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ABSTRACT

Experimental evidence suggests that most members of class A
G-protein coupled receptors (GPCRs) can form homomers and
heteromers in addition to functioning as single monomers. In
particular, serotonin (5-HT) receptors were shown to ho-
modimerize and heterodimerize with other GPCRs, although
the details and the physiological role of the oligomerization has
not yet been fully elucidated. Here we used computational
modeling of the 5-HT, , receptor monomer and dimer to predict
residues important for dimerization. Based on these results, we
carried out rationally designed site-directed mutagenesis. The
ability of the mutants to dimerize was evaluated using different
FRET-based approaches. The reduced levels of acceptor pho-
tobleaching-Forster resonance energy transfer (FRET) and the
lower number of monomers participating in oligomers, as as-
sessed by lux-FRET, confirmed the decreased ability of the
mutants to dimerize and the involvement of the predicted con-

tacts (Trp175%%4, Tyr198%4', Arg15144°, and Arg152%47) at the
interface. This information was reintroduced as constraints for
computational protein-protein docking to obtain a high-quality
dimer model. Analysis of the refined model as well as molecular
dynamics simulations of wild-type (WT) and mutant dimers
revealed compensating interactions in dimers composed of WT
and W175A mutant. This provides an explanation for the re-
quirement of mutations of Trp175%%* in both homomers for
disrupting dimerization. Our iterative computational-experi-
mental study demonstrates that transmembrane domains TM4/
TM5 can form an interaction interface in 5-HT,, receptor
dimers and indicates that specific amino acid interactions
maintain this interface. The mutants and the optimized model of
the dimer structure may be used in functional studies of sero-
tonin dimers.

Introduction

The 5-hydroxytryptamine (5-HT, serotonin) system in the
brain is involved in multiple processes, including regulation
of neurogenesis, neuronal activity, as well as respiratory and
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cardiovascular control (Richter et al., 2003) and energy bal-
ance (Lam and Heisler, 2007).

Serotonin receptors, with the exception of the 5-HT; ion
channel, are G-protein-coupled receptors (GPCRs), a large
and diverse family of membrane proteins that participate in
regulating cellular and physiological processes and represent
key pharmacological targets. The 5-HT, 4 receptor subtype is
involved in processes such as the regulation of neurogenesis,
temperature control, and regulation of sleep. Particular in-
terest in this receptor has been raised as a result of its
involvement in regulating depression and anxiety states
(Lesch and Gutknecht, 2004).

ABBREVIATIONS: 5-HT, 5-hydroxytryptamine (serotonin); GPCR, G-protein-coupled receptor; FRET, Forster resonance energy transfer; TM,
transmembrane; 3D, three-dimensional; PDB, Protein Data Bank; MD, molecular dynamics; GFP, green fluorescence protein; 8-OH-DPAT,
8-hydroxy-2-dipropylaminotetralin; PAGE, polyacrylamide gel electrophoresis; YFP, yellow fluorescent protein; WT, wild type; CFP, cyan
fluorescent protein; IL, intracellular loop; vdW, van der Waals; RMSD, root-mean-square deviation; D3, dopamine D5 receptor; OR, opioid receptor;
PNGase, glycopeptidase; ER, endoplasmic reticulum; lux-FRET, linear unmixing FRET.
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In the last decade, it has become clear that many GPCRs
may function as dimers or higher order oligomers (Woehler et
al., 2009; Albizu et al., 2010; Lohse, 2010; Ganguly et al.,
2011; Rozenfeld and Devi, 2011). Oligomerization has impli-
cations for trafficking, signaling, and pharmacology of many
members of the GPCR family, but in many cases, the func-
tional implications of GPCR oligomerization still need to be
delineated.

We have demonstrated that 5-HT,, receptors form ho-
modimers at the plasma membrane (Kobe et al., 2008;
Woehler et al., 2009). The analysis of 5-HT,, receptor oli-
gomerization dynamics by combined FRET approaches re-
vealed that receptor stimulation results in accumulation of
FRET-negative complexes rather than in dissociation of oli-
gomers to monomers. The oligomerization of 5-HT;, recep-
tors was shown to be constitutive (Ganguly et al., 2011), the
oligomerization status being independent of ligand stimula-
tion but enhanced as a result of acute (but not chronic)
cholesterol depletion (Paila et al., 2011a). Despite these ad-
vances and computational work on monomers (Paila et al.,
2011b), the interaction interface of 5-HT,, dimers remains
unknown and is the focus of the current article.

Almost every transmembrane (TM) domain within the
GPCR has been suggested to mediate the dimeric interac-
tions, but TM domains 4 and/or 5 have gained the most
support as dimerization interfaces (Gonzédlez-Maeso et al.,
2008; Johnston et al., 2011; Hu et al., 2012). The TM4/TM5
interface is also compatible with images obtained via atomic
force microscopy [Fotiadis et al., 2003; Protein Data Bank
(PDB) ID 1N3M]. Specifically, the extracellular part of TM4
was found to be involved in oligomerization by site-directed
cysteine cross-linking studies in dopamine D, receptor ho-
modimers (Guo et al., 2003), in 5-HT, (Mancia et al., 2008),
and in the yeast STE2 receptor (Wang and Konopka, 2009).

In the present study, we aimed to establish a working
model of the three-dimensional structure of the complex. As
a first step, we constructed 3D models of 5-HT,, receptor
monomer, as described for modeling of other GPCRs (Yarni-
tzky et al., 2010; Levit et al., 2012).

The monomer models were fitted into the TM4/TM5 di-
meric model of rhodopsin (PDB ID 1IN3M). On the basis of
analysis of the residues contributing to the dimeric interac-
tion in these models, we designed dimerization-disrupting
mutations. We then carried out site-directed mutagenesis
and monitored the dimerization levels of the mutants using
different FRET-based approaches. The confirmed interac-
tions were introduced as constraints in protein-protein dock-
ing of monomers, and the optimized dimeric models were
analyzed. The best model of WT dimer and the models of the
mutant receptor dimers were submitted to molecular dynam-
ics (MD) simulations. These simulations rationalize the mu-
tagenesis results and provide a detailed view of the interac-
tion interface. The results of our study 1) confirmed the
existence of the TM4/TM5 dimer interface for 5-HT1A, 2)
enabled us to refine the model of the dimer, and 3) provided
pharmacologically intact, dimerization-impaired 5-HT,,
monomers, an important tool for further functional studies of
5-HT,, receptor dimerization. After the completion of our
work, a structure by Manglik et al. (2012) revealed that the
n-opioid receptor (w) crystallizes as a 2-fold symmetrical
dimer through a four-helix bundle motif formed by trans-
membrane segments 5 and 6. The serotonin dimer proposed
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in the current work, is theoretically capable of coexistence

with the opioid-like 5,6 dimer.

Materials and Methods

Recombinant DNA Procedures

The construction of 5-HT,, receptors fused to different spectral
variants of the green fluorescence protein (GFP) has been described
previously (Renner et al., 2007). The mutagenesis of potential inter-
action sites within 5-HT;, receptor was performed using a site-
directed mutagenesis kit (Stratagene, La Jolla, CA) according to the
manufacturer’s protocol. The following primers were used: W136A/
D140A: sense, 5'-GCG CTA GAC AGG TAC GCG GCA ATC ACC
GCC CCT ATA GAC TAC GTG-3'; antisense, 5'-CAC GTA GTC TAT
AGG GGC GGT GAT TGC CGC GTA CCT GTC TAG CGC-3'; L159A/
L166A: sense, 5'-GCG CTG ATC TCG GCC ACT TGG CTC ATT
GGC TTT GCC ATC TCC ATC CC-3’; antisense 5'-GGG ATG GAG
ATG GCA AAG CCA ATG AGC CAA GTG GCC GAG ATC AGC
GC-3'; W175A: sense, 5'-CGC CTA TGC TGG GCG CGC GCA CCC
CGG AAG-3’; antisense, 5'-CTT CCG GGG TGC GCG CGC CCA
GCA TAG GCG-3’; R151K/R152K: sense 5'-CAA GAG GAC GCC
CAA GAA GGC CGC TGC GCT GAT C-3'; antisense, 5'-GAT CAG
CGC AGC GGC CTT CTT GGG CGT CCT CTT G-3’; R176K: sense,
5'-GCC TAT GCT GGG CTG GAA GAC CCC GGA AGA CCG C-3/;
antisense, 5'-GCG GTC TTC CGG GGT CTT CCA GCC CAG CAT
AGG C-3’; Y198F: sense, 5'-CGG GTA CAC CAT CTT CTC CAC TTT
CGG CGC-3'; antisense, 5'-GCG CCG AAA GTG GAG AAG ATG
GTG TAC CCG-3'. All mutants were verified by double-stranded
dideoxy DNA sequencing at the level of the final plasmid.

Adherent Cell Culture and Transfection

Mouse N1E-115 neuroblastoma cells from the American Type
Culture Collection (Manassas, VA) were grown in Dulbecco’s modi-
fied Eagle’s medium containing 10% fetal calf serum and 1% peni-
cillin/streptomycin at 37°C under 5% CO,. For transient transfec-
tion, cells were seeded at low density in 60-mm dishes (106) or on
10-mm cover-slips (5 X 10°) and transfected with appropriate vectors
using Lipofectamine 2000 Reagent (Invitrogen, Carlsbad, CA) ac-
cording to the manufacturer’s instruction. Four hours after transfec-
tion, cells were serum-starved overnight before analysis. The
amount of expressed receptor was measured in membrane prepara-
tions of transfected cells by using radioactive ligand binding assay
with [PH]8-OH-DPAT as a specific ligand and nonradioactive 5-HT
as a competitor.

