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Background: The smoothened (SMO) receptor, one of the Class F G protein coupled receptors (GPCRs), is an
essential component of the canonical hedgehog signaling pathway which plays a key role in the regulation of
embryonic development in animals. The function of the SMO receptor can be modulated by small-molecule
agonists and antagonists, some of which are potential antitumour agents. Understanding the binding mode of
an antagonist in the SMO receptor is crucial for the rational design of new antitumour agents.
Methods:Molecular dynamics (MD) simulation and dynamical network analysis are used to study the dynamical
structural features of SMO receptor. Metadynamics simulation and free energy calculation are employed to
explore the binding mechanism between the antagonist and SMO receptor.
Results: The MD simulation results and dynamical network analysis show that the conserved KTXXXW motif in
helix VIII has strong interaction with helix I. The α-helical extension of transmembrane 6 (TM6) is detected as
part of the ligand-binding pocket and dissociation pathway of the antagonist. The metadynamics simulation re-

sults illustrate the binding mechanism of the antagonist in the pocket of SMO receptor, and free energy calcula-
tion shows the antagonist needs to overcome about 38 kcal/mol of energy barrier to leave the binding pocket of
SMO receptor.
Conclusions: The unusually long TM6 plays an important role on the binding behavior of the antagonist in the
pocket of SMO receptor.
General significance: The results can not only profile the binding mechanism between the antagonist and Class F
GPCRs, but also supply the useful information for the rational design of a more potential small molecule antago-
nist bound to SMO receptor.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

G protein coupled receptors (GPCRs), a large family of seven trans-
membrane domain receptors, were the targets of approximately 40%
of modern drugs [1]. The GPCRs were generally classified into six main
families on the basis of sequence and structure similarity: class A
(rhodopsin-like), class B (secretin receptor family), class C (metabotropic
glutamate/pheromone), class D (fungal mating pheromone receptors),
class E (cyclic AMP receptors) and class F (frizzled/smoothened) [2–8].
More than 18 structures of class A receptors of GPCRs have been deter-
mined to understand the structure and function of GPCRs [9]. Two class
hemical Engineering, Lanzhou
6 931 891 2578; fax: +86 931
B GPCRs have been solved: the corticotropin-releasing factor receptor 1
(CRF1R) [2] and glucagon receptor (GCGR) [10]. Among different
GPCRs, the smoothened (SMO) receptor, an important member of
class F GPCRs in the hedgehog signaling pathway, played an important
role in the maintenance of embryonic development in animals [11,12].
The SMO receptor was reported to couple with G protein and its func-
tion could be modulated by the natural or synthetic antagonists and
agonists [13]. SMO receptor shared less than 10% sequence identity
with class A GPCRs and had most features of the class frizzled GPCRs
[8,14]. However, the crystal structure of SMO receptor, which was
solved recently to study the binding mode of a potential antitumour
agent to SMO receptor, showed a highly similar spatial conformation
with the Class A GPCRs [15]. The crystal structure of SMO receptor in
complex with LY2940680 illustrated that the ECL structure, ECD linker
domain and α-helix structure formed the antagonist-binding domain
[15]. The antagonist LY2940680 competed with binding of the inverse
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agonist Cyclopamine [16] and agonist of SAG [15] in the long and nar-
row pocket of SMO receptor.

The recently reported crystal structure of SMO receptor provided
some static information about the interaction between SMO receptor
and antagonist LY2940680. But more details about the dynamical inter-
action and its modulation mechanism such as free energy, the dissocia-
tion pathway of the antagonist were still elusive. Molecular modeling
methods such as molecular dynamics (MD) simulations combined with
principal component analysis, clustering analysis, cross-correlation
analysis and dynamical network analysis could help us to understand
thebinding andmodulationmechanismof the antagonist on SMO recep-
tor at the atomic level. In addition, on the basis of molecular dynamics
simulation, free energy calculation, potential mean force and dynamical
network analysis could also be used to predict the binding affinity
of the antagonist upon SMO receptor and to identify the key residues
of protein, which were useful for the structure based drug design of
new potent modulators [17,18].

