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Abstract The odorant binding protein of Culex quinquefas-
ciatus (CquiOBP1), expressed on the insect antenna, is
crucial for the investigation of trapping baited with ovipo-
sition semi-chemicals and controlling mosquito populations.
The acidic titratable residues pKa prediction and the ligand
binding poses investigation in two systems (pH 7 and pH 5)
are studied by constant pH molecular dynamics (CpHMD)
and molecular docking methods. Research results reveal that
the change of the protonation states would disrupt some
important H-bonds, such as Asp 66-Asp 70, Glu 105-Asn
102, etc. The cleavage of these H-bonds leads to the move-
ment of the relative position of hydrophobic tunnel, N- and
C- termini loops and pH-sensing triad (His23-Tyr54-
Val125) in acid solution. Ligand MOP has lower affinity
and shows different binding poses to protein CquiOBP1 at
pH 5. This ligand may be released from another tunnel
between helices α3 and α4 in acidic environment.
However, it would bind to the protein with high affinity
in neutral environment. This work could provide more
penetrating understanding of the pH-induced ligand-
releasing mechanism.

Keywords Docking . Odorant binding protein . pKa
prediction

Introduction

The insect odorant binding proteins (OBPs) are small solu-
ble proteins (about 15 kDa) with high structural homology,
all containing six helices (α1–α6) and three disulfide
bridges [1–3]. These proteins belong to two major classes,
pheromone-binding proteins (PBPs) and general odorants-
binding proteins (GOBPs) [4, 5]. So far, a lot of structures of
insect OBPs have been published, which can be divided into
three classes by length: long-chain OBPs (about 140 amino
acids), such as Lepidopteran Bombyx mori (BmorPBP) and
Antheraea polyphemus (ApolPBP); middle-chain OBPs
(about 120 amino acids), such as dipteran Culex quinque-
fasciatus (CquiOBP1), Anopheles gambiae (AgamOBP1)
and Aedes aegypti (AaegOBP1); short-chain OBPs (about
100 amino acids).

The main function of OBPs is transporting chemical
signals (semiochemicals), for example odorants and phero-
mones, to cross the aqueous sensillar lymph to the olfactory
receptors (ORs) before reaching the neuronal membrane.
Some insects, such as Culex quinquefasciatus, Anopheles
gambiae, and Aedes aegypti, are major vectors of malaria,
filariasis, and cephalitis transmission all around the world
[6, 7]. Most insect OBPs have a pH-dependent feature,
which makes them show high affinity with their ligands at
high pH but show no or lower affinity at low pH [8].
Heretofore there have been numerous studies of the
BmorPBP and ApolPBP, including experiments and theo-
retics investigations [9–11].

In this paper we choose the odorant binding protein of
Culex quinquefasciatus (CquiOBP1) for research (PDB
code: 3OGN). For its shorter C-terminus, CquiOBP1 has a
different mechanism to the BmorPBP and ApolPBP, its C-
terminus makes up part of the central cavity wall in neutral
solution. Binding assays by Leal et al. in 2008 obviously
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showed that its ligand mosquito oviposition pheromone
(MOP, (5R,6S)-6-acetoxy-5-hexadecanolide) bound to
CquiOBP1 at pH 7 with high affinity, but with very low
affinity at pH 5 [8]. In 2009, Leite et al. reported that the loss
of affinity had something to do with the disruption of
hydrogen bond network between the conserved pH-
sensing triad [12]. Later in 2010, Yang et al. hypothesized
that the disruption would be caused by the displacement of
C terminus from the central cavity [13]. However, there has
been no detailed study for the pKa prediction and the ligand
release mechanism yet. In our study, the aim is to discover
the structures of CquiOBP1 at pH 5 and pH 7 with the
constant pH molecular dynamics (CpHMD) method, respec-
tively, and find out which leads to the structural changes.
Furthermore, using docking studies, we can detect which
structure shows higher affinity to the ligand MOP. Here we
report the CpHMD and docking results of CquiOBP1,
which illustrate close agreement between theoretical and
experimental results, and may be helpful for further mech-
anism investigation.