Expression and Glycosylation of 5-HT,, Receptor WT and
Interaction Interface Mutants

Twenty-four hours after transfection, cells were washed in phos-
phate-buffered saline, lysed with 100 ul of Laemmli loading buffer,
and 15 pl of each sample were separated by 10% SDS-PAGE under
reducing conditions. To analyze the glycosylation profile, lysates
were prepared and treated with endoglycosidase (Endo) H and gly-
copeptidase (PNGase) F according to the manufacturer’s protocol
(New England Biolabs, Ipswich, MA). In brief, cells transfected with
yellow fluorescent protein (YFP)-tagged 5-HT, 5 receptor were lysed
in glycoprotein denaturing buffer and then treated with 1.000 U of
corresponding glycosidase (EndoH or PNGase-F) along with un-
treated controls for 1 h at 37°C. Finally, samples were separated by
10% SDS-PAGE under reducing conditions. YFP- or GFP-tagged
constructs were visualized after SDS-PAGE directly in the gel by
using variable mode imager Typhoon 9400 (GE Healthcare, Chalfont
St. Giles, Buckinghamshire, UK). For that, gels were excited at A,
488 nm, and emission was collected by using a band-pass filter 530
BP 25.
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Radioligand Binding Assay

Membrane preparation of transiently transfected N1E cells was
performed as described previously (Renner et al., 2007) and stored at
—80°C until used. For the competition binding assay, membranes
were thawed and resuspended in binding buffer (75 mM Tris/HCI,
12.5 mM MgCl,, and 1 mM EDTA, pH 7.4) resulting in a final protein
concentration of 0.72 pg/ul. Membranes were homogenized by using
a 22-gauge needle (10 times) followed by a 27-gauge needle (15
times). Test tubes with a total reaction volume of 500 ul contained
membranes with 18 ug of protein, 8-OH-DPAT (Tocris, Minneapolis,
MN) at increasing concentrations, and [*H]8-OH-DPAT (Hartmann
Analytics, Braunschweig, Germany) at a final concentration of 1 nM.
Reactions were shaken at 250 rpm at room temperature for 90 min
to establish equilibrium. Separation of bound and free [H]8-OH-
DPAT was achieved by filtration through glass-fiber filters [grade
GF/C, presoaked with 0.3% (v/v) polyethylenimine in binding buffer;
Whatman, Maidstone, UK] followed by three washing steps each
with 2 ml of ice-cold binding buffer using a 48-well harvester (Bran-
del, Inc., Gaithersburg, MD) Radioactivity was measured by liquid
scintillation counting using Rotiszint eco plus cocktail (Carl Roth
GmbH, Karlsruhe, Germany). Data were analyzed by nonlinear re-
gression functionality of Prism 5.0 (GraphPad Software, San
Diego, CA).

Confocal Imaging and Single-Cell Acceptor Photo-
bleaching FRET Analysis

Images of N1E-115 cells expressing WT and different mutants of
5-HT,,-CFP and 5-HT, ,-YFP fusion proteins were acquired with an
LSM780-Meta confocal microscope (Carl Zeiss, Jena, Germany)
equipped with a 40X/1.3 numerical aperture oil-immersion objective
at 512 X 512 pixels. The 458 nm line of a 40-mW argon laser was
used at 15% power. Fluorescence emission was acquired from indi-
vidual cells over 14 A channels, in 10.7-nm steps, ranging from 475 to
625 nm. For each measurement, a series of eight images was ac-
quired over a duration of 124 s. After the fourth image acquisition,
bleaching of the acceptor (YFP) was performed in a selected 20 X
20-pixel region of interest in the plasma membrane. For that, the 514
nm line of the Argon laser was used, set at 50% power and 100%
transmission for 300 scanning interactions using a 458 nm/514 nm
dual dichroic mirror. Linear unmixing was performed by the Zeiss
AIM software package using CFP and YFP reference spectra. Refer-
ence spectra were obtained from images of cells expressing only
5-HT,o-CFP or 5-HT,,-YFP acquired with the acquisition settings
mentioned above. Apparent FRET efficiency was calculated offline
using the equation

Fpy
Efp=1- <F—D> (1)

where /4, is the fraction of donor participating in the FRET complex
(i.e., ratio of FRET complexes over a total donor concentration,
[DAJ/[DY), Fp and Fp, are the background-subtracted and acquisi-
tion bleaching-corrected pre- and postbleach CFP fluorescence inten-
sities, respectively. The acquisition bleaching-corrected postbleach
CFP intensities were calculated as

%pre _ Fg,pre

— 1B,
Fp= F'DPOS‘ + ( F%pre

)Fgm (2)
where F§ and F§ refer to CFP intensities of the bleach and reference
region of interest, respectively, and “pre” and “post” refer to pre- and
postbleach measurements.

Spectral Lux-FRET Analysis in Living Cells

Mouse N1E-115 neuroblastoma cells were cotransfected with plas-
mid DNAs encoding for WT and/or mutated 5-HT, , receptors fused
with CFP and YFP. Sixteen hours after transfection, cells were
resuspended in phosphate-buffered saline. All measurements were
performed in 5-mm pathway quartz cuvettes using a spectrofluorom-

eter (Fluorolog; Horiba Jobin Yvon, Edison, NJ) equipped with xenon
lamp (450 W, 950 V). The cell suspension was stirred with a magnetic
stirrer and the temperature was maintained at 37°C during the
experiment. For calibration measurements, cells were cotransfected
with plasmid encoding a single fluorophore-tagged 5-HT,, receptor
together with an equal amount of plasmid encoding HA-tagged
5-HT, 5 receptor. During the time-course experiments, two emission
spectra were obtained for each time point by exciting at 458 and 488
nm with 5 nm of spectral resolution for excitation and emission,
respectively, and 0.5 s integration time. The spectral contributions
from light scattering and nonspecific fluorescence of the cells were
taken into account by subtracting the emission spectra of nontrans-
fected cells (background) from each measured spectra. Before each
measurement, the spectrofluorometer was calibrated for the xenon-
lamp spectrum and Raman scattering peak position.

To determine apparent FRET efficiency for WT and mutants of the
5-HT, , receptor, we used a method described in detail by Wlodarc-
zyk et al. (2008). This allows for a calculation of the total concentra-
tion ratio [A"]/[D*] of donor and acceptor, a donor molar fraction xp, =
[DYA[DY1+[AY) as well as the apparent FRET efficiencies Efy, and
Ef,, where fp = [DAI/[D'] and f, = [DAJ/[AY] are the fractions of
donors and acceptors in complexes, respectively.

A model characterizing apparent FRET efficiency, Efy,, as a func-
tion of donor mole fraction, xp, for oligomeric structures has been
developed previously (Veatch and Stryer, 1977):

Efy=E1—x""Y (3)

Fitting this model to experimental data allows for the estimation of
the true transfer efficiency, E, and also provides information about
the number of units, n, interacting in the oligomeric complex. This
model has been slightly augmented for use with Ef, (Meyer et al.,
2006):

Bfs= B (1—x Y )
A 1 x q

Modeling the 5-HT,, Monomer

The mouse 5-HT,, receptor sequence (UniProtKB accession no.
Q64264; see Supplemental Methods) was extracted from the UniProt
server using the UniProtKB database. This sequence was used for
modeling the 5-HT, , monomers by two protein structure prediction
automated servers: M4T (http:/manaslu.aecom.yu.edu/M4T/) (Fer-
nandez-Fuentes et al., 2007) and I-TASSER (http:/zhanglab.
ccmb.med.umich.eduw/I-TASSER/) (Roy et al., 2010). M4T builds 3D
models of proteins by comparative modeling using a combination of
multiple templates and iterative optimization of alternative align-
ments. The output of M4T produced a single model that was used in
this study (termed TRP_outl, in which Trp175%¢* pointed toward
the outer surface of TM4). I-TASSER assembles 3D models based on
multiple-threading alignments and iterative TASSER assembly sim-
ulations. I-TASSER returns up to five models. The model ranked 1
(best score) by I-TASSER was chosen as a monomer unit (termed
TRP_in1, in which Trp175*%* pointed into the TM bundle); see Table 1.
With the recent release of several new GPCR structures, we reused
both M4T and I-TASSER for creating new monomers. The top-rank-
ing model from I-TASSER (termed TRP_in2, “in” and “out” describ-
ing the Trpl75 orientation), the third best model from I-TASSER
(TRP_out3), and the M4T model (TRP_out2) were used in the sub-
sequent analysis as well. The models are listed in Table 1, and the
references for the GPCR templates used in their construction appear
in the Supplemental Methods.

Intracellular loop 3 (IL3) in 5-HT,, receptor contains more than
100 residues (residues 218345 as defined by the UniProtKB server).
This is a unique feature of 5-HT, , receptor compared with the rest of
the 5-HT receptors. The protein disorder prediction for IL3 was
predicted using the PrDOS (Protein DisOrder prediction System) server
(Ishida and Kinoshita, 2007; http:/prdos.hge.jp/cgi-bin/top.cgi). The se-
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TABLE 1
The 5-HT, , models used in this study
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The table show for each model the server that was used for preparing it. The "+" sign is used to designate early and subsequent models that were created after the appearance
of additional GPCR X-ray structures in 2009. The references for the papers describing the template structures appear in Supplemental Methods.