During the past years, many molecular modeling studies about the
class A GPCRs had been reported using the MD simulations on the
basis of the crystal structures. For instance, the β2 adrenergic receptor
(β2AR) in complex with the agonist, antagonist and inverse agonist
had been studied using MD simulations and molecular docking. The re-
sults of MD simulations proved that there were different interaction
modes between β2AR and different kinds of ligands [19–21]. The disso-
ciation pathway of ligands in the pocket of β2AR was also identified
using MD simulations [22,23]. Free energy calculations were also used
to profile different landscapes of ligands bound to the β2AR by adaptive
biasing techniques [24] and metadynamics simulations [25–29]. Be-
sides, the dynamical transform between the active and inactive states
of β2AR was reported by long molecular dynamics simulations [30,31].
In addition, the interaction between β2AR and Gs protein was studied
for the activation mechanism of β2AR and other GPCRs using MD simu-
lations [32]. The results of molecular docking and MD simulations
illustrated that only the inverse agonist could induce the separation of
Gαs and Gβγ indirectly though changing the conformation of β2AR
[20]. Furthermore, the molecular modeling methods combined with
the biological experiments, were successfully used to discover the active
compound of β2AR [33]. Until now, there was no report about the
analysis of antagonist-bound SMO receptor using MD simulations and
free energy calculations.

In the present study, we utilized a combination of computational
techniques including molecular dynamics simulations, free energy
calculations, and metadynamics simulations to generate an ensemble
view of the dynamic properties of the binding mechanism of SMO re-
ceptor with its antagonist LY2940680. MD simulations were carried
out to study the dynamical structural features of SMO receptor and
the interaction between the antagonist and the SMO receptor. The
dynamical network analysis was also used to explore the interaction
mode between the antagonist and SMO receptor. The metadynamics
simulations were used to calculate the energy surface with respect to
the reaction coordinate of a dihedral angle in LY2940680. The free ener-
gy calculation from adaptive biasing force (ABF) simulations was used
to depict the energy barrier and energy deep well along the reaction
coordinate. The simulation results could provide some information
about the function of important domain and key residues of SMO recep-
tor aswell as the behavior of antagonist LY2940680 in the protein pocket.
Our study could give valuable insights into the binding and modulation
mechanismof SMOreceptor andprovide someuseful clues for the design
of small molecules by targeting the SMO receptor.

2. Materials and methods

2.1. Protein preparation

The crystal structure of SMO receptor in complex with antagonist
LY2940680 was obtained from the PDB database (PDB code: 4JKV
[15]). The subunit A of the crystal model of SMO receptor was saved
to build a receptor model. Besides, the antagonist LY2940680 and
crystal water were stored to construct the complex and to study the in-
teraction mode. The thermostabilized apocytochrome b562RIL (BRIL)
was saved to replace the extracellular cysteine-rich domain (CRD)
(see Fig. 1A) [15]. The explicit membrane around the hydrophobic
part of SMO receptor was built by 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) lipids using VMD [34] soft package. The
final size of the membrane was about 75 Å × 75 Å. The TIP3P
water [35] was used to fill in the periodic boundary box with a size
of 75 Å × 75 Å × 100 Å. To get the neutral environment of the entire
system, two sodium ions were immersed into the water. The whole
system, which included the SMO receptor, antagonist, water, lipids
and ions, had a total of ~40,000 atoms per periodic cell. The web
server SwissParam [36] was used to construct the CHARMM force
field parameters of antagonist LY2940680.

2.2. Molecular dynamics simulations

The above built complex was used to perform molecular dynamics
(MD) simulations. First of all, only the lipid tail was relaxed freely in
100 psminimization andwas equilibrated with 500 ps at constant tem-
perature (310 K) and constant pressure (1 bar). Then, all atoms except
SMO receptor and the antagonist were relaxed for a minimization of
100 ps and equilibration of 500 ps. Subsequently, a 10 nsMD simulation
was run on the whole system without any constrain to get the equili-
brated phase. At last, 50 ns product MD simulations were performed
on the SMO receptor and antagonist in explicit lipids and water.

All the simulations were carried out under a constant pressure of 1
bar and a constant temperature of 310 K. The minimization was based
on the conjugate gradient method. The electrostatics potential was cal-
culated with a nonbonded cutoff of 12 Å based on the particle-mesh
Ewald (PME) [37] method. The constant temperature and pressure
were calculated by the langevin thermostat [38,39] and langevin
barostat [40] method, respectively. All the MD simulations were per-
formed with a time step of 2 fs. The trajectories of MD simulations
were stored every 5 ps for the analysis of MD simulated data. All the
MD simulations were carried out using NAMD [41] (version 2.9b3) on
12 cores of an array of two 2.66-GHz Intel Xeon 5650 processors and
4 pieces of NVDIA Tesla C 2050 graphics card.

