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H I G H L I G H T S

• GPCR extramembranous regions are
believed to be crucial for physiological
functions.

• ICL3 of serotonin1A receptor is im-
plicated in G-protein coupling and
activation.

• Sole tryptophan of serotonin1A re-
ceptor ICL3 experiences constrained
dynamics.

• This restricted dynamics is pre-
dominantly induced by peptide sec-
ondary structure.

• GPCR loop structure and dynamics
may provide valuable insights into
GPCR function.
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A B S T R A C T

G protein-coupled receptors (GPCRs) are major signaling proteins in eukaryotic cells and are important drug
targets. In spite of their role in GPCR function, the extramembranous regions of GPCRs are relatively less ap-
preciated. The third intracellular loop (ICL3), which connects transmembrane helices V and VI, is important in
this context since its crucial role in signaling has been documented for a number of GPCRs. Unfortunately, the
structure of this loop is generally not visualized in x-ray crystallographic studies since this flexible loop is either
stabilized using a monoclonal antibody or replaced with lysozyme. In this work, we expressed and purified the
ICL3 region of the serotonin1A receptor and monitored its motional restriction and organization utilizing red
edge excitation shift (REES) of its sole tryptophan and circular dichroism (CD) spectroscopy. Our results show
that the tryptophan in ICL3 exhibits REES of 4 nm, implying that it is localized in a restricted microenvironment.
These results are further supported by wavelength-selective changes in fluorescence anisotropy and lifetime.
This constrained dynamics was relaxed upon denaturation of the peptide, thereby suggesting the involvement of
the peptide secondary structure in the observed motional restriction, as evident from CD spectroscopy and
apparent rotational correlation time. To the best of our knowledge, these results constitute one of the first
measurements of motional constraint in the ICL3 region of GPCRs. Our results are relevant in the context of the
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reported intrinsically disordered nature of ICL3 and its role in providing functional diversity to GPCRs due to
conformational plasticity.

1. Introduction

G protein-coupled receptors (GPCRs) are a family of seven trans-
membrane domain proteins that allow the exterior of the cell to com-
municate with the cellular interior [1–3]. In molecular terms, signaling
carried out by GPCRs involves their activation by ligands present in the
extracellular environment, followed by the transduction of signals to
the interior of the cell through concerted conformational changes in
their transmembrane domain. This could imply that various domains in
GPCRs act in a cooperative fashion for carrying out signal transduction.
GPCRs act as highly versatile and dynamic membrane sensors and
mediate cellular responses to a diverse variety of stimuli in several
physiological processes. As a consequence of diverse signaling by
GPCRs, they have emerged as major drug targets in all clinical areas [4,
5].

Serotonin receptors represent a major class of GPCRs involved in
brain function [6, 7]. These receptors play a crucial role in the gen-
eration and modulation of cognitive and behavioral functions. Mal-
functioning of serotonergic systems is implicated in disorders such as
depression, anxiety, schizophrenia, obsessive compulsive disorder and
migraine. According to the present classification, there are 16 subtypes
of serotonin receptors [8]. The serotonin1A receptor is an important
member of this family due to a number of reasons [9] and serves as an
important target in drug discovery for neuropsychiatric disorders and
cancer [8, 10]. Previous work from our laboratory has shown the cru-
cial role of membrane cholesterol [11–13] and sphingolipids [13, 14] in
the function of the serotonin1A receptor.

Typically, GPCRs consist of seven transmembrane domains (helices)
interconnected by several extracellular and intracellular loops. Since
GPCRs have odd number of membrane passes, the N- and C-termini are
located on opposite sides of the membrane (see Fig. 1). Most of the
focus on GPCRs till date has been centered on the transmembrane he-
lices. This is in spite of the fact that the extramembranous regions of
GPCRs have been reported to have important functions for cellular
signaling and desensitization. For example, the third intracellular loop
(ICL3), which connects transmembrane helices V and VI, has been re-
ported to be crucial for function [16–20] and dynamics [21, 22] of a
number of GPCRs. Yet, this flexible loop was either stabilized using a
monoclonal antibody or replaced with lysozyme in a number of recent
high resolution crystallographic analyses of GPCRs [23–26], since the
inherent conformational flexibility of the loop poses a problem for x-ray
crystallography. The lack of information from intracellular loops makes
such crystallographic analyses somewhat limited. Another issue with
many reported GPCR crystal structures is the fact that the receptor is
crystallized in the lipidic cubic phase whose physiological significance
is yet to be ascertained [27].