TRP_outl TRP_out2 TRP_out3 TRP_inl TRP_in2
Created by server M4T M4T I-TASSER I-TASSER I-TASSER
Early [2009, 2010] + +
Subsequent [end of 2010, 2011] + + +
PDB IDs of templates used 2RH1  2RHI, 3D4S, 3EML 3PBL, 2RH1, 3NY8, 3EML 2RH1, 3D4S, 3EML 3PBL, 2RH1, 3NY8, 3EML

quence of mouse IL3 (residues 218-345) was given as input to the
server using default values. The output shows predictions of ordered
and disordered regions in IL3 at a 5% false positive rate. Moreover,
in the templates used for modeling the 5-HT,, monomer (and other
available GPCR structures), IL3 is either missing or replaced by the
T4-lyzozyme domain; hence, no appropriate template structure can
be found for this loop, and the modeled structure of IL3 in the 5-HT o
receptor models could not be considered reliable. Therefore, in our
models, residues 233 to 330 were cut out, and the remaining ends of
IL3 were connected. The resulting short loop was refined using the
loop refinement protocol in Discovery-Studio 2.5 (Accelrys, Inc.) by
using the default parameters.

Preliminary Modeling of 5-HT,, Receptor Homodimers

Homodimers of 5-HT, 4 receptor were obtained by superposing the
monomer model on the structure of a putative Rhodopsin dimer
(PDB ID 1IN3M) (Fotiadis et al., 2003; Liang et al., 2003). The
superposition was done for the TM helixes only and was based on
sequence alignment of 5-HT,, receptor and rhodopin using Discov-
ery Studio 2.5 (Accelrys, Inc.). Sequence alignment of mouse 5-HT; 5
receptor and rhodopsin was prepared using the alignment procedure
of the UniProtKB server, which uses the ClustalW algorithm. The
definitions of the TMs were taken from the UniProtKB server.

The homodimers were then analyzed for detecting important
residues in the interface by the FastContact version 2.0 (http:/
structure.pitt.edu/servers/fastcontact/) (Camacho and Zhang,
2005) and COILCHECK (http://caps.ncbs.res.in/coilcheck/) (Alva
et al., 2008) servers. The output of these servers lists the energy
contribution of different residues in the interface to the interac-
tion energy. For the refined dimers we also conducted an alanine scan
using the Robetta server (http:/robetta.bakerlab.org/alascansubmit.jsp)
(Kortemme et al., 2004).

A detailed analysis of the interactions that a specific residue
creates in the dimer was conducted using Discovery Studio 2.5 bind-
ing site analysis “Draw Ligand Interactions” tool and the hydrogen-
bond and aromatic interactions monitors. Models of dimers (either
WT/WT or with combinations of mutated structures) were minimized
using 500 adopted basis Newton-Raphson method steps. Next the
interactions created by specific residues were analyzed. Default val-
ues were used besides the cutoff distance of hydrogen-bond that was
changed to 3.5 A. The interactions that can be detected by this tool
are aromatic-aromatic (-, sigma-m, cation-w), van der Waals
(vdW), hydrogen-bond, charged interaction (electrostatic), and polar.

The data about mutations in 5-HT receptors were extracted from
the GPCRDB (http:/www.gpcr.org/7tm/) (Vroling et al., 2011).

Refinement of the Model

Docking. Protein-protein docking was done using the program
HADDOCK (High Ambiguity Driven protein-protein DOCKing) (http:/
haddock.science.uu.nl/servicess HADDOCK/haddock.php) (de Vries et
al., 2010). HADDOCK is an information-driven flexible docking ap-
proach for the modeling of biomolecular complexes. For each docking
run, the same monomer (either TRP_out2, TRP_in2, or TRP_out3)
was uploaded to the HADDOCK “easy interface” server as molecules
A and B. Residues Argl51*%°, Arg152+41, Trp175%%4, Arg176455,
and Tyr198>4! were defined as “active residues (directly involved in
the interaction).” The numbers in superscript (4.40, 4.41, etc.) rep-

resent Ballesteros and Weinstein (1995) universal GPCR number-
ing, in which the most conserved position in TM X is denoted as
X.50 and the other residues are numbered relative to it. All the
HADDOCK solutions are clustered and ranked according to their
HADDOCK scores. The HADDOCK score is the weighted sum of van
der Waals, electrostatic, desolvation, and restraint violation ener-
gies, together with the buried surface area. As part of the scoring
function (the “restraint violation energies”), HADDOCK performs a
number of violation analyses, including the number of times a re-
straint is violated and the average distance and violation per re-
straint. As output, the best scoring structures of each cluster can be
downloaded or directly viewed. Fast manual inspection of the models
allowed filtering of nonrelevant models leaving only clusters of mod-
els in which the monomers are positioned correctly in the membrane.
A representative of each resulting cluster of models was analyzed for
the residues that contribute most to the interaction energy [by using
the FastContact (Camacho and Zhang, 2005), COILCHECK (Alva et
al., 2008), and Robetta alanine scan servers (Kortemme et al., 2004)].
Residues with AAG >2 kCal were regarded as hotspots. The dimer
interface was analyzed using the PROTORP server (http:/www.
bioinformatics.sussex.ac.uk/protorp/; Reynolds et al., 2009). PROTORP
measures different interface physicochemical parameters such as the
interface accessible surface area (interface size), the number of residues
in the interface, the number of hydrogen bonds, gap index, and more
(Reynolds et al., 2009).

Molecular Dynamics of WT and Mutant 5-HT,, Ho-
modimers. We created mutant dimers by mutating several residues
on one or both monomers of the HADDOCK out3-out3 dimer using
the Discovery Studio mutagenesis tool.

These mutated dimers and the WT dimer were subjected to the
leap Langevin simulated annealing refinement procedure in vacuum
using the Chemistry at HARvard Macromolecular Mechanics
(CHARMM) program (http://www.charmm.org/) (Brooks et al., 2009).
The models underwent minimization of the 500 steepest-descent
steps followed by 500 minimization adopted basis Newton-Raphson
method steps before the simulated annealing. During the simulated
annealing, the models were heated from 100 to 300 K and were left
at 300 K for a production run of 15 ns (5-fs time step).

Root-mean-square deviation (RMSD) analysis of the TMs in the
trajectories was done using the CHARMM Corrman RMS command.
The TM definition was taken from the UniProtKB database (acces-
sion no. Q64264). Root-mean-square fluctuation per residue was
calculated using the “rmsf-residue.str” CHARMM script created by
Prof. Lennart Nilsson freely available at the script archive of the
CHARMM forums. Residue RMSD per frame analysis was carried
out using the VMD program (Humphrey et al., 1996) RMSD trajec-
tory tool. Distance change during simulation was also calculated
using VMD with a “distance.tcl” script from the VMD program script
archive. All analyses were carried out on prealigned snapshots from
the trajectories.

Defining 5-HT,, Putative Binding Site. We have defined the
putative binding site of the 5-HT,, in two ways: 1) by using the
ligand-docking results (Yap et al., 2012), which listed the residues
that are in direct contact with serotonin (Ser199°42, Thr200%3, and
Aspl116®3?) and pinolol (Aspl16®32, 11e113%2°, Lys191°3* and
Asn3867%9); 2) by using analogy to dopamine D, receptor (D3) X-ray
structure. For this purpose, we superposed the 5-HT;, model

2102 ‘T Jaquiada Uo oJIsuRl ap Oy Op opels3 op apepisianiun Te o sfeuinofiadse:wreydjow woly papeojumod


http://www.pdb.org/pdb/explore/explore.do?structureId=1N3M
http://www.pdb.org/pdb/explore/explore.do?structureId=2RH1
http://www.pdb.org/pdb/explore/explore.do?structureId=2RH1
http://www.pdb.org/pdb/explore/explore.do?structureId=3D4S
http://www.pdb.org/pdb/explore/explore.do?structureId=3EML
http://www.pdb.org/pdb/explore/explore.do?structureId=3PBL
http://www.pdb.org/pdb/explore/explore.do?structureId=2RH1
http://www.pdb.org/pdb/explore/explore.do?structureId=3NY8
http://www.pdb.org/pdb/explore/explore.do?structureId=3EML
http://www.pdb.org/pdb/explore/explore.do?structureId=2RH1
http://www.pdb.org/pdb/explore/explore.do?structureId=3D4S
http://www.pdb.org/pdb/explore/explore.do?structureId=3EML
http://www.pdb.org/pdb/explore/explore.do?structureId=3PBL
http://www.pdb.org/pdb/explore/explore.do?structureId=2RH1
http://www.pdb.org/pdb/explore/explore.do?structureId=3NY8
http://www.pdb.org/pdb/explore/explore.do?structureId=3EML
http://molpharm.aspetjournals.org/

aspet’

452

Gorinski et al.

TRP_out3 onto chain A of the D3 X-ray structure PDB ID 3PBL
(Chien et al., 2010). The superposition was carried out for the TM
parts only, using Discovery Studio 2.5 superposition by sequence
alignment tool. The alignment between the mouse 5-HT,, and hu-
man D3 (accession no. P35462) and the definition of the TMs in
5-HT, 5 were taken from UniProtKB. We extracted the residues that
are in direct contact with the eticlopride in PDB ID 3PBL structure
[Fig. 3 in (Chien et al., 2010)] and found the equivalent residues in
5-HT, 5. These were considered the second definition of the binding site
of 5-HT,, (Ala93*%1, Asp110%32, Val111333 Phel12%28 Cys114339
11e189, Thr196°3°, Ser199°42, Thr200°43, Ala203°46, Trp342%48,
Phe361%°1, Phe3625%2, Ala365%%°, Leu366°°¢, Thr369"-%°, Gly3827%,
and Tyr390743).

