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Water molecules on lipid membrane surfaces are known to contribute to membrane stability by connecting
lipid molecules and acting as a water bridge. Although water structures and diffusivities near the membrane
surfaces have been extensively studied, hydration dynamics on the surfaces has remained an open question.
Here we investigate residence time statistics of water molecules on the surface of lipid membranes using
all-atom molecular dynamics simulations. We show that hydration dynamics on the lipid membranes
exhibits 1/f noise. Constructing a dichotomous process for the hydration dynamics, we find that residence
times in each state follow a power-law with exponential cutoff and that the process can be regarded as a
correlated renewal process where interoccurrence times are correlated. The results imply that the origin of
the 1/f noise in hydration dynamics on the membrane surfaces is a combination of a power-law distribution
with cutoff of interoccurrence times of switching events and a long-term correlation between the
interoccurrence times. These results suggest that the 1/f noise attributed to the correlated renewal process
may contribute to the stability of the hydration layers and lipid membranes.

I
n numerous natural systems, the power spectra S(f) exhibit enigmatic 1/f noise:

S fð Þ! 1
f b

0vbv2ð Þ: ð1Þ

at low frequencies. In biological systems, 1/f noise has been reported for protein conformational dynamics1–3,
DNA sequences4, biorecognition5, and ionic currents6–9, implying that long-range correlated dynamics underlie
biological processes. In particular, 1/f noise is involved in the regulation of permeation of water molecules in an
aquaporin3.

There are many mathematical models that generate 1/f noise including stochastic models10–13 and intermittent
dynamical systems14–17. The power-law residence time distribution is one of the most thoroughly studied origins
for 1/f noise12,14–17. In dichotomous processes, the power spectrum shows 1/f noise when the distribution of
residence times of each state follows a power-law distribution with divergent second moment. For blinking
quantum dots, which show a 1/f spectrum, residence times for ‘‘on’’ (bright) and ‘‘off’’ (dark) states have been
experimentally shown to have a power-law distribution with a divergent mean18,19. In stochastic models, this
divergent mean residence time violates the law of large numbers which causes the breakdown of ergodicity, non-
stationarity, and aging20–25. On the other hand, the divergent mean residence time implies an infinite invariant
measure in dynamical systems26 and that the time-averaged observables are intrinsically random26,27.

Water structures and diffusivities near lipid membrane surfaces have been extensively studied28–38.
Orientations of water molecules are aligned on the surfaces heterogeneously32,37. The complex structure and
viscoelasticity of the lipid membranes cause anomalous diffusion34–36 and aging phenomena36 of water molecules
on the surfaces. In our previous work, we found that the residence times of water molecules on the lipid
membrane surfaces follow power-law distributions33,36. Therefore, it is physically reasonable to expect that the
hydration dynamics on membrane surfaces also obey 1/f noise. Although little is known about the hydration
dynamics, it is important to understand the dynamics of resident water molecules because these water molecules
may play important roles in the overall dynamics of the membrane, and will affect membrane stability and
biological reactions. In fact, such water molecules stabilize the assembled lipid structures30; this water retardation
increases the efficiency of biological reactions39,40. Water molecules enter and exit the hydration layer, and the
number of water molecules near the lipid head group fluctuates.

Here, we perform a molecular dynamics (MD) simulation on water molecules plus pure palmitoyl-oleoyl-
phosphocholine (POPC) membrane at 310 K to investigate the hydration dynamics on the lipid surface. We find
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that fluctuations in the number of water molecules on the lipid
surface show 1/f b noise with b . 1 at high frequencies, and that
the residence time distributions for ‘‘on’’ and ‘‘off’’ states follow
power-law distributions with exponential cutoffs. Moreover, we con-
struct a dichotomous process from the trajectory of the number of
water molecules on a lipid molecule to clarify the origin of the 1/f
noise. By analyzing the constructed dichotomous process, we find
that there is a long-term correlation between residence times, which
contributes to the b . 1 at high frequencies.

Results
Fluctuations of water molecules on the lipid head group. To
investigate the hydration dynamics on the lipid membrane surfaces,
we recorded the number of water molecules for which the oxygen was
within interatomic distances of 0.35 nm38,41, which corresponds to
the hydrogen bond distance, from all atoms in lipid head group
[Fig. 1A]. The number fluctuates around the average of about 14.
Figure 1B shows the ensemble-averaged power spectra density (PSD)
of the water molecules calculated for the 128 lipid molecules in the
POPC lipid bilayer. We have S( f) / f2b with b 5 1.35 6 0.05 at high
frequencies, while below a transition frequency ( ft 5 0.3 GHz) PSD
becomes a plateau at low frequencies. This crossover phenomenon is
essential because S( f) / f2b with b $ 1 implies non-integrability and
non-stationarity. The time scale of the 1/f noise is longer than 100 ps
( f 5 1010 Hz). Mean residence time of water molecules on the
membrane surface is 7–71 ps depending on the biding sites and
definitions of hydrated molecules30,31,36,38, which is shorter than the
time scale of the 1/f noise. Moreover, 80% of water molecules which
continuously reside on the membrane surface more than 1 ns move
beyond 0.6 nm2 36. The area per lipid is about 0.5–0.7 nm2. Thus,
most of the water molecules are displaced on the membrane surface
by exchanging hydrogen bond interactions with lipid molecules in the