Materials and methods

Traditionally, molecular dynamics (MD) simulations have
employed constant protonation states for titratable residues,
which have many drawbacks. Constant pH molecular dy-
namics (CpHMD) is a useful theoretical method to simulate
the structure change of proteins according to acidic or basic
solution. CpHMDmethods can be largely classified into two
categories, discrete and continuous. Earlier continuous pro-
tonation models include a grand canonical MD algorithm
developed by Mertz and Pettitt [14] in 1994 and a method
introduced by Baptista et al. [15] in 1997. Later, Börjesson
and Hünenberger [16, 17] developed a continuous proton-
ation variable model using explicit solvent. The Brooks
group further developed the continuous protonation state
model recently [18–21]. In addition, discrete protonation
state methods have also been developed for the protein
pH-dependent study [22–28]. Discrete CpHMD methods
combine MD and Monte Carlo (MC) sampling [29, 30], and
use Metroplis criterion to accept or reject the protonation
change. The Baptista group used Poisson-Boltzmann (PB)
equation to calculate protonation energies [23–25]. Walczak
and Antosiewicz performed Langevin dynamics between MC
steps [27, 28]. Bürgi et al. calculated the transition energy by
thermodynamic integration (TI) method [26].

Discrete CpHMD method was first implemented in Am-
ber by Mongan in the year 2004 [22]. It is a model using
generalized Born (GB) implicit solvation and belonging to
the discrete protonation sate models. In this method, GB
model [31, 32] is used in protonation state transition energy
as well as solvation free energy calculations. Therefore,

solvent models in conformational and sampling of proton-
ation state are consistent, making computational cost less
than other methods. This method only changes protonation
states of titratable residues, which can gain or release a
“ghost” proton unrealistically.

The CpHMD simulation was carried out on the Inspur
TS10000 server with the parallel MD program Amber 10
[33]. The molecular docking of MOP to CquiOBP1 was
performed on a Dell Precision WorkStation T5400 with
the Autodock 4.0 molecular docking software package.

Preparation of systems

The X-ray crystal structure of CquiOBP1 in complex with
MOP at pH 8.2 can be found in the RCSB Protein Data
Bank (PDB code: 3OGN), with 1.3 Å resolution. Generally,
OBPs are found as a dimer in the crystal structure, but they
can slowly dissociate into corresponding monomer (active
state) in solution [8]. Therefore we chose the monomeric
form (chain A) of the OBPs for subsequent research. Before
running the constant pH molecular dynamics, ligand MOP
was deleted. Then the names of all ASP, GLU and HIS
residues were changed to AS4, GL4 and HIP. This ensured
that the topological parameter file prmtop would have a
hydrogen atom defined at every possible point of proton-
ation. After minimization, a CpHMD input file cpin which
represented the protonation states of titrating groups should
be gained for the following MD simulations.

Molecular dynamic simulations

The MD simulations were performed using the method
CpHMD at pH 7 and pH 5, respectively. The ff03 force
field was employed. Solvation was applied with the GB
model (igb=2) [32, 34, 35]. Salt concentration (Debye-
Hückel based) was set to 0.1 M, and nonbonded interactions
cutoff was set to 30 Å. The time constant of Berendsen tem-
perature bath [36] coupling for the system was 2 ps, and solute
temperature used weak-coupling algorithm set to 300 K.
SHAKE algorithm was chosen to constrain the lengths of
bonds including hydrogen. The time step was 2 fs [22].

After minimization, the main MD simulations contained
three steps, heating, equilibration and production. First, the
two systems (pH 7 and pH 5) underwent 300 ps slowly
heating simulations from 0 K to 300 K, respectively, with
velocity of 1 K ps-1. Then, we equilibrated them with
another 200 ps simulation. Meantime, weak restrains were
performed on the Cα atoms during the first two processes
(heating and equilibration) to ensure the accomplishment of
the stabilization, using the force constant as 10.0 kcal
(mol•Å2)−1 and 1.0 kcal (mol•Å2)−1. After relaxation,
10 ns of MD simulations were carried out on all systems
at 300 K. The final stable state of whole simulation was
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saved as a restart point for the following molecular docking
studies, and a CpHMD output file cpout could be obtained
to reveal the predicted pKa values of each titrating residue in
the systems. Additionally, two more simulations were car-
ried out to ensure the feasibility of the CpHMD simulations.
One set of the two simulations takes the last conformation of
the previous pH 5 simulation and runs at pH 7; the other set
uses the last conformation of the previous pH 7 simulation
and performs at pH 5.