Comparing the Putative 5-HT,, Dimer with the p-Opioid
Receptor Dimer

We extracted the sequence of mouse u-OR (accession no. P42866)
and 5-HT, , and aligned them using UniProt. For the u-OR dimer, we
have used the recently published structure PDB ID 4DKL. We used
the protein interfaces, surfaces, and assemblies service PISA (Kris-
sinel and Henrick, 2007) to reproduce the dimer that was reported in
Manglik et al. (2012). Two 5-HT,, TRP_out3 monomer copies were
superimposed on both molecules of the u-OR dimer using the Dis-
covery Studio 2.5 package as described previously for the 5-HT; , and
the dopamine D; receptor. 5-HT) 5 residues that are equivalent to the
interface residues of the u-OR dimer were extracted based on the
structure-based sequence alignment.

Sequence Conservation Analysis

Sequences of 5-HT;, from different species and of other 5-HT,;
receptor subtypes were extracted from the UniProtKB database
(Supplemental Methods). Sequence alignments of the 5-HT, , in dif-
ferent species and of mouse 5-HT, receptor subtypes were prepared
using the alignment procedure of the UniProtKB server, which uses
the ClustalW algorithm.

Results

Modeling of the 5-HT,, Receptor Monomer. We used
two servers, the M4T server (Fernandez-Fuentes et al., 2007)
and the I-TASSER server (Roy et al.,, 2010) to construct
several 3D models of the 5-HT, , receptor, because no exper-
imental structure of a monomer of 5-HT;, or any other se-
rotonin receptor is available. We repeated the modeling of the
monomer, in the course of this work, as experimental struc-
tures continued to appear. The main difference between the
different 5-HT, , models is the location of residues Trp175*¢*
and Argl176*°°, In some of the models (termed here TRP_inl1,
TRP_in2, etc.), Trpl75*%* points into the TM bundle,
whereas Argl76*%° points toward a potential dimeric inter-
face (see Fig. 1, A and B). In other models, termed TRP_out1,
TRP_out2, etc., Trp175*%* points out into the dimeric inter-
face and Argl176*5° points into the TM bundle. Table 1 lists
the monomers prepared for this study. For each monomer,
the server that created it and the GPCR templates used for
its preparation are shown. The models are similar to each
other, with a TM backbone RMSD of 1.39 A between models
TRP_outl and TRP_inl. The TM RMSD values are 1.25 A
between the M4T TRP_outl and TRP_out2 models, 1.20 A
between the I-TASSER TRP_inl and TRP_in2 models, and
1.68 A between the TRP_in1 and TRP_out3 models. A unique
feature of 5-HT, , is that its IL3 is particularly long: it con-
tains more than 100 residues (residue numbers 218-345) and
is predicted to be partially disordered (see Materials and
Methods). In experimentally determined GPCR structures,

IL3 is either missing or replaced by the T4-lysozyme domain.
Therefore, the IL3 loop of the 5-HT; , receptor models is not
expected to be reliably modeled and was shortened as de-
scribed under Materials and Methods.

Modeling the 5-HT,, Receptor Homodimers. Data
from atomic force microscopy maps of rhodopsin in its native
disk membrane was used for proposing a 3D molecular model
of a GPCR oligomer (Fotiadis et al., 2003) This model showed
an arrangement of rhodopsin molecules in two-dimensional
arrays of dimers. In this arrangement, TM4, TM5, and IL2
(connecting TM3 and TM4) are involved in intradimeric in-
teractions, whereas TM1, TM2, and IL3 (connecting TM5 and
TMS6) are involved in interdimeric interactions. We hypothe-
sized that the dimeric organization in 5-HT,, receptors is
similar to that proposed for the rhodopsin (Liang et al., 2003;
Niv and Filizola, 2008) and dopamine receptors (Guo et al.,
2005).

The copies of the monomer models TRP_in and TRP_out
were superposed on the structure of the rhodopsin dimer
(chains A and C in PDB ID 1N3M). The corresponding re-
sulting dimer models, in-dimer and out-dimer, were manu-
ally inspected and submitted to servers that estimate pro-
tein-protein interaction energies, such as COILCHECK (Alva
et al., 2008) and FastContact (Camacho and Zhang, 2005).
The residues that either contribute most to the interaction
energy in the out-dimers [an example can be seen in (Sup-
plemental Tables 1 and 2)] or that are potentially important
for the dimerization based on manual inspection are Trp1363°2
and Asp1403°¢ in IL2, Leul59**8 Leul66*°°, and Trp175*%* in
TM4 or in the beginning of EL2, and Tyr198°*! in TM5 (see
Fig. 1A). Asp140%°% and Trp136°°2 interact with Arg151*4°,
which has been shown to be important for signaling (Kush-
waha et al., 2006).

In the TRP-in dimer, the residues that contribute most to
the interaction are similar (Supplemental Tables 1 and 2):
Trp136352, Asp1403-°6 Leul166*°°, and Tyr198°4!. The main
difference is that in the out-dimer Trp175%%* turns into the
predicted dimeric interface, whereas in the in-dimer,
Arg176*°® turns into the interface instead of Trp175*%* (as
shown in Fig. 1, A and B). Consequently, Trp175*%* is pre-
dicted to contribute to the energy of the interactions in the
out-dimers but not in the in-dimers. A representative struc-
ture of the out-dimer and the residues discussed above are
shown schematically in Fig. 1C. Because both dimer models,
TRP_in and TRP_out, are valid, both models were next used
for suggesting mutations that may disrupt dimerization.

Design, Expression, and Glycosylation of Mutants in
the Proposed Interface. On the basis of the 5-HT,, ho-
modimers model described above, mutations within the pre-
dicted interaction interface were designed to disrupt or
weaken the dimerization interface (Table 2). The positive
charge at the end of the TMs is important for correctly
inserting the helix into the membrane (Lerch-Bader et al.,
2008). Therefore, in residues Argl51**°, Argl152**! and
Argl76*%°, we mutated the positively charged Arg into pos-
itively charged Lys, which is shorter and creates fewer inter-
actions. In other cases, such as residues Trpl1363°2
Asp1403°6) Leul59*4® and Leul66*°°, we carried out the
conventional mutagenesis into an Ala residue. Tyr198°4!
was mutated to Phe, a minimal perturbation that can test the
importance of hydrogen bonding at this position. Several
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TABLE 2

List of the 5-HT, , mutated constructs tested in this study and their
cellular localization

Mutation Region Intracellular Localization
W136A/D140A 1L3 ER/Golgi
R151K/R152K 1L3 Plasma membrane
L159A/L166A TM4 Plasma membrane
W175A TM4-EL2 Plasma membrane
R176K EL2 Plasma membrane
Y198F TM5 Plasma membrane
W136A/D140A/R151K/R152K  IL3 ER/Golgi
R176K/Y198F TM4 and TM5 Plasma membrane
R151K/R152K/Y198F IL3 and TM5 ER/Golgi

mutations were combined to increase the potential effect of
the construct on the dimerization.

To analyze the expression of substitution mutants, they
were fused to different spectral variants of GFP and ex-
pressed in neuroblastoma N1E-115 cells, followed by SDS-
PAGE and fluorescence analysis. Figure 2A demonstrates
that the WT and all mutants were expressed at similar levels
and were detectable as a double protein band. We hypothe-
sized that the double bands shown in Fig. 2A for all con-
structs represent differently glycosylated receptor species. To
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Fig. 1. A general model of 5-HT, , receptor monomer with
residues predicted to participate in the dimer interaction
interface. A, comparison between models TRP_out (left)
and TRP_in (right). The monomers are shown as a cartoon
green ribbon with emphasis on TM3, -4, and -5. The resi-
dues that are predicted to participate in the dimerization
interface are represented as CPK (Corey-Pauling-Koltun
space filling) model of their Ca atoms. These residues are
positioned similarly along TMs 3 to 5, the only significant
difference arising for Trp175*%* and Arg176*?; in TRP_out,
Trp175%* faces the interface, whereas Arg176*® does not,
and in TRP_in, this situation is exactly the opposite. B, a
closer look at the difference between TRP_out (left) and
TRP_in (right) monomers showing residues Trp175*%* and
Arg176*%? in stick representation. C, a cartoon of the out-
dimer. The coloring of monomer I is the same as in A and B.
Monomer II is depicted in gray.

test this hypothesis, the WT construct and the mutants were
treated with PNGase-F, an enzyme that removes all types of
N-linked carbohydrates. This treatment resulted in a single
protein band shifted to approximately 55 kDa, as expected for
the fusion construct, without any additional modifications,
confirming that the two protein bands were indeed caused by
different glycosylation (Fig. 2B). Treatment of probes with
EndoH, which removes only carbohydrates of the high man-
nose type, revealed that the upper protein band is not shifted
and hence contains processed carbohydrates. In contrast, the
lower species shift to the same position as the PNGase-F-
treated protein and therefore contain unprocessed carbohy-
drates of the high mannose type (Fig. 2B). Attachment of
unprocessed carbohydrates of the high mannose type occurs
in the endoplasmic reticulum (ER), whereas terminal glyco-
sylation takes place in the trans-Golgi and represents an
important signal for transporting receptors to the plasma
membrane.

