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Abstract
The serotonin (5-hydroxytryptamine, 5-HT) 5-HT2 G protein-coupled receptor (GPCR) family
consists of types 2A, 2B, and 2C that share ~75% transmembrane (TM) sequence identity.
Agonists for 5-HT2C receptors are under development for psychoses, whereas, at 5-HT2A
receptors, antipsychotic effects are associated with antagonists—in fact, 5-HT2A agonists can
cause hallucinations and 5-HT2B agonists cause cardiotoxicity. It is known that 5-HT2A TM6
residues W6.48, F6.51, and F6.52 impact ligand binding and function, however, ligand
interactions with these residues at the 5-HT2C receptor has not been reported. To predict and
validate molecular determinants for 5-HT2C-specific activation, results from receptor homology
modeling, ligand docking, and molecular dynamics (MD) simulation studies were compared with
experimental results for ligand binding and function at wild type and W6.48A, F6.51A, and
F6.52A point-mutated 5-HT2C receptors.
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1. Introduction
The serotonin (5-hydroxytryptamine, 5-HT) 5-HT2 G protein-coupled receptor (GPCR)
family consists of types 2A, 2B, and 2C that share ~75% transmembrane (TM) sequence
identity and same second messenger signaling [1]. Ligands that activate 5-HT2C receptors
are under development for psychoses, whereas, at 5-HT2A receptors, antipsychotic effects
are associated with antagonists—in fact, 5-HT2A agonists can cause hallucinations and 5-
HT2B agonists cause cardiotoxicity [2,3]. Accordingly, 5-HT2C agonists should be highly
specific to avoid potentially adverse clinical outcomes, however, TM sequence similarity
and identical signaling pathways among the 5-HT2 GPCRs presents a challenge for
development of 5-HT2C agonist drugs.

GPCRs are ubiquitous signaling proteins that share a 3-dimensional (3D) structure
consisting of a bundle of seven transmembrane α-helices (TMH), connected by alternating
intracellular and extracellular loops, with the N-terminus in the extracellular domain and C-
terminus in the intracellular domain. Nearly half of currently-marketed drugs target GPCRs,
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albeit, GPCR structure and function are not well-understood. For example, although over
900 GPCRs are known, crystal structures are reported only for the following: bovine
rhodopsin (bRho) [4–8], opsin, [9, 10], human A2A adenosine receptor bound to an
antagonist [11], turkey β1 adrenoceptor [12], human β2 adrenoceptor (β2AR) in an inactive
state [13–15], β2AR in a nanobody-stabilized active-state [16], β2AR in complex with an
irreversible agonist [17, 18], human dopamine D3 receptor in complex with an agonist [19],
human H1 receptor in a complex with an antagonist at 3.1 Å (PDB code 3RZE) [20].
Structural information for particular GPCRs significantly aides drug design targeting the
receptor, for example, by providing information regarding ligand–receptor interactions that
take place deep inside the orthosteric binding pocket [21]. To date, there are no 3D crystal
structures for 5-HT2A and 5-HT2C GPCRs to assist antipsychotic drug design targeting these
receptors, however, the related human 5-HT2B, as well as, 5-HT1B structures were reported
during the preparation of this manuscript [22, 23].

In the absence of GPCR crystal structures, computational-based homology modeling
methods have been used to generate the desired target structures. To validate GPCR receptor
models and associated ligand docking studies, experimental studies that measure ligand
binding and function at wild type (WT) vs. point-mutated GPCRs are commonly employed.
For example, modeling studies suggest ligand binding at serotonin 5-HT2 and other
aminergic neurotransmitter GPCRs is facilitated by a critical ionic interaction between a
positively charged amine moiety of the ligand and the carboxylate of the fully-conserved
aspartate residue D3.32 of the receptor [24–28]. Experimental validation of the proposed
D3.32–ligand interaction at 5-HT2C GCPRs recently was reported in studies involving
mutation of the 5-HT2C D3.32 residue to alanine (D3.32A), which abolished detectable
binding of the 5-HT2C radioligand [3H]-mesulergine [29]. In addition to mutagenesis
studies, computational ligand docking results using a homology-based GPCR model
ultimately are validated by the solved GPCR crystal structure. For example, drug design
results using a human histamine H1 GPCR model built by homology to the β2Ar crystal
structure recently were validated using an H1 model built according to the subsequently
released human histamine H1 GPCR structure (pdb code 3RZE) [30]; results showed
analogous predictions in ligand binding affinities for the two models, as anticipated given
the close structural correlation between the homology-based and crystal structure-based H1
models, and, as validated by experimental mutagenesis studies. Accordingly, it is anticipated
that computational drug design studies using a 5-HT2C receptor model built by homology to
the β2AR and validated by experimental mutagenesis studies will yield fruitful drug
discovery results, even in the absence of a 5-HT2C crystal structure [29, 31, 32].

Early mutagenesis and homology-based (bacterial rhodopsin) molecular modeling studies of
the 5-HT2A GPCR indicate aromatic amino acids (Ballesteros numbering [33, 34]) W6.48,
F6.51, and F6.52 in TMH 6, which are highly conserved across aminergic neurotransmitter
GPCRs and present in 5-HT2C, affect ligand binding and functional activity [35–37]. Using
a 5-HT2C receptor model built by homology to the β2-AR [29, 31, 32], hydrophobic and/or
aromatic interactions were proposed between 5-HT2C residues W6.48, F6.51, and F6.52, and
the novel 5-HT2C agonist/5-HT2A/2B inverse agonist, (2S, 4R)-(−)-trans-4-phenyl-N,N-
dimethy-1,2,3,4-tetrahydronaphthalene-2-amine (PAT) [38]. The present work reports novel
5-HT2C GPCR homology molecular modeling, ligand docking, molecular dynamics (MD)
simulations, and pharmacological results using point-mutated receptors to delineate the role
of 5-HT2C residues W6.48, F6.51, and F6.52 on binding and function of the endogenous
agonist 5-HT, as well as, PAT, another 5-HT2C agonist/5-HT2A/2B inverse agonist, (2S, 4R)-
(−)-trans-4-(3'-bromophenyl)-N,N-dimethy-1,2,3,4-tetrahydronaphthalene-2-amine (3'-Br-
PAT), and a 5-HT2A/2B/2C inverse agonist, (2S, 4R)-(−)-trans-4-cyclohexyl-N,N-
dimethy-1,2,3,4-tetrahydronaphthalene-2-amine (CAT). The W6.48, F6.51, and F6.52
aromatic residues are fully-conserved among 5-HT2 receptors and fully- or semi-conserved
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among several other aminergic neurotransmitter GPCRs, thus, results here are expected to
provide a molecular basis for design of 5-HT2C-specific agonist ligands for development as
novel antipsychotic drugs.

2. Theoretical methods
2.1. Homology Modeling

The crystal structure of the β2AR/T4-lysozyme chimera (PDB entry 2RH1), [15] was used
as template to build the human 5-HT2C homology model. A full description of the methods
is described elsewhere [31]. Briefly, the 5-HT2C native sequence was aligned to the β2AR
sequence using ClustalW multiple sequence alignment [39, 40]. Other structures (e.g.,
inverse agonist carazolol, T4-lysozyme, and cholesterol molecules) present in the β2AR/T4-
lysozyme chimera crystal structure were deleted. Point mutations were performed as needed
and the gaps were analyzed, followed by the appropriate sequence additions and deletions to
match the 5-HT2C receptor amino acid sequence. TMHs were built using the Biopolymer
module of Sybyl-X 1.2 [41] and the crude model of the unbound receptor was minimized
using the Powell method implemented in Sybyl with Tripos force field [42] and AMBER
charges [43], followed by equilibration in a 1-palmitoyl-2-oleyl-sn-glycero phosphatidyl
choline (POPC) bilayer [44]. The system was relaxed using the Tripos force field to a
gradient 0.05 Kcal/Å mol, prior to MD simulations in the POPC membrane. MD simulation
conditions were time run 5 μs, time step 1 fs, with snapshots collected every 5 fs. Other
parameters were the NVT canonical ensemble, 300 K temperature, Boltzmann initial
velocities, and non-bonded cutoff set at 8 Å. Constraints for alpha carbons in the TM
domains were employed. Subsequently, the constraints were removed for a 1000 ps MD
simulation run. The final unbound wild-type 5-HT2C homology model was obtained from
the median structure after clustering analysis of the frames from the last 10 ps. of the MD
simulation, and optimized using the Tripos force field to a convergence of 0.05 Kcal/Å.mol.
The W6.48A, F6.51A, and F6.52A point-mutated 5-HT2C receptor models used the same
optimization and MD simulation parameters as described above for the WT receptor model.

2.2. Ligands
The ligands (5-HT, PAT, 3'-Br-PAT, CAT; structures in Figure 1) were built as monocations
(protonated amines) using HyperChem 8.0 [45] and optimized using PM3 model
Hamiltonian to a gradient of 0.01 Kcal/ Å mol. Synthesis and absolute configuration (based
on X-ray crystal structure) of PAT, 3'-Br-PAT and CAT (Figure 1) are reported elsewhere
[46, 47] and 5-HT was purchased from was purchased from Alfa Aesar (Ward Hill, MA).

2.3. Docking
Ligands were pre-positioned in the binding pocket by performing rigid docking with the
PatchDock server [48]. The low-energy-high-score solutions were analyzed to select the
initial configuration, ensuring the essential interaction between the carboxylate oxygen of
receptor residue D3.32 and the ligand protonated amine moiety [18, 20]. The initial ligand-
receptor complex configuration was used for flexible ligand docking with Flexidock in
Sybyl-x 1.2 [41]. The binding site was defined by assigning residue D3.32 as a definitive
binding site interaction point with the ligand protonated amine moiety [24–28], and
including residues within a 7 Å radius. Structure preparation was carried out prior to
docking studies by assigning AMBER [43] charges for the protein and Gesteiger-Marsili
[49] charges for the ligand. Rotatable bonds in the ligand and the side chains of residues
defining the receptor putative active site were screened for optimal positioning of the ligand
and side chains in the conformational space; remaining residues were frozen during docking.
Default FlexiDock parameters were set at 80,000-generation. The best docking solution,
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according to the highest FlexiDock score, was minimized using the Tripos force field to a
gradient 0.05 Kcal/Å mol, prior to molecular dynamics simulation.

2.4. Molecular Dynamics
The selected high-score pose of the docked ligand was subjected to a MD simulation run for
500 ps, with other parameters the same as above, to allow adjustment of the positions of side
chains and helices. The final structure of the ligand docked at the receptor model was
obtained from the average of last 10 ps of the MD simulation.

2.5. Ligand Affinity and Function Studies
Saturation and competition binding studies were carried out as previously described [29,
38]. The cDNA encoding the human unedited WT 5-HT2C receptor was obtained from
UMR cDNA Resource Center (Rolla, MO). The W6.48A, F6.51A and F6.52A point-
mutated 5-HT2C receptors were generated by PCR using our previously reported procedures
[29, 38]. WT, W6.48A, F6.51A, and F6.52A 5-HT2C receptors were radiolabeled with [3H]-
mesulergine (specific activity 92 Ci/mmol; Perkin-Elmer, Waltham, MA) and nonspecific
binding was defined with 10 μM mesulergine hydrochloride (Tocris, Ellisville, MO). Ligand
affinity (based on competitive displacement of radioligand) is expressed as Ki value by
conversion of the IC50 data using the equation Ki = IC50/1 + L/KD, where L is the
concentration of radioligand having affinity KD [50]. Comparisons of Ki values were
performed using two-way ANOVA with Bonferroni's post-hoc test. Differences were
considered statistically significant when the p-value was less than 0.05.

Functional activity was measured as phospholipase C (PLC) activation and [3H]-inositol
phosphates (IP) formation in HEK cells transiently expressing WT, W6.48A, F6.51A, or
F6.52A 5-HT2C receptors, as previously reported in detail [29, 38]. Resulting data were
analyzed using the nonlinear regression algorithms in Prism, with the one-site model
providing the best fit. Data is expressed as mean percentage of basal control [3H]-IP
formation, with potency expressed as concentration required to stimulate (EC50) [3H]-IP
formation by 50% ± SEM (n ≥ 3). Comparisons of potency values (EC50) were performed
using Student's t-test.

3. Results and Discussion
3.1 Homology Model of 5-HT2C Receptor

Sequence alignment (performed with ClustalW) of the WT of 5-HT2A, 5-HT2B, and 5-HT2C
receptors with the β2AR template structure allowed visualization of the conserved TMHs 3–
7 (Table I; conserved residues are in bold print and reference residues are labeled according
to Ballesteros standard GPCR nomenclature [33, 34]). The very close similarity of the 5-
HT2 TMHs demands careful analysis of the configuration of the orthosteric pocket,
particularly with regard to residues W6.48, F6.51, and F6.52.

The alignments were verified using conserved residue sequences among 5-HT2 GPCRs and
the β2AR in the TMHs (Table I). These sequences are: GNXLVI motif in TMH 1, with
reference residue N1.50 (not shown), TNYF and SLAXAD motifs in TMH 2, with
reference residue D2.50 (not shown), DVL, TASI, and DRY motifs in TMH 3, with
essential reference residue D3.32, reference residue W4.50 in TMH 4, FXXPLXIM motif
in TMH 5, with reference residue P5.50, WXPFFIXXNI motif in TMH 6 (that includes the
W6.48, F6.51, F6.52 aromatic residues in this study), with reference residue P6.50, and
WIGY and NPLXY motifs in TMH 7, with reference residue P7.50. The β2AR has been
used to build homology models of several related aminergic neurotransmitter GPCRs,
including, our previously reported 5-HT2C receptor homology model that was validated by
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Ramachandran analysis, as well as, mutagenesis and ligand binding pharmacological studies
[29–32]. Figure 2, produced with PyMOL 1.3 [51], shows two views of the TMH bundle of
the unbound 5-HT2C receptor. The TMHs are spectrum color coded, blue for TMH 1
through red for TMH 7. The orthosteric ligand binding pocket is located in the upper-third
part of the TMH bundle, involving residues in TMHs 3, 5, 6, and 7. Residue D3.32 in TMH
3 (forms the essential ionic interaction with the ligand protonated ligand amine moiety),
residues W6.48, F6.51, F6.62 in TMH 6, and residue Y7.43 in TMH 7 are labeled. Similar
to the cognate 5-HT2A receptor [35–37], the 5-HT2C aromatic residues W6.48, F6.51, and
F6.52 form the putative ligand binding pocket.

3.2. Ligand–Receptor Interactions
3.2.1 Mesulergine—After MD simulations in the POPC lipid bilayer, the equilibrated 5-
HT2C structure was used in ligand docking studies. The WT 5-HT2C receptor radioligand
[3H]-mesulergine retains affinity for W6.48A, F6.51A, and F6.52A point-mutated 5-HT2C
receptors [52], thus, it was predicted that critical interactions between mesulergine and these
TMH 6 residues would not be apparent. Indeed, as shown in Figure 3, no significant
interactions between mesulergine and 5-HT2C residues W6.48, F6.51, and F6.52 were
observed. These results provide a parsimonious explanation for [3H]-mesulergine
radiolabeling of W6.48A, F6.51A, and F6.52A point-mutated 5-HT2C receptors, and,
validate the use of [3H]-mesulergine in the competition displacement studies here using the
point-mutated receptors.

3.2.2 Serotonin (5-HT)—Previously, it has been reported that 5-HT docks to the WT 5-
HT2C receptor binding pocket in two low energy configurations [29]. The lowest energy
configuration of 5-HT is shown docked to the WT 5-HT2C receptor model here in Figure 4.
The 5-HT indole moiety docks parallel to the aromatic ring of 5-HT2C residue F6.51, with
the distance between the two entities being 3.5 Å, suggesting, π–π interactions. 5-HT also
docks nearly parallel to the F6.52 residue, at a longer distance (4.2 Å) as compared to the
interaction with F6.51, but, within the likelihood of π–π interactions. These results suggest
an expected detrimental effect regarding 5-HT affinity at the F6.51A point-mutated 5-HT2C
receptor and a more moderate negative effect on affinity at the F6.52A 5-HT2C receptor, as
compared to the WT receptor, and, indeed, this is the case (see Table II). The W6.48 residue
is in the binding pocket, however, the indol moiety of W6.48 is close to the terminal CH2 of
5HT ethylamino (2.5 Å) and far from the indol system of 5-HT (6.2 Å) and cannot form π–π
interactions, consequently, affinity of 5-HT for the W6.48A point-mutated 5-HT2C receptor
is not expected to be largely different than its affinity at the WT receptor, and, indeed, this is
the case (see Table II). Similar results are obtained for the other low energy pose of 5-HT
[29].

3.2.3. PAT—Figure 5 shows PAT docked at the WT 5-HT2C receptor, with likely π–π
stacking interactions occurring between the PAT 4-pheny moiety and the 5-HT2C W6.48
indole group (3.8 Å). The PAT tetrahydronaphthalene aromatic ring docks nearly parallel to
the 5-HT2C F6.51 phenyl group, at 4.4 Å distance and the 4-phenyl ring of PAT can form T-
stacking interactions with F6.52 aromatic ring, 4.5 Å. Although the 5-HT2C F6.52 residue
appears to form part of the binding pocket, distance 5.3Å from PAT, and the 4-phanyl ring
of PAT is not parallel to the aromatic ring of F6.52 precluding π–π stacking, however, F6.52
likely contributes to the hydrophobicity of the binding pocket. It is noted that F6.52 appears
to be involved in π–π interaction with F5.47 in TMH 5, likely, contributing to stabilization
of the binding pocket. The interactions observed at the WT 5-HT2C receptor model are, of
course, abolished at the W6.48A, F6.51A, and F6.52A point-mutated 5-HT2C receptor
models, accordingly, it is expected that PAT affinity would be diminished at the W6.48A,
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F6.51A, and, perhaps F6.52A point-mutated 5-HT2C receptors—and, indeed this is the case
(see Table II).

3.2.4. 3'-Br-PAT—As shown in Figure 6, the 3'-Br-PAT ligand was considered in two low
energy poses, with the 4-(3'-bromo)-phenyl moiety oriented toward TMH6 (panel A) or
TMH 3 (panel B). Similar to PAT, the 3'-Br-PAT 4-(3'-bromo)-phenyl moiety docks nearly
parallel to the 5-HT2C W6.48 indole moiety, facilitating π–π interaction (Panel A), while the
aromatic part of the tetrahydronapthyl system interacts with the receptor F6.51 phenyl group
—at the W6.48A and F6.51A 5-HT2C models, these interactions are lost. Affinity of 3'-Br-
PAT is greatly diminished at the W6.48A and F6.51A point-mutated 5-HT2C receptors in
comparison to the WT receptor (see Table II), as would be expected based on the modeling
results here. Meanwhile, consistent with the lack of direct interactions observed between 3'-
Br-PAT and the WT 5-HT2C receptor model (Figure 5), there is no significant difference in
affinity of 3'-Br-PAT at the WT and F6.52A 5-HT2C receptors Table II).

3.2.5. CAT—Figure 7 shows CAT docked to the WT 5-HT2C receptor. During MD
simulations the CAT cyclohexyl ring underwent conformation change from the chair to
semi-chair to twisted boat configuration. On average, the CAT cyclohexyl moiety docked in
the chair and twisted boat conformations, as shown in Figures 7A and 7B, respectively. The
cyclohexyl moiety, of course, cannot form π–π interactions with the W6.48, F6.51, and
F6.52 aromatic residues that apparently still form the binding pocket, but, hydrophobic
interactions are possible. Thus, it was observed that CAT docks close to W6.48 and F6.51
(4.5 and 4.1 Å), however, F6.62 was more distant, 8.1 Å. These results suggest that CAT
affinity would be diminished at the W6.48A and F6.51A point-mutated 5-HT2C receptors in
comparison to the WT receptor, with less affinity differences expected at the F6.52A
receptor—these predictions are borne out by the experimental data in Table II.

3.3. Ligand Affinity Results at WT and W6.48A, F6.51A, and F6.52A 5-HT2C Receptors
Ligand affinities from radio-receptor assays are shown in Table II. Experimental results
indicate a large impact of the F6.51A mutation on 5-HT binding, with less effect observed
for the F6.52A point-mutation, and the W6.48A mutation had no significant effect. In
contrast to results for 5-HT, the W6.48A and F6.51A point-mutations had large negative
effects on binding of PAT and 3'-Br-PAT, and less but significant negative impact on
binding of CAT, whereas, the F6.52A point-mutation did not negatively impact binding. All
in all, the experimental results closely reflect the computational molecular modeling results
and clearly validate the docking studies, including, the noteworthy difference in orientation
the endogenous agonist 5-HT assumes in the binding pocket as compared to the novel PAT-
and CAT-type ligands.

3.4. Ligand Function at WT and W6.48A, F6.51A, and F6.52A 5-HT2C Receptors
The ligands 5-HT, PAT, 3'-Br-PAT and CAT were incubated with HEK cells expressing
WT, F6.51A, F6.52A or W6.48A 5-HT2C receptors and effects on receptor-mediated second
messenger signaling (PLC activity and IP formation) were measured. For the 5-HT2C
agonist ligands (i.e, 5-HT, PAT, 3'-Br-PAT), effects on second messenger signaling at the
point-mutated in comparison to WT 5-HT2C receptors reflected differences in binding, i.e.,
point-mutations that resulted in decreased ligand affinity also resulted in decreased potency
and efficacy to activate PLC/IP signaling (data not shown). Unexpectedly, however, CAT,
which is an inverse agonist at the WT 5-HT2C receptor, demonstrated (partial) agonist
activity at the W6.48A, F6.51A, and F6.52A point-mutated 5-HT2C receptors (data not
shown). As this dramatic change in pharmacological activity for CAT went beyond the
scope of the current work, it was decided to follow-up on this phenomenon in another report.
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4. Conclusions
The computational and β2AR-based homology molecular modeling results for 5-HT, PAT,
3'-Br-PAT, and CAT were translated and validated experimentally in binding and functional
studies using WT and W6.48A, F6.51A, and F6.52A point-mutated 5-HT2C receptors. Thus,
computational approaches to drug design targeting GPCRs can be an accurate tool in the
drug discovery and development process. Important information learned from the ligand
docking and MD simulations conducted here (validated experimentally) includes the
different binding modes noted for the endogenous agonist 5-HT in comparison to PAT, 3'-
Br-PAT and CAT. Notably, 5-HT docked far from W6.48, precluding π–π or other
interactions with this residue, which, is in contrast to computational and experimental results
regarding 5-HT interaction with W6.48 at the 5-HT2A receptor [33]. The results for 5-HT
suggest that an agonist ligand can dock differently at 5-HT2A vs. 5-HT2C receptors, despite
the close sequence similarity between the two receptors. Thus, theoretically, it should be
possible to design 5-HT2C-specific agonists for development as antipsychotic drugs. Indeed,
PAT is a serendipitous example of a 5-HT2C-specific agonist that is, in fact, an inverse
agonist at 5-HT2A (and 5-HT2B) receptors [38]. Future 5-HT2A molecular modeling and
mutagenesis studies using PAT-type ligands analogous to the studies here for 5-HT2C
receptors are expected to provide molecular insight into rational design of 5-HT2C-specific
agonists, as well as, 5-HT2A-specific antagonists for development of antipsychotic drugs.
Likewise, molecular modeling studies based on the very recently reported 5-HT2B crystal
structure [22, 23] are expected to aide design of drugs that avoid activation of this receptor
that is deleterious to cardiac valve function [1]. Also noteworthy from the ligand docking
and MD simulations conducted here (validated experimentally) is the finding that ligand
functional activity (i.e., agonism vs. inverse agonism) apparently can be determined by
single amino acids in aminergic GPCRs. Thus, point-mutations of three different 5-HT2C
residues (W6.48, F6.51, and F6.52) involved (more or less) in the binding of CAT also
changed its function from an inverse agonist to a (partial) agonist. Results here from MD
simulations lead to the hypothesis that the TMH 6 aromatic amino acids are impacted by
conformational changes of the CAT cyclohexyl moiety that lead to stabilization of agonist
vs. inverse agonist conformations of the 5-HT2C receptor—future work will assess this
possibility. Thus, homology-based GPCR molecular modeling studies coupled with
experimental studies can lead to molecular understanding of GPCR function, as well as
structure, for drug design purposes.
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Figure 1.
Ligand used in docking studies at WT and point mutated W6.48A, F6.51A, and F6.52A 5-
HT2C GPCRs include: serotonin (5HT), PAT, 3'-Br-PAT and CAT. The protonation site is
circled.

CÓRDOVA-SINTJAGO et al. Page 10

Mol Phys. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
5-HT2C Trans-membrane helices (TMH) bundle, color coded from blue for TMH 1 through
red for TMH 7. A: TMH view from the extracellular domain. B: TMH across the membrane;
extracellular domain is on top and intracellular at the bottom. The binding site is in the upper
1/3 of the TM bundle. Essential residue D3.32 and aromatic residues W6.48, F6.51, F6.52,
and Y7.43 are displayed
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Figure 3.
Mesulergine docked at WT 5-HT2C receptor. No close interactions with W6.48, F6.51, and
F6.52 are observed. Residues are displayed in spectrum color coded scheme indicating the
TMH, i.e., orange for W6.48, F6.51, and F6.52, in TMH 6 and red for W7.40, Y7.43 in
TMH 7.
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Figure 4.
5-HT docked at the WT 5-HT2C receptor. The indole moiety in 5-HT is parallel to aromatic
ring of F6.51 (3.5 Å) and F6.52 (4.2 Å); W6.48 also is in the binding pocket but not able to
form π–π interactions with 5-HT.
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Figure 5.
PAT docked at WT 5-HT2C receptor. The PAT 4-phenyl moiety is able to form π–π
interactions with the indole moiety of W6.48. The aromatic ring of the PAT
tetrahydronapthyl moiety docks nearly parallel to the phenyl ring of F6.51, at 4.4 Å distance,
and the 4-phenyl group of PAT can form T-stacking interactions with F6.51, whereas F6.52
is farther away (5.3 Å).
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Figure 6.
3'-Br-PAT docked at WT 5-HT2C receptor with 4-(3-bromophenyl) moiety oriented toward
TMH 6 (pose 1, panel A) or TMH 3 (pose 2, panel B). Similar to PAT (Figure 5), the 4-(3'-
bromo)-phenyl moiety participates in apparent π–π interactions with the W6.48 indole
moiety, and, the aromatic part of the tetrahydronapthyl system interacts with F6.51; 6.52 is
too far from the ligand for direct interactions.
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Figure 7.
(2S, 4R)-CAT docked at WT 5-HT2C receptor. Two main poses were considered, chair
(Panel A), and twisted boat (Panel B).

CÓRDOVA-SINTJAGO et al. Page 16

Mol Phys. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

CÓRDOVA-SINTJAGO et al. Page 17

Ta
bl

e 
I

Pa
rt

ia
l a

lig
nm

en
t o

f 
5-

H
T

2 
an

d 
β2

A
R

 G
PC

R
s 

se
qu

en
ce

s 
us

in
g 

C
lu

st
al

W
, s

ho
w

in
g 

tr
an

sm
em

br
an

e 
he

lic
es

 T
M

H
 3

,5
,6

,7
 h

ig
hl

ig
ht

ed
 in

 y
el

lo
w

. C
on

se
rv

ed
re

si
du

es
 a

re
 in

di
ca

te
d 

in
 b

ol
d.

 R
ef

er
en

ce
 r

es
id

ue
s 

ar
e 

la
be

le
d 

ac
co

rd
in

g 
to

 B
al

le
st

er
os

 n
om

en
cl

at
ur

e 
[3

3,
 3

4]

Mol Phys. Author manuscript; available in PMC 2015 January 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

CÓRDOVA-SINTJAGO et al. Page 18

Table II

Ligand affinities (Ki ± SEM; nM) of test ligands at WT and point-mutated 5-HT2C GPCRs

Test Ligand WT 5-HT2C W6.48A 5-HT2C F6.51A 5-HT2C F6.52A 5-HT2C

5-HT 7.5 ± 3.5 37.2 ± 10.9 4036 ± 1339 1059 ± 637.8

PAT 28.5 ± 9.8 2042 ± 830.4 172.1 ± 47.1 70.18 ± 43.1

3'-Br-PAT 11.2 ± 6.0 1566 ± 182.5 372.9 ± 0.0 23.1 ± 4.0

CAT 8.3 ± 2.5 460.1 ± 17.1 35.1 ± 3.4 15.5 ± 8.4
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