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A B S T R A C T

Itraconazole is an antagonist of the component Smoothened of Hedgehog pathway, which can inhibit the growth
of medulloblastoma, basal cell carcinoma, and melanoma, etc. To research the binding mechanism of the
Smoothened and triazoles, we used docking and molecular dynamics simulations on the Smoothened crystal
structure and six triazoles. Unlike vismodegib, itraconazole can effectively bind into the pocket in the C-terminal
domain of the Smoothened crystal structure instead of the N-terminal domain. The binding of itraconazole can
change the conformation of the N-terminal domain even although itraconazole only had limited area contacting
with N-terminal domain of the Smoothened. Besides, the binding of Itraconazole will not affect the binding of
vismodegib. The strong binding affinity could be demonstrated between itraconazole and the Smoothened.
Posaconazole and ketoconazole also had the strong binding affinity and the similar binding mode with the
Smoothened crystal structure.

1. Introduction

As an efficient and safe triazole antifungal agent [1], itraconazole
(ITZ) is also an potent antagonist of the Hedgehog (Hh) signaling
pathway that inhibits cancer growth [2]. Through acting on the com-
ponent Smoothened (SMO) of Hh pathway, ITZ can suppress the growth
of medulloblastoma [2], basal cell carcinoma (BCC) [3], and malignant
melanoma [4], etc. Posaconazole (PCZ), a second-generation triazole
antifungal drug, can also suppress the growth of basal cell carcinoma by
inhibiting Hh pathway, as with itraconazole [5].
The crystal structure of the multi-domain human SMO was reported

and a precise arrangement of three distinct domains was revealed [6].
However, it still remains unclear how the ITZ molecule binds to SMO
and inhibits the activity of SMO. To further study the interaction be-
tween SMO and triazoles, we used docking and molecular dynamics
simulations to research on the binding of SMO crystal structure and 6
azoles, separately. We found that ITZ, PCZ, and ketoconazole (KCZ) had
the similar binding mode with SMO, indicating valuable structure–-
function relationships in biology. The simulations model gave insight
into the feature requirements of the common backbone for the SMO
inhibitory activity. Further, focusing on the SMO crystal structure and

drug binding affinity may bring us more inspiration to design and sy-
nergize new drugs.

2. Methods

2.1. Docking and molecular dynamics (MD) simulations

Glide docking [2], part of the Schrödinger suite [8,9], and the
docking algorithm in Molecular Operating Environment (MOE) [4]
were carried out to prepare the protein-ligand complex. Here, the C-
terminal domain (CTD) of the SMO crystal structure (PDB ID: 5L7D) [3]
is treated as the targeted protein and the site around the ligand in the
crystal structure is the binding pocket. Although ITZ is supposed to bind
in the pocket of the C-terminal domain, N-terminal domain (NTD) is
also regarded as part of the receptor in order to determine the function
of this domain. The whole protein was protonated at pH of 7. The Glide
XP scoring function [8,11] and the scoring function in MOE were em-
ployed to assess the binding mode and the best one was used as the
initial structure in the MM MD simulations. Consequently, multi-step
MM MD simulations were adopted in order to equilibrate the complex
structure. Here the ff14SB force field [13] was used to describe the
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protein and the gaff force field [5] to the ligand. The partial atomic
charge of substrates was calculated by the restrained electrostatic po-
tential (RESP) [6] charge from HF/6-31G* calculation with Gaussian 09
package [7]. In the ligand-receptor complex preparation, the system
was neutralized by adding the counter ion (Na+/Cl−), and then sol-
vated by a TIP3P cubic water box. The total volume was about
70 ∗ 85 ∗ 150 Å3. In the MD simulations, first of all, three steps of
minimization were carried out to optimize the water molecules, the side
chains, and the whole system respectively. Then, 100 ps MD simula-
tions under canonical ensemble with the Berendsen thermostat method
[8] was used to heat up the system from 0 K to 300 K, and another
100 ps MD simulations under isobaric ensemble to equilibrate the
system. Finally, 50 ns MD simulations under NVT were applied to relax
the binding of the protein-ligand complex. The Particle mesh Ewald
(PME) method was employed to treat long-range electrostatic interac-
tions. The cutoff values for both van der Waals interactions and elec-
trostatic interactions were 10 Å. Shake algorithm [9] was used to con-
strain all hydrogen-containing bonds with a tolerance of 10−5. The time
step was chosen as 2 fs. All the MM MD simulations were performed
with pmemd.cuda [10] in AMBER14 [15]. After a long time MD si-
mulations, MM-PBSA was used to calculate the binding free energy
between the ligand and the protein. Moreover, dihedral principal
component analysis (dPCA) [11] was applied to analyze the con-
formational change of the protein.

