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1/f fluctuations of amino acids regulate water transportation in aquaporin 1
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Aquaporins (AQPs), which transport water molecules across cell membranes, are involved in many
physiological processes. Recently, it is reported that the water-water interactions within the channel are broken
at the aromatic/arginine selectivity filter (ar/R region), which prevents proton transportation [U. K. Eriksson
et al., Science 340, 1346 (2013)]. However, the effects of the conformational fluctuations of amino acids on water
transportation remain unclear. Using all-atom molecular dynamics simulations, we analyze water transportation
and fluctuations of amino acids within AQP1. The amino acids exhibit 1/f fluctuations, indicating possession of
long-term memory. Moreover, we find that water molecules crossing the ar/R region obey a non-Poisson process.
To investigate the effect of 1/f fluctuations on water transportation, we perform restrained molecular dynamics
simulations of AQP1 and simple Langevin stochastic simulations. As a result, we confirm that 1/f fluctuations of
amino acids contribute to water transportation in AQP1. These findings appreciably enhance our understanding

of AQPs and suggest possibilities for developing biomimetic nanopores.
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I. INTRODUCTION

As current trends in population growth, industry, agricul-
ture, and environmental issues place increasing demands on
fresh water supplies, effective and selective water pores for
desalination of salty water are becoming actively sought.
Aquaporins (AQPs), transmembrane proteins found in the
cell membranes of all living entities, are natural transporters
of water molecules. Thirteen isoforms of human AQPs
(AQPO0-12) have been identified, each with a different tissue
distribution, and each playing specific physiological roles
[1,2]. All AQPs form tetramers in cell membranes, and some
form large arrays with varying structural properties [3,4]. Most
AQPs exclusively permit water molecules, rejecting charged
molecules, ions, and even protons [5,6], while some AQPs can
be permeated by molecules other than water [7,8]. Recently,
a high resolution x-ray structure of yeast AQP (0.88 A)
reveals a feasible part to prevent proton permeation [9]. By
understanding the mechanism of water transportation within
AQPs, researchers can begin to design biomimetic nanopores
for desalination processes [10—12].

The first structurally characterized AQP, AQP1, strictly
transports water molecules [13]. Further insights into water
configuration and the energetics of water permeation within
AQPs has been provided by molecular dynamics (MD)
simulations [5,14—18]. During transit through the AQP pore,
water molecules rotate as they encounter regions that heavily
polarize their dipoles. In carbon nanotubes (CNTs), water
molecules diffuse single file by a continuous-time random
walk process with exponential waiting time distribution [19].
On the other hand, the statistical properties of first-passage
water transport times in OmpF membrane protein channels
are known to differ from those in homogeneous pores such
as CNTs [20]. Therefore, little is known about AQP water
dynamics because the channel steric conformations of AQPs
are much more complicated than those in CNTs.
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As water molecules transit through AQPs, they are affected
by neighboring water molecules and by AQP amino acids.
Water—amino acid interactions occur chiefly in two charac-
teristic domains, the NPA motif and the aromatic/arginine
selectivity filter (ar/R region) [14]. Recently, Eriksson et
al. reported that the water-water interactions within the
yeast AQP are broken at the ar/R region, which prevents
proton transportation [9]. Therefore, the ar/R region plays
an important role in water transportation. However, the roles
of fluctuations of the amino acids in these interactions are
unclear. The relationship between conformational fluctuations
of amino acids and water dynamics within AQPs may be of
high biological importance.

In this paper, we perform MD simulations of the AQP1
embedded in a palmitoyl-oleoyl-phosphatidylethanolamine
(POPE) bilayer [see Fig. 1(a)]. The amino acids in AQP1 are
found to undergo 1/f fluctuations. Moreover, the occurrence
of water molecules crossing the ar/R region of AQPI is a
non-Poisson process. Analyzing water transportation through
the channel as modeled by Langevin stochastic simulations,
we suggest that the 1/f fluctuations of amino acids may be
implicated in water transportation control in AQPs.