Although the number of reported crystal structures of GPCRs is
continuously increasing [28], the challenge that remains is to generate
a comprehensive understanding of the molecular mechanism under-
lying the conversion of ligand binding to GPCRs to receptor activation
and signaling via a series of conformational changes. Keeping in mind
this overall context, in this work, we have explored the organization
and dynamics of the ICL3 of the serotonin1A receptor. Human ser-
otonin1 receptors are classified into five subtypes 1A, 1B, 1D, 1E and 1F
[8]. The serotonin1A receptor is a prominent member of this subfamily.
The receptor is estimated to have differentiated ~650 million years ago
from the subfamily in the time period when vertebrates and in-
vertebrates diverged, making this subtype an evolutionary marker [29,
30]. The intronless genomic clone for the human serotonin1A receptor
(G-21) encodes a protein of 422 amino acids [31]. The serotonin1A

receptor is predominantly localized in the hippocampal region in the
brain [32] and has not been purified from native tissue due to relatively
low amounts present in it. As such, no crystal or NMR structure is
available for this receptor, in spite of its importance as a drug target [8,
10]. We previously built a homology model for the receptor using the
β2-adrenergic receptor template [33]. Due to the presence of three
consensus sequences for N-linked glycosylation in the amino terminus,
and ~48% homology of the receptor with β2-adrenergic receptor in the
transmembrane region, it is predicted that the membrane topology of
the receptor is such that its amino terminus faces the extracellular re-
gion and the carboxy terminus faces the intracellular cytoplasmic re-
gion [33] (see Fig. 1).

A striking aspect of the serotonin1A receptor is the length (123 re-
sidues spanning from 221 to 343 residues, based on transmembrane
helix prediction using TMHMM2 [15]) of its ICL3. This loop of the
serotonin1A receptor is considerably longer than the corresponding loop
of other members of the serotonin1 receptor subfamily [33, 34]. ICL3
has been shown to bind calmodulin [34, 35] and is important for
coupling to G-proteins [36], crucial for downstream signaling. Se-
quence alignment of the members of the serotonin1 receptor subfamily
exhibits conserved sequences in the transmembrane regions, but not in
the ICL3 region [33, 34]. This suggests that the diversity of function
exhibited by various subtypes of serotonin1 receptors could be encoded

Fig. 1. A schematic representation of the topological features of the human
serotonin1A receptor highlighting the third intracellular loop (ICL3). The seven
transmembrane helices embedded in the membrane bilayer (composed of
phospholipids and cholesterol, typical constituents of eukaryotic membranes),
and the receptor termini and loop regions connecting the transmembrane do-
mains are shown. The transmembrane regions of the receptor have been pre-
dicted as putative α-helices using TMHMM2 [15]. The ICL3 segment (in
maroon) with its amino acid sequence and its sole tryptophan residue (high-
lighted in yellow) are shown. ICL3 consists of 123 residues (residues 221–343)
connecting transmembrane helices V and VI and is believed to play an im-
portant role in the recruitment of effectors (such as G-proteins) critical for
downstream signaling, and binds calmodulin. See text for more details. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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as sequence variations in the ICL3 region.
In this work, we expressed and purified the ICL3 region (see Fig. 1)

of the serotonin1A receptor in E. coli and monitored its motional re-
striction and organization utilizing the intrinsic fluorescence of the sole
tryptophan and circular dichroism (CD) spectroscopy. Our results show
constrained rotational dynamics of the tryptophan in ICL3, implying
that the tryptophan residue is localized in a restricted microenviron-
ment.

2. Materials and methods

2.1. Materials

β-mercaptoethanol, carbenicillin, chloramphenicol, dimethyl sulf-
oxide (DMSO), dithiothreitol (DTT), imidazole, isopropyl β-D-1-thio-
galactopyranoside (IPTG), lysozyme, phenylmethylsulfonyl fluoride
(PMSF), sodium phosphate, sodium chloride, streptomycin and urea
(BioUltra grade) were obtained from Sigma Chemical Co. (St. Louis,
MO). The HIS-MYC-HTR1A-pDsRed-Monomer-Hyg-C1 vector was a
generous gift from Dr. Mitradas M. Panicker, National Centre for
Biological Sciences, Bangalore. Restriction enzymes were obtained from
New England Biolabs (Ipswich, UK). Nonylphenyl polyethyleneglycol
(NP-40) was obtained from Calbiochem (San Diego, CA). 2-(4-(2-
Hydroxyethyl)piperazin-1-yl)ethanesulfonic acid (HEPES) was pur-
chased from Affymetrix (Santa Clara, CA). The concentration of ICL3
was estimated from its molar extinction coefficient of 5500M−1 cm−1