To characterize a precursor-product relationship for vari-
ous receptor mutants, the intensities of the upper (processed)
and the lower (unprocessed) protein bands were compared.
As shown in Fig. 2C, the upper/lower band ratio for the
W175A, R176K, Y198F, L159A/L166A and R176K/Y198F
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Fig. 2. Expression and glycosylation of 5-HT,, receptor wild-type and
substitution mutants. A, analysis of different YFP-tagged 5-HT, , recep-
tor constructs transiently expressed in neuroblastoma N1E-115 cells. The
SDS-PAGE gel was scanned at A.,488 nm, and emission was collected by
using a band pass filter 530/25. The molecular mass marker is indicated
on the left. B, the 5-HT, , receptor was digested with EndoH or PNGase-F
or was left untreated before SDS-PAGE and detection. Representative
scans for 5-HT, , receptor WT are shown. C, the precursor-product rela-
tionship of the WT and mutants plotted as the intensity ratio of the upper
to the lower protein bands that are shown in A. Data points represent the
means * S.E.M. from at least three independent experiments.

mutants was similar to that obtained for the WT receptor,
suggesting their correct processing and transport to the
plasma membrane. The ratio was slightly decreased with the
R151K/R152K mutant [suggesting that this mutant had
higher retention in the ER, as was predicted for several
mutations in Argl51 including R151K (Kushwaha et al.,
2006)]. In contrast, the ratio was significantly decreased in
the R151K/R152K/Y198F, W136A/D140A, and W136A/
D140A/R151K/R152K mutants, suggesting their predomi-
nant localization in the ER. Taken together, these results
indicate that most, but not all, of the 5-HT,, receptor mu-
tants undergo complete processing and can therefore be tar-
geted to the cytoplasmic membrane.

Subcellular Distribution of Mutant. We next analyzed
the subcellular distribution of mutants to detect their exact
localization in the cells. Confocal microscopy performed after
transfection of WT 5-HT;,-YFP constructs into N1E-115
cells indicated that most of the receptors were present on the
plasma membranes and only a minor fraction of them was
present in the intracellular compartments (Fig. 3). For the
W175A, R176K, Y198F, R176K/Y198F, L159A/L.166A, and
R151K/R152K mutants, we obtained a similar distribution,
which is also consistent with the glycosylation data (Fig. 2C).
In contrast, the membrane localization was lost for the
R151K/R152K/Y198F, W136A/D140A, and W136A/D140A/
R151K/R152K mutants, and these proteins were homoge-
neously distributed within the cytoplasm (Fig. 2C; Table 2).
These combined data indicate that the W175A, R176K,
Y198F, R176K/Y198F, L159A/L166A, and R151K/R152K
mutants possess biochemical features as well as subcellular
distributions similar to the WT 5-HT,, receptor, whereas
others have modified distributions.

Modified cellular distribution of GPCR mutants is a well
documented phenomenon, which may occur naturally, some-
times causing pathologic conditions (Pulagam and Palcze-
wski, 2010), or in site-directed mutagenesis (Milligan, 2009).
We return to this issue under Discussion, whereas the rest of
this work focuses on mutants that localize at the plasma
membrane: W175A, R176K, Y198F, R151K/R152K, L159A/
L166A, and R176K/Y198F.

Pharmacological Analysis of Mutants. Having demon-
strated the plasma membrane localization of W175A, R176K,
Y198F, R151K/R152K, L159A/1.166A, and R176K/Y198F
mutants, we next analyzed whether their pharmacological
properties are affected. Pharmacological profiling of the wild-
type and mutated receptors by competitive binding of the
radioactively labeled agonist [*H]8-OH-DPAT and nonradio-
active 8-OH-DPAT revealed no significant differences among
the receptor constructs (Fig. 4). The IC;, values calculated
for mutants were also similar to the IC;, WT 5-HT, , receptor
(Table 3). These results are in line with the predicted ligand-
binding site, which was not expected to be affected by the
mutation (Supplemental Fig. 1). It is noteworthy that the
pharmacological results obtained in the present study are in
line with published data on the recombinant 5-HT, , receptor
in membrane preparations of Chinese hamster ovary cells,
where a logICy, value of —8.42 = 0.06 for the wild type
receptor was calculated (Khawaja et al., 1997). Thus, all
membrane-localized mutants possess the same pharmacolog-
ical properties as the 5-HT, 5 receptor wild type.

Analysis of 5-HT, , Receptor Oligomerization by Us-
ing Acceptor Photobleaching FRET. We have recently
established a confocal microscopy-based acceptor photo-
bleaching FRET assay to demonstrate the oligomerization of
the 5-HT, 4 receptor at the single-cell level (Kobe et al., 2008).
In the present study, this method was applied to compare the
oligomerization efficiency of the WT and the five plasma
membrane-localized mutants that were designed to have im-
paired receptor oligomerization. Neuroblastoma N1E-115
cells were transfected with 5-HT, ,-CFP (donor) and 5-HT ,-
YFP (acceptor) fusion constructs in different combinations,
and receptors expressed in the plasma membrane (Fig. 5A)
were analyzed for interaction. To avoid artifacts resulting
from overexpression, we adjusted the total expression level
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for the CFP- and YFP-tagged receptor to 1.0 to 1.2 fmol/mg
proteins in all the following FRET experiments, which allows
for quantitative analysis of results obtained in different ex-
periments. Moreover, a similar amount of endogenous
5-HT, . receptors was obtained in the hippocampus under
physiological conditions (Hoyer et al., 1986).

Figure 5B shows the bleached region of interest with a loss
of YFP intensity as well as a reference region of interest from
which the acquisition bleaching rate was determined for cor-
rected FRET calculation. In the bleached region of interest,
the loss of acceptor fluorescence was accompanied by in-
creased donor emission intensity that is characteristic of
FRET. In contrast, the intensities of both CFP and YFP
fluorescence in nonbleached regions undergo only minor de-
creases (acquisition bleaching).
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Fig. 3. Subcellular distribution of the
5-HT,, receptor wild-type and mu-
tants. Representative confocal images
of YFP-tagged receptors obtained with a
LSM780-Meta microscope at 63X magni-
fication are shown. Scale bar, 10 pum.

R151K/
R152K

Finally, the apparent FRET efficiency, Ef,, was calculated
(egs. 1 and 2). Data were background-subtracted and cor-
rected for acquisition bleaching using the measurements
from the reference region of the plasma membrane (Fig. 5C).
The WT receptor fusion proteins from cells with similar do-
nor-to-acceptor (CFP-to-YFP) ratios were found to have a
mean apparent FRET efficiency of 18.9 = 0.6%, which is in
accordance with our previous results (Kobe et al., 2008).
After expression of CFP- and YFP-tagged W175A and
R151K/R152K mutants, FRET efficiency was significantly
reduced to 12 = 0.7 and 11.9 *= 0.6%, respectively. In addi-
tion, coexpression of W175A with either the R176K or Y198F
mutants resulted in a decrease of FRET signal to 12 = 0.7
and 13 *= 1%, respectively. Double-mutant R176K/Y198F
presented on both monomers reduces the FRET efficiency to
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Fig. 4. [’H|8-OH-DPAT competition binding at various 5-HT,, receptor
mutants. Membranes of N1E-115 cells expressing either wild-type or
plasma membrane localized 5-HT;, receptor mutants (18 ug of total
protein) were subjected to the competition binding by incubation with 1
nM [*H]8-OH-DPAT along with increasing concentrations of nonradioac-
tive 8-OH-DPAT. Data are shown as mean * S.D. Data were analyzed by
nonlinear regression and fitted to monophasic competition isotherms.

TABLE 3

LogIC;, values of [*PH]8-OH-DPAT competition binding at various

5HT, 5 receptor mutants

Data shown in Fig. 4 were analyzed by nonlinear regression and fitted to monophasic
competition isotherms to obtain logICs, values = S.D. for 8-OH-DPAT for each
receptor mutant. Pairwise comparison of the Gaussian-distributed logICs, values
using one-way analysis of variance followed by Bonferroni’s ¢ test showed no signif-
icant differences between the wild-type and all mutants tested.

5HT1A Receptor Mutation logICy, + S.D. ICs0 (95% CI)

nM
Wild-type —8.50 £ 0.07 3.18 (2.23-4.53)
W175A —8.38 £ 0.06 4.14 (3.04-5.63)
R176K —8.38 £ 0.06 4.17 (3.22-5.40)
Y198F —8.50 £ 0.06 3.19 (2.34-4.35)
R176K/Y198F —8.51 £ 0.07 3.06 (2.23—4.20)
R151K/R152K —8.32 £ 0.10 4.77 (2.96-7.69)

CI, confidence interval.

13.5 = 1.3%. In contrast, FRET efficiency was not changed
when R176K-CFP and R176K-YFP or Y198F-CFP and
Y198F-YFP combinations were analyzed. Likewise, combin-
ing WT with either W175A, Y198F, or R176K mutants, as
well as coexpression of R176K with Y198F or W175A with
R151K/R152K did not influence the FRET efficiency (Fig. 5C).

These data suggest that Trp175*%* residues from different
monomers are involved in forming the interaction interface.
Trpl75%%* can also interact with Arg176%%® and Tyr198>4!
located on the opposite monomer to stabilize the receptor
complex. In addition, interactions of both Argl176*%® and
Tyr198%4! with Argl76*%5 and Tyr198°4! residues on the
opposite monomer may contribute to dimerization, even
though a single mutation is not enough to disrupt it. These
results provide a stronger support to the TRP_out models
than the TRP_in model (Fig. 1). Another important region of
dimerization is likely to be formed by residues Arg151*“° and
Argl152**! which can interact with the corresponding amino
acids on the opposite monomer.