Molecular docking

Initial coordinates of CquiOBP1 for docking were obtained
from the lowest energy structures during the CpHMD sim-
ulations. The structure of ligand MOP could be obtained

from 3OGN [13]. Autodock 4.0, a semi-flexible docking
program, was used to dock MOP into the CquiOBP1 in pH
5 and pH 7, respectively [37]. Autodock provides high
quality predictions of ligand conformations with Lamarck-
ian genetic algorithm [38]. No significant ligand-induced
conformational change was detected in the structure of the
CquiOBP1·MOP complex, thus ligand was treated as flex-
ible and protein is treated as rigid [13]. Because of the
existence of the original receptor in the crystal structure,
prior knowledge of the binding site has been acquired. All
the docking parameters used the default settings. The di-
mension and location settings of grid box were not changed
for docking. Top ten poses ranked by binding free energy
were saved for comparison and analysis. Finally, the pose
with lowest value was chosen for the binding analyses.

Results and discussion

MD simulations

After 10 ns CpHMD simulations on the two systems (pH 7
and pH 5), the lowest energy structures were gained. From
Fig. 1, we can easily find that there is an obvious difference
in the loop regions between the two structures (pH 7 and pH
5), especially N- and C- termini loops. A hydrophobic
tunnel, formed between helices α4 and α5, is relative to
the ligand binding. This tunnel is in the vicinity of the
binding cite in pH 7. However, the tunnel moves away from
the binding site in pH 5. Consequently, we conjecture that
the posture and direction of ligand binding in the CquiOBP1

Fig. 1 Superimpositions of two three-dimensional structures a of
CquiOBP1 in pH 7 (deepblue) and pH 5 (magenta), and the crystal
structure of CquiOBP1 complex with ligand MOP (3OGN) in pH 8.2
b. The two structures are the lowest energy structures of the two simu-
lations, the 3836 frame and the 3959 frame (5000 frames total), respec-
tively. The N and C termini and six helices are labeled. Carbon atoms of
ligand MOP are shown in blue, and oxygen atoms are colored red

Fig. 2 a RMSD of CquiOBP1
alpha carbons in pH 7
(deepblue) and pH 5 (magenta)
during the 10 ns molecular
dynamics simulations. The
RMSD value was calculated
with respect to the first frame of
the CpHMD simulations. b
Potential energy profiles for the
protein CquiOBP1 in pH 7
(deepblue) and pH 5 (magenta),
respectively
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would change with the transformation of the hydrophobic
tunnel. Moreover, potential energy and Cα root mean square

deviation (RMSD) analyses demonstrate that both the two
MD simulations appear to equilibrate after 2 ns (Fig. 2).
Apparently, the value of RMSD in pH 5 is stabilized near
4.0 Å, fairly higher than that in pH 7, which is straight at
2.0 Å. The results show that the structure of CquiOBP1 in
pH 7 is closer to the crystal structure than that in pH 5, this
proves that the protein in pH 5 undergoes a larger confor-
mational shift, which maybe due to the influence of the
ligand binding to the protein. Moreover, 2 more CpHMD
simulations were performed to prove the feasibility of this
method (Fig. S1). It can be found that the two simulations
all have reached equilibration. After 10 ns simulation in pH
7, the last frame of the previous simulation in pH 5 takes a
large conformational change, from around 5 Å to 3 Å. In the
simulation from pH 7 to pH 5, the RMSD changes from
2.5 Å to 5 Å (Fig. S1a). These phenomena fit the results of
the previous simulation in pH 7 and pH 5. That is to say, the
protein structure will be affected by the acidic environment
in pH 5 and the constant-pH MD method seems to be
properly capturing the effect of pH.

It is well-known that a small change in protonation state of
titrating residue can result in dramatic differences of protein
conformation, and thenmake different binding poses of ligand
[39–41]. Previously, Yang et al. [13], Lautenschlager and Xu
et al. [42, 43] have proclaimed that the conformation of
CquiOBP1 will be largely influenced by low pH environment.
In this study, cpout files of Amber elucidate that CquiOBP1
has an average total molecular protonation of 19.585 at pH 7,
and 26.919 at pH 5, which could result in some significant
conformational changes of CquiOBP1.