2.3. Dynamical network analysis

The dynamical network analysis was used to build network model
of the residues of SMO receptor and to find the potential strongest inter-
action residues in the receptor. The network model was built by the
NetworkView plugin of VMD [34,42,43] and the program Carma [44].
In the network, the nodes could be considered as one single atom or
coarse grained representation of a residue. Here, the position of each
node was defined at the center of Cα atom of amino acid. One node in
the network represented one residue of protein. The edge between
two nodes was defined with the cutoff distance of 4.5 Å for at least
75% of MD simulated trajectory. The edge distance was defined as
Eq. (1):

dij ¼ − log Cij

���
���

� �
ð1Þ

where Cij represented pairwise correlationswhichwere obtained by the
calculation of the program Carma [44].

2.4. The potential of mean force (PMF)

To study the energetic change accompanied with the structural fluc-
tuation of SMO receptor, the potential of mean force (PMF) was consid-
ered as a usefulmethod for the generation of energy landscape. The PMF



Fig. 1. Themodel of SMO receptor. (A) Conformational alignment between SMO receptor (PDB ID: 4JKV [15]) andβ2AR (PDB ID: 3NYA [58]). (B) TheMD simulatedmodel of SMO receptor
in complex with the antagonist LY2940680 in explicit lipids, water and ions.
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which was used to describe an average over all the conformation of
protein indicated the preferential conformation of protein during MD
simulations. The PMF was calculated by the Eq. (2) [45–47]:

ΔG x; yð Þ ¼ −kBT lng x; yð Þ ð2Þ

where kB and T represented the Boltzmann constant and MD simulated
temperature respectively. The g(x,y) was the normalized joint probabil-
ity distribution. The x and y represented the principal component 1
(PC1) and principal component 2 (PC2) obtained from the Cartesian
principal component analysis (PCA) on basis of covariance matrix
using the program Carma [44].

To calculate the hydrogen bond occupancy, the distance and the
angle between the donor and acceptor were set to 3.7 Å and 35° respec-
tively [48,49]. The radial distribution function (RDF) g(r) could compute
theprobability between twoparticles along the reaction coordinate. The
g(r) could be calculated as Eq. (3) [50]:

g rð Þ ¼ 4πr2dr ð3Þ

where r represented the distance between waters and the pointed
residues of SMO receptor.

2.5. Metadynamics simulations

Metadynamics [51]was used inMD simulations to improve the sam-
pling space and to find the free energy surface. It was similar to other
free energy calculation methods such as umbrella sampling [45,52]
and adaptive biasing force (ABF) [53–55] method. Gaussian potential
was used in metadynamics to fill the free energy wells. If the energy
landscape of a system was not explored fully, the component of forces
would let the discouraged system come back to the previous spot. The
full energy landscape could be obtained by the opposite sum of the
Gaussians in the reaction coordinate. Because the width and height of
the Gaussian potential could be adjusted according to the real situation,
metadynamics simulationwas convenient to optimize the ratio of com-
putational cost and accuracy. In addition, metadynamics simulations
could calculate the free energy at the classical and quantum level, and
it has been successfully applied to study the conformational change
mechanism of chemical molecules and biologic macromolecules [56].
The free energy V(s) of metadynamics could be evaluated as Eq. (4):

−
X
t1 ≤ t

We−
σ−σt1j j2
2δσ2 →V sð Þ ð4Þ

where thewidth andheight of theGaussianW and the δσ represented the
reasonable compromise of accuracy and efficiency in the free energy sur-
face. Here, the dihedral angles of θ1 and θ2 of the antagonist LY2940680
were rotated from −180 to 180° to obtain the free energy surface of
LY2940680 in SMO receptor with explicit lipids and water (see Fig. 7A).
Besides, to study the free rotation of dihedral angles of the antagonist
LY2940680 in the solvate environment, the water box, with a size of
21 × 18 × 27 Å3, was built with the TIP3P water model. The antagonist
LY2940680 was immersed into this water box. The width and height of
the Gaussian potentialwere both set to 1.25 and 0.1 kcal/mol, respective-
ly. The PMF was saved every 1000 frames with 1.0 Å/bin periodically.
And the new hill was added into the old dependent potential every 100
steps. Both of the systems performed 50 ns metadynamics simulations.