No decrease in dimerization was found for combinations of
either WT or mutant constructs with the L159A/L166A mu-
tant. These results indicate that Leu159**® and Leul66*°°

are probably not pivotal for maintaining the binding interac-
tion between the two 5-HT;, monomers.

Analysis of 5-HT;, Receptor Dimerization by the
Lux-FRET. The apparent FRET efficiency, Ef},, measured
by the acceptor photobleaching is inherently dependent on fp,,
the fraction of donor participating in FRET complexes. This
is in turn dependent upon the ratio of total donor concentra-
tion [D,] to total acceptor concentration [A.] present in the
sample. It has been suggested that the dependence of Eff,
on [A.]/[D,] may be useful in differentiating FRET result-
ing from specific versus random interactions (James et al.,
2006). In the case of random interaction, Ef, has been
predicted to be independent of the total donor-to-acceptor
ratio at a fixed surface density above a certain ratio.
Therefore, we next calculated the apparent FRET efficien-
cies for donors, Efp,, and acceptors, Ef,, over a wide range
of donor molar fraction, x,, [x, = [D*]/([D*]1+[A*])]. For that
we applied quantitative linear unmixing FRET (lux-FRET)
method, which allows determination of all aforementioned
parameters (Wlodarczyk et al., 2008). Using the lux-FRET
approach, we have previously demonstrated the specificity
of 5-HT,, receptor oligomerization (Kobe et al., 2008;
Woehler et al., 2009) and performed detailed analysis of
the 5-HT,, oligomerization behavior in living cells
(Renner et al., 2012). In the present study, we applied the
lux-FRET method to quantify apparent FRET efficiency as
a function of donor/acceptor ratio for wild-type and mu-
tated 5-HT, 4 receptors. To be able to perform quantitative
comparison of FRET values obtained at different donor-to-
acceptor ratios, the total concentration of plasmids encod-
ing for donor and acceptor was held constant in all exper-
iments. Graphs shown in Fig. 6 clearly demonstrate
functional dependence of both Ef, and Ef, from the donor
molar fraction, x,,, thus confirming specific receptor-recep-
tor interaction. Based on the lux-FRET analysis, we also
estimated the number of units participating in complex, n
(eqs. 3 and 4) and obtained a best fit for the value of n = 2.2
(R? = 0.94; Fig. 6A) for the 5-HT, , receptor wild-type. The
goodness of fit was similar in the range fromn = 2.1ton =
2.3 (Supplemental Fig. 2). After coexpression of the WT-
YFP (acceptor) with W175A-CFP (donor), the n values
reside at a similar range (n = 2.0, R? = 0.97; Fig. 6B), and
the maximal R? values obtained for n ranged from 1.9 to
2.1 (Supplemental Fig. 2). In contrast, after coexpression
of W175A-CFP with W175A-YFP n-value was lowered to
n = 1.4 (R? = 0.95; Fig. 6C and Supplemental Fig. 2). The
coexpression of W175A-CFP (donor) with Y198F-YFP (ac-
ceptor) also resulted in decreasing the n value, to n ranged
from 1.3 to 1.5 (R? = 0.90; Supplemental Fig. 2). These
results indicate that amount of receptors existing in mo-
nomeric form was increased after expression of the W175A
mutant or after coexpression of W175A with Y198F mu-
tant, compared with the WT receptors (expressed alone or
in combination with W175A). Taken together, these data
confirm the importance of amino acids Trpl175+*%* and
Tyr198°+! in forming the dimeric complex.

Refinement of the Model. Anchor-driven simulated an-
nealing molecular dynamics was successfully used to predict
peptide interactions with homology models of postsynaptic
density 95/discs-large/zona occludens (PDZ) domains (Niv
and Weinstein, 2005) and to incorporate experimental con-
straints into an activated model of rhodopsin (Niv et al.,
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180 1 and composite channel before and after bleaching are
J150 | shown. Box 1 corresponds to the bleached regions of inter-
Pre -;;120 est, whereas box 2 corresponds to the nonbleached regions
8 of interest. Scale bar, 10 um. B, enlargement of box 1 is
i 90 - shown at the top left. The 12-bit grayscale intensities of
8 oo YFP and CFP during the whole trial are plotted for the
Post S bleached regions of interest (right). Enlargement of box 2 is
30 1 shown at bottom left. The 12-bit grayscale intensities of
0 . . . . . . YFP and CFP during the whole trial are plotted for the
o 10 20 30 a0 50 60 nonbleached regions of interest (right). C, the apparent

FRET efficiency, Ef},, was calculated according to egs. 1 and
2. Data are shown as mean * S.E.M. **, p < 0.01. Muta-
tions with significantly reduced Ef;, values are underlined.

C -
Fk

sk

204 =

FRET Efficiency (%)

2006). Here we used the restraints-driven protein-protein
docking tool HADDOCK (de Vries et al., 2010) to dock two
protomer copies of either TRP_out2, TRP_in2, or TRP_out3,
using constraints as described below.

The results of our experimental procedures indicated that
the W175A mutation decreases oligomerization when placed
in both (but not in a single) monomers. R176K placed in both
monomers does not influence dimerization, but the combina-
tion of R176K in one monomer with W175A in the other

monomer decreases dimerization. This suggests interaction
between Trpl175%%* and Arg176*%°. Mutant Y198F alone or
in combination with R176K does not influence dimerization,
but W175A in combination with Y198F reduces dimerization.
This suggests the existence of interaction between Trp175*54
and Tyr198°41,

In summary, our experimental results indicate interac-
tions between Trp175*%* in one monomer with Trp175*%%
Arg176*%°, and Tyr198°*! in the other monomer, possibly
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A WT-CFP + WT-YFP

0.35

Apparent FRET

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Donor mol fraction Xp

B W175A-CFP + WT-YFP

0.35

Apparent FRET

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Donor mol fraction Xp

W175A-CFP + W175A-YFP

Apparent FRET

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Donor mol fraction Xp

Fig. 6. Oligomerization of 5-HT, , receptor wild type and mutants inves-
tigated by the lux-FRET. Apparent FRET efficiencies Efy, (blue) and Ef,
(red) were calculated according to Wlodarczyk et al. (2008) and are shown
as functions of the donor mole fraction xp, for the wild-type homomers (A),
wild-type/W175A heteromers (B), as well as for the W175A homomers
(C). Experimental data were fitted according to eqs. 3 and 4, where n
represents a number of units participating in complex. Data points rep-
resent the mean + S.E.M. of the apparent FRET efficiency values from at
least three independent experiments.

simultaneously. In addition, mutations R151K/R152K placed
in both monomers decrease dimerization.

The residues Argl151%4°, Arg152*4!, Trp175*¢4 Arg176495
and Tyr198°“! were used as constraints in HADDOCK (de
Vries et al., 2010) by defining them as “active residues” (resi-

TABLE 4

HADDOCK scoring and evaluation of the in2-in2 and out3-out3 dimers
suggest that out3-out3 is preferable to in2-in2 model

HADDOCK final score, the size of the cluster, the average backbone RMSD from the
lowest energy structure of the cluster, van der Waals, electrostatic and desolvation
energies and the buried surface area in the dimer are shown for top cluster of two
models.

Parameter in2-in2 dimer out3-out3 dimer
Monomer TRP_in2 TRP_out3
HADDOCK score —-118.7 + 3.1 —239.5 + 5.7
Cluster size 55 200
RMSD from the overall lowest-energy 29.0 + 0.9 1.1+0.8

structure in the cluster, A

van der Waals energy, kcal/mol —46.5 £ 3.2 -93.0 £ 10.1
Electrostatic energy, kcal/mol —-14.7 £ 21.2 —-73.0 £20.5
Desolvation energy, kcal/mol -69.3 9.1 —136.7 8.9
Restraint violation energy 1.0 = 1.00 48.2 = 13.28

Buried surface area, A2 1604.1 + 235.7 2859.6 = 103.4

dues directly involved in the interaction). A default docking
run resulted in up to 200 refined putative solutions. These
solutions were clustered based on their structural similarity,
as measured by RMSD (clustering details described under
Materials and Methods). Parameters for representative mod-
els in each cluster, such as the HADDOCK energy score and
its components (van der Waals energy, electrostatic energy,
desolvation energy, and the penalty energy due to violation of
restraints), the number of models in the cluster, and the
interface size [the buried surface area (square Angstroms) in
both monomers] were reported (Table 4).

Representative structures in the resulting clusters of dock-
ing solutions were inspected manually for the general posi-
tioning of the monomers with respect to each other and to the
membrane. In the docking solutions of TRP_out2 monomers,
no representative models passed the manual inspection and
were not analyzed further. For docking solutions of TRP_in2
monomers (termed in2-in2), the first cluster of the docked
models contained 55 structures, from which a representative,
well behaved model was obtained. In the rest of the clusters,
the monomers were not positioned well with respect to each
other and to the membrane. The docking solutions of the
TRP_out3 monomer resulted in one cluster, consisting of all
of the 200 models. The parameters for the top-ranked struc-
ture in each cluster are presented in Table 4.

