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Abstract Aquaporin Z (AQPZ) is a tetrameric protein that
forms water channels in the cell membrane of Escherichia
coli. The histidine residue (residue 174) in the selectivity
filter (SF) region plays an important role in the transport of
water across the membrane. In this work, we perform equilib-
rium molecular dynamics (MD) simulations to illustrate the
gating mechanism of the SF and the influences of residue 174
in two different protonation states: Hsd174 with the proton at
Nδ, and Hse174 with the proton at Nε. We calculate the pore
radii in the SF region versus the simulation time. We perform
steered MD to compute the free-energy profile, i.e., the
potential of mean force (PMF) of a water molecule through
the SF region. We conduct a quantum mechanics calculation
of the binding energy of one water molecule with the residues
in the SF region. The hydrogen bonds formed between the
side chain of Hsd174 and the side chain of residue 189
(Arg189) play important roles in the selectivity mechanism
of AQPZ. The radii of the pores, the hydrogen-bond analysis,
and the free energies show that it is easier for water molecules
to permeate through the SF region of AQPZ with residue 174
in the Hse state than in the Hsd state.

Keywords AQPZ .Water channels . Steered molecular
dynamics . BD-FDT

Introduction

Aquaporins (AQPs) are a family of intrinsic membrane chan-
nel proteins present in various organisms from humans to
bacteria [1]. AQPs play a significant role in water homeostasis
in living cells, and mutations of them are responsible for
various human diseases ranging from diabetes to congenital
cataract formation [2]. They have been discovered in organ-
isms as diverse as archaea, bacteria, plants, insects, and mam-
mals [3, 4]. Since their discovery by Agre and coworkers [1],
many researchers have focused their attention on AQPs [5].
As a result, more high-resolution structural data is currently
available for AQPs than for any other membrane channel
protein family. Savage and coworkers have reported the crys-
tal structure of AQPZ [6]. AQPZ and the other all knownAQP
structures share a common molecular architecture containing
four monomeric subunits assembled into a homotetrameric
structure. Each channel monomer contains two highly con-
served regions, the conserved Asn-Pro-Ala (NPA) motifs and
the aromatic/arginine constriction region [7–11]. The NPAs
are located at the ends of the two half helices. The two
asparagine side chains of the NPAs point into the pore. The
aromatic/arginine constriction region—known as the selectiv-
ity filter (SF)—is located near to the extracellular exit of the
channel, and is the narrowest point in the entire channel.
Therefore, it is generally assumed to be important in the
selection mechanics of the permeation of water through the
channel. It is formed by the side chains of Phe43, His174, and
Arg189, and the carbonyl of Thr183. The trio of His174,
Thr183, and Arg189 create a hydrophilic triangle opposite
the hydrophobic Trp200 (all of these residue numbers are
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the same as in Savage’s structure [6]). Two different confor-
mations of the AQPZ structure have been reported by Fu and
coworkers [12].

As suggested by experimental and molecular dynamics
(MD) simulation studies, the mechanism for the channel gat-
ing of AQPZ involves switching between the two conforma-
tions (denoted “up” and “down,” respectively) of the side
chain of Arg189 [13–24]. The up conformation implies that
the water is distributed continuously throughout the channel,
while the water distribution is interrupted in the down confor-
mation. MD simulations and experiments on this topic that are
reported in the literature demonstrate that the permeation of
water across AQPZ does not exhibit pH sensitivity in the
range of 4.5≤pH ≤7.5, even though the pKa of free histidine
is 6.0 [25–29]. When the imidazole ring of histidine is neutral,
the proton of the imidazole can exist on either of the two
nitrogen atoms, giving rise to either the Hsd (Fig. 1a) or the
Hse (Fig. 1b) tautomer. NMR shows that when the pH
increases to approximately 8, the proton shift of Hsd drops
slightly, while the chemical shift of Hse drops considerably.
This indicates that the Hsd tautomer is preferred, presumably
due to the neighboring ammonium [30, 31]. However, current
experimental data are not sufficient to differentiate the effects
of AQPZ in the different protonation states (Hsd and Hse)—
the detailed mechanisms are still not known.