at 280 nm, as predicted using the ProtParam tool in ExPASy [37]. All
other chemicals and solvents used were of the highest available purity.
Water was purified through a Millipore (Bedford, MA) Milli-Q system
and used throughout.

2.2. Methods

2.2.1. ICL3 cloning, expression and purification
The HIS-MYC-HTR1A-pDsRed-Monomer-Hyg-C1 vector was double

digested with restriction enzymes, NheI and AgeI, to obtain a gene
containing the coding region of the serotonin1A receptor DNA. ICL3
(amino acid region: 221–343 of the human serotonin1A receptor, see
Fig. 1) was PCR amplified and double digested with restriction en-
zymes, NdeI and BamHI, and ligated into pET16b vector using standard
molecular biology techniques. The plasmid codes for a decahistidine tag

followed by a Factor Xa cleavage site at the N-terminus of ICL3 with an
engineered stop codon post the ICL3 gene. The pET16b-ICL3 plasmid
containing ICL3 and additional features were confirmed using standard
gene sequencing methods.

The pET16b-ICL3 plasmid was transformed into E. coli BL21-
CodonPlus (DE3)-RIPL competent cells and cells were grown on LB
plates containing 34 μg/ml of chloramphenicol, 50 μg/ml of carbeni-
cillin and 100 μg/ml of streptomycin. Single bacterial colony was
picked from the transformation plate, transferred to 10ml of LB
medium with the above antibiotics and incubated overnight at 37 °C,
200 rpm. The culture was transferred into 1 l LB medium containing the
above antibiotics and incubated at 37 °C, 200 rpm. The culture was
induced when OD600 reached 0.8 using 1mM of IPTG and further in-
cubated for 3.5 h, 240 rpm at 25 °C. Cells were harvested by cen-
trifugation at 6200× g for 8min at 4 °C.

The cell pellet was suspended in a lysis buffer containing 20mM
HEPES/500mM NaCl/10mM imidazole (pH 7.5), 10 mM β-mercap-
toethanol, 0.5% NP-40 and 1mM PMSF and incubated on ice with
1mg/ml of lysozyme for 30min. After incubation, cells were broken by
sonication on ice and cell lysates containing the cytosolic fraction was
separated by centrifugation at 26,850× g for 40min at 4 °C. The su-
pernatant was mixed with Ni2+-NTA resin (Qiagen, Hilden, Germany)
in a glass column by nutating at 4 °C for 45min. The resin loaded with
ICL3 was washed with seven resin volumes of washing buffer con-
taining 20mM HEPES/500mM NaCl/30mM imidazole (pH 7.5) and
10mM β-mercaptoethanol to remove nonspecific protein binding to the
resin. The pure fractions of ICL3 were eluted with wash buffer con-
taining increasing concentration of imidazole (50–250mM).

The eluted fractions of ICL3 were pooled and subjected to a high
level of purification (> 95%) using size exclusion chromatography with
a preparative Superdex G75 gel filtration column (GE Life Sciences,
Marlborough, MA). The column was pre-equilibrated with two column
volumes of purification buffer containing 10mM sodium phosphate/
150mM NaCl (pH 7.0) and 1mM DTT. The recombinant ICL3 eluted at
the corresponding volume of a ~16 kDa protein, as evident from the gel
filtration profile and SDS-PAGE analysis (see Fig. 2). The purified
peptide was lyophilized and stored at −30 °C.