II. METHODS

A. Molecular dynamics simulation

To elucidate the water transport properties and fluctuations
of amino acids in AQP1, we performed MD simulations of
AQP1 (based on the x-ray crystallographic structure [21])
embedded in a POPE bilayer. The initial membrane system
contained a homotetrameric assembly of free AQP1, 526
POPE molecules, and 74 738 TIP3P water molecules [see
Fig. 1(a)]. Before MD simulation, we minimized the energy
of the system by the steepest descent method followed by the
conjugate gradient method. A 120 ns MD simulation of the
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FIG. 1. (Color online) (a) The system used for MD simulations of
AQP1 in a POPE lipid bilayer. A single tetramer of AQP1 is embedded
in the POPE lipid bilayer. The AQP1 is shown in cartoon (blue). Lipids
are shown in green with their oxygen atoms in red. Explicit water
molecules correspond to the upper and lower transparent coatings.
The blue line of the box is a periodic boundary. (b) Root-mean-square
deviation (RMSD) of the AQP1. The RMSD fluctuates around a
constant value after 70 ns, which means that the structure of the
AQP1 is in an equilibrium.

system was performed with a constant number of atoms at a
pressure of 0.1 MPa and a temperature of 310 K. The MD
simulation was carried out using Berendsen’s algorithm with
a coupling time of 0.2 ps. The time step was set at 1 fs. The
lengths of hydrogen bonds were constrained to equilibrium
lengths using the SHAKE method. Parm99 and gaff parameters
were used for the protein and POPE lipids, respectively. This
parameter for POPE has been used in previous studies of
membranes or membrane proteins [22-26]. The particle mesh
Ewald method was used, with a specified direct space cutoff
distance of 1.0 nm. A three-dimensional periodic boundary
condition was imposed on all systems. Because the system
reached equilibrium at 70 ns, the trajectories of the final 50 ns
were used in the analysis [see Fig. 1(b)].

Moreover, to investigate the effect of the 1/f fluctuations of
amino acids on water transportation, we performed three MD
simulations in which all amino acid residues of AQP1 were
restrained within a harmonic potential in Cartesian space. The
force constant was 10 kcal/mol A2, The initial structures in
the restrained MD simulations were assumed from equilibrium
structures of MD simulations at 80, 100, and 120 ns. Three
independent restrained MD simulations were performed over
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20 ns. All MD simulations were performed using AMBER10
software [27].

B. Detrended fluctuation analysis

Detrended fluctuation analysis (DFA) [28] is a method for
detecting a long-range correlation embedded in a time series.
First, we construct an integrated time series y; = Z;:l r;j and
divide the series into bins of size n. The fluctuation function
F(n) is the root mean square of the deviations from a local
trend (determined by least-squares fitting), defined by

1 m jn
O DD

j=1i=(—Dn+1

F(n) = {yi —(@@jxi +b)¥, (1)

where m represents the number of bins of size n. The
fluctuation function exhibits a scaling F(n) ~ nf, and the
scaling exponent B gives information about the correlation
properties of the time series. The cases § < 0.5 and g > 0.5
correspond to anticorrelated and correlated noise, respectively.
In particular, certain exponents 8 correspond to characteristic
noises: B ~ 0.5, white noise; and 8 ~ 1, 1/f noise. The
exponent 8 and the exponent « of the power spectral density
S(f) >~ f~* of the original time series are related by o =
28 — 1.