In the work described in this paper, we aimed to demon-
strate the effects of AQPZ in these two different protonation
states by investigating them through MD simulation. MD is a
powerful tool for understanding the influences of residues in
different protonation states. MD simulations and free-energy
calculations have shown that the protonation state strongly
influences HIV-1 protease inhibitor complexes [32–34]. Also,
steered molecular dynamics (SMD) simulation has recently
emerged as a flexible and powerful tool for providing infor-
mation about the energy landscape [35, 36]. We therefore
carried out two MD simulations and two SMD simulations
of AQPZ with His174 in either the Hsd or the Hse protonation
state. Comparisons of the MD trajectories and energies
between AQPZd (AQPZ with the His174 in the Hsd proton-
ation state) and AQPZe (AQPZ with the His174 in the Hse
protonation state) were made to clarify the influences of these
different protonation states of His174.

Modeling and simulation

Modeling

We built the simulated system of the AQPZ tetramer as
follows: a 120×120 Å2 palmitoyloleoylphosphatidyletha-
nolamine (POPE) bilayer patch was first built using VMD’s
“membrane” plugin [37], with the normal direction of the
membrane aligned with the z-axis (see Fig. 2). The tetramer
of AQPZ (pdb code 1RC2) [6] was embedded into this
bilayer. All of the lipid and water molecules within 0.8 Å
of the heavy atoms of the protein were removed. Two 18 Å
slabs of TIP3 water molecules [38] were then added to the
top and the bottom of the lipid and protein complex using

Fig. 1 Tautomers of histidine: a Hsd and b Hse

Fig. 2 Side (a) and top (b) views of the MD system for AQPZd. The
size of the initial system is ∼120×120× 73 Å3. The four monomers are
shown in different colors in a cartoon representation. The tetramer is
fully embedded into a POPE lipid bilayer, shown as blue lines, and
solvated by TIP3 water molecules, shown in red and white
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the “solvate” plugin of VMD to fully hydrate the bilayer. To
neutralize the system, 80 Na+ and 80 Cl− ions were added
using VMD’s “autoionize” plugin [37], generating an ionic
concentration of 0.5 mol/L. In the first system, His174 was
in the Hsd protonation state, leading to the AQPZd system
(Fig. 1a). The second system, called the AQPZe system, had
its His174 in the Hse protonation state (Fig. 1b). The
AQPZe system was constructed by taking the last structure
of the AQPZd system obtained at the end of the 28th ns of
the MD trajectory and mutating Hsd174 into Hse174. Each
of the two systems (see Fig. 2) contains an AQPZ tetramer
(in the Hsd or the Hse protonation state), 17,036 water
molecules, 287 lipid molecules, 80 sodium ions, and 80
chlorine ions: 100,703 atoms in total. The AQPZ tetramer
has four monomers: M1, M2, M3, and M4 (see Fig. 2b).

Molecular dynamics simulations

Two simulations were performed with the NAMD simulation
package [39] using the CHARMM27 force-field parameter set
[40]. The pressure was fixed at 1 bar using the Langevin
piston algorithm [41]. Periodic boundary conditions were
employed. A constant simulation temperature of 310 K was
also employed using Langevin dynamics. Covalent bonds
involving a hydrogen atom were constrained to be their
equilibrium lengths by means of the SHAKE algorithm.
The Lennard–Jones potential was smoothly truncated. The
r-RESPA multiple time-step propagator [42] was used to
integrate the equations of motion with time steps of 2 and
4 fs for short- and long-range forces, respectively. The
particle mesh Ewald (PME) method [43] was employed to
compute electrostatic interactions. The AQPZd system was
minimized by performing 2000 cycles with fixed water
molecules, the protein, and the phosphorus atoms, followed
by 2000 cycles with the protein atoms restrained using a force
constant of 2 kcal/(mol Å2). After energy minimization, in
which harmonic restraints with a force constant of 2 kcal/
(mol Å2) were applied to the protein, 500 ps of equilibration
were performed. Finally, 40 ns of isothermal isobaric ensemble
(NPT)-MD simulation was performed without any restraints.
Twelve nanoseconds of NPT-MD simulation was performed
for the AQPZe system.