2.2.2. Sample preparation
Fresh ICL3 samples were prepared for each experiment by dissol-

ving the lyophilized peptide in Milli-Q water and diluting with 10mM

Fig. 2. Purification of ICL3. (a) Ni2+-NTA purifica-
tion of ICL3 analyzed by SDS-PAGE; M: molecular
weight marker, UI: uninduced fraction, I: induced
fraction, S: supernatant, P: pellet, FT1: 1st flow
through, FT2: 2nd flow through, W1 and W2: washes
with 30mM imidazole. (b) Elution fractions of Ni2+-
NTA purification on SDS PAGE; E1-E5: elutions with
wash buffer containing increasing concentration of
imidazole (50–250mM, 50mM gradient step), E6
and E7: wash buffer with 250mM imidazole. The
ICL3 band is marked with an arrow. (c) Size exclu-
sion chromatogram of the pooled elution fraction E2-
E6 from (b) using a preparative Superdex G75
column. An isolated peak containing pure fractions
of ICL3 is shown. (d) SDS-PAGE analysis of samples
collected in (c). M: molecular weight marker, the
loaded fractions (in ml) and band corresponding to
ICL3 (~16 kDa) are marked. See Materials and
methods for more details.
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sodium phosphate/150mM NaCl (pH 7.0) buffer. The final peptide
concentration was 20 μM for both fluorescence and circular dichroism
spectroscopic measurements. ICL3 was denatured by incubation with
8M urea for 2 h prior to data acquisition. The concentration of urea in
water was estimated with a Brixxus CRI375P-01U refractometer
(Sartorius AG, Goettingen, Germany) according to the following equa-
tion [38]:

= ∆ + ∆ + ∆C 117.66( N) 29.753( N) 185.56( N)2 3 (1)

where C is the concentration of urea in molarity and ΔN is the change in
refractive index of the urea solution relative to that of water.

2.2.3. Steady state fluorescence measurements
Steady state fluorescence measurements were performed with a

Hitachi F-7000 spectrofluorometer (Tokyo, Japan) using 1 cm path
length quartz cuvette. Excitation and emission slits with slit widths of
2.5 and 5 nm, respectively, were used for all measurements. All spectra
were recorded in the corrected spectrum mode. Background intensities
of samples in which the peptide was omitted were negligible in most
cases and were subtracted from each sample spectrum to cancel out any
contribution due to the solvent Raman peak and other scattering arti-
facts. Data shown are representative of at least four independent
measurements and the observed emission maxima were identical or
within±1 nm of the values reported.

Fluorescence anisotropy measurements were performed at room
temperature (~25 °C) with a Hitachi polarization accessory.
Fluorescence anisotropy values were calculated using the following
equation [39]:

=
−

+
r I GI

I 2GI
VV VH

VV VH (2)

where IVV and IVH are the measured fluorescence intensities (after ap-
propriate background subtraction) with the excitation polarizer verti-
cally oriented and emission polarizer vertically and horizontally or-
iented, respectively. G is the grating correction factor and is the ratio of
the efficiencies of the detection system for vertically and horizontally
polarized light, and is equal to IHV/IHH. Excitation and emission slits
with slit widths of 2.5 and 5 nm, respectively, were used for all mea-
surements. Data shown are means ± S.E. of at least four independent
measurements.

2.2.4. Time-resolved fluorescence measurements
Fluorescence lifetimes were calculated from time-resolved fluores-

cence intensity decays using Delta-D TCSPC system (Horiba Jobin Yvon
IBH, Glasgow, UK) with EzTime software version 3.2.2.4 (Horiba
Scientific, Edison, NJ) in the time-correlated single photon counting
(TCSPC) mode. A pulsed light-emitting diode (DD-290) was used as an
excitation source. This LED generates optical pulses at 297 nm with a
typical pulse width of 0.8 ns and is run at a 20MHz repetition rate. The
instrument response function (IRF) (also known as the LED profile) was
measured at the excitation wavelength with Ludox (colloidal silica) as a
scatterer. In order to optimize the signal-to-noise ratio, 10,000 photon
counts were collected at the peak channel. Data acquisition was carried
out using emission slit widths of 8 nm or less and with a neutral density
filter (ND1) in the excitation path. The sample and the scatterer profiles
were acquired in 10 alternate cycles of 1,000 photon counts (10% ac-
quisition) at each of the peak channels, to compensate for shape and
timing drifts occurring in the course of data acquisition. This arrange-
ment has the additional advantage of preventing prolonged exposure
and subsequent photodamage of the fluorophore.