There are 49 total titratable residues in CquiOBP1, in-
cluding 32 acidic titratable residues and 17 basic titratable
residues. Table 1 shows some relevant data of acidic titrat-
able residues. Because of large offsets higher than 2.0 pH
units, Asp34, Asp48 and Asp118 do not converge, and they
are excluded for the analyses below (they have nothing to do
with the important H-bonds and conformational changes).
There have been no experimental pKa values of the
CquiOBP1 yet, so we check the theoretical pKa values
through PROPKA online (http://propka.ki.ku.dk/). Except
for a few residues such as Glu39 and His111, the titrirable
residues all show better agreement with theoretical pKa
values. We find a crucial H-bond between amino hydrogen

Table 1 pKa predictions and fraction of protonation for acidic resi-
dues of CquiOBP1, calculated from 10 ns simulation starting from
3OGN at pH7 and pH5. PROPKA represents the theoretical pKa value
predicted in PROPKA (http://propka.ki.ku.dk/)

Predicted pKa Fraction of protonation

pH7 pH5 PROPKA pH7 pH5

Asp7 −∞ 3.00 1.77 0.000 0.010

Asp24 3.86 2.85 3.27 0.001 0.007

Asp34 4.56 1.87 3.78 0.004 0.001

Asp42 4.28 3.84 3.18 0.002 0.065

Asp48 3.55 2.95 3.13 0.000 0.009

Asp66 2.97 3.89 2.79 0.000 0.073

Asp67 3.83 2.83 3.87 0.001 0.007

Asp70 2.81 3.16 3.77 0.000 0.014

Asp78 3.87 3.74 3.79 0.001 0.052

Asp86 3.72 3.24 3.62 0.001 0.017

Asp118 −∞ 1.79 2.93 0.000 0.001

Glu9 3.80 4.95 4.65 0.001 0.469

Glu14 4.60 4.19 4.11 0.004 0.135

Glu17 4.66 4.37 4.63 0.005 0.191

Glu35 4.38 4.08 4.62 0.002 0.107

Glu39 4.94 4.75 3.12 0.009 0.363

Glu47 3.89 3.19 3.37 0.001 0.015

Glu49 3.98 3.81 3.84 0.001 0.060

Glu61 4.58 3.995 3.76 0.004 0.090

Glu74 4.235 3.858 4.50 0.002 0.067

Glu99 4.877 4.826 4.71 0.007 0.401

Glu101 4.536 4.391 4.64 0.003 0.197

Glu105 2.841 3.019 4.18 0.000 0.010

His23 7.594 5.643 6.36 0.797 0.815

His46 5.907 6.160 6.77 0.075 0.935

His60 6.305 6.296 6.47 0.168 0.952

His72 5.444 4.857 6.37 0.027 0.418

His77 6.305 5.889 6.90 0.168 0.886

His85 6.992 5.297 6.08 0.495 0.664

His90 6.667 6.154 6.01 0.317 0.934

His111 6.792 6.393 3.21 0.383 0.961

His121 6.156 7.164 6.50 0.125 0.993

Table 2 The properties of H-
bonds within the pH-sensing tri-
ad in pH 7.0, includes occupied
percentage, distance, angle, and
lifetime

H-bond Occupied(%) Distance(Å) Angle(°) Lifetime

1 125@OXT-54@OH 44.46 2.688 19.74 10.5

2 125@O-54@OH 40.62 2.695 20.43 8.1

3 125@O-23@ND1 39.38 2.804 25.02 2.3

4 125@OXT-23@ND1 31.08 2.810 25.66 1.9

5 54@OH-23@ND1 11.46 2.883 39.10 1.3
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atom of Asp66 and oxygen atom of Asp 70. If this H-
bond containing titratable residue is stable throughout
all or nearly all of the simulation, Asp66 and Asp70
will be prevented from protonating. That H-bond will
lead to very low predicted pKa values of these titratable
residues. From Table 1 we can find that Asp70 shows
lower predicted pKa in pH 7 than that in pH 5. H-
bonds analyses treated by Amber give similar results, in
pH 5, this H-bond disappears at the last part of MD
simulation (distance increases to 5.5 Å in the last frame
of the pH 5 simulation). This H-bond has occupied a
percentage of 51.32 in pH 7, and 37.98 in pH 5 (data
not shown). These two residues locate in the loop
between helices α3 and α4, the disappearance of this
H-bond will result in a large conformational change of
this area (see Fig. 1). Besides, a similar effect can be
found in Glu105 and Asn102, this H-bond leads to a
very low predicted pKa in pH 7. Though with a lower
percentage of occupied, this H-bond exists in the last
frame of pH 5 simulation.