Steered molecular dynamics

Starting from the equilibrium state obtained at the end of the
conventional MD simulations, we performed SMD [44, 45]
simulations on the AQPZd and AQPZe systems using
NAMD. In order to improve the statistics, we used an infi-
nitely stiff spring to pull (steer) the centers of mass of selected
water molecules. In the limit of infinite stiffness, k→∞, this
pulling can be accomplished by fixing the z-coordinate of the
center of mass of the pulled molecule, z(x), to a control

parameter λF(R)(t) at each time step t. Here, x represents the
coordinates of all of the atoms in the system. In this limit, dz0
vdt, and the pulling force then is equal to the net force on the
pulled molecule exerted by the rest of the entire system, i.e.,

k½lðtÞ � zðxÞ þ zðxAÞ� ! @H0ðxÞ @z= ð1Þ
Here, H0(x) is the Hamiltonian of the entire system in the

absence of the pulling force. We chose four water molecules,
one in each pore, with the same z-coordinate. We pulled the z-
coordinate of the center of mass of a water molecule through the
pore. L.Y. Chen pulled a glycerol through the aquaglyceroporin

Glpf at two speeds (v ¼ �0:05A=ps and v ¼ �0:02A=ps )
using the same method as employed in this paper. The results
showed that both speeds yield similar free energy profiles within
themargins for error. Due to the extremely high complexity (and
thus time-consuming nature from a computational perspective)
of the free-energy profile for a large system, the speed was kept

constant (v ¼ �0:05A=ps). The work involved in pulling the
four water molecules was averaged. The Brownian dynamics
fluctuation–dissipation theorem (BD-FDT) [46, 47] was applied
to extract the equilibrium free-energy profile from the measured
nonequilibrium, irreversible work. This method has been suc-
cessfully applied to investigate ligand–protein interactions [48]
and the free-energy profile of water molecules passing through a
GlpF membrane protein [49]. We sampled five forward and five
reverse pulling paths and measured the work involved in this
pulling. The mechanical work done to the system along a
forward path (from state A to state B) and a reverse path (from
B to A) can be, respectively, expressed as

WA!B ¼
Z

A!B

k½lFðtÞ þ zðxAÞ � zðxÞ�dz

¼
Z

A!B

@H0ðxÞ
@z

����
z¼l

dz ð2Þ

WB!A ¼
Z

B!A

k½lRðtÞ þ zðxBÞ � zðxÞ�dz

¼
Z

B!A

@H0ðxÞ
@z

����
z¼l

dz: ð3Þ

In terms of mechanical work, the BD-FDT relates the
equilibrium free energy to the nonequilibrium work as
follows:

expð�bΔGÞ ¼ expð�1
2bWA!BÞ

� �
F expð�1

2bWB!AÞ
� �

R

�
ð4Þ

Here, ΔG ¼ GB � GA is the difference between the free
energies of states A and B. β01/kBT, where kB and T are the
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Boltzmann constant and the absolute temperature, respectively.
The statistical average of the various forward paths is

f ðW Þh iF ¼ expð�1
2bWA!BÞ

� �
F ¼

1

NF

XNF

p¼1

f ðW ðpÞ
A!BÞ; ð5Þ

where the index p indicates the pth path among the NF forward
paths from state A to state B.