Data were stored and analyzed using the in-built plugins in the
EzTime software version 3.2.2.4 (Horiba Scientific, Edison, NJ).
Fluorescence intensity decay curves were deconvoluted with the IRF
and analyzed as a sum of exponential terms given by the equation:

= −F(t) Σ α exp( t/τ )i i i (3)

where F(t) is the fluorescence intensity at time t and αi is a pre-ex-
ponential factor denoting the fractional contribution to the time-re-
solved decay of the ith component with a lifetime of τi, such that
Σiαi = 1. The decay parameters were recovered using a nonlinear least
squares iterative fitting program based on the Marquadt algorithm [40].
The program also includes subroutine packages associated with statis-
tical analysis and plotting [41]. The goodness of fit of a given data set to
a chosen function was evaluated by the χ2 ratio, the weighted residuals
[42] and the autocorrelation function of the weighted residuals [43]. A
fit was considered acceptable when plots of the weighted residuals and
their autocorrelation function exhibited random deviation about zero,
with a χ2 value of not more than 1.1. Intensity-averaged mean fluor-
escence lifetimes (< τ>) for triexponential fluorescence decays were
calculated from the decay times and pre-exponential factor using the
equation [39]:

< > =
+ +

+ +
τ α τ α τ α τ

a τ a τ α τ
1 1

2
2 2

2
3 3

2

1 1 2 2 3 3 (4)

2.2.5. CD measurements and deconvolution
CD measurements were carried out at room temperature (~25 °C)

with a JASCO J-815 spectropolarimeter (Tokyo, Japan) calibrated with
(+)-10-camphorsulfonic acid [44]. Spectra were scanned in a quartz
optical sandwich cell with a path length of 0.01 cm, and recorded in
0.5 nm wavelength increments with a band width of 2 nm and a re-
sponse time of 1 s. For monitoring changes in secondary structure,
spectra were scanned from 190 to 260 nm in the far-UV range. The scan
rate was 50 nm/min and each spectrum is the average of 10 continuous
scans with a full scale sensitivity of 100 mdeg. Spectra were corrected
for background by subtraction of appropriate blanks. Data are re-
presented as mean residue ellipticities and calculated using the equa-
tion:

=[θ] θ /(10Cl)obs (5)

where θobs is the observed ellipticity in mdeg, l is the path length in cm,
and C is the concentration of peptide bonds in mol/l.

The far-UV CD spectra of ICL3 in buffer was deconvoluted with the
web-based CD analysis resource, DichroWeb [45, 46], using the
CDSSTR analysis method [47] with SMP180 [48] as the reference data
set. In addition, for the purpose of representation, the CD spectra were
subjected to a moderate degree of smoothening by the adjacent aver-
aging program available in Microcal Origin version 8.0 (OriginLab,
Northampton, MA), while ensuring that the overall spectral shape re-
mains unaltered.

2.2.6. Data analysis and plotting
Student's two-tailed unpaired t-test was performed to estimate sig-

nificance levels using Graphpad Prism software, version 4.0 (San Diego,
CA). Data plots were generated with Microcal Origin version 8.0
(OriginLab, Northampton, MA).

3. Results

3.1. ICL3 purification and characterization

The cloning, heterologous expression and purification of ICL3
(corresponding to amino acids 221–343 of the human serotonin1A re-
ceptor, see Fig. 1) was carried out in E. coli as described in Materials and
methods (Fig. 2). The recombinant ICL3 eluted as a ~16 kDa protein in
the gel filtration column and in SDS-PAGE analysis (see Fig. 2c,d).

3.2. Wavelength-selective fluorescence of the sole tryptophan in ICL3: REES
and related effects

Red Edge Excitation Shift (REES) is a phenomenon often observed in
case of fluorophores localized in a motionally restricted environment,
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such as at the membrane interface or in dynamically constrained re-
gions of proteins [49-51]. A major factor governing REES is that the
fluorophore should experience an environment in which the rate of
solvent relaxation in the excited state is slow relative to fluorescence
lifetime. REES is expressed as the shift in the wavelength of maximum
fluorescence emission toward higher wavelengths, induced by a shift in
the excitation wavelength toward the red edge of absorption spectrum.
The shift in the wavelength of maximum fluorescence emission of the
sole tryptophan (residue 263) of ICL3 (see Fig. 1) in buffer as a function
of excitation wavelength is shown in Fig. 3a (the inset displays tryp-
tophan emission spectra at representative excitation wavelengths). The
figure shows that there is a shift in the emission maximum from 345 to
349 nm, corresponding to REES of 4 nm, in response to change in ex-
citation wavelength from 280 to 307 nm. This indicates that the sole
tryptophan residue of ICL3 experiences motionally restricted environ-
ment.