2.6. Free energy calculation by adaptive biasing force

Free energy calculation played an important role to study the
dynamical interaction between the ligands and protein. The adaptive
biasing force (ABF) [53–55] method was used in the present work to
profile the free energy of the antagonist along the reaction coordinate.
The ABF method could offset the local barriers to make all the reaction
coordinate sampling with equal probability. Especially, ABF could im-
prove the accuracy of free energy calculation through a reversible
process along the pointed reaction coordinate. The free energy ΔG was
defined from the state a to b as shown in Eq. (5):

ΔGa→b ¼ −
Z ξb

ξa
Fξdξ ð5Þ

where Fξ was the biasing force. Our model was built along the Z axis. As
shown in Fig. S2, the antagonist LY2940680 was located in the long and
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narrow pocket. Because the pocket channel of SMO receptor was open
along the positive Z axis, the free energy of LY2940680 along the posi-
tive Z axis was computed in our work. To stretch out of the antagonist
in the pocket of SMO receptor, the reference point was chosen as the
center of T241, V276, A327, F369, G409, I465 and M525. The span
of the reaction coordinate of the ABF algorithm could be divided
into equally different lengths. Each divided length of the reaction
coordinate was considered as one window. More divided windows
of the reaction coordinate could enhance the ABF simulations effec-
tively [57]. The 5 Å/windows and 0.2 Å/bin were set for the five non-
overlapping windows along the reaction coordinate. The 20 ns MD
simulations were performed on each window. A total of 100 ns MD
simulations were run on the five windows. The wall force constant of
10 kcal/mol/Å2 was applied to the boundary potential. The number of
samples in a bin prior to biasing was set to 500. The ABF simulations
were implemented in NAMD (version 2.9b3) [41] software package.

3. Results and discussion

3.1. Structural features of SMO receptor

The SMO receptorwas the first class F GPCRwith its crystal structure
available. It was significant to understand its structural features by com-
paring the structure of SMO receptor with class A GPCRs. The structural
alignment between SMO receptor (PDB ID: 4JKV [15]) and class A GPCR
(β2AR) (PDB ID: 3NYA [58]) showed that most of the transmembrane
(TM) segments of SMO receptor were superposed well with the crystal
structure of β2AR. Exceptionally, the SMO receptor showed different su-
perposed conformations in the TM1 and TM6 with β2AR (see Fig. 1A).
Fig. 2. Structural features of SMO receptor. (A) The domains of SMO receptor. (B) Conformation
receptor. (C) The RMSD of backbone atoms of ECD linker domain and TM1–7. (D) The represe
β2AR had slightly expanded TM1 relative to SMO receptor. The main
reasonwas that TM1 of SMO receptor was connected to an extracellular
domain (ECD) linker domain (see Figs. 1A and 2A) comparedwithβ2AR.
Another obvious difference was that the TM6 of SMO receptor had
an extra α-helical extension. In the crystal structure of SMO receptor,
it had seven transmembrane segments from the α-helix structure.
Seven TMs (TM1–7) corresponded to the conformation of seven helixes
(I–VII) (see Fig. 2A and D). The helix VIII was in the intracellular part of
SMO receptor (see Fig. 2B). The ECD linker domain, which had a disul-
fide bond between C193 and C213, formed the kink structure in favor
of the stability of structure. The extracellular loop (ECL) 1 between
TM2 and TM3, which formed a disulfide bond between C295 and
C217 of ECD linker domain, had a short α-helix before C295. The ECL2
between TM4 and TM5, which had a disulfide bond between C3143.25

and C390, contained a β-hairpin for the pocket formation of SMO recep-
tor. The fourth disulfide bond was formed by C490 and C507 of ECL3.
The ECL3 between TM6 and TM7 was mostly disordered (see Fig. 2A).
The integrity of the ECL conformation,whichwas connected by disulfide
bonds to each other, was necessary to keep the SMO receptor in a stable
state [15,59].

To further study the binding mode of the antagonist to SMO recep-
tor, the SMO receptor in complex with antagonist LY2940680 was im-
mersed into the lipids and water box and neutralized by two sodium
ions (see Fig. 1B). 50 ns MD simulations were performed to study the
bindingmode of the antagonist LY2940680 in the pocket of SMO recep-
tor. After 50 ns MD simulations, the simulated structure superposed
with the crystal structure well (see Fig. 2B). The root mean square devi-
ation (RMSD) showed that the TM1–7 of SMO receptor got into the
equilibrium phase in 50 ns MD simulations. Although the ECD linker
al superposition between the simulated equilibrium structure and crystal structure of SMO
ntation of transmembrane segments (TM1–7) corresponding to helixes I to VII.

image of Fig.�2
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domain was considered as the disordered structure, the RMSD of back-
bone atoms of the ECD linker domain kept about 1.1 Å stably in 50 ns
simulated time (see Fig. 2C). It indicated that the ECD linker domain
packaged as a tight whole system during the MD simulations.