To compare these refined, constraint-driven models (in2-
in2 and out3-out3) with the preliminary models that we
obtained by superimposing the monomers on a PDB ID 1N3M
template (TRP_out2-dimer, TRP_in2-dimer, and TRP_out3-
dimer; Fig. 1), we assessed the models using PROTORP server
(Reynolds et al., 2009). PROTORP is a bioinformatics tool
designed to analyze the interfaces between soluble protein
chains in protein-protein complexes by calculating a set of
physicochemical parameters exhibited by each protein inter-
face. To the best of our knowledge, no analogous analysis has
yet been done in membrane proteins. With this caveat in
mind, Table 5 presents part of the interface properties that
were measured. These measures are commonly used for iden-
tifying true versus false interfaces. For example, the average
interface area per monomer calculated for 122 homodimers
was found to be 1940 A2, the average number of residues in
the interface was 52, and the average number of hydrogen-
bonds was 9 (Bahadur et al., 2003). In addition, the mono-
mers in real interfaces usually have good complementarity.
One way to evaluate the complementarity of the monomers in
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PROTORP values for interface parameters in different 5-HT;, dimer models suggest the out3-out3 as the optimal model

TRP_out2-Dimer

TRP_in2-Dimer

TRP_out3-Dimer HADDOCK in2-in2 HADDOCK out3-out3

Monomer i TRP_out2 TRP_in2 TRP_out3 TRP_in2 TRP_out3

Interface area on one monomer, A2 475.10 654.74 325.64 814.40 1478.17

Number of residues 19 19 18 23 37

Interactions (hydrogen-bonds and 6 4 0 12 11
electrostatic)

Gap index 4.72 1.59

the interface is the gap index. A lower gap index indicates
higher complementarity (Jones and Thornton, 1996). Judg-
ing by their larger interface, with a higher number of resi-
dues in the interface, and a higher number of hydrogen or
electrostatic contacts, the monomers are positioned better in
the refined HADDOCK models than in the preliminary PDB
ID 1N3M-based models. In silico alanine scanning, using the
Robetta alanine scan server (Kortemme et al., 2004), was
performed as an additional evaluation measure. No hotspots
were predicted in any of the preliminary dimers, whereas for
the refined models, the Robetta server predicted both
Trpl175*%* and Tyr198°4! to be hotspots. Between the two
HADDOCK models, the out3-out3 dimer has better values
both in its HADDOCK cluster parameters (Table 4) and in
most PROTORP parameter values (Table 5). For example,
the cluster that includes the best putative model is signifi-
cantly larger and the HADDOCK score for the top-ranking
model is better; this model’s interface size approaches the average
homodimers’ interface sizes, and it has a higher number of resi-
dues in the interface. The number of interactions is similar for the
two models (Table 4), but the HADDOCK out3-out3 dimer has
fewer gaps than does the HADDOCK in2-in2 dimer.

The superior quality of the out3-out3 model is in accord
with the experimental results mentioned earlier, which indi-
cated that Trp175*%% is located at the interface, as is the case
in the out3-out3 but not in the in2-in2 dimer. Based on these
combined data, out3-out3 was chosen as the best current
model of the dimer. Figure 7A gives a general overview of the
out3_out3 dimer.

Rationalizing the Data Obtained for the Receptor
Mutants. Several combinations of mutations were experi-
mentally shown to decrease the dimerization. It is notewor-
thy that a mutation on only one of the monomers did not
significantly reduce the dimerization. This indicates that
mutants were still capable of maintaining strong interactions
with the WT. We aimed at understanding the detailed struc-
tural and molecular reasons underlying these observations.
The fine-tuned HADDOCK out3-out3 dimer now enables
such a detailed analysis of the interactions in the interface
(Fig. 7, B and C).

We analyzed the contacts created by residues Trpl7
and Tyr198°*! using the WT dimer and the mutant dimers
(Supplemental Table 3). In the WT dimer, residue Trp175*5*
of both monomers creates aromatic-aromatic () interac-
tions with each other. In addition each of them [Trp175%%* on
monomer I (I:Trp175) and Trpl175*%* on monomer II (II:
Trpl75)] is involved in vdW interactions with Tyr198°4! on
the opposite monomer [Fig. 7C and (Supplemental Table 3)].
Trpl175*%* on both molecules is indeed predicted to be the
strongest hotspot in the Robetta alanine scan (Kortemme et
al., 2004). It is therefore not surprising that when Trp175%64
is mutated in both monomers, the dimerization decreases

54.64

significantly. The analysis of the contacts also reveals that no
contacts are made by the mutated W175A residues. It is
noteworthy that when only one Trp175*%* is mutated, the
dimerization ability is only marginally lowered (Fig. 5C).
This can be explained by the fact that in the WI/W175A
dimer model, the vdW interaction still exists between the
mutant W175A and WT Trp175%5%. Alternatively, Trp175%64
on the WT monomer can still interact with Tyr198>#! of the
mutated monomer, which, in turn, can move to create even
stronger interactions with Tyr198%41,

The Tyr198°4! residue was also predicted to be a hotspot
by the alanine-scan. Indeed, in the WT out3-out3 dimer
model, Tyr198>#! is involved in several interactions, includ-
ing hydrogen-bond between the OH groups of the I:Tyr198
and II:Tyr198 and interaction with Trp175*6* in the opposite
monomer (Fig. 7C). When Tyr198°#! is mutated to Phe in one
monomer, it loses the hydrogen bond with the Tyr198 on the
opposite monomer, but it can still create most of the WT
interactions. However, when Trp175%6* is mutated to Ala in
monomer I (I:W175A) and Tyr198>4! to Phe in monomer II
(IT:Y198F), the interface loses both the aromatic interaction
between I:Trpl175 and II:Trp175 and the hydrogen bond be-
tween the Tyr19854! residues. In addition, the mutated res-
idues W175A and Y198F cannot create compensating inter-
actions in the way that Tyr198 and Trp175 probably do in the
WT/W175A and W175A/WT combinations. We deduce that
the aromatic interactions created by I:'Trp175 with IL:Trp175, the
interaction between Trpl75%%* and Tyr198°4! on opposite
monomers, and the hydrogen bond between I:Tyr198 and
II:Tyr198 (Fig. 7C; Supplemental Table 3) have a pivotal
effect on the total interaction energy of the dimerization. The
interactions involving Argl51**° and Argl52**! in our
model are not strong enough to explain their pivotal role in
the interface, as seen in the FRET experiments (Supplemen-
tal Table 3).

To further investigate the role of Arg151**° and Arg152*+!
in dimerization, specific interacting residues should be iden-
tified. Our models suggested that they may interact with
residues from IL2 in the other monomer, such as Trp136 32
and Aspl403°¢., However, W136A/D140A double-mutant
5-HT, 4 constructs did not reach the plasma membrane (Figs.
2 and 3; Table 2), and therefore we could not test this hy-
pothesis. The refined 5-HT;, models suggest an additional
residue, Aspl433°°, as a candidate for interacting with
Arg151*4° and Arg152**!. The refined model not only predicts
Asp14335° to be in the interface but it also suggests that this
residue may have high contribution to the binding energy.

Using the initial computational dimer model we have pre-
dicted several residues on the surface of 5-HT, 4 to be impor-
tant for 5-HT,, dimerization. The experimental procedures
have shown that indeed some of these residues are pivotal for
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the dimerization, and these data allowed fine-tuning of the
5-HT, , homodimer model. The resulting fine-tuned 5-HT, 5
homodimer model provides detailed information about these
interactions.

To evaluate the robustness of our conclusions, we subjected
the WT HADDOCK out3-out3 dimer and several combina-
tions of mutants (WT with I1:W175A, I:W175A with II:
W175A, WT with I1:Y198F and I:Y198F with II:W175A) to 15
ns of MD simulation. To see the effect of a more pronounced
mutation in residue Tyr198°*!, we also carried out an MD
simulation of the WT/II:Y198A combination, although this
mutation was not generated experimentally. The trajectories
were analyzed with focus on the behavior of residues 175*%%,
176*%% and 198°*! on both monomers. The overall stability

Fig. 7. The dimer and interface interactions in the HADDOCK
out3-out3 dimer. A, good complementarity between the
monomers in the HADDOCK out3_out3-dimer. The mono-
mers are shown in surface representation. Monomer I is
shown in green and II in purple. The interface between the
monomers is large and continuous (without many gaps). B,
a top 3D view of residues I:Trp175*%* (left) and I:Tyr198>!
(right) and the residues from monomer II that interact with
them are shown. The residues are shown in green stick
representation for monomer I and in purple stick represen-
tation for monomer II. Monomer I is shown in green and II
in purple, both are shown as ribbons. C, a cartoon repre-
sentation of the residue I:Trp175*%* (left) and I:Tyr198°4!
(right) and their interacting residues in molecule II.
I:Trp175*%* and I:Tyr198°*! are shown in stick represen-
tation. The carbon atoms are in green, oxygen in red, and
nitrogen in light purple. The interacting residues from
monomer II are represented by their Ca atoms as colored
spheres, and their colors represent the interaction type
with the color coding marked in the figure outline. The
distances (in Angstroms) between the Ca atoms of the
residues in monomer II and the closest carbon atom in
either Trp175*5* or Tyr198°*! are shown in gray.

of the monomers and the dimers was examined by manual
inspection and TMs Ca RMSD monitoring during the run
analysis. In five of six unrelated WT/WT runs, the overall
structure of the monomers and dimers remained stable dur-
ing the simulation. The average RMSD of the TMs stabilized
after a few nanoseconds (Supplemental Fig. 3). Residue root-
mean-square fluctuation analysis also suggested that the
structures are stable (data not shown).

In the WT/II:Y198A MD simulation the RMSD of the TM
Ca increases throughout the simulation as opposed to the TM
Ca RMSD of the WT/Y198F. It is noteworthy that the change
is due to one of the monomers’ tilting with respect to the
other monomer and to the membrane. Because such a change
is not feasible within a realistic membrane, this may suggest
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that in the realistic membrane the stability of this dimer is
reduced compared with the WT.

