 MHz by a
pulse picker. The picosecond pulses obtained after frequency
doubling were guided to the objective lens by a dichroic mirror
and focused onto the cells. Time-resolved fluorescence measure-
ments were carried out on a Nikon Diaphot 300 microscope
fitted with a 20X objective with 0.75 numerical aperture (NA)
maintained at room temperature (~23 °C). Fluorescence emis-
sion collected by the same objective lens was passed through a
cutoff filter (475 nm), a polarizer, and a pinhole placed in the
image plane. Time resolution of the fluorescence signal was
obtained by coupling the microscope to a TCSPC setup. The
temporal resolution of the setup is ~S0 ps, and the spatial
resolution is ~1 #m in the xy plane. The measurements typically
require ~100 fluorophore molecules in the observation volume.
The instrument response function was estimated by the use of
oxonol VI whose fluorescence lifetime is <50 ps. The full width at
half-maximum height of the instrument response function esti-
mated in this way was ~160 ps. Fluorophores were excited using
the frequency doubled (460 nm) output of the Tsunami laser.
Fluorescence emission was collected using the 475 nm bandpass
filter.

In time-resolved anisotropy measurements, emission was
collected at directions parallel () and perpendicular (I,) to
the polarization of the excitation beam. Anisotropy was calcu-
lated as:

() = Ii(t) — IL(t)G(A)
Li(t) + 2I.(t)G(A)

(1)

where G(A) is the geometry factor at the wavelength A of
emission. The G factor of the emission collection optics was
determined in separate experiments using a standard sample
(fluorescein). Fluorescence decay curves at magic angle were
analyzed by deconvoluting the observed decay with the instru-
ment response function (IRF) to obtain the intensity decay
function represented as a sum of discrete exponentials:

I(t) = ¥ i exp( — /7)) (2)

where I(t) is the fluorescence intensity at time t and ; is the
amplitude of the ith lifetime 7; such that Y;a; = 1. The time-
resolved anisotropy decay was analyzed based on the model:

L) = I(H)[1 + 2r(1)]/3 (3)

Li(t) = I())[1 = r(6)]/3 (4)

where Ij(t) and I,(t) are the decays of the parallel (||) and
perpendicular (L) components of the emission. The equation for
time-resolved fluorescence anisotropy can be expressed as a
biexponential decay:

r(t) = ro{Br exp( = t/¢;) + B, exp(—1/9,)} (5)

where r, is the fundamental anisotropy (in case of EYFP, 1, 0.38)
and f3; is the amplitude of the ith rotational correlation time ¢;
such that 3, = 1. The shorter component ¢, observed in cells is
due to homo-FRET between EYFP molecules,and the longer
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Figure 3. Time-resolved fluorescence anisotropy of 5-HT;,R-EYFP
upon acute cholesterol depletion. (a) Anisotropy decay of S-HT zR-
EYFP cells under control (solid line) and acute cholesterol-depleted
(dashed line) conditions. (b) Frequency distribution histograms of
amplitudes associated with homo-FRET of S-HT;,R-EYFP. Upper
and lower parts of the panel show histograms of amplitudes associated
with homo-FRET for control (untreated) cells and acute cholesterol-
depleted cells, respectively. Acute cholesterol depletion was achieved
using MBCD. Means + SE are shown in all cases. N represents the
number of independent measurements performed in each case. Appar-
ent initial anisotropy (r;, ") was obtained from the value of r following
the initial rapid drop. The amplitude associated with homo-FRET (f3;)
was estimated from the equation given in the text. All other conditions
are as in Figure 2. See the Experimental Section for other details.

component ¢, is due to restricted tumbling motion of the
fluorophore.

Statistical Analysis. Frequency distribution analysis and
plotting were performed using Origin software version 6.0
(OriginLab Corp., Northampton, MA). Significance levels were
estimated using Student's two-tailed unpaired t-test using the
same software.
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Figure 4. (a) Time-resolved fluorescence anisotropy decay of
S-HT;AR-EYFP in control cells (solid line) and cells upon metabolic
cholesterol depletion using AY 9944 (dashed line). (b) Frequency
distribution histograms of amplitudes associated with homo-FRET of
S-HT | AR-EYFP. Upper and lower parts of the panel show histograms of
amplitudes associated with homo-FRET for control (untreated) cells
and cells upon metabolic cholesterol depletion, respectively. Means +
SE are shown in all cases. N represents the number of independent
measurements performed in each case. Apparent initial anisotropy
(ria"P?) was obtained from the value of r following the initial rapid drop.
The amplitude associated with homo-FRET (f3;) was estimated from
the equation given in the text. All other conditions are as in Figure 2. See
the Experimental Section for other details.