The cleavage of some other important H-bonds is
also relevant to the conformational change between the
structures in pH 7 and pH 5. The amino hydrogen atom
and oxygen atom of His85 can form two H-bonds with
oxygen atom of Pro81 and amino hydrogen atom of
Met 89 during the pH 7 simulation, respectively. These
two H-bonds are disrupted to different degrees in pH 5,
which leads to the change of hydrophobic tunnel formed
between helices α4 and α5. The two H-bonds between
Asp7 and Tyr10 in pH 7 all disappear in pH 5, causing
the considerable move of N-terminus. In addition, the
oxygen atom of His60 has a hydrogen bond to amino
hydrogen atom of Lys63 in pH 7, this is an important
interaction between helix 3 and the loop between α3

and α4. This H-bond disappears in the last part of
simulation in pH 5, contributing to the conformational
change of this loop region.

H-bonds in pH-sensing triad

It is reported that the pH-sensing triad (His23-Tyr54-
Val125) plays an important role in the binding and releasing
of ligand [12, 13]. We have detected the relationship be-
tween the pH-sensing triad and conformational change of
protein by using a series of analysis methods in Amber 10.
Figure 4 illustrates that, in pH 5, the triad seems to rotate
during the simulation in contrast to the conformation of
CquiOBP1 in pH7. This will result in the increase of the
distance though the carboxyl oxygen atom of Val125, the δ-
nitrogen atom of His23, and the hydroxyl hydrogen atom of
Tyr54. It is easy to find that the occupancy percentage of
these H-bonds decreases and even vanishes in pH 5
(Tables 2, 3 and Fig. 3).

Concretely, there are five H-bonds through the pH-
sensing triad in the pH 7 structure of CquiOBP1 (Fig. 4a),
compared to the four H-bonds in pH 8.2. However, only one
of them exists during the MD trajectory in pH 5, which is
the H-bond 54@OH-23@ND1 (Fig. 4b). Then we calculat-
ed the distance between pH-sensing triad during the 10 ns
MD simulations (carboxyl oxygen atom of Val125, the δ-
nitrogen atom of His23, and the hydroxyl oxygen atom of
Tyr54, Fig. 5). From Figs. 4 and 5, it is obvious that in pH 5,
residue Val125 tends to depart from His23 and Tyr54, but
the relative position between His23 and Tyr54 keeps steady.
The H-bond (125@O-23@ND1) only stands for merely
2 ns. When the distance increases, this H-bond is disrupted.
Four H-bonds between Val125 and Arg5, Val125 and Arg6
are formed in pH 5 (Fig. 6). Asp7 and Glu9 can form some

Table 3 The properties of H-
bonds within the pH-sensing tri-
ad in pH 5.0, includes occupied
percentage, distance, angle, and
lifetime

H-bond Occupied(%) Distance(Å) Angle(°) Lifetime

1 54@OH-23@ND1 21.90 2.864 32.54 2.1

2 125@O-23@ND1 12.62 2.778 21.33 7.4

3 23@O-54@OH 6.90 2.847 28.10 1.4

Fig. 3 The occupancy
percentage of pH-sensing triad
H-bonds varying with simula-
tion time in pH 7 (above) and
pH 5 (below). These H-bonds
are shown in Fig. 4
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important H-bonds to the Arg5 in pH 7, making N-terminus
stable. With the protonation of Asp7 and Glu9, these H-
bonds are disrupted in pH 5, making the carboxyl group of
Val125 turn its direction to form four H-bonds to Arg5 and
Arg6. This causes the movement of C-terminus in pH 5,

which makes part of the binding pocket in neutral pH
environment. As a result, the disruption of H-bonds in pH-
sensing triad would influence the ligand binding.

Fig. 4 Conformations comparison of the pH-sensing triad (including
His23, Tyr54, and Val125) in pH 7 (a) and pH 5 (b). H-bonds are
labeled with black dashed line. The atoms calculated for distance
below are labeled with letter O and N

Fig. 5 Relative distance plots
of pH-sensing triad, including
nitrogen of His23 and oxygen
of Val125 (a), nitrogen of His23
and hydrogen of Tyr54 (b), hy-
drogen of Tyr54 and oxygen of
Val125 (c) in pH 7 (deepblue)
and pH 5 (magenta) during
10 ns MD simulations. The
three atoms for calculation are
labeled in Fig. 4

Fig. 6 The main connections between Val125 and C terminus of
CquiOBP1 in pH 7 (a) and pH 5 (b), respectively. H-bonds are labeled
with black dashed lines
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Substrate binding and possible mechanics

The lowest energy structures of both dynamics trajectories
in pH 7 and pH 5 were chosen for docking studies. Figure 7
gives the binding poses of MOP in pH 7 and pH 5. It shows
that MOP pulls its long lipid “tail” into tunnel between
helices α4 and α5 in pH 7 (Fig. 7a). The ligand holds its
lactone head in the central cavity, similar to the crystal
complex structure in pH 8.2. However, when it comes to
the structure in pH 5, the ligand bound to the protein with a
completely different pose (Fig. 7b), its head stretches out of
the protein at a different direction, and its tail stays in the
central cavity.

It should be noticed that the position of tunnel (α4 and
α5) undergoes a movement away from the original site in
pH 5, which may influence the binding posture of MOP.
Also the change of loop between helices α3 and α4 and C-
terminnus contributes to this. We can find that the move-
ment of the hydrophobic tunnel tends to hinder the interac-
tion with the tail of ligand MOP. Additionally, the distance
between the lactone head of MOP and C-terminus is in-
creasing in pH 5. These phenomena result from the proton-
ation of some important acidic titratable residues in low pH.
Base on the significant difference of ligand binding in pH 7
and pH 5, we conjecture that the ligand should be released
through another tunnel between α3 and α4 in pH 5. The
flexible loop between α3 and α4 is from Phe59 to Leu76,
similar to the conclusion of ligand release paths in
BmorPBP made by Gräter et al. [11].

Binding free energy and Ki value were calculated by
Autodock 4.0 (Table 4). These data show that the system
energies in pH 5 are higher than that in pH 7. Obviously,
some important H-bonds are disrupted in the later part of
simulation in pH 5, such as the H-bond between Asp66 and
Asp70. The conformational disturbance caused by the
change of pH value in solution will lead to the ligand
release. For the sake of comparison, we detect the affinity
of MOP to the last structure of simulation in pH 5, and
notice that binding free energy is higher than −5.0 kcal
mol−1, Ki value increases to nearly 100 μM (not shown in
Table 4). In summary, with the conformational change by

protonation, some hydrophobic residues are exposed to the
surface of protein, making the binding site move apart from
the original position, which leads to releasing of MOP in
another tunnel between α3 and α4.

Conclusions

CquiOBP1 is a member of the insect odorant binding pro-
teins family, which has conserved six α helices and three
disulfide bonds, with a function to carry and transfer chem-
ical stimulus. In solution, CquiOBP1 reveals a pH-
dependent manner, which makes the protein show high
affinity to its ligand at neutral pH but low affinity at low pH.

In the present study, constant pH molecular dynamics
simulations (CpHMD) and molecular docking studies were
performed to investigate the conformational change of
CquiOBP1 in pH 7 and pH 5. The results of CpHMD show
that conformation changes of CquiOBP1 in pH 5 are pri-
marily due to the protonation of acidic titratable residues
and the disruption of some important H-bonds between
them. The change of protonation states will lead to the
disappearance of several H-bonds in the pH-sensing triad,
and the increase of relative distance between pH-sensing
triad (especially the movement of Val125).

Docking studies were done for the purpose of ligand
binding poses influenced by solution pH. The results indi-
cate that MOP bound to the protein with its tail stretch into
the tunnel between α4 and α5 in pH 7, similar to the
condition in the crystal structure. However in pH 5, the
ligand turns its direction with its head out of central cavity,
and the binding free energy increases with it. Thus, another

Fig. 7 Docking results using
Autodock 4.0 in pH 7 (a) and pH
5 (b). Proteins are represented by
the lowest energy structures in
pH 7 and pH 5. SubstrateMOP is
shown in the ball and stickmodel
and important residues are
shown in yellow stick. All the
oxygen atoms in MOP are
colored in red and carbon atoms
are colored in blue

Table 4 Comparison of energies and Ki value in pH 7.0 and pH 5.0

Autodock

Binding free energy (kcalmol−1) Ki (μM)

pH 7.0 −8.13 1.09

pH 5.0 −6.36 21.63

J Mol Model (2013) 19:1301–1309 1307



tunnel between α3 and α4, which is formed in pH 5, will be
important for the ligand MOP release. All the findings
above have paved the way for the future investigation of
pH-induced ligand-releasing mechanism.
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