3.2. The analysis of key residues of SMO receptor

As shown in Fig. 3A, the RMSD of backbone atoms of SMO receptor
proved that the conformation of SMO receptor was in a stable dynami-
cal state. There was no NPXXY motif in SMO receptor which existed in
helix VII of class A GPCRs. However, the KTXXXW motif in helix VIII of
SMO receptor was instead of the NPXXY motif for the critical activation
of signaling pathway. The conserved KTXXXWmotif, which had a stable
RMSD, suggested that the SMO receptor was still in the inactive state
[15]. The residues T541, I544 and W545 in helix VIII of SMO receptor
interfaced with the residue T2511.56 and A254 in helix I. Especially, the
hydrogen moiety of T541 of KTXXXW motif formed a hydrogen bond
with the oxygen moiety of V536 in the intracellular end of helix VII,
and the indole hydrogen ofW545had a hydrogen bondwith the oxygen
group of T2511.56 in helix I. Besides, the residue T541 formed hydrogen
bonds with the residues A540 and I544 (see Fig. 3B). The RMSD of the
residues T2511.56, A254, V536, K539, A540, T541, L542, L543, I544 and
W545 calculated by vmdICE program [60], showed the conformational
change of each residue during 50 ns MD simulations. The T2511.56,
A254 and V536 had a different conformational fluctuation with the
conserved KTXXXW motif, and the residues of KTXXXW motif also
had different RMSDs such as L542 and L543 because the L542 and
L543 in the flank of helix VIII did not form hydrogen bonds with other
transmembrane segments (see Fig. 3B and C).

To further study the interactions of the residues of SMO receptor, the
dynamical network analysis was a useful method to explore potentially
Fig. 3.Key residues of SMO receptor. (A) The RMSDof backbone atoms of SMO receptor and the
and V536. The SMO receptor had an extra A540 between the K539 and T541, the rest of motif
T2511.56, A254 and V536.
important interaction residues of SMOreceptor. The dynamical network
dealt with the nodes using a coarse grain model. Each node could
represent a residue or an atom. According to the motion property
of nodes, the dynamical network analysis could divide the network
into different subnetworks which tuned into different colors. As
shown in Fig. 4, the SMO receptor was built with different nodes and
connected bydifferent edges. The different color domains in SMO recep-
tor represented different network communities. Interestingly, the
strongest edges were distributed in helix VIII and helix I which formed
the conserved structure in SMO receptor. In helix I, the strongest resi-
dues of A2501.55, V253, T2511.56, A254, F252 and D255 were connected
to each other in turn. It did not form the complex connected network. In
helix VIII, four residues of the conserved KTXXXW motif formed the
strongest edges. The R546 formed the strongest edges with L542, L543
and I544 which corresponded to the “XXX” part of the KTXXXW motif.
Another R547 only formed the strongest edges with I544. The main
kink residue was the I544 of KTXXXW motif which had the strongest
edges with L542, R546 and R547. The W545 had a strong edge with
L542 as well as a hydrogen bond with T2511.56 in helix I (see Figs. 3B
and 4). The results of dynamical network analysis indicated that helixes
I and VIII contained the conserved domain and supplied the interaction
network of conserved residues of helixes I and VIII.

Since the conformational fluctuation was studied, the free energy of
conformation of SMO receptor was necessary to be explored during the
MD simulations. The potential of mean force (PMF) could be used to
identify the conformational change of protein with theMD simulations.
To decrease the dimensions of MD simulated results for PMF analysis,
principal component analysis (PCA) on the basis of covariance matrix
was employed to extract the major fluctuation property from the MD
simulation trajectory of SMO receptor. The principal component 1
(PC1) and principal component 2 (PC2), which were measured by
conservedmotif KTXXXW. (B) The representation of themotif KTXXXWand T2511.56, A254
of KTXXXWwas conserved. (C) The RMSD of backbone atoms of the KTXXXWmotif and