B RESULTS

We have earlier characterized the heterologously expressed
serotonin 5 receptor tagged to EYFP (5-HT,,R-EYFP) in CHO
cells and shown that the tagged receptors are essentially similar to
the native receptor.”” Representative confocal images of CHO-5-
HT4sR-EYFP cells showing predominantly membrane localiza-
tion of the receptor are shown in Figure 1 of the Supporting
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Figure S. Time-resolved fluorescence anisotropy decay (experimental
and fitted) of S-HT;,R-EYFP under (a) control and (c) acute choles-
terol-depleted conditions. Fits to biexponential anisotropy decay model
are shown. Panels b and d show the corresponding residuals. All other
conditions are as in Figure 2. See the Experimental Section for other
details.

Information. Polarization of emitted light could be reduced by
the optical setup with high NA lenses. It has therefore been
suggested that polarized FRET measurements should be limited
to imaging with lenses with a numerical aperture of <1.0.*'
Keeping this in mind, all experiments were carried out using an
objective with 0.75 NA. Preservation of polarization in the
microscope setup was confirmed by the recovery of anisotropy
decay kinetics of fluorescein and EYFP, wherein the fundamental
anisotropy was 0.38 (see Figure 1), in agreement with the value
reported earlier.”

Constitutive Oligomerization of the Serotonin, , Receptor
Results in Homo-FRET. In general, the observed fluorescence
anisotropy decay could be attributed to two factors: (i) homo-
FRET between identical fluorophores, and (ii) rotational dynamics
of fluorophores in the time scale of measurements. The rotation

of EYFP is slow due to its relatively large size and therefore does
not result in depolarization of fluorescence® in the case of
S-HT ;AR-EYFP. For example, the rotational correlation time
of EYFP in solution is ~11 ns (Figure 1), and the fluorescence
lifetime is ~3.3 ns;>” it is unlikely that the depolarization of
emission is influenced by the rotational mobility of the
fluorophore.

Figure 2 shows typical anisotropy decay curves of S-HTzR-
EYFP in CHO cells. The striking observation is the significant
drop in the apparent value of initial (or fundamental) anisotropy
(7o) in cells compared to the observation on EYFP either in buffer
or in a glycerol—water mixture (Figure 1). The small negative
slope observed in the anisotropy decay curves (Figure 2) could
represent the slow tumbling dynamics of EYFP on the cell
membrane. The fundamental anisotropy (o) is an intrinsic pro-
perty of a fluorophore and depends only on the angle between
the absorption and the emission dipoles (transition moments).
We therefore interpret the apparent reduction in anisotropy from
~0.38 observed for EYFP in solution (Figure 1) to ~0.31
observed for EYFP in cells (Figure 2) due to homo-FRET
between EYFP molecules in proximity on the cell membrane.
In turn, this would imply that the receptors are in close proximity.
Apparent initial anisotropy (r;,"*F) values were obtained by
averaging the first few (typically 4—5) early anisotropy values
after stabilization. The amplitude of the unresolved fast correla-
tion time (f3,, see Table 1) attributed to homo-FRET was
obtained using the relationship 3, = (0.38 — 7;,"*¥)/0.38 (see
Supporting Information, eq $4).

The values of the amplitude of homo-FRET (f3,) of S-HT | sR-
EYFP are shown in Table 1 and Figures 2—4 and 6 under a given
condition. The value of 3, is ~0.21 in cells under control
conditions (this is an average value, keeping in mind day-to-
day variations in /3, ). A possible interpretation for this could be
homo-FRET in pre-existing oligomers of the receptor due to
close proximity of S-HT,R-EYFP [keeping in mind the value
of R, (the distance where FRET efficiency is 50%) for EYFP as
~SS A].23’24 Interestingly, such constitutive oligomerization, a
relatively new paradigm in GPCRs, has been demonstrated in
case of the neurotensin receptor 1*° and angiotensin II type
2 (AT,) receptors.26 In the case of AT, receptors, for example,
constitutively active homo-oligomers have been reported to be
translocated to the cell membrane and induce cell signaling, inde-
pendent of receptor conformation and ligand stimulation.*®

Agonist Stimulation. To explore the oligomerization status
of the serotonin;, receptor upon ligand stimulation, CHO-S-
HTAR-EYFP cells were treated with 8-OH-DPAT, which acts as
a specific agonist. Figure 2a shows representative fluorescence
anisotropy decay profiles of control and agonist-stimulated
CHO-S-HT 1 4R-EYFP cells, and the frequency distribution of
B is shown in Figure 2b. The value of 5, of 5-HT;,R-EYFP in
control cells was ~0.24, and the corresponding value upon ligand
stimulation was ~0.29 (see Table 1). These results show that
there is no significant (p > 0.0S) change in f; in this case,
implying that there is no major change in the oligomerization
status of the receptor upon agonist stimulation.