Fluorophores exhibiting REES often show wavelength-dependence
of fluorescence anisotropy [49,52]. The excitation anisotropy spectra
(i.e., a plot of fluorescence anisotropy vs. excitation wavelength) of
ICL3 in buffer is shown in Fig. 3b. The figure shows that the anisotropy
of ICL3 tryptophan displays substantial change (~110%) upon in-
creasing the excitation wavelength from 280 to 305 nm, with a steep
increase toward the red edge. This type of excitation wavelength de-
pendent change in fluorescence anisotropy is typical for fluorophores in
restricted environment [53]. This increase in fluorescence anisotropy
with increasing excitation wavelength could be because of decreased
rotational rate of the fluorophore in the solvent-relaxed state (the
subpopulation that is photoselected upon red edge excitation) because
of strong dipolar interactions with the surrounding solvent molecules
[52]. It should be noted here that Fig. 3b shows an initial dip in
fluorescence anisotropy at ~290 nm. This is typical of tryptophan in
restricted environment [54] and has to do with complex photophysics
of the two overlapping, mutually orthogonal So-SI electronic transitions
(1La and 1Lb) of tryptophan (for details, see [50,54]).

REES arises due to photoselection of a subpopulation of excited state
fluorophores upon excitation at longer wavelengths, giving rise to dif-
ferential extents of solvent reorientation corresponding to each excita-
tion wavelength. Since fluorescence lifetime is known to be sensitive to
local environment [55], differential extents of solvent relaxation
around a fluorophore gives rise to different lifetimes. Fig. 4a shows the
effect of increasing emission wavelength on the mean fluorescence
lifetime of the ICL3 tryptophan. The intensity-averaged mean fluores-
cence lifetimes at different emission wavelengths were calculated using
Eq. (4) and are shown in Table 1. The mean fluorescence lifetime is
independent of the method of analysis and the number of exponentials
used to fit the time-resolved fluorescence decay. A representative decay
profile of ICL3 in buffer with its triexponential fitting and the associated
statistical parameters used to check the goodness of fit are shown in Fig.
S1. Fig. 4a shows that the mean fluorescence lifetime exhibits a con-
siderable increase (~27%) with increasing emission wavelength across
the emission spectrum (320–380 nm). Emission at shorter wavelengths
originates predominantly from solvent unrelaxed fluorophores, char-
acterized by shorter fluorescence lifetimes. This is because this sub-
population would decay both at the rate of fluorescence emission at the
given excitation wavelength and by decay to longer wavelengths
(which remain unobserved due to the choice of emission wavelength).
On the other hand, fluorophore populations selected at the longer
emission wavelength (red edge) are more relaxed due to an appreciably
higher time spent in the excited state (i.e., longer lifetime).

Fig. 4b shows the reduction in fluorescence anisotropy (~43%) with
increasing emission wavelength. As discussed, longer emission wave-
lengths photoselect longer-lived fluorophores, which have more time to
rotate in the excited state. This leads to greater extent of depolarization
and lower values of fluorescence anisotropy at the red edge.

3.3. Effect of denaturation on REES and rotational dynamics

The above results imply that the sole tryptophan in ICL3 is in a
microenvironment that induces constrained dynamics in the fluor-
ophore. Such motional restriction is known to be associated with so-
luble proteins characterized by well-defined secondary structural ele-
ments [53]. In the case of ICL3, the motional restriction of the
tryptophan could be due to the constraints induced by the peptide
secondary structure. To further explore this, we monitored the change
in maximum of fluorescence emission with excitation wavelength for
denatured ICL3 (see Fig. 5a). The figure shows complete lack of REES in
denatured ICL3, since there was no shift in the emission maximum even
when excitation wavelength was changed from 280 to 307 nm, al-
though there was a shift in the emission maximum itself (from 345 to
348 nm). The red shift (3 nm) in the emission maximum could be due to
greater exposure to polar bulk water upon denaturation.