image of Fig.�3


Fig. 4.Dynamical network analysis. The different color domains of SMO receptor represented different network communities. The points in the SMO receptor were the nodes, and the line
between the nodes represented the edges. The thick lines showed the strong edges. The strongest edges were in the intracellular part of helixes I and VIII.
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programCarma, could represent themost fluctuation of protein [61]. As
shown in Fig. 5A, the PMF was calculated with respect to PC1 and PC2.
There was only one energy deep well in the energy landscape along
the two dimensional reaction coordinates. It indicated that the SMO re-
ceptor was in an inactive state stably duringMD simulations. The RMSD
Fig. 5. PMF and the structure features of TM6. (A) The potential of the mean force of the confor
helix VI and E479–R482. (C) The radial distribution function g(r) between the waters and F475
the connection of α-helical extension of TM6.
and energy distribution of PMF corresponded to the conformational
fluctuation of SMO receptor and was described in Figs. 3A and 5A.

The energy landscape indicated that SMO receptor kept a stable
conformation. However, in the crystal structure of SMO receptor, TM6
had an unusually long α-helical extension part in the ECL3. To study
mation of SMO receptor with respect to PC1 and PC2. (B) The RMSD of backbone atoms of
, N476, Q477, A478. (D) The hydrogen-bonding network stabilized the non-proline kink at

image of Fig.�4
image of Fig.�5
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the conformational stability of helix VI which included TM6 and the
α-helical extension of TM6, the RMSD of backbone atoms of helix VI
was measured over the simulation time (see Fig. 5B). The RMSD indi-
cated that the conformation of helix VI kept stable during 50 ns MD
simulations. It indicated that the α-helical extension of TM6 was not
distorted during MD simulations. The first reason was that the long ex-
tension of TM6was partially stabilized by the ionic interaction between
E479 and R482 [15]. As shown in Fig. 5B, the RMSD of backbone atoms
of E479 and R482 suggested that the ionic interaction of E479 and
R482 kept stable during the MD simulations. The second reason was
due to the hydrogen bond network between the water molecules and
F475, N476, Q477, A478 which could stabilize the non-proline kink of
the α-helical extension and TM6 (see Fig. 5D).

To explore thedistribution ofwatermolecules around residues F475,
N476, Q477 and A478, radial distribution function (RDF) was used to
calculate the possibility along the reaction distance between the water
molecules and residues F475, N476, Q477, A478. As shown in Fig. 5C
and D, water molecules were located in a pocket of SMO receptor and
out of helix VI. When the reaction distance was ~3.7 Å, the g(r) had a
peak corresponding to the formation distance of hydrogen bonds. In
this reaction distance, water molecules formed dynamical hydrogen
bonds with residues F475, N476, Q477 and A478. After the reaction dis-
tance of ~3.7, the g(r) slightly decreased because the number of water
was limited in the pocket of SMO receptor and the water molecules
were uniformly distributed in the solvate box.With the increase of reac-
tion distance, more water molecules of the solvate box were counted
Fig. 6. The interaction mechanism between the antagonist LY2940680 and SMO receptor. (A) T
receptor. (B) The sites of SMO receptor formed hydrogen bonds with the antagonist LY2940
LY2940680 was shown in Fig. S3. (C) The radial distribution function g(r) between the waters
bonding network between waters and R4005.39, H4706.52, D4736.55, E5187.38, N5217.41.
and this led to the high value of the g(r). The RDF results indicated
that the hydrogen bond network was formed around the non-proline
kink of the α-helical extension of TM6.

3.3. The interaction between antagonist LY2940680 and SMO receptor

The hydrogen bond occupancy analysis was performed to find im-
portant residues which had high frequency hydrogen bond interaction
with the antagonist LY2940680 during the MD simulations. The residue
N219, which anchored in the ECD linker domain, had high hydrogen
bond occupancy. Besides, the residue L221 of the ECD linker domain
also formed hydrogen bonds with the antagonist LY2940680 (see
Figs. 6A, B and S1). It indicated that the ECD linker domain played an
important role in the formation of a ligand-binding pocket. The resi-
dues K395, Y394, S387 and D384 of ECL2 formed hydrogen bonds
with antagonist LY2940680. Remarkably, the D384 residue located in
the β-hairpin of ECL2 was in a deep position of the extracellular part of
SMO receptor. The residues of ECL1 did not form the hydrogen bonds
with the antagonist LY2940680 because it was far away from the pocket
of SMO receptor. There was one hydrogen bond between P513 of the
disordered part of ECL3 and antagonist LY2940680. Especially, the resi-
dues Q477, W480, E481 and F484 in the α-helical extension of TM6
formed four hydrogen bonds with the antagonist LY2940680. In addi-
tion, the residues in the helixes of SMO receptor also formed hydrogen
bonds with antagonist LY2940680. The W2812.57 of helix II, R4005.39 of
helix V and E5187.38 of helix VII could form the dynamical hydrogen
he hydrogen bond occupancy between the antagonist LY2940680 and the residues of SMO
680. The 3D representation of hydrogen bonds between SMO receptor and antagonist
and R4005.39, H4706.52, D4736.55, E5187.38, N5217.41. (D) The representation of hydrogen-
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bonds with antagonist LY2940680 (see Figs. 6A, B, and S1). To validate
the conformational stability of K395, F484, E481, W480, Q477, N219,
R400, S387, E518, W281, Y394, D384, P513, L221 and antagonist
LY2940680, the RMSD was calculated on the basis of their backbone
atoms. Fig. S4 showed that they could keep the dynamical equilibrium
phase in the 50 ns simulation. The results of hydrogen bonds suggested
that the ECD linker domain, ECL2, ECL3 and helixes II, V, VI, and VII
formed the ligand-binding pocket of SMO receptor.

In the pocket of SMO receptor, the residues R4005.39, H4706.52,
D4736.55, E5187.38 and N5217.41 formed a hydrogen-bonding network
with the water to stabilize the conformation and dynamics of the pocket
[15]. To study the water distribution around these residues, g(r) was
employed to calculate the possibility along the reactiondistance between
the water molecules and residues R4005.39, H4706.52, D4736.55, E5187.38,
N5217.41 during 50 ns MD simulations (see Fig. 6C and D). The g(r) had
a peak value at the reaction distance of ~3.7 Å corresponding to the dis-
tance of hydrogen bonds. It indicated that the hydrogen-bonding net-
work formed a dynamical interaction with the residues in the pocket of
SMO receptor. With the increase of the reaction distance, the number
of water in the pocket decreased, and the value of g(r) also went down.

3.4. Metadynamics simulations

There were different dihedral rotation behaviors of the ligand in the
solvation and protein environment. The study of these differences could
Fig. 7. The results from metadynamics simulations. (A) The sketch of rotated angles (θ1 and θ
LY2940680 and the residues of SMO receptor during the metadynamics simulations. (C) Free e
angles as the reaction coordinate. (D) Free energy surface of the antagonist LY2940680 in com
getmore details about the interactionmechanismbetween the receptor
and ligand. To study the free energy of rotation of the antagonist
LY2940680 in a solvation environment and SMO receptor, two systems
were built for metadynamics: one (LY2940680–water) was the antago-
nist LY2940680 which immersed into the water box freely, the other
(LY2940680–SMO) was the antagonist LY2940680 in complex with
SMO receptor, explicit water, ions and lipids. As shown in Fig. 7A, the
angles of θ1 and θ2 were rotated near the N219 of the ECD linker domain
for the free energy surface computation of the antagonist LY2940680.
There existed three obvious free energy surfaces in the LY2940680–
water system. The predominant conformation of the antagonist
LY2940680 in the LY2940680–water system matched with the θ1 and
θ2 values of approximately [50° 150°] and [−180° −50°]. The [θ1 θ2]
values corresponding to the pairwise dihedral angles of approximately
[75° 125°], [50° 100°] and [50° 125°], [150° 180°] represented the
minor conformation of the antagonist LY2940680. The other angles of
[θ1 θ2] were unreachable because the methyl group could hinder the
carbonyl and trifluoromethyl group of the antagonist LY2940680 during
the angle rotation of metadynamics simulations (see Fig. 7A and C).
Meanwhile, the LY2940680–SMO system only showed one energy
surface in Fig. 7D. The predominant conformation of the antagonist
LY2940680 corresponded to the [θ1 θ2] values of approximately
[60° 150°] and [−170° −40°]. By comparing Fig. 7C with Fig. 7D, it
was obvious that the most stable conformations corresponding to free
energy values of 0 kcal/mol in Fig. 7Dwere distributed in awider region
2) of metadynamics simulations. (B) The hydrogen bond occupancy between antagonist
nergy surface of the antagonist LY2940680 in the bulk water using the θ1 and θ2 torsional
plex with SMO receptor, ions and lipids.
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than in Fig. 7C. It indicated that the residues of SMO receptor affected
the conformation of the antagonist LY2940680 during the angle rotation
of metadynamics simulation. As shown in Figs. 6A and 7B, the hydrogen
bond occupancy between the antagonist LY2940680 and the residue
R4005.39 disappeared during the metadynamics simulations. Instead,
the hydrogen bonds between the antagonist LY294068 and N5217.41

which are located in the hydrogen-bonding network of water were
kept. It indicated that the R4005.39 was located in the binding site of
the antagonist LY2940680. In addition, the hydrogen bond occupancy
of Y394 in ECL2 increased during the metadynamics simulations.
It suggested that the residue Y394 of ECL2 had a strong interaction
with the antagonist LY2940680 along reaction coordinate during the
metadynamics simulations. The results of metadynamics simulations
provided useful information for drug design on the basis of the binding
mode of the antagonist.

3.5. Free energy calculations

Since the free energy surface of rotation of the antagonist was
studied in the pocket of SMO receptor, it was necessary to study the
free energy of dissociation of antagonist LY2940680 in the pocket
of SMO receptor. The ABF method could make the sampling in equal
probability and improve the accuracy of free energy calculation by the
reversibly calculated process. ABF simulation was used to explore the
free energy when the antagonist LY2940680 escaped from the pocket
Fig. 8. The results of ABF simulations. (A) Free energy delineating the separation of the antago
occupancy between the antagonist LY2940680 and pocket of SMO receptor along the reaction
α-helical extension of TM6 and the pocket of SMO receptor in the dissociation pathway of an
of SMO receptor. As shown in Fig. 8A, the antagonist LY2940680 needed
to conquer about 38 kcal/mol of energy barrier to get out the pocket of
SMO receptor.

The energy barrier corresponding to the interaction between resi-
dues of SMO and the antagonist LY2940680 during the ABF simulations
was shown in Fig. 8B and C. The hydrogen bond occupancy showed two
important parts for the dissociation of the antagonist LY2940680,
one was the residues in the ligand-binding pocket of SMO receptor
including TYR394, ASN219, ILE215, ASP384, TYR207, GLU5187.38,
SER387, PHE484, GLU481 and LYS395, the other was in the region
of the ECD linker domain, ECL1 and the α-helical extension of TM6 in-
cluding ARG485, LEU197, VAL210, ASP209, VAL488, CYS213, GLN491,
LEU489, LEU303, CYS193, GLN192, GLU211, GLY212, ARG199, THR200,
TRP206 and ASP201. The antagonist LY2940680 should break the inter-
action with residues in the pocket of SMO receptor, and then left the
pocket to the extracellular part of SMO receptor. Because the SMO re-
ceptor contained a long ECD linker domain, ECLs and the α-helical ex-
tension of TM6, the antagonist LY2940680 still interacted with SMO
receptor directly though the antagonist got out of the pocket. The dy-
namically unbinding pathway of antagonist LY2940680 was illustrated
in the Movie S1. The results of ABF simulations indicated that the ECD
linker domain and α-helical extension of TM6 not only played an im-
portant role on the interaction between the antagonist LY2940680
and the residues in the pocket of SMO receptor, but also were relevant
to the dissociation pathway of the antagonist LY2940680.
nist LY2940680 from the pocket of SMO receptor along the Z axis. (B) The hydrogen bond
coordinate of ABF simulations. (C) The sketch of the residues of ECD linker domain, ECL1,
tagonist LY2940680.
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4. Conclusions

In this work, we studied the dynamical structural features and inter-
actionmechanismbetween the antagonist LY2940680 and SMO receptor
by using MD simulations, dynamical network analysis, metadynamics
simulations and ABF simulations. The simulation results showed that
motif KTXXXW was included in the strongest edges and had different
behaviors with the other residues of SMO receptor. The ECD linker
domain, helixes II, V, and VII, and the α-helical extensions of TM6,
ECL2 and ECL3 formed the antagonist-binding pocket. To study the
binding mechanism of the antagonist in the pocket of SMO receptor,
the metadynamics and ABF simulations were used to explore the free
energy along the reaction coordinate of rotation and dissociation. The
results of metadynamics indicated that conformation of the antagonist
LY2940680 was restricted by the residues of SMO receptor. The ABF
simulations proved that the antagonist LY2940680 needed to overcome
about 38 kcal/mol of energy barrier to escape the pocket of SMO recep-
tor along the dissociation pathway. Generally, our study not only pro-
vided the interaction mechanism between the antagonist and SMO
receptor, but also gave useful information about the conformational fea-
tures of the antagonist and SMO receptor for drug design.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2014.03.010.
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