Acute but Not Metabolic Cholesterol Depletion Affects
Oligomerization. We have previously shown that membrane
cholesterol is required for the organization and function of the
serotonin; 5 receptor.””?* This was shown by the depletion of
membrane cholesterol either in an acute'®* or chronic'”*°
manner. Acute cholesterol depletion is achieved by physical
depletion of cholesterol using MCD. Acute treatment is of
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Table 2. Time-Resolved Fluorescence Anisotropy Decay Parameters of S-HT, ,R-EYFP*

1 (ns)
control 0.21
acute cholesterol depletion (using MZCD) 0.14

> (ns) B> 10’ i
155 0.76 0.388 0.298
105 0.65 0.390 0.254

“EYFP was excited at 460 nm, and emission was collected using a cutoff filter of 475 nm and measured with the TCSPC setup. See the Experimental
Section for other details. ” r, is the fundamental anisotropy of EYFP. The value of r, was kept constant at 0.38% in the analysis. ° r,, is the steady state
anisotropy, obtained by integration of the area under the time-resolved anisotropy decay curve.

relatively short duration. On the other hand, metabolic (chronic)
depletion of cholesterol is generally achieved using inhibitors of
cholesterol biosynthesis such as statin®® or AY 9944."” Metabolic
cholesterol depletion takes place over a longer period of time and
represents a chronic treatment, thereby mimicking physiological
situations.

Typical anisotropy decays of control and acute cholesterol-
depleted CHO-S-HT;A\R-EYFP cells are shown in Figure 3. The
value of 3, of S-HT |4R-EYFP exhibits significant (p < 0.001)
increase upon treatment with MBCD to ~0.34 (Table 1 and
Figure 3b). These results imply that there is a possible reorga-
nization of the receptor upon acute cholesterol depletion, result-
ing in an increase in oligomerization status. This is in agreement
with our previous results that acute cholesterol depletion using
MpCD induces possible reorganization of the receptor into
ordered domains and results in confined diffusion of the
receptor.'®*" On the other hand, the value of 3; shows no sign-
ificant (p > 0.05) change upon metabolic (chronic) cholesterol
depletion (see Table 1 and Figure 4b) using AY 9944, a distal
inhibitor of cholesterol biosynthesis."” This implies that meta-
bolic cholesterol depletion does not lead to a major change in the
oligomerization of the receptor. An interesting aspect of these
results is that oligomerization status of the serotonin;, receptor
appears to depend on the manner in which cholesterol depletion is
carried out. This could be due to the time available for the receptor
to reorganize in case of metabolic depletion. Acute cholesterol
depletion is quick and therefore may not provide sufficient time to
the receptor for extensive reorganization.

Because of the significant increase in 3, upon acute cholesterol
depletion, we carried out further detailed analysis of these results.
The time-resolved fluorescence anisotropy decay of 5-HT;,R-
EYFP in control and acute cholesterol-depleted conditions are
shown in Figure S. The decays could be fitted to a sum of two
exponentials using eq 5. The biexponential fits and the statistical
parameters used to check the goodness of the fit are shown in
Figure S. The corresponding rotational correlation times (¢)
from the analysis of the fitted anisotropy decays are shown in
Table 2. As mentioned above, the shorter component ¢, corres-
ponds to homo-FRET. This decay rate is a sensitive measure of
the distance between fluorophores involved in homo-FRET with
faster decay rates indicating shorter intermolecular distances.>”
Our results show that the value of ¢; is reduced upon acute
cholesterol depletion, suggesting that the distance between
5-HT  AR-EYFP is reduced, implying that the receptor gets re-
organized to more numbers of oligomers (or higher order
oligomers) upon acute cholesterol depletion. The amplitude of
homo-FRET (f3;) under various conditions is also shown in
Table 1. The table shows that maximum homo-FRET takes place
under acute cholesterol-depleted conditions, as indicated by the
difference in 3, between control and treatment conditions.
Importantly, the calculated value of ; (in Table 1) is in close
agreement with the corresponding value obtained from the fit

(see Table 2) in the case of control and acute cholesterol-
depleted conditions. This self-consistency in the values of f3;
validates the framework shown in the Supporting Information.
This further reinforces the proposal of reorganization of seroto-
nin;, receptors to higher oligomers upon acute cholesterol
depletion. In addition, the considerable reduction (~15%) in
steady state anisotropy (r,) supports that the oligomerization
state of the receptor is enhanced upon acute cholesterol deple-
tion (Table 2).