III. RESULTS AND DISCUSSION

A. Fluctuations of amino acids in AQP1

Channel steric conformation and solute binding sites in
AQPI facilitate the rapid and highly selective transportation
of water molecules. As mentioned above, AQP1 contains two
characteristic domains. One is the Asn-Pro-Ala (NPA) motif
located at the two short helices in the center of the mem-
brane, which contains amino acids N78 and N194 [21] [see
Fig. 2(a)]. The NPA motif allows water molecules to form
hydrogen bonds with two Asn residues, thereby reversing the
orientation of the water molecules. The other domain is an ar/R
region constituting the narrowest part of the pore, formed by
Phe58, His182, Cys191, and Argl97 [17,29] [see Fig. 2(b)].
The ar/R region performs a filtering role, blocking partially
hydrated ions that are too large to pass through the narrow
region [6,22]. To evaluate the conformational fluctuations in
AQP1, we analyze the distances between the centers of mass
coordinates of amino acids in the ar/R region (H182 and
R197) and in the NPA motif (N78 and N194) over a 50 ns
simulation period [see Fig. 2(c)]. The distance fluctuations
are characterized by the power spectral density of these
distances [see Fig. 2(d)]. The amino acids in AQP1 show 1/f
fluctuations. To improve the clarity of the results, we perform
DFA [see Fig. 2(e)]. The F(n) is linear about both H182-R197
and N78-N194, again suggesting that the distances between the
amino acids undergo 1/f fluctuations. Power spectral density
and DFA of shuffled time series of the distances between the
amino acids signify a white noise (see Fig. 3). This implies that
a long-term memory contributes to the 1/f fluctuation. Figure
2(f) shows a probability density function (PDF) of the power
law exponent «. The distances between amino acid pairs show
1/f% fluctuations in AQP1. The exponent « depends on the
amino acid pairs.
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FIG. 2. (Color online) Fluctuations of amino acids in AQP1. (a) Snapshot of AQP1 monomer channeling a single file of water molecules.
(b) Snapshot of ar/R region in AQP1. Histidine and arginine contribute to the filter mechanism. The distance between H182 and R197 is
analyzed. (c) Distances between amino acids in AQP1, as a function of time. Red and blue lines indicate H182-R197 and N78-N194 distances,
respectively. (d) Power spectral density of the distances between amino acids. The solid line has slope —1. (¢) DFA of distances between amino
acids in AQP1. Different pores in the AQP1 tetramer are distinguished by colored symbols. Circles and triangles represent the H182-R197 and
N78-N194 distances, respectively. The black line is shown for reference. (f) PDF of the exponent o of power spectral densities S(f) >~ f~* on
amino acid distances. These are obtained from all amino acid pairs in a monomer.

These 1/f fluctuations of amino acids are intriguing.
In biological systems, 1/f* noises have been reported for
protein conformational dynamics [30,31], DNA sequences
[32], and ionic currents [33-35], implying that biological
proteins generally undergo long-range correlated dynamics.
Distance fluctuations between donors and acceptors have
been modeled by the generalized Langevin equation with
fractional Gaussian noise [31]. Thus, we expect that other
transmembrane proteins will exhibit 1/f fluctuations. Our
present finding has potentially important implications for
biological functions.

B. Water dynamics within AQP1

To investigate the water dynamics in AQP1, we calculate
the free energy difference F,.(z) of water molecules in the
AQP1 pore, given by F,(z) = —In p(z) [see Fig. 4(a)], where
z and p(z) are the coordinate and the PDF, respectively, of
water molecules in the pore. We define units of energy by
setting kg T = 1. The PDFs are computed from all trajectories
of water molecules in four different pores. There is a high
energy barrier around the ar/R region (z = 0.6-0.8 nm). Water
molecules are trapped in a free energy valley in AQP1. Trapped
water molecules jump to neighboring sites at certain instances
in time. Jumping events are evident in the trajectories of
water molecules in the AQP1 [see Fig. 4(b)]. To investigate
the jumping event across the ar/R region, we define the z
coordinate of this region as the center of mass of the H192
and R197 amino acids [the pink line in Fig. 4(b)]. Because the

ar/R region is the narrowest section of the pore, jumping events
across the region are readily observed. We then calculate the
PDFs of the interoccurrence times of the jumping events. To
remove molecular vibrational effects from the PDF, an event is
considered a jump only if its movement across the z coordinate
of the ar/R region exceeds 0.1 nm. As shown in Fig. 4(c),
the PDFs follow nonexponential distributions, a non-Poisson
process.