To confirm the contribution of the peptide secondary structure in
inducing motional restriction of the sole tryptophan in ICL3, we carried
out CD spectroscopic measurements. Fig. 5b shows the far-UV CD
spectra of ICL3 in buffer and upon denaturation. The CD spectrum of
ICL3 in buffer showed some contribution from α-helical elements.
Spectral deconvolution of the CD spectrum of ICL3 in buffer with Di-
chroweb [43, 44] indicated that the peptide consists of ~18% α-helix,
18% β-sheet, 17% turn and 47% random coil, in overall agreement with
previous reports [34,56]. The CD spectrum of the denatured ICL3,
however, showed lack of secondary structural elements. These results
are in agreement with our results (Fig. 5a), in which REES was observed
only in case of ICL3 in buffer, but not upon denaturation.
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Fig. 3. Wavelength-selective fluorescence of ICL3: change in fluorescence
emission parameters with excitation wavelength. (a) Increase in the wavelength
of maximum emission with increasing excitation wavelength, corresponding to
REES of 4 nm. Data shown are representative of at least four independent
measurements and the observed emission maxima were identical or within±
1 nm of the values reported. The inset shows the progressive shift in the
tryptophan emission maximum upon excitation at 280 nm (_____); 300 nm (− −
−); and 305 nm (····). Spectra shown are intensity-normalized at the respective
emission maximum. (b) Change in fluorescence anisotropy with increasing
excitation wavelength. Emission wavelength was 345 nm. Data represent
means ± S.E. of at least four independent measurements. Lines joining the
data points are provided merely as viewing guides. The concentration of ICL3
was 20 μM. See Materials and methods for other details.
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Fluorescence anisotropy of ICL3 in buffer and upon denaturation is
shown in Fig. 6a. The anisotropy of ICL3 in buffer (0.034) was found to
be higher than that of denatured ICL3 (0.026), thereby indicating that
the environment around the tryptophan residue in ICL3 in buffer is
more restrictive. To ensure that the reported anisotropy values are not
influenced by lifetime-induced artifacts, the apparent (average) rota-
tional correlation times were calculated using Perrin's equation [39]:

=
< >

−
τ τ r

r rc
o (6)

where ro is the fundamental anisotropy of tryptophan, r is the steady
state anisotropy taken from Fig. 6a, and < τ > is the mean fluores-
cence lifetime (from Table 1). The value of ro was taken to be 0.16 [57].
Fig. 6b shows that the apparent rotational correlation time of the ICL3
tryptophan in buffer (0.72 ns) was significantly higher than of the de-
natured peptide (0.65 ns), thereby validating the anisotropy trend.
However, since the presence of 8M urea in denatured ICL3 would in-
crease the bulk viscosity, the rotational correlation time reported for
the denatured ICL3 is an upper estimate and the actual difference in
rotational correlation time could be more.

4. Discussion

A recent trend in GPCR structure-function analysis has been to ex-
plore regions of GPCRs that are structured and disordered [58]. It ap-
pears that the diversity and synthesis of structured and disordered re-
gions in GPCRs are crucial in generating the diverse functions of GPCRs.
While the structured transmembrane domains continue to be the major
focus, the disordered regions of GPCRs are yet to be appreciated for
their role in GPCR function. The molecular architecture and topology of
GPCRs in general, and the serotonin1A receptor in particular, suggests
that the conversion of ligand-induced subtle transmembrane con-
formational rearrangements into downstream signaling pathways is
mediated by extramembranous regions such as ICL3. Previous reports
have highlighted the crucial role of ICL3 in receptor activation via in-
teraction with downstream effectors such as G-proteins and β-arrestin
[9, 16–22]. Disordered regions in GPCRs are believed to increase the
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Fig. 4. Emission wavelength-dependent fluorescence of ICL3: change in fluor-
escence anisotropy and lifetime with emission wavelength. (a) Effect of in-
creasing emission wavelength on the mean intensity-averaged fluorescence
lifetime of ICL3. The excitation wavelength was 297 nm. Mean fluorescence
lifetimes were calculated from Table 1 using Eq. (4). (b) Reduction in fluores-
cence anisotropy with increasing emission wavelength. Excitation wavelength
was kept constant at 280 nm. Lines joining the data points are provided merely
as viewing guides. Data represent means ± S.E. of at least four independent
measurements. The concentration of ICL3 was 20 μM. All other conditions are
as in Fig. 3. See Materials and methods for more details.

Table 1
Representative fluorescence lifetimes of native and denatured ICL3a.