Sphingolipid Depletion Does Not Alter the Oligomeriza-
tion of the Serotonin;, Receptor. Sphingolipids are essential
components of eukaryotic cell membranes and are involved in a
variety of cellular functions. We modulated sphingolipid levels in
CHO-5-HT 1 4R-EYFP cells by metabolically inhibiting the bio-
synthesis of sphingolipids using fumonisin B, (FB,)."® Figure 6a
shows representative fluorescence anisotropy decay profiles of
control and sphingolipid-depleted CHO-5-HT;,R-EYFP
cells, and the frequency distribution of 3, is shown in Figure 6b.
Table 1 shows that the value of 3; remains invariant upon meta-
bolic sphingolipid depletion, indicating that there is no major
change in the oligomerization status of the receptor upon sphin-
golipid depletion.

Oligomerization Is Independent of Receptor Expression
Level. Oligomerization of membrane proteins can be induced by
trivial association due to overexpression of a given protein. For
example, it has been previously reported that the neurokinin-1
receptor may appear to oligomerize at higher expression levels
but is monomeric at low levels of expression."* To avoid such
complications, we analyzed the dependence of 3, on receptor
expression levels. The value of 3; obtained from cells at varying
fluorescence intensities are shown in Figure 7. The figure con-
tains data with receptors differing in expression levels by ~12-
fold, since a similar fold change in fluorescence intensity is
observed. Importantly, the absence of any specific trend in the
scatter shows that the measured anisotropies were independent
of receptor expression level. We therefore conclude that the
oligomeric status of the serotonin;, receptor reported by us is
independent of the receptor expression level.

l DISCUSSION

There are a few studies describing the oligomerization of
serotoning s receptors.33735 However, these studies were based
on either hetero-FRET>*** or coimmunoprecipitation.33 As men-
tioned above, while hetero-FRET suffers from a number of
limitations, immunological approaches are susceptible to cross-
reactivity. In the present work, we utilized homo-FRET that is
free from these limitations and monitored the oligomerization
state of the serotonin;, receptor in live cells utilizing time-
resolved fluorescence anisotropy decay measurements. From
the observed change in the amplitude of homo-FRET (), we
propose the presence of constitutive oligomers of the serotonin; o
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Figure 6. Time-resolved fluorescence anisotropy of 5-HT;,R-EYFP
upon sphingolipid depletion. (a) Anisotropy decay of S-HT,;,R-EYFP
cells under control (solid line) and sphingolipid-depleted (dashed line)
conditions. Sphingolipid depletion was achieved using FB,. (b) Fre-
quency distribution histograms of amplitudes associated with homo-
FRET of S-HT 5R-EYFP. Upper and lower parts of the panel show
histograms of amplitudes associated with homo-FRET for control
(untreated) cells and sphingolipid-depleted cells, respectively. Means
=+ SE are shown in all cases. N represents the number of independent
measurements performed in each case. Apparent initial anisotropy
(r:n™") was obtained from the value of r following the initial rapid drop.
The amplitude associated with homo-FRET (f3;) was estimated from
the equation given in the text. All other conditions are as in Figure 2. See
the Experimental Section for other details.

receptor. We show that the oligomerization status of the receptor
is independent of ligand stimulation and sphingolipid depletion.
Importantly, acute (but not chronic) cholesterol depletion
appears to enhance the oligomerization process.

We previously monitored the oligomerization status of the
serotonin; s receptor in live cells using homo-FRET.** Our
previous work was based on increase in steady state anisotropy
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Figure 7. Apparent initial anisotropy (r,"*¥) values of S-HT,; ,R-EYFP
are independent of fluorescence intensity of S-HT | s\R-EYFP. Anisotro-
py values from alarge (N > 45) number of measurements plotted against
the corresponding fluorescence intensity. These measurements were
carried out by moving the focused laser beam to different locations
within a cell or different cells showing different brightness. It is apparent
that there is no systematic variation of anisotropy with intensity. All
other conditions are as in Figure 2. See the Experimental Section for
other details.

upon photobleaching under different conditions. The variation
in the value of steady state anisotropy was interpreted as
indicative of variation in the level of homo-FRET and therefore
the level of oligomerization. While this interpretation is generally
accepted, a far more direct way to assess the level of homo-FRET
is by directly measuring the amplitude (8, in this work)
associated with the homo-FRET component in direct time-
resolved anisotropy measurements. While the present measure-
ments are technically far more demanding, they offer unequi-
vocal evidence for the change in the level of homo-FRET. This is
because interpretation of variation in steady state anisotropy as
representing the variation in the level of homo-FRET assumes
that other rotational dynamic components do not vary, an assump-
tion that is not checked during steady state measurements.