One important question remains unclear: What is the
origin of the non-Poisson process? In other words, does
the non-Poisson process come from effects by the complex
configuration within the pore or 1/f fluctuation of amino
acids? To address this question, we perform MD simulations
in which the AQP1 structure is restrained using a harmonic
potential. Three independent restrained MD simulations are
performed over 20 ns. DFAs of the NPA motif (N78 and N194)
and ar/R region (H182 and R197) are shown in Fig. 5(a).
The amino acid fluctuations are modified in the restrained
MD simulations. Here, the line of slope 0.5 signifies white
noise. Figure 5(b) shows F,(z) of water molecules in the
restrained AQP1. The value of F,(z) depends on the first
configuration used for the restrained MD simulations. The
modified fluctuations from 1/f noise to white noise alter the
water transportation dynamics within the AQP1. The jump
events across the ar/R region are characterized by a Poisson
process, where the interoccurrence times of the jumping events
are distributed exponentially [see Fig. 5(c)]. This implies that
water transportation is extensively affected by amino acid
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FIG. 3. (Color online) (a) Power spectra of shuffled time series
of the distances between amino residues. We construct a time series
by shuffling the original time series of the distance between amino
residues in a random manner. Red and blue lines indicate H182-R197
and N78-N194 distances, respectively. (b) DFAs on shuffled time
series of distances of amino residues in AQP1. Colored symbols
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C. Stochastic model of water transportation

The restrained MD simulations are somewhat artificial and
itis difficult to obtain enough ensembles due to the dependence
on the first configuration. To capture the essential feature of
water transportation through AQPs, we propose a stochastic
model that a particle is trapped in a potential and jumps the
potential height [see Fig. 6(a)]. As discussed in the previous
section, events of water molecules crossing the ar/R region
crucially depend on the pore size, which fluctuates with the
1/f distribution. The pore size corresponds to the height of the
potential £, and the fluctuation of the amino acids represents
the fluctuation of the potential height. We consider that the
motion of water molecules is driven by white Gaussian noise.
The water molecules are modeled as particles governed by a
Langevin equation in a harmonic potential:

2

O -y R, @
where m is the mass of water molecule, y is a friction coef-
ficient, and k is a spring constant. The random driving force
R(¢) satisfies the fluctuation-dissipation relation (R(¢)R(¢)) =
2mykpT8(t —t'), where kp is the Boltzmann constant and 7'
is a temperature. Parameter values used in simulations were
k=5 and m = y = 1. Water permeation occurs when the
particle exceeds a random fluctuating threshold. To mimic
1/f fluctuations, a fluctuating threshold E(t),

E(t) = Eo + En(1), 3

is generated by the following method [36], where E specifies
an average threshold:

N-1
distinguish the difference of AQP1 pores. Circles and triangles .
represent the distances of H182-R197 and N78-N194, respectively. Ev@®) = Z i(®), @
The solid line represents F(n) ~ n%3, signifying white noise. i=0
dgi(t)
d'— = —vi&i(1) + V2vinicn&i (1), )

fluctuations. Because the water transportation depends largely
on the pore size, the 1/f fluctuation of distances between
amino acids within the AQP1 is important to regulate the water
transportation. We note that the pore sizes in some restrained

where v; =vy/b' is the inverse autocorrelation time of
the ith component and #n; = [no/ (1 — a)]Cq(b)v§ /b
is its weight. The autocorrelation function of the noise

AQPs became too small to pass water molecules. is the sum of independent autocorrelation functions,
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FIG. 4. (Color online) Water transportation in AQP1. (a) Free energy variation of water molecules within AQP1. The NPA motif (center
of N78 and N194) is located at z = 0. Colored lines represent the density of water molecules in different pores of the AQP1 tetramer.
(b) Water translocation in AQP1 throughout the 3 ns time course of the MD simulation. The z coordinate of the NPA motif (located at z = 0)
has been subtracted from all z coordinates. For enhanced clarity, results are averaged over 10 ps intervals. Individual water molecules are
assigned different colors each time they enter or reenter the channel. Pink line around z = 0.7 nm is the z coordinate of the ar/R region
(center of H182 and R197). (c) PDFs of interoccurrence times of jump events of water molecules at the ar/R region. Different AQP1 pores are