3. Results

3.1. Docking

Five classical triazole antifungal agents, namely ITZ, fluconazole
(FNZ), miconazole (MNZ), KCZ and clotrimazole (CTZ) (in Scheme 1),
were prepared for the comparison of the different performances be-
tween the triazole and SMO. Here the docking results of these five li-
gands and the cholesterol (the original ligand in the crystal structure)
based on the Glide XP and MOE scoring function have been listed in
Table 1. Apparently, the binding affinity between SMO and ITZ is
higher than those between SMO and fluconazole, miconazole and

clotrimazole, which is corresponding to the previous experiments. Ad-
ditional, the docking results indicate that the binding affinity between
SMO and KCZ is close to the value of ITZ and both of these two ligands
have the similar affinities with SMO to the cholesterol, which is the
endogenous ligand of SMO.

3.2. MD simulations and binding free energies

By employing the structures after docking, the extensive MD simu-
lations (100 ns for each ligand-protein complex) have been carried out
to determine the exact binding mode and binding free energies between
SMO and the triazoles in order to figure out the causes for the higher
binding affinity between SMO and ITZ than those between SMO and
most of the other triazoles. As illustrated in Fig. 1(a), hydrophobic in-
teractions are dominant in the binding between SMO and ITZ. Owing to
the existence of several aromatic rings in ITZ, many residues in both
CTD and NTD form the CH-π interactions with ITZ, including Leu55,
Val523, Leu524, Cys525 and the other non-polar residues. Besides, a
cation-π interaction between Arg104 and one of the aromatic rings in
ITZ increases the binding affinity between SMO and ITZ. Although no
direct hydrogen bond exists, there is an indirect hydrogen bond be-
tween Tyr150 and the carboxyl group of ITZ.
In order to determine the binding affinity between SMO and ITZ, the

binding between SMO and its endogenous ligand, cholesterol, has been
set as the reference. With the same MD procedures, the binding mode of
SMO and cholesterol has been shown in Fig. 1(b). Apparently, the
binding mode between SMO and cholesterol is disparate from that of

Scheme 1. The structures of six classical triazole antifungal agents.

Table 1
The docking results of SMO and five classical triazole antifungal agents.

Scoring function MOE Glide XP

ITZ 2 1
CTZ 5 5
KCZ 1 2
MNZ 3 3
FNZ 4 4
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SMO and ITZ. Strong hydrogen bond interactions are dominant in the
binding between SMO and cholesterol. However, owing to the lack of
aromatic ring in cholesterol, few CH-π interactions exist. Furthermore,
due to the amphipathic property of cholesterol, hydrophobic interac-
tions between the hydrophobic part of cholesterol and the non-polar
residues from CTD and NTD play a role in the binding.
Since it is unable to determine the binding affinity through the

comparison of the binding mode between SMO and ITZ and the one
between SMO and cholesterol, MM-PBSA, which is a general method for
the binding free energy calculations, is employed to quantify the
binding affinity of SMO and ITZ. As listed in Table 2, the binding free
energies of the structures in the last two nanoseconds have been cal-
culated. According to the results of MM-PBSA, the binding free energy
of SMO and ITZ is the one which is closest to that of SMO and cho-
lesterol, while those triazoles have the much less negative binding free