An interesting aspect of our results is that, while acute
cholesterol depletion appears to enhance the oligomerization
of the serotonin;, receptor, metabolic depletion does not
influence the receptor oligomerization in a major way. Choles-
terol is known to modulate lipid—protein interactions by in-
creasing the thickness of the membrane lipid bilayer. For
example, it has been shown that the membrane bilayer thickness
in vesicles of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) is ~26 A which increases to 30 A in presence of 30 mol
% cholesterol.*® This can give rise to “hydrophobic mismatch”,
that is, a difference in the hydrophobic lengths of transmembrane
proteins and the surrounding lipid annulus, that can lead to
changes in membrane protein conformation®” and oligomerization.**
In situations of hydrophobic mismatch, when the energetic cost
of membrane deformation is high,* transmembrane proteins
and receptors may respond by forming lateral aggregates
(oligomers) that would reduce the membrane-exposed surface.
Acute cholesterol depletion may result in such hydrophobic
mismatch-like situation leading to increased oligomerization of
the receptor. This may not be true in case where cholesterol
depletion is carried out using inhibitors of cholesterol biosynth-
esis (chronic depletion), since extensive membrane reorgani-
zation could take place (thereby preventing hydrophobic mis-
match) due to longer duration of the process.

11445 dx.doi.org/10.1021/jp201458h |J. Phys. Chem. B 2011, 115, 11439-11447



The Journal of Physical Chemistry B

Our results have potential implications in drug design and
development in pathophysiological conditions in which sero-
tonin, 5 receptors are impljcated.40 Homo- and hetero-oligomer-
ization of GPCRs assume greater significance in the pharmacology
of GPCRs since oligomerization gives rise to pharmacological
diversity,"" opening new avenues for therapeutics. Oligomeriza-
tion of GPCRs also offers an attractive mechanism for increasing
the diversity of cellular responses to extracellular signals or stimuli.
In view of the enormous implications of GPCR function in human
health, progress in our understanding of the oligomerization status
of GPCRs would enhance our ability to design better therapeutic
strategies to combat diseases related to malfunctioning of these
receptors.
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© Ssupporting Information. Representative images of CHO
cells (supplementary Figure 1) and a further explanation of the
calculation of 3; values seen in Table 1 of the text. This material is
available free of charge via the Internet at http://pubs.acs.org.
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Supplementary Figure 1
Paila et al.

Supplementary Figure 1. Representative images of CHO cells stably expressing the
human serotonin; receptor tagged to EYFP (CHO-5-HT;aR-EYFP). Images were acquired
at room temperature (~23 °C), on an inverted Zeiss LSM 510 Meta confocal microscope
(Jena, Germany), with a 63x, 1.2 NA water immersion objective using the 514 nm line of an
argon laser, and 535-590 nm filter for the collection of EYFP fluorescence. Images were
recorded with a pinhole of 225 mm, giving a z-slice of 1.7 mm. The scale bar represents 10

um. See Experimental Section for other details.



SUPPLEMENTARY MATERIAL

We start with Eq. 5 in which the time-resolved fluorescence anisotropy is described

by a biexponential anisotropy decay model:

r(t) = ro {Brexp(-t/br) + Brexp(-/2)} (S
where 1 is the initial anisotropy (in case of EYFP, ro= 0.38) and [3; is the amplitude of the it
rotational correlation time ¢; such that Xii=1. When the correlation time ¢; (ascribed to
homo-FRET in this case) is too fast to be resolved, we can assume that ¢;<< t (the first
observable time point). Under this condition, the first term in the right-hand side of Eq. S1
becomes negligible and we obtain:

r(t) = 1o exp(-t/¢2)
Therefore, 1of3, corresponds to r;,"*" estimated from the first few data points of r vs. t curves.
Att=0, r(t) = r(0) = o, and Eq. S1 can be written as:

ro=ro {B1exp(-0/¢1) + P2exp(-0/¢2) } (S2)
Since exp(-0/¢;) = 1 and exp(-0/¢,) = 1, Eq. S2 becomes

ro=ro {P1 + P2}

1o = rof1 + 1oP2 (S3)
Since rof3; corresponds to ri,""*, Eq. S3 can be written as:

0= 101 + 1in" ¥, which upon rearrangement yields

B1 = (ro-Tin"")/ 10 (54)

The values of 3; shown in Table 1 are obtained using this equation.