distinguished by colored symbols.
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FIG. 5. (Color online) Restrained MD simulations of AQP1. (a) DFAs on distances of amino acids in AQP1. Colored symbols distinguish
between different AQP1 pores. Circles and triangles represent H182-R197 and N78-N194 distances, respectively. The solid line represents
F(n) ~ n%. (b) Free energy variation of water molecules within restrained AQP1. The NPA motif is located at z = 0. Colored lines represent
the density of water molecules in different pores. (c) PDFs of interoccurrence times of the jumping events of water molecules across the ar/R
region. Red and blue (dark and light gray) symbols indicate the results of MD and restrained MD simulations, respectively. Different pores in
the AQP1 tetramer are distinguished by different symbols. The solid line represents an exponential distribution.

(¢i(1)¢;(0)) = cyn;d;j exp(—v;t),

o =0.0001, and N = 16. Power spectra of the Ey(¢t) is
shown in Fig. 6(b). In the case of N = 1, the PDF of escape

Nl times follows an exponential distribution for different v,
(ENn(EN)) = ZCN’H exp(—vif), [Fig. 6(c)]. We note that the variance of E|(¢) is adjusted
=0 to that of N = 16 by changing n,c,. Figure 6(d) shows the

PDF of escape times when the potential barrier fluctuates

which approximates 1/f'~% noise. Parameter values used ~ With 1/f noise (N = 16). In this case, the PDF follows a
in simulations were Ey = 1.35, vy = 50, b = 10, n, = 0.5, nonexponential distribution that strongly agrees with that of
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FIG. 6. (Color online) Stochastic model of water permeation. (a) Schematic of the model. A particle (blue circle) is trapped and fluctuates
in a potential. The height of potential £ fluctuates with 1/f noise (red arrow). At a certain moment, the particle escapes from the potential.
(b) Power spectra of the Ey(t). Parameter values used in the simulation were vy = 50, b = 10, o = 0.0001, and N = 16. The solid line
has slope —1. (c) PDF of escape times from the fluctuating-threshold potential follows Ornstein-Uhlenbeck noise (N = 1) or (d) 1/f noise
(N = 16). The results for Ornstein-Uhlenbeck noise (N = 1) and 1/f noise (N = 16) are shown as single log and log-log plots, respectively.
The lines are the results of Langevin simulations. The red circles are the MD simulation results.
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the interoccurrence times of the jumping events across the ar/R
region. According to an increase of Ey, PDF changes from
nonexponential to exponential distribution (not shown). The
nonexponential distribution originated from 1/f fluctuations is
consistent with that obtained by the MD simulation. Although
this model lacks molecular details on water transportation
in real AQPs, it avoids unwarranted assumptions about the
detailed mechanisms and captures the essential features. This
model implies that 1/f fluctuations of the potential barrier
generate a non-Poisson feature of water transportation within
the pore.

IV. CONCLUSION

In summary, we found that amino acids in AQP1 undergo
1/f fluctuations by performing MD simulations of membrane-
embedded AQP1. Moreover, we found that the interoccurrence
times of water molecules crossing the ar/R region in AQP1
follow a nonexponential distribution. To investigate the sig-
nificance of the 1/f fluctuations, we performed restrained

PHYSICAL REVIEW E 89, 022718 (2014)

MD simulations of AQP1 and proposed a simple stochastic
model of water transportation. The model predicts that water
transportation depends on fluctuations of amino acids. These
results suggest that 1/f fluctuations of amino acids regulate
the water transportation in AQPs. Recently, design of using
vibrating charge has been proposed for controlling the water
transport through CNTs [37,38]. A continuous unidirectional
water flow is driven by a vibration charge without osmotic
pressure. Our finding would help in designing and developing
nanoscale systems for desalination processes.
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