The statistical average of the NR reverse paths from state
B to state A is

f ðW Þh iR ¼ expð�1
2bWB!AÞ

� �
R
¼ 1

NR

XNR

p¼1

f ðW ðpÞ
B!AÞ: ð6Þ

Results and discussion

We carried out 40 ns of MD simulation of AQPZd. We
observed the root mean-square deviations (RMSDs) of the
backbone obtained from the X-ray crystallographic struc-
ture. The backbone RMSD curve for the entire trajectory of
AQPZd is shown in Fig. 3. The configuration stabilizes at
21 ns, and the average RMSD for the last 10 ns is 2.54 Å.
Figure 3 also shows the RMSD of the AQPZe system. The
average RMSD for the last 10 ns is 2.60 Å for the AQPZe
system. An equilibrated MD simulation for AQP1 shows
that the average RMSD is approximately 3.3 Å [50], so the
AQPZd and AQPZe systems show good stability, meaning
that it was reasonable for us to generate the structure of
AQPZe from that of AQPZd at the end of the 28th ns of
simulation. This method saves a lot of computing time
relating to the equilibration of the starting structure. When

compared to the X-ray crystallographic structure, AQPZd
and AQPZe appear to be very similar to each other. In both
cases, the RMSD of the backbone plot relative to the starting
structure barely fluctuates during the last 10 ns of MD
simulation (Fig. 3). All subsequent analysis is therefore
based on the trajectory for the last 10 ns of MD simulation
for the two systems.

To examine whether the protonation state influences the
permeation of water molecules through AQPZ, the unidirec-
tional permeation rate of water was obtained by counting the
number of times that a water molecule passed completely
through the AQPZ channel pore during the last 10 ns of
simulation. Water permeated through AQPZd 8 times and
through AQPZe 36 times. This indicates that the protonation
state has a strong influence on the permeation of water through
AQPZ.

Figure 4 shows the radius of the water pore along the water
permeation route. The radii were calculated using the program
HOLE [51]. The profile of the pore radius of AQPZd resem-
bles that of the crystallographic structure, but AQPZe shows a
large difference from the crystallographic structure and from
AQPZd in the SF region. The narrowest region of the pore is
observed in the SF region in the crystallographic structure and
AQPZd, but the narrowest region of AQPZe is not the SF
region. Figure 4 only shows the pore of one snapshot along the
MD trajectory. Nevertheless, it indicates that the Hse proton-
ation state may cause significant conformational deviations
from the crystallographic structure, while the Hsd protonation
state does not lead to much deviation. In order to show how
the radii change along the whole MD trajectory, we chose a
total of 5000 structures—one frame per 2 ps—from the last
10 ns of the MD trajectory. We obtained the minimum radius

Fig. 3 The root mean-square
deviations (RMSDs) of the
backbone atoms of AQPZd and
AQPZe relative to their crystal
structures as a function of time.
The insets are the RMSD
curves for the last 10 ns of MD
simulation
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Fig. 4 Structural representation
a shows the position of the
water pore in red and green
colors. AQPZ is shown as
ribbons. The residues (Phe 43,
His174, and Arg189) are shown
as licorice, and each residue of
interest is colored individually.
Plot b shows the pore radii for
AQPZd (black line),
AQPZe (red line), and the
crystallographic structure
(green line) along the channel
axis. The SF region is labeled
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AQPZd and AQPZe systems



of every structure in the SF region. However, there were large
variations in the radii we chose. Thus, for each ten consecutive
minimum radii, we calculated the average minimum radius,
and plotted these minimum pore radii versus the simulation
time: see Fig. 5. It is clear from Fig. 5 that the minimum radius
of AQPZd is significantly smaller than the minimum radius of
AQPZe most of the time.

Figure 6 shows the minimum distance between the center
of mass of the side chain of Arg189 and that of the side
chain of His174. The distances is generally smaller for
AQPZd than for AQPZe. Comparisons between the mini-
mum radii (Fig. 5) and the minimum distances (Fig. 6) were
performed. In all four pores for both AQPZd and AQPZe,
the trend for the distance versus time is very similar to the
trend for the minimum radii versus time. Thus, the minimum
radius of the SF region is determined by the minimum
distance between the side chain of Arg189 and the side
chain of His174. Figure 7 shows the number of hydrogen
bonds that formed between the side chain of Arg189 and the
side chain of His174 during the MD simulation. Hydrogen
bonds are defined by acceptor…donor distances of less than
3.5 Å and acceptor…H–donor angles of greater than 120°.
In pore M1, the average minimum radius of AQPZd during