Emission
wavelength
(nm)

α1 τ1 (ns) α2 τ2 (ns) α3 τ3 (ns) < τ>b (ns) χ2

(a) ICL3 in buffer
320 0.21 1.44 0.09 3.68 0.70 0.19 2.19 1.1
330 0.40 1.83 0.15 4.05 0.45 0.43 2.53 1.1
340 0.45 1.93 0.17 4.10 0.38 0.53 2.63 1.1
345c 0.46 1.96 0.18 4.12 0.36 0.56 2.68 1.1
350 0.48 2.07 0.16 4.28 0.36 0.62 2.70 1.1
360 0.49 2.13 0.16 4.33 0.35 0.63 2.74 1.1
370 0.51 2.17 0.16 4.37 0.33 0.65 2.77 1.1
380 0.53 2.21 0.15 4.48 0.32 0.65 2.79 1.1

(b) Denatured ICL3
348c 0.42 2.28 0.30 4.62 0.28 0.49 3.49 1.1

a Excitation wavelength was 297 nm. The number of photons collected at the
peak channel was 10,000. The concentration of ICL3 was 20 μM. All other
conditions are as in Fig. 4a. See Materials and methods for other details.

b Calculated using Eq. (4).
c At the respective emission maximum.
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Fig. 5. Effect of denaturation on tryptophan REES and secondary structure of
ICL3. (a) The absence of any shift in wavelength of maximum emission with
increasing excitation wavelength upon denaturation (■). REES of ICL3 in buffer
(●) is shown as a control (from Fig. 3a). Denaturation was carried out with 8M
urea. Data shown are representative of at least four independent measurements
and the observed emission maxima were identical or within± 1 nm of the
values reported. Lines joining the data points are provided merely as viewing
guides. (b) Representative far-UV CD spectra of ICL3 in buffer (—) and dena-
tured (− −) conditions. CD data below 210 nm were not recorded in case of
denatured ICL3 due to high absorbance of urea at lower wavelengths. The
concentration of ICL3 was 20 μM in all cases. All other conditions are as in
Fig. 3. See Materials and methods for more details.
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functional repertoire of GPCRs via conformational plasticity [58,59].
The third intracellular loop in GPCRs is considered to be intrinsically
disordered and the length of the loop varies among different GPCRs. In
case of the serotonin1A receptor, the third intracellular loop has been
shown to be crucial in coupling to and activation of G-proteins [56,60].
Interestingly, it has been previously reported using site-directed mu-
tagenesis that mutations in ICL3 of the serotonin1A receptor alters G-
protein coupling from Gi to Gs in a ligand-dependent manner [36].

In this work, we show that the sole tryptophan in the peptide cor-
responding to the ICL3 region of the serotonin1A receptor exhibits REES
of 4 nm, thereby implying motional restriction of the tryptophan due to
the constraints induced by the peptide secondary structure. These re-
sults are supported by wavelength-dependent changes in fluorescence
anisotropy and lifetime. The motional restriction was relaxed upon
denaturation of the peptide, suggesting the involvement of the peptide
secondary structure in it. These results are further supported by CD
spectroscopy and apparent rotational correlation time measurement.
These novel results constitute one of the first observations of motional
restriction in the ICL3 region in GPCRs, and assume relevance in the
overall context of the largely unexplored role of loop regions in GPCR
organization and function.

We should note here that the restricted dynamics of the ICL3 tryp-
tophan reported here could be a lower limit of the natural constraint
experienced by the tryptophan in the untruncated receptor since ICL3
would be linked to the rest of the receptor in such a case. We previously
reported that REES is a sensitive and convenient approach to explore
the dynamic organization of proteins in all states (native, intrinsically
disordered (molten globule), amyloid and denatured) [50,61]. Previous
work from our laboratory has established the importance of tryptophan
residues and their characteristic environment-dependent constrained
dynamics in the context of structure and function of proteins and

peptides [61-65]. Our observation of REES in ICL3 tryptophan assumes
relevance in this context and is reinforced by an earlier report on the
involvement of the sole tryptophan residue in the binding of calmodulin
to ICL3 [34]. This report, along with our observation of a complete loss
of tryptophan constrained dynamics upon urea denaturation of the
peptide, indicates that the secondary structural elements responsible for
calmodulin binding are possibly involved in imposing the restriction on
tryptophan rotational dynamics. We envision that analysis of structure
and dynamics of the extramembranous regions of GPCRs, in combina-
tion with knowledge gained from transmembrane domains, would
provide a comprehensive understanding of GPCR function in health and
disease.
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