energies with SMO than the one of SMO and ITZ. Both of these results
indicate that ITZ can bind with CTD of SMO effectively which is con-
sistent to the experimental result.
Besides the binding mode between SMO and ITZ or cholesterol, the

possible binding modes between SMO and other four triazoles (KCZ,
CTZ, FNZ, and MNZ) have been discussed in the following part. Finally,
another triazole, PCZ, which has been proved as the inhibitor for the
SMO [5], was chosen to validate the model. As shown in Fig. 1, the
hydrophobic interaction is still dominant in the binding modes of these
four kinds of triazoles. However, the polar interactions in these four
binding modes, such as cation-π and hydrogen bond, contribute less
than one in the binding modes between SMO and ITZ or cholesterol. In
addition, fewer residues in NTD interact with these four triazoles than
that with ITZ or cholesterol. All of these result in the decrease of the
binding affinity of these four triazoles with SMO.

Fig. 1. The binding mode of ITZ, choles-
terol, KCZ, CTZ, FNZ, MNZ and SMO.
Herein, the hydrogen bonds are shown in
blue dash lines while the hydrophobic in-
teractions are shown in black. (a)
Obviously, the hydrophobic interactions,
especially the CH-π interactions, are domi-
nant in the ligand-protein binding interac-
tion. Besides, the indirect hydrogen bond
and the cation-π interaction between ITZ
and Tyr150, and Arg104 respectively con-
tribute to the affinity of the ligand and the
protein. (b) Although there is no aromatic
ring in cholesterol, it still has a strong hy-
drophobic interaction with many non-polar
residues in CTD and even in NTD (Val 488,
Ile496 and Ala492). (c)–(f) The hydro-
phobic interaction is still dominant for these
four triazoles binding with SMO. (For in-
terpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)
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3.3. Conformational change and dPCA results

According to the root-mean-square deviation (RMSD) in Fig. 2, the
fluctuations of the CTD and NTD are totally different. Although the
binding pocket is located in the CTD, the fluctuation of the NTD is
larger than that of the CTD. The RMSD of the CTD fluctuates around
1.75 Å after 5 ns while the RMSD of the NTD fluctuates around 5 Å (in
Fig. 2). In order to determine the change of the NTD, the dPCA has been
carried out to analyze the conformational change of the NTD. Herein,
the results of dPCA have been depicted in Fig. 3(a,b). The change of
conformation of the NTD is larger than that of CTD even though the
conformation of the CTD also changes. According to the conformation
evolution in Fig. 4(a), the conformational change of the CTD is mostly
contributed by one of the loops, which is far way from the binding
pocket, while the conformational change of the NTD contains the
change of the part close to the binding pocket. These indicate that the
binding of ITZ in the CTD can induce the conformational change of the
NTD. Furthermore, the dPCA method was also employed to calculate
the conformational change of SMO binding with cholesterol. Similar
conformational change of the NTD has been observed in the MD si-
mulations. The dPCA results of SMO and cholesterol share many simi-
larities with the those of SMO and ITZ, no matter the range or the shape
of the change pathway. This similar conformational change provides
another evidence to show that the binding affinity of ITZ with SMO is
similar to the endogenous ligand, cholesterol.
Furthermore, the dPCA method has been carried out to analyze the

conformational change of the NTD of the SMO-KCZ, SMO-CTZ, SMO-
FNZ and SMO-MNZ as well (Fig. 3). Comparing these four dPCA results
and the results from SMO-ITZ or SMO-cholesterol, the ranges in the
SMO-ITZ and SMO-cholesterol (larger than 8) are apparently larger
than the ranges of the other four systems (about 6). In these four dPCA
results, only the range of the SMO-KCZ complex is close to the SMO-ITZ
complex. Also, the binding energy of the SMO-KCZ complex is only
7 kcal/mol less than that of the SMO-ITZ complex, which means this
triazole could be able to bind with SMO to some extent. Plus, the
conformational change after binding into SMO makes the KCZ possible
to control the signal of SMO similar to the ITZ. As for the other triazoles
(CTZ, FNZ, and MNZ), due to their small scaffold and binding modes

(Fig. 1), they are all unable to have a strong interaction with the NTD in
SMO leading to the less conformational change in these three systems
than the others.

3.4. Noncompetitive inhibition between vismodegib and triazoles

According to the previous experimental results, ITZ inhibits the
SMO is noncompetitive with the triazoles. Two parallel simulations
have been setup to demonstrate the noncompetitive inhibition me-
chanism between ITZ, vismodegib (VIG) and SMO. Based on the
binding mode and binding energy analysis in Fig. 4(b) and Table 3, the
binding modes between VIG and SMO with and without ITZ are similar.
Both of these two systems have the T-stacking binding between the
Trp225 and the aromatic ring of VIG. Besides, the phenol group in
Tyr329 has a strong hydrogen bonding with the N in VIG. In addition,
the hydrogen bond between the Asp319 and the carbonxyl group in VIG
contributes to the binding between ligand and protein. In the VIG with
ITZ model, an extra hydrogen bond between NH and Arg335 while in
the VIG without ITZ model, the hydrogen bond has been found between
P-O and Asn163. Several nonpolar interaction (T-stacking between
Phe326 and ligand in the model with ITZ, T-stacking between Phe166
and ligand, and π-π stacking between Asn534 and ligand in the model
without ITZ) between ligand and protein have been found as well. Al-
though the binding modes between VIG and SMO are not exactly the
same, their binding free energies are similar to each other. As the data
shown in Table 3, the binding free energy of VIG and SMO is not af-
fected by the existence of the ITZ while the existence of VIG does not
influence the binding of ITZ and SMO. Therefore, the inhibition be-
tween VIG, ITZ and SMO is noncompetitive.

3.5. Validation

In order to validate the model that predicts the possible triazole
inhibitors for the SMO, here another triazole compound, posaconazole
(PCZ), was chosen. The same docking and MD procedures were em-
ployed for the PCZ-SMO complex and the binding result is depicted in
Fig. 4. According to the binding mode, the binding interaction between
PCZ and SMO is formed by two hydrogen bonds and several π-π/CH-π
stackings. Residue Tyr73 forms a hydrogen bond with the O atom in the
ligand via a water molecule, and Arg 104 forms a hydrogen bond di-
rectly with the N in the 1,2,4-triazole in the ligand. The binding free
energy between the SMO and the PCZ is about 37 kcal/mol, which is
3 kcal/mol higher than the binding free energy between the SMO and
the ITZ and much lower than the other SMO-ligand complexes (CTZ,
FNZ, and MNZ). Therefore, our model that combined the MD simula-
tions and binding free energy calculations can accurately predict the
binding affinity between SMO and triazoles.

4. Discussion

The SMO is a key component of Hh signaling pathway, which reg-
ulates embryonic development and adult stem cells in animals [16,17].
The crystal structure of SMO was reported and well studied [6,18]. It
was found the human SMO had three distinct domains: a seven-trans-
membrane helices domain, a hinge domain and an intact extracellular
cysteine-rich domain [6]. Uncontrolled activation of the Hh pathway
can lead to cancers in the brain, muscle, and skin, etc. [12]. ITZ, KCZ,
and PCZ can inhibit the Hh signaling pathway and the progress of BCC,
prostate cancer, colorectal cancer, melanoma, etc. [2,4,5] [13].

Table 2
The binding free energy (BFE) between SMO and five triazoles and cholesterol.

BFE Cholesterol ITZ KCZ FNZ MNZ CTZ

MMPBSA −39.53 ± 2.30 −39.08 ± 5.06 −32.55 ± 4.66 −14.97 ± 2.54 −22.27 ± 2.53 −12.78 ± 3.34

Fig. 2. The RMSDs along the MD simulations of C-terminal domain (CTD) and
N-terminal domain (NTD). Based on the RMSD values, the CTD is very stable
during the simulations whereas the NTD is fluctuating.
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In our results, unlike other traditional ligands (such as the VIG), the
ITZ can effectively bind into the pocket in the CTD of SMO. The binding
of ITZ to SMO could cause the conformational change of the NTD even
though it only has a small contact area with the NTD. Although the
binding modes differ from each other (π-relative interactions are
dominant in ITZ-SMO while a strong hydrogen bond interaction makes
a large contribution to the cholesterol-SMO binding), the comparable
binding free energies between ITZ-SMO complex and cholesterol-SMO

complex (−39.1 kcal/mol vs. −39.5 kcal/mol) demonstrate the strong
binding affinity between SMO and ITZ which is consistent to the ex-
perimental data. In addition, the binding of ITZ to the CTD of SMO
would not affect the binding of the traditional SMO ligands (VIG), and
vice versa. The VIG-SMO binding free energies change slightly (about
1 kcal/mol) between the model with ITZ and the model without ITZ.
This is a strong evidence of the fact that ITZ and VIG are the non-
competed ligands binding to SMO.

Fig. 3. The dPCA results of the CTD and NTD of SMO based on 100 ns MD simulations of SMO-ITZ complex (a,b), SMO-cholesterol complex (c,d). The dPCA results of
the NTD of SMO based on 100 ns MD simulations of SMO-KCZ complex (e), SMO-CTZ complex (f), SMO-FNZ complex (g) and SMO-MNZ complex (h).
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Besides, the PCZ, which is another known SMO triazole ligand,
validates the correctness of our model. Not only the binding free en-
ergy, but also the binding mode of PCZ-SMO complex is similar to those
of the ITZ-SMO complex (36.7 kcal/mol vs. 39.1 kcal/mol, and π-re-
lative interactions are dominant in both complexes). Based on this
model, another possible triazole ligand, KCZ, has a similar binding
mode with SMO comparing to ITZ-SMO binding. Although the KCZ-

SMO binding free energy is smaller than that of the ITZ-SMO complex
(32.6 kcal/mol vs 39.1 kcal/mol), this binding free energy value is
much larger than the values of the triazoles (CTZ, MNZ and FNZ)
binding to SMO. At the same time, the KCZ binding to SMO would
change the NTD conformation as well which is similar to the behavior
of the ITZ-SMO complex. In comparison with ITZ [14] and PCZ [13], it
was found that CTZ, MNZ and FNZ much more weakly inhibit Hh

Fig. 4. (a) The conformation evolution during the MD simulations. The conformation changes have occurred for the loop* and the helix* in NTD. The loop* rotates
clockwise a little bit and comes close to the pocket of CTD which results in interacting with the ligand, ITZ. As for the Helix*, it also rotates clockwise. Both these
changes add up to the conformation change of NTD. (b) The possible binding mode of PCZ and SMO. Herein, the hydrogen bonds are shown in blue dash lines while
the hydrophobic interactions are shown in black. The binding free energy is shown in the top right of the figure. (c) The comparison of the vismodegib (VIG) and SMO
binding modes between the model with ITZ and the model without ITZ. The hydrogen bonds are shown in blue dash lines while the π stacking interactions are
displayed in black dash lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
The binding free energy (BFE) between SMO and vismodegib in the model with ITZ and the model without ITZ.

BFE VIG
(w/ ITZ)

VIG
(wo/ ITZ)

ITZ
(w/ VIG)

ITZ
(wo/ VIG)

MMPBSA −26.69 ± 4.29 −25.65 ± 5.86 −40.96 ± 4.48 −39.08 ± 5.06
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pathway, in parallel with binding affinity of SMO crystal structure.
However, it was examined that ketoconazole has weaker inhibitory
effects on Hh pathway activity, with a 10-fold higher IC50 than that of
itraconazole, indicating an inconsistent phenomenon between binding
affinity and functional effects which need a further study.
In summary, we used docking and MD simulations to analysis how

azoles binding the SMO crystal structure. The precise binding areas
were calculated and the binding energy is compared. These results are
useful to the anti-cancer study of azoles, which also can inspire the
design and synergize of new drugs.
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