the last 2 ns is clearly generally smaller than that of AQPZe.
On the other hand, more hydrogen bonds are observed
during the last 2 ns (Fig. 7). In pore M2 of AQPZd, the
minimum radius is smaller during the seventh and the eighth
nanoseconds. Figure 7 also shows that there are more hydro-
gen bonds during those two nanoseconds. In pore M3 of
AQPZd, the minimum radius fluctuates by less than 0.5 Å
and the hydrogen bonds are similar to the hydrogen bonds of
pore M2 from 7.2 ns to 7.9 ns. In pore M4, the minimum
radius is generally larger than it is in poreM3, and there are no
hydrogen bonds during this entire time period. For AQPZe,
we observe that there are nearly no hydrogen bonds and that
the average minimum radius tends to be larger than that for
AQPZd in all four pores. The pore is open when there are
water molecules in the pore; the radius of the pore in this case
is about 1 Å. The pore is closed when the radius of the pore is
less than 0.8 Å. Thus, based on the distance between the two
side chains of the two residues, the average minimum radii,
and the number of hydrogen bonds present, we can conclude
that the state of each pore is determined by the interaction
between the side chain of His174 and the side chain of
Arg189. As shown in Figs. 5 and 6, all four pores are open
in AQPZe except during the period 1.7–5 ns, when poreM1 is

Fig. 6 The average minimum distance between the side chain of Arg189 and the side chain of His174 during the last 10 ns of MD simulation
versus simulation time
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closed. In AQPZd, pores M1 andM3 are closed and pores M2
and M4 are almost always open during the last 10 ns of the
MD simulation. Based on the positions of the side chain of
His174 and the side chain of Arg189, we can see that the
unprotonated Nε atom in the Hsd state can more easily form a
hydrogen bond with the side chain of Arg189 than the pro-
tonated Nε atom in the Hse state can. Hydrogen-bond analysis
also shows that very few hydrogen bonds are formed in the
AQPZe system. The average interaction free energy between
the side chain of Arg189 and the side chain of His174 calcu-
lated with Charmm force field is larger for the AQPZd system
(16.3 kcal mol−1) than for the AQPZe system (1.9 kcal mol−1).
This may indicate that the protonation state of His174 is
affected by the side chain of Arg189. When the interaction
between the side chain of Arg189 and the side chain of His174
is weaker, His174 is in the Hse protonation state.

We find that the key residues have three different config-
urations when the SF region is in the closed state. There are

two different configurations when the SF region is in the open
state with a water molecule in the SF region. Figure 8 shows
the different states of the SF region for the structures taken
from the last 10 ns of MD simulation at the times marked in
Fig. 5. Figure 8a, b, and c show the closed states. The config-
urations in the three states are mainly differ in relation to the
residue Arg189. In Fig. 8a, the distance between the NE2
atom of Hsd174 and the NH2 atom of Arg189 is 2.85 Å.
The angle formed between the NE2 atom of Hsd174 and the
HH22 and NH2 atoms of Arg189 is 140°, so there is a strong
hydrogen bond between them. The hydrogen bond closes the
pore and blocks the passage of water molecules through it.
The state shown in Fig. 8b is from the last 1 ns of simulation
for pore M1 of AQPZd. The distances between the NE2 atom
of Hsd174 and the two nitrogen atoms of the Arg189 are
2.85 Å and 3.15 Å, respectively. Hydrogen-bond analysis also
shows multiple hydrogen bonds. The interaction between the
two side chains must be strong in this case. The interaction

Fig. 8 The conformations of the three residues in the SF region. The
snapshots are taken from the last 10 ns of MD simulation. The three
residues and the water molecules are shown in ball-and-stick

representation and each element is shown in a different color. The
distances between the hydrogen-bond donor and acceptor and the
dihedral angles <Cβ–Cγ–Cδ–Nε of Arg189 are also marked

Fig. 7 The total number of
hydrogen bonds between
the side chain of His174 and the
side chain of Arg189 versus
simulation time for the
four pores in AQPZd and
AQPZe

J Mol Model (2012) 18:3731–3741 3737



free energy between the side chain of Arg189 and the side
chain of Hsd174 calculated within VMD is greatest during the
last 1 ns in pore M1. The state depicted in Fig. 8c state is for
pore M1; there is a water molecule locked at the SF region
during the first 3 ns. Thus, the side chain of Arg189 and the
side chain of Hsd174 cannot form a hydrogen bond, although
these two side chains still interact via the locked water mole-
cule because the water molecule forms two hydrogen bonds
with the two side chains. As shown in Fig. 8c, the distances
between the donor atoms and the acceptor atoms indicate that
these two hydrogen bonds are strong.When the SF region is in
this state, the locked water molecule blocks the other water
molecules from passing through the pore. Figures 8d, e, and f
show the open states. Figure 8f relates to AQPZe. In this case,
there are two or three water molecules in-between the Arg189
and Hsd174 residues, implying that the pore is open. The
configuration of the Arg189 side chain has two differ-
ent states. One is shown in Fig. 8d, where the dihedral
angle<Cβ–Cγ–Cδ–Nε of Arg189 is 166.04°. The other state is
shown in Figs. 8e and f, where the dihedral angle <Cβ–Cγ–
Cδ–Nε of Arg189 is 49.66° and 45.30°, respectively.

The crystallographic structure of AQPZ (pdb code 1RC2)
shows that the SF region has two conformations (Fig. 9). A
comparison of the conformations of the three residues in the
crystallographic structure and in the MD structures was per-
formed to showwhich of the protonation states most plausibly
corresponds to the crystallographic structure. The crystallo-
graphic conformation was compared to the MD conformation
presented in Fig. 8d (see Fig. 9a), while the crystallographic
conformation was also compared with the MD conformation
shown in Fig. 8c (see Fig. 9b). We can see that the crystallo-
graphic structure conformation is a very close fit to the MD
conformation in AQPZd. This means that the protonation state
of His174 is most plausibly Hsd.

In Jensen’s report [14], it was observed that each pore can be
in an open, intermediate, or closed state. The gate mechanism of
the pore between the open and closed states is characterized by
the dihedral angel <Cβ–Cγ–Cδ–Nε of residue Arg189. The
characteristic angle <Cβ–Cγ–Cδ–Nε is 165°, 61°, and 98° for
the up, mid, and down states, respectively. Figure 10 shows the
dihedral angles for the four pores in AQPZd and AQPZe versus
the simulation time. The Arg189 side chain exhibited highly
dynamic behavior in our two MD simulations. A comparison
between the minimum radius (Fig. 5) of the pore and the
dihedral angle <Cβ–Cγ–Cδ–Nε (Fig. 10) of residue Arg189
was performed to examine the correlation between the state of
the SF region and this dihedral angle. For AQPZe, when pores
M2, M3, and M4 are in the open state, the dihedral angles are
∼60° or ∼160°. For AQPZd, when the dihedral angle is about
60°, pore M2 is open but pore M3 is closed. However, when
poreM1 is nearly closed, the dihedral angle fluctuates from 160°
to 60°. We can conclude that the dihedral angle of the Arg189
side chain is insufficient to represent the state of the pore.

We then examined the free-energy landscape for one
water molecule to pass through the SF region for the
AQPZd and AQPZe systems. Quantum mechanics (QM)
and FDT were used to do this. Figure 11 shows the location
of the SF region of one AQPZ monomer. It also shows the
model used for the QM calculation. There were 72 atoms in
the QM-modeled region. Three steps were performed in the
QM calculation procedure. Firstly, the water molecule was
dragged from the QM-modeled region to an infinite distance
in order to achieve a QM unbound state. Secondly, the
intrinsic total energies for the QM region (Etot) and the
QM unbound state (Eunb) were calculated using the Gaussian
software package at the HF-6-31 g level [52] in the gas phase
with several atoms fixed, as shown in Fig. 11. Thirdly, the

Fig. 9 The conformation of the three residues in the SF region of the
crystallographic structure superimposed on the two conformations of
the MD structure. The MD conformation is shown in gray and the
crystallographic structure is colored according to element
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binding free energy (Ebin) between the water molecule and the
QM model excluding the water molecule was obtained using
the equation: Ebin0Etot – Eunb. The original structure that was
used to perform the QM calculations was obtained from the

lowest potential energy snapshot acquired during the equili-
brated MD simulation. The binding free energies between the
water molecule and the QM region of AQPZd and AQPZe
were −11.23 and −5.81 kcal mol−1, respectively (Table 1).

Fig. 10 Dynamic behavior of the dihedral angle <Cβ–Cγ–Cδ–Nε of Arg189 for the four monomers M1–M4 in the two simulations

Fig. 11 Left: the location of the
SF region in AQPZ. AQPZ is
shown in the ribbon
representation. The residues
that are involved in the
quantum mechanics (QM)
calculation are shown in stick-
and-ball representation. Right:
enlargement of the QM region,
which is shown in the stick
representation. The fixed atoms
in the QM calculation are
shown as yellow balls
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This shows that the binding energy for AQPZd is much higher
than that for AQPZe, whichmeans that it is more difficult for a
water molecule to traverse the SF region in the AQPZd system
than that in the AQPZe system.

We performed SMD and used the BD-FDT to compute
the free-energy profile for the passage of a water molecule
though the pores of AQPZd and AQPZe. We sampled five
forward and five reverse pulling paths. The work done in
each case is shown in Fig. 12a and b. The work curves
indicate that the pulling is irreversible. We applied the BD-
FDT to the five forward and five reverse paths and obtained
a set of free-energy differences for AQPZd, and then did the
same for AQPZe. In this work, we focused on the SF region,
so we pulled the water molecules through the SF regions
and pulled them out of the pores. The free-energy landscape
is shown in Fig. 12c. The free-energy barriers are 5.69 and
1.97 kcal mol−1 for AQPZd and AQPZe, respectively
(Table 1). As can be seen fromFig. 12c, the free-energy barrier
for the AQPZd system is much larger for the passage of a
water molecule that enters the pore and passes though the SF
region than it is for the equivalent passage through the AQPZe
system. Therefore, it is easier for a water molecule to permeate
through the AQPZe pore than the AQPZd pore. Note that the
relative free energy obtained using quantum mechanics is
consistent with that provided by the BD-FDT.

Conclusions

The histidine residue in the selectivity filter (SF) region of
AQPZ plays an important role in the transport of water across
the membrane of Escherichia coli. In this work, we performed
equilibrium molecular dynamics (MD) simulations to investi-
gate the influences of the two protonation states and the gating
mechanism of the SF. We calculated the pore radius, the
minimum distance and the hydrogen bonds between the side
chain of Arg189 and the side chain of His174, and the dihedral
angle <Cβ–Cγ–Cδ–Nε of Arg189 in the SF region versus the
simulation time. The interaction between the side chain of
His174 and the side chain of Arg189 plays an important role
in the SF gating mechanism. The minimum radius of the hole
can be used to gauge the state of the pore. However, the
dihedral angle <Cβ–Cγ–Cδ–Nε of Arg189 does not correlate
with the state of the SF region. We performed steered MD to
compute the free-energy profile (i.e., the potential of mean

Table 1 Summary of
the energies of the
SF areas in AQPZd
and AQPZe in
kcal mol−1

System QM FDT

AQPZd −11.23 −5.69

AQPZe −5.81 −1.92

Difference −5.42 −3.77

Fig. 12 Work done along the forward (black lines) and reverse (red
lines) pulling paths: a for AQPZd; b for AQPZe. c Free-energy profiles
of AQPZd (black) and AQPZe (red) estimated with the BD-FDT
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force, PMF) of a water molecule passing through the SF
region. We also calculated the binding energy of one water
molecule to the residues in the SF region using the Gaussian
code. The results obtained using quantum mechanics are
consistent with those produced by the FDT. We found that it
is easier for water molecules to permeate through the SF
region when His174 is in the Hse protonation state than when
it is in the Hsd state.
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