time scale of the 1/f noise. We have confirmed that fluctuations of the
number of water molecules within a box and a sphere near the
membrane surfaces also exhibit 1/f noises but this is not the case
for bulk [see Fig. S1].

A similar transition of the power-law exponent of the PSD has also
been observed for the interchange dynamics of ‘‘on’’ and ‘‘off’’ states
for quantum dot blinking42. This behavior was described theoretically
using an alternating renewal process, where the residence time dis-
tributions of ‘‘on’’ and ‘‘off’’ states are given by a power-law with an
exponential cutoff yon tð Þ!t{1{ae{t=ton and a power-law yoff(t) /
t212a with a , 1, respectively42. The transition frequency ft is related to
the exponential cutoff in the quantum dot blinking experiment. In this
case, the PSD exhibits aging, non-stationarity, and weak ergodicity
breaking because the ‘‘off’’ time does not have a finite mean. To
confirm whether the aging effect appears in the hydration dynamics
on the lipid surface, we calculate the ensemble-averaged PSDs for
different measurement times [Fig. 1C]. The magnitudes of the PSDs
do not depend on the measurement time t, i.e. there is no aging. It
follows that the power-law distribution with an exponential cutoff
considered in the quantum dot experiment42 cannot explain hydration
dynamics on the lipid membrane surfaces.

Origin of the 1/f noise. One important question remains unclear:
What is the origin of the 1/f noise? In other words, does power-law
intermittency or long-term memory contribute to the 1/f noise? To
consider the origin of 1/f noise, we constructed a dichotomous (two
states) process from the time series of the number of water molecules,
where a state is called ‘‘on’’ (N9 5 1) state when the number of water
molecules on each lipid molecule is above the average number and
‘‘off ’’ (N9 5 21) state otherwise [Fig. 2A]. Figure 2B shows the
ensemble-averaged PSD for the time series of constructed
dichotomous processes. The obtained 1/f noise is the same as the
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Figure 1 | Power spectrum of the number of water molecules on the POPC membrane. (A) Time series of number of water molecules on a lipid head

group. The red dashed line is the average number of water molecules on the lipid head group over this time period. The outer windows show snapshots of

water molecules around the lipid head group. (B) Ensemble-averaged PSD of number of water molecules. We use 128 time series to obtain the ensemble-

averaged PSD. The solid lines represent power-law behavior for reference. Total measurement time was 131 ns. (C) Ensemble-averaged PSD for four

different measurement times: 2.05, 8.19, 32.8, and 131 ns. The power spectra coincide without fitting.
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ensemble-averaged PSD for the original time series [see Fig. 1B]. The
PSD of the dichotomous processes also does not show aging
[Fig. 2C].

To confirm a presence of a long-term memory, we calculate the
ensemble-averaged PSD for shuffled dichotomous processes, where
residence times for ‘‘on’’ and ‘‘off’’ states were shuffled among them-
selves randomly. Because shuffled dichotomous processes do not
have a long-term correlation between residence times, we can clarify
the existence of a long-term correlation. The ensemble-averaged PSD
of the shuffled dichotomous processes exhibits 1/f noise and platuau
at low frequencies [Fig. 3B]. However, the power-law exponent of
S(f ) / f 2b at high frequencies changes from the original one (1.35)
to 0.8. The frequency at which the PSD becomes a plateau is the same
order of that of the original dichotomous process in Fig. 2B. This
means that the long-term memory in residence times affects the
power-law exponents of the original PSD.

Figure 3A shows probability density functions (PDFs) of residence
times for ‘‘on’’ and ‘‘off’’ states. Both PDFs follow power-law distri-
butions with exponential cutoffs, P(t) 5 At212a exp(2t/tc), where

the power-law exponent is a 5 1.2, and cutoffs for the PDFs of the
‘‘on’’ and ‘‘off’’ states are tc 5 59 ps and 1074 ps, respectively. The
observed exponent, a . 1, implies that mean residence time does not
diverge and is consistent with the ergodic behavior (no aging).
Following our observations, we performed a numerical simulation
in which time series of ‘‘on’’ and ‘‘off’’ states were generated with
random waiting times drