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Abstract

Metropolis Monte Carlo (MMC) loop refinement has been performed on the three extracellular
loops (ECLs) of rhodopsin and opsin-based homology models of the thyroid-stimulating hormone
receptor transmembrane domain, a class A type G protein-coupled receptor. The Monte Carlo
sampling technique, employing torsion angles of amino acid side chains and local moves for the
six consecutive backbone torsion angles, has previously reproduced the conformation of several
loops with known crystal structures with accuracy consistently less than 2 A. A grid-based
potential map, which includes van der Waals, electrostatics, hydrophobic as well as hydrogen-
bond potentials for bulk protein environment and the solvation effect, has been used to
significantly reduce the computational cost of energy evaluation. A modified sigmoidal distance-
dependent dielectric function has been implemented in conjunction with the desolvation and
hydrogen-bonding terms. A long high-temperature simulation with 2 kcal/mol repulsion potential
resulted in extensive sampling of the conformational space. The slow annealing leading to the
low-energy structures predicted secondary structure by the MMC technique. Molecular docking
with the reported agonist reproduced the binding site within 1.5 A. Virtual screening performed on
the three lowest structures showed that the ligand-binding mode in the inter-helical region is
dependent on the ECL conformations.
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Introduction

The G protein-coupled receptor (GPCR) super family consists of 4% of the entire protein-
coding genome and has ~800 members (Stone & Molliver, 2009). GPCRs form a class of
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proteins that contain a seven-helix transmembrane domain (TMD). They sense compounds
ranging from small molecules to peptides outside the cell, including hormones,
neurotransmitters, and odors, as well as light, which activates the signal transduction
pathways and finally elicits cellular responses. This makes them unique targets of
approximately 50% of medicinal drugs (Gilman, 1987; Overington, Al-Lazikani, &
Hopkins, 2006).

The thyroid-stimulating hormone receptor (TSHR) is a member of the GPCR super family
and is the primary regulator of thyrocyte function. The TSHR is a major autoantigen in
autoimmune thyroid disease and the target of stimulating and blocking TSHR
autoantibodies, which cause increases or decreases in circulating T3 and T4 hormone levels,
causing hyperthyroidism or hypothyroidism (Latif, Morshed, Zaidi, & Davies, 2009),
respectively. In recent work, the crystal structures of the ectodomain of TSHR bound with
either stimulating or blocking-type autoantibody have been reported (Sanders et al., 2007,
2011). However, as of today, no X-ray structure for the hinge and transmembrane regions of
the TSHR is available. In such scenario, homology modeling of GCPRs has been very useful
for functional and drug-target utilities (Ananthan, Zhang, & Hobrath, 2009; de Graaf &
Rognan, 2009; McRobb, Capuano, Crosby, Chalmers, & Yuriev, 2010; Mobarec, Sanchez,
& Filizola, 2009). The accuracy, reliability, and utility in drug discovery of such a GPCR
model can be assessed by the success of virtual screening, targeting the model (Katritch,
Rueda, Lam, Yeager, & Abagyan, 2010; Shacham et al., 2004). Besides the transmembrane
helices, the literature reports that GPCR’s extracellular loops (ECLS), including those of the
TSHR, play key roles in the G protein-activation process (Kleinau et al., 2008; Lawson &
Wheatley, 2004; Neumann, Claus, & Paschke, 2005).

Although an area of vigorous research in the past 20 years, protein-loop modeling still has
been identified as an area with several setbacks and structural speculations in most of the
available state-of-art computational strategies (Fiser, Do, & Sali, 2000; Rohl, Strauss,
Chivian, & Baker, 2004; Rossi, Weigelt, Nayeem, & Krystek, 1999). Despite the limitations,
mainly due to the longer size of the loops, a number of recent works have successfully
reported loop predictions for several GPCRs (de Graaf, Foata, Engkvist, & Rognan, 2008;
Goldfeld, Zhu, Beuming, & Friesner, 2011; Mehler, Hassan, Kortagere, & Weinstein, 2006).
In this work, we have adopted a Monte Carlo method to model the three ECLs of the TSHR
transmembrane employing a local torsion move and a grid-based force field method (Cui,
Mezei, & Osman, 2008; Mezei, 2003). Besides modeling the three ECLs of the TSHR of the
TMD, we have performed virtual screening with three programs, namely Autodock-4 (Huey,
Morris, Olson, & Goodsell, 2007), Autodock-Vina (Trott & Olson, 2010), and eHiTS
(Ravitz, Zsoldos, & Simon, 2011; Zsoldos, Reid, Simon, Sadjad, & Johnson, 2006). The
docking results have been analyzed and functionalities of the ligand molecules have been
evaluated for their biological activities.

Computational strategies and methods

Homology modeling of TSHR TMD

Two homology models of the TSHR transmembrane have been made based on native opsin
(PDB 3CAP) and rhodopsin (1F88) crystal structures (Palczewski et al., 2000; Park,
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Scheerer, Hofmann, Choe, & Ernst, 2008). Figure 1 shows the sequence alignment of the
TSHR-TMB to rhodopsin and opsin. A BLAST search with the sequence of the TSHR-TMB
in the PDB server for suitable crystal template identification yielded two crystal structures of
rhodopsin and opsin with resolutions of 2.8 and 2.9 A, respectively. Both the templates
belong to the class A type GPCR-like TSHR itself and showed very low (desirable) E-values
of ~5.68E78. We used the SWISS-MODEL server (URL: http://swissmodel.expasy.org) to
create the initial model based on the opsin crystal structure (Arnold, Bordoli, Kopp, &
Schwede, 2006; Kiefer, Arnold, Kunzli, Bordoli, & Schwede, 2009). The SWISS-MODEL
report indicated low confidence in the loop region, in contrast to the highly optimized helical
regions. The second initial homology model based on the rhodopsin template was obtained
from the Uniprot server (Consortium, 2012). The rhodopsin-based model was chosen for
comparable RMSD values with the opsin-based structure. Before initiating the loop
refinement, we also checked both the structures by validity servers (Chen et al., 2010;

Luthy, Bowie, & Eisenberg, 1992) as the helical regions were not subjected to Monte Carlo
sampling.

The present work used the simulation protocol and force field developed in a previous
publication (Cui et al., 2008). That work showed that this protocol can reproduce the crystal
structure loop conformations of several different proteins with RMSD < 2 A. The force field
consists of the following terms:

Ezze(Tij)—f'ZeT(‘Pi)

i<j i

where er(¢) is the torsion term of the dihedrals sampled, represented by the CHARMM
force field and (rj;) is the sum of electrostatic (egje), van der Waals (e ), hydrogen-bonding
(enB), and desolvation terms (epes). Note that the term “‘energy’ is used loosely here — the
desolvation term is really free energy and the use of the dielectric constant incorporates a
free-energy component into the electrostatic term as well.

Electrostatics with distance-dependent dielectric—Based on the work of Mehler
and Solmajer (1991), the Coulomb potential egje(r) was used along with a sigmoidal
distance-dependent dielectric function &(r):

()= 4
Ble dme(r)r

where

6(7’): max (12, A+m)

van der Waals (VDW)—For VDW, a 12—6 Lennard-Jones potential was used:
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where the parameters cg and ¢y used for the interaction between mobile atoms were taken
from the all-atom CHARMM force field, (Brooks et al., 1983) while the parameters from the
Autodock-4 force field (Huey et al., 2007) were used for the VDW interactions between the
rigid and mobile atoms (via potential grids), based on Autodock atom types (Huey et al.,
2007; Morris et al., 1998).

Hydrogen bond—Hydrogen bonds were represented by a 12-10 potential for bond length
range between 1.65 and 3.00 A and A ... H-D angle 90° < #< 180°:

Ci2 Cy
€up (’)"): (ﬁ—m> cost

Desolvation—The free-energy contribution from the loss of solvation during ligand
binding is estimated by the method of Wesson and Eisenberg (1992):

o (i) =AG, (i) =(S;V+8;Vi)e /27"

Des

where V is the volume of atoms that surround a given atom and shelter it from solvent
weighted by S the solvation parameter. The desolvation term was calculated only for non-
polar carbon atoms (g < .2€).

The parameter values used for the various atom types and for the modified sigmoidal
dielectric are listed in (Cui et al., 2008) and are implemented as default values in the
program MMC (URL.: http://inka.mssm.edu/~mezei/mmc), which was used in the
simulations described in this paper.

Grid-based force field

To reduce the computational cost of energy evaluation, for each atom type a potential map
has been generated to represent interactions with the rigid part of the protein (the
transmembrane helices and the intracellular loops). Each map includes the electrostatics,
VDW, and desolvation terms, as well as the donor part of the hydrogen-bond potentials.
Interactions between the rigid part and the mobile atoms were computed from the eight
nearest grid point of the map corresponding to the atom type of the mobile atom by linear
interpolation. A cubic grid box of size of 161 x 161 x 161 with a fine grid resolution of .25
A has been used. For hydrogen bonds, where the mobile atom is the donor, no such map can
be generated due to the presence of the cos & factor. Instead, a linked-cell approach was used
where for cubes of volume 33 A3 the acceptors within hydrogen-bonding range (if any) were
listed so the calculation of eyg could be performed efficiently.
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Monte Carlo sampling

The two end points (anchor atoms) of each loop were kept fixed at their coordinate in the
homology model and the torsion angles of the loop residues around all bonds, not in a ring,
were sampled. The list of the torsion angles involving the ECLs was extracted by Simulaid
(Dodd, Boone, & Theodorou, 1993) from the initial model. Torsions in the side chains were
changed one at a time and accepted by the simple Metropolis criterion. This option is not
available for torsions involving backbone bonds since both ends of the chain are fixed. In
this case, a so-called ‘local move’ was performed: the random change of a selected
backbone torsion angle was followed by judiciously chosen change in the six consecutive
backbone torsion angles so that the rest of the chain could remain unchanged. Note that for
such moves, the Metropolis criterion has to be supplemented by a Jacobian representing the
constraints on the torsion space accessible to the move (Banfelder, Speidel, & Mezei, 2009;
Hoffmann & Knapp, 1996).

Each local move has been filtered by the ‘reverse proximity criterion” as the method has
been found to be highly efficient in conformational sampling and ergodic in nature (Mezei,
2003). The step sizes (the range of torsion angles from which the randomly chosen new
value is selected) have been tuned to ~30% acceptance rate with the algorithm described in
(Mezei, 2010). This automated tuning was a significant help in maintaining the quality of
simulation during the simulated annealing (SA) (vide infra), where the calculations go
through a wide temperature range requiring different step sizes for efficient sampling.

MC loop sampling and SA

The final conformations of the three ECLs of THSR-TMD were generated in two stages. In
the first stage, a long high-temperature simulation was run using a potential map where the
maximum repulsion energy was set to 2 kcal/mol. Lowering the energy barriers helps the
simulation to fully sample the conformational space. In the second stage, multiple SA had
been carried out (in parallel) using the unmodified energy maps starting from distinct
conformations that have been generated from the high-temperature run.

The high-temperature simulation was run at T = 5000 K for 2 x 108 (200 M) MC steps. The
conformations with the lowest energy in each 10° (100 K) successive segments were
clustered using the program Simulaid (Dodd et al., 1993) into 100 clusters using the K-
means clustering method (Hartigan & Wong, 1979). SA was performed starting with the
lowest energy conformation from each of the 100 clusters. The SA employed a geometric
cooling schedule to reach T =10 K in 122 steps and then linear schedule for the last 10 K
with 1 K increment. At each temperature, 3 M MC steps were performed. The final structure
was selected based on the energy scoring.

Docking of agonist on TSHR transmembrane

We have tested the TSHR-TMD structure by docking the reported agonist molecule on the
TSHR-TMD (Neumann et al., 2009). Three-dimensional geometry optimization of the
agonist molecule has been carried out by the Gaussian 09 program using HF/6-31G* basis
implementing tight binding self-consistent field (Frisch et al., 2009). The Gaussian output
was converted to mol2 format using the AMBER RESP charge scheme in Antechamber
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tools (Wang, Wang, Kollman, & Case, 2006; Wang, Wolf, Caldwell, Kollman, & Case,
2004). Another MM-based 3D optimization was done by the Marvin Chemaxon built-in
force field (https://www.chemaxon.com). The two geometry optimized structures obtained
were docked to the TSHR-TMD by all three docking methods as described above. In order
to confirm the binding residue site and mode of agonist conformation, we performed
docking with a grid box enclosing the entire physiological receptor target.

Virtual screening of chemical libraries by Autodock-4, Autodock-Vina, and eHIiTS

Virtual screening has been carried out by three docking programs: Autodock-4, Autodock-
Vina, and eHiTS. While both Autodock-4 and Autodock-Vina use genetic algorithms to
repeatedly dock each ligand to the target, eHi TS breaks the ligand into small fragments that
are docked separately and the docked-fragment poses are reassembled to putative-ligand
poses. The orientation of the TSHR-TMD was adjusted using Simulaid (Dodd et al., 1993)
to fit the helices and the three ECLs of the receptor into the grid box of volume size 126 x
126 x 126 with .375 A grid resolution. All batch job submissions in our Linux cluster were
facilitated by platform-portable scripts that interface all three docking programs (URL:
http://inka.mssm.edu/~mezei/dockres).

The library used for screening was obtained from Chembridge, designed particularly for the
GPCRs covering a wide chemical space (URL: http://www.chembridge.com/). The 2D-SDF
format structure of the library as received was optimized to 3D structure using the LigPrep
software to include the tautomeric states (LigPrep, version 2.3, Schrodinger, LLC, New
York, NY, 2009). Before the docking process, each ligand was given Gasteiger charges
while the receptor atoms were assigned Kollman charges.

The docking results were analyzed using the Dockres program and other supporting script
tools (Mezei & Zhou, 2010). A program called Compligset was run to extract the common
ligand molecules with the highest scores predicted by each of the three docking programs

(URL.: http://inka.mssm.edu/~mezei/dockres).

Results and discussion

In recent times, virtual screening on GPCR homology models has found extensive
applications in drug discovery efforts (Congreve, Langmead, Mason, & Marshall, 2011;
Costanzi, 2008). Several published GPCR crystal structures have facilitated computational
efforts for modeling this receptor class (Lodowski, Angel, & Palczewski, 2009; Palczewski
et al., 2000; Warne et al., 2008). Often, the homology-modeling tool has included a post-
modeling energy minimization scheme for loop regions implementing the fast molecular
dynamics (MD) technique (Fiser et al., 2000; Sali & Blundell, 1993). The fast MD technique
is inherently restricted by limited sampling of the conformational space, particularly for the
loop regions. In most cases, insufficient conformational sampling results in missing the
native basin and a false minimum could be selected (Kim, Blum, Bradley, & Baker, 2009).
Due to this major limitation, consistent high-resolution loop prediction cannot be achieved
with simple MD runs (Jamroz & Kolinski, 2010). Besides, the conformation of loops can
also affect the local membrane environment (Mehler, Periole, Hassan, & Weinstein, 2002).
The work presented here is based on the protocol recently developed that reproduced several
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crystal structure loops within an RMSD of 2 A (Cui et al., 2008), employing an efficient
conformational sampling technique (Mezei, 2003).

High sampling of conformational space

We have refined the initial homology models of the three ECLs of the TSHR-TMD that
were obtained as discussed above. The initial high-temperature run at 5000 K with low
truncation of the potential barriers obtained a diverse set of structures, out of any local
minimum. Figure 2(A) and (B) show the backbones of the 100 cluster representatives
obtained from the high-temperature run demonstrating extensive sampling of the
conformational space of all three ECL loops. Figure 3 shows the cluster membership of the
2000 structures saved during the high-temperature run demonstrating that most clusters had
members from different stretches of the run — another indicator of extensive sampling of the
conformation space of these loops. Figure 4 shows the final three low-energy ECL loops
with the red color showing the lowest energy conformation, selected for virtual screening.
We repeated checking the structure in Verify 3D and MolProbity servers on the post-
annealed structure (Chen et al., 2010; Luthy et al., 1992).

Formation of secondary structure by MC sampling

Reconstitution of the small helical region within ECL1 of the opsin-based model is an
interesting observation that we have noticed after the annealing treatment. Besides the small
helix in ECL1, there were two more initial beta-sheet regions in ECL2 that completely
melted down after the high-temperature sampling at 5000 K. When analyzing the post-
annealed structure, we observed that, although the helix in ECL1 reappeared, the beta-sheet
regions from homology modeling did not reproduce after extensive MC-conformational
sampling. We then performed several high-temperature runs, as well as annealings, at
different cooling rates. In all cases, we observed the reproducibility of the helix secondary
structure with converged energy ranges for the final conformations. However, non-
appearance of the beta sheet in ECL2 may indicate that some of the secondary-structure
region from homology modeling, particularly in the loop regions, may be due to a local
minima trap that could be validated only after extensive conformational sampling.

Docking poses of agonists and virtual screening

Besides checking the 3D structure in validity servers as above, we have also performed
docking of the TSHR agonist molecule whose binding site has already been reported to be
the residue ASN at position 5.47 (Neumann et al., 2009). Both the structures of the agonist,
obtained in 2D SDF and converted to 3D by Gaussian 09 HF/6-31G* basis and Marvin MM
force field, were docked against the TMD by all three docking methods. It was observed that
the favorable conformation and binding regions of the agonist in all three docking methods
were different, while the site predicted by eHiTS was closest to the reported work in which
Dock, FlexS, and FlexX have been used (Neumann et al., 2009). Figure 5(A) and (B) show
the binding site of the agonist as predicted by eHiTS as the closest to the reported one within
1.5 forming ASN residue (Neumann et al., 2009). As seen in Figures 4(A) and 5(B), MM-
based 3D optimized geometry of the agonist also resulted in similar scoring function and
binding residue proximity like the Gaussian 09 derived structure. The virtual screenings
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were performed on the two chemical libraries of Mount Sinai’s structure-based drug design
core and on the GPCR-oriented library from Chembidge.

We found that three prominent binding clusters were mostly in the inter-helical regions for
both rhodopsin and opsin-based models (Figure 6(A) and (B)). A set of small molecules
identified by Dockres was chosen for biological testing that were top scoring as well as
identified as common hits in all three docking suits.

Integrated analysis of different docking results

Performing screenings with different docking softwares generally gives different sets of top-
scoring molecules from each software (Cross et al., 2009; Cummings, DesJarlais, Gibbs,
Mohan, & Jaeger, 2005; McGaughey et al., 2007). To integrate the entire chemical space
specific to each docking suite, a recently written program called ‘Compligset’ (URL: http://
inka.mssm.edu/~mezei/dockres/) was used. The program can integrate results from each
virtual screening run from different docking suits. Conveniently, a custom library can be
made based on the combined results comprised of the common hits by each docking
program for bio-assay. In compiling the results, many top-scoring molecules ranked by
individual screenings were eliminated in the final integrated list signifying that the
versatility of individual docking algorithms results in wide variation in predicting small-
molecule chemical space for a particular receptor. Interestingly, we found less than 17%
overlap of the top 500 ligands list between Autodock4 and Vina, while targeting the same
region of the receptor using identical docking parameters.

In Table 1, we have presented the 2D structures of the consensus top-scoring 10 molecules
and the scoring function values obtained via docking by Autodock4, Autodock-Vina, and
eHiTS; for comparison, the known agonist is also shown. These 10 molecules have been
found to be common hits by each of the three docking programs. Although top-scoring
molecules have relatively high-scoring functions with Autodock-4 and Autodock-Vina, they
scored relatively low for eHIiTS docking. Also, comparative docking scores highlight the
variance in scoring functions, a common feature in the small-molecule docking field (Cross
etal., 2009). Figure 7(A) and (B) show the predicted binding sites of the molecules by the
three docking programs. Although the predicted binding sites of Autodock-4 and eHiTS are
close, prediction by Vina placed clusters all over the receptor.

Ligand-binding selectivity depends on loop conformations

For each of the docking programs, we analyzed the docking data for the TSHR-TMD
constructed at the three lowest energy ECLs. For each of the TMD structures, we then
extracted the top 500 ranked molecules and checked for overlap with the other two
structures implementing the same docking program. We performed the analysis for all loop
conformations with Autodock-4, Autodock-Vina, and eHiTS in a similar manner. Table 2
shows the relative overlap of docking results of the top-scoring 500 ligands for each of the
docking suit implemented. The results show significant changes in the binding pattern of
top-ranked molecules for different loop conformations. In comparison to Autodock-4 and
Autodock-Vina, eHiTS has less overlap between structures 1 and 2. But it is clear from the
table that even a low energy deviation and conformation change can result in significant
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changes in the ligand-binding pattern in the TMD helical regions — as can be seen from the
case of structures 1 and 3. Overall, the trend clearly indicated that the conformation of the
loops plays a key role in ligand-binding selectivity and scoring pattern. The results observed
are consistent with earlier reported work (Mehler et al., 2002).

We report the homology models of the TSHR-TMD based on rhodopsin and opsin
templates. We performed Monte Carlo loop sampling on all three ECLSs reported as key to
ligand binding and to the GPCR activation process. Docking of the known agonist by eHiTS
on a rhodopsin-based template with methods implemented in this report showed close
proximity to the reported binding site obtained by totally different computational strategies.
Successful virtual screening on both models predicts the binding of small molecules in
pockets of interhelical regions. Analysis showed that the binding sites of small molecules
between helices 1 and 7 and located below ECL3 are influenced by loop conformations. The
ligand-binding mode and the relative free-energy score for the three lowest energy loops
signified the dependence on conformation. The Compligset program, available on the
website (URL: http://inka.mssm.edu/~mezei/dockres), can integrate and compare the
docking results from different docking programs. Extracting the top ligand set, occurring as
overlap in different docking suits, enhance the process of identifying hit molecules in the
structure-based drug molecule search applications.
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Alignment of the TSHR-TMD with rhodopsin. The three ECLs are marked.
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Figure 2.
The backbones of the 100 cluster-representative TSHR ECL structures obtained from the

2000 structures extracted from the high-temperature runs and used as initial conformations
for SA: rhodopsin template ((A) on left) and opsin template ((B) on right).
Notes: Red: ECL1; Blue: ECL2; Yellow: ECL3.
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Figure 3.
Cluster membership of 2000 structures saved during the high-temperature rhodopsin-based

run.
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Figure4.
The three lowest energy ECL loops structure for rhodopsin ((A) on left) and opsin templates

((B) on right).
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Figure5.
Side ((A) on left) and top ((B) on right) view of the known agonist docked to the rhodopsin-

based homology model. Agonist 3D geometry optimization has been performed by Gaussian
HF/6-31G* basis (Blue) and Marvin Chemaxon MM force field (Red) structure.
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Figure®6.
Docking cluster on rhodopsin-based (A) and opsin-based (B) TMD homology models by

eHITS.
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Figure?7.
Comparison of binding sites by Autodock4, Vina, and eHITS. (A): side view on left and (B):

top view on right. Notes: Red: eHiTS; Blue: Autodock-4; Yellow: Autodock-Vina.
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Table 1
Consensus top-scoring molecules and their scores.

Chembridge ID Structural formula Autodock 4 (kcal/mol)  Autoock Vina (kcal/mol)  eHiTS (kcal/mol)
41070361 H’c\ -9.2 -8.3 -5.3

y

O H ,>O
21049419 -8.9 -7.0 -5.6
85971922 -8.1 -7.3 -5.1
54166233 -7.8 -7.9 -6.1
67411088 -75 -6.9 -5.1
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Chembridge ID Structural formula Autodock 4 (kcal/mol)  Autoock Vina (kcal/mol)  eHiTS (kcal/mol)
41055215 W -7.1 -85 -5.3
,@VO{N O
I H
CH,
N’g
é |
25106170 CH -7.0 -6.0 -5.0
o7 0o
H H.,C \
@ )
N N
}/,J o
(o]
54167736 ﬁ -6.7 -6.7 -5.1
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ﬂ‘v TN A
H,C N’ t Tr N
CH, " o L/N
40201997 -6.5 -5.9 -5.2
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(o]
N
H
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o O
42644077 -6.4 -7.0 -5.7

RO,

O
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Chembridge ID Structural formula Autodock 4 (kcal/mol)  Autoock Vina (kcal/mol)  eHiTS (kcal/mol)
Agonist -8.6 =74 -6.5

0s_ _CH,
oH © Y

NH
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CH.
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Table 2

Number of common ligands from docking to the three loop conformations.

A
Autodock 1 2 3
1 500 200 29
2 200 500 2
3 29 2 500
B
Vina 1 2 3
1 500 238 4
2 238 500 2
3 4 2 500
Cc
eHiTS 1 2 3
1 500 110 14
2 110 500 17
3 14 17 500
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