We obtained decreased dimerization in W175A/W175A and
W175A/Y198F combinations of mutants, whereas the combi-
nation WT/W175A did not impair the dimerization. We hy-
pothesized that in the WIT/W175A combination the remain-
ing I:'Trp175 that cannot interact with the mutated ILW175A
may strengthen its interaction with II:Tyr198, whereas II:
Tyr198 maintains its interaction with I:Tyr198, thus keeping
the interface intact. An analysis of the distances between the
aromatic rings of I:'Trp175 and II:Tyr198 during the WT/WT
and WT/W175A MD simulation supported our hypothesis. In
the absence of II:Trpl75, residue I:Trpl75 moves closer to
II:Tyr198, whereas the distance between I:Tyr198 II:Tyr198
does not change (Supplemental Fig. 4).

Discussion

It is now widely accepted that GPCRs can form oligomers,
and a growing body of evidence points to the functional
importance of oligomeric complexes for receptor trafficking,
receptor activation, and G-protein coupling in native tissues
(Rivero-Miiller et al., 2010). The clinical significance of GPCR
oligomerization has also become more evident during recent
years, leading to identification of receptor oligomers as novel
therapeutic targets (Waldhoer et al., 2005; Gonzalez-Maeso
et al., 2008). However, the lack of detailed structural infor-
mation for GPCR dimers still raises an important challenge
of understanding the functional role of oligomerization.
Therefore, during the last decade, efforts were made to create
models of GPCRs and their dimers by the use of computa-
tional simulations (Filizola and Weinstein, 2005; Casciari et
al., 2008; Simpson et al., 2010; Johnston and Filizola, 2011)
resulting in working models and testable hypotheses.

In the present work, we have combined computational and
experimental procedures to investigate the 5-HT,, ho-
modimerization. We have focused on the interaction interface
within TM4 and TM5 and identified specific residues that are
involved in the interaction between two monomeric units. It
is noteworthy that the rationally designed mutations re-
sulted in significantly decreased dimerization but did not
completely prevent receptor-receptor interaction. This is in
accord with the assumption that the 5-HT,, receptor can
form higher-order oligomers (Ganguly et al., 2011). In this
case, interface-disrupting mutations interfere with only one
interface but allow interaction between two monomers on the
other interface. Future investigation of additional interfaces
will contribute to better understanding of the 5-HT,, oli-
gomerization behavior.

Cellular Distribution of the Mutant 5-HT,, Recep-
tors. It was important to identify mutated receptors that
were localized at the plasma membrane to ensure that the
receptors used in our study are mature, did not undergo
structural deformation, and do not produce artifacts as a
result of crowded environment. Indeed, some of the designed
5-HT, . receptor mutants did not reach the plasma mem-
brane but instead remained in the intracellular compart-
ments such as ER and/or Golgi (e.g., W136A/D140A; Table 2
and Fig. 2 and 3). Modified cellular distribution of GPCR
mutants is important feature to receptor regulation and sig-
naling (Jean-Alphonse and Hanyaloglu, 2011). It is notewor-
thy that several natural mutations of GPCRs that have
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pathophysiological implications also cause receptor retention
within intracellular compartments (Bulenger et al., 2005). It
has been shown that changing the hydrophobicity profile of
residues, in particular Asp from the transmembrane region,
can affect the transverse position of a corresponding TM
helix and consequently affect the receptor distribution within
the cell (Krishnakumar and London, 2007). Similar changes
in the hydrophobicity profile may explain the disrupted
membrane localization of the D140A mutant observed in the
current work. We focused our studies on properly distributed
mutants only.

Identified Interface Residues and Comparison to
Other Family A GPCRs. We have identified residues in-
volved in the interfaces between the 5-HT, , receptor mono-
mers. It is noteworthy that some of these residues were
previously mentioned to play a role in regulation of the 5-HT
receptor functions. For example, the effect of Thr190*4° res-
idue in 5-HT,, receptor on agonist induced receptor desen-
sitization was described previously (Gray et al., 2003). In the
case of the 5-HT, , receptor, Arg151*4° and Arg152**! resi-
dues were suggested to be involved in the G-protein coupling
(Kushwaha et al., 2006). Because these residues participate
in receptor-receptor interaction interface, it will be interest-
ing to study whether the decreased G-protein coupling obtained by
Kushwaha et al. (2006) is due to impaired dimerization. To the
best of our knowledge, residues Arg151*4°, Arg152*4! Trp175%64,
and Tyr198°*! were found for the first time to be involved in
dimerization of 5-HT receptors and not to be involved in ligand
binding. Residues flanking 5.41, such as Ser199°“Z in the
5-HT, 5 receptor (Ho et al., 1992) and I1e199°4° in the 5-HT,,
receptor (Wurch et al., 1998), were shown to be involved in
ligand binding. This is in agreement with our structural
model, in which both Trp175*¢* and Tyr198°! point to the
dimerization interface and not into the binding pocket.
Arg176*%° does point into the upper part of the TM core but
it is not part of the binding site as defined either by (Yap et
al., 2012) or by analogy to dopamine D4 receptor binding site
(Chien et al., 2010) (see Supplemental Fig. 1).

It is noteworthy that in &-opioid receptor homodimeric
complexes investigated by bioluminescence resonance energy
transfer, cross-linking, and MD simulations, residue Ala163*4°,
which is equivalent to Argl51 in the 5-HT), 4 receptor, has been
shown to take part in the proposed TM4 and TM4/TM5 inter-
faces, whereas Lys164**!, which is equivalent to Arg152 in the
5-HT, 4 receptor, participates in the proposed TM4/TM5 inter-
face only. In contrast, residue Cys216°*!, which is equivalent
to Tyr198 in the 5-HT, , receptor, does not participate in the
dimeric interfaces (Johnston et al., 2011).

After the completion of our current study, the structure of
w-opioid receptor (Manglik et al., 2012) joined the increasing
numbers of structures of GPCRs in this exciting and ground
breaking era of X-ray crystallography (Sprang, 2011; Stey-
aert and Kobilka, 2011; Katritch et al., 2012). The w-opioid
receptor molecules are associated into pairs along the crys-
tallographic 2-fold axis through two different interfaces. One
of the interfaces involves TM5 and TM6 and buried surface
area of 1492 A2. This interface is suspected to be of biological
relevance (Manglik et al., 2012). It is noteworthy that three
monomers of serotonin have been found, in principle, to bind
simultaneously, presenting both the p-opioid receptor-like
TM5/TM6 interface and the TM4/TM5 interface (analyzed in
the current work), because there are no significant clashes in
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such an arrangement (Supplemental Fig. 5). In high-order
oligomers, both interfaces may take part.

Mutagenesis of Both Monomers. Our experimental re-
sults showed that in some cases, mutations of both monomers
are needed to disrupt dimerization. We hypothesized that
compensating interaction may occur between the mutant and
the WT protomers but not in the mutant dimer. We used in
silico mutagenesis and in vacuo 15-ns MD simulations to test
this hypothesis. Indeed, the simulations provided possible
explanations for the experimental results; i.e., in WT and
W175A mutant dimerization, the distance between the re-
maining [:Trpl75 residue and II:Tyr198 residue decreases
after a few nanoseconds. This results in better positioning
between the residues and allows stronger interactions. These
suggestions will be tested in the future in experimental work
and using additional simulation techniques, including ex-
plicit solvent, enhanced sampling and free energy simula-
tions (Johnston and Filizola, 2011).

Relevance of Findings to Other Organisms and
Other 5-HT, Subtypes. The amino acid sequence of the
5-HT, , receptor is highly conserved between species. In par-
ticular, Arg151*4°, Arg152*4! Argl76*%°, and Tyr198°41,
which were found to be important for dimerization in the
current work, are fully conserved in 18 representative species
(including mammals, fish, and reptiles). It is noteworthy that
Trpl175*%* is conserved in 15 of the 18 species tested. Three
fish sequences having a Met residue instead of Trpl75%5*
also have an insertion in EL2 (Supplemental Fig. 6). If
5-HT, , receptors in these species homodimerize, this might
be achieved by a compensation for absence of Trp175%¢* by
interactions from the EL2 loop insertion. The residues we
found to be pivotal for the 5-HT, , receptor dimerization, are
conserved also in other 5-HT, receptor subtypes: Trpl175%6%,
Arg176*%° and Tyr198°*'. At position 4.40 (5-HT, , Argl51),
there is a positively charged residue in four of the five 5-HT;
sequences. At position 4.41 (5-HT, 5, Arg152), there is an Arg
residue in 5-HT,,, 5, and ;g), whereas in 5-HT, and
5-HT,;, a His residue may also be positively charged (Sup-
plemental Fig. 7). These results indicate a possibility for
heterodimerization between different 5-HT; subtypes, which
should be further investigated.

In summary, our work supports the transmembrane do-
mains TM4/TM5 as the interface involved in dimerization of
the 5-HT,, receptor. Residues Trpl75*¢4, Tyr19854!
Arg151**°, and Arg152**! were computationally predicted
and experimentally confirmed to be important for the inter-
action interface. Because the 5-HT,;, mutants designed and
characterized in this work show significantly reduced
dimerization, they can be used to investigate the functional
importance of the 5-HT, , receptor dimerization. This will aid
in studying the role of dimerization in 5-HT,, receptor me-
diated signal transduction and facilitate further studies of
5-HT, , receptor oligomerization and heterodimerization of
5-HT, 5, with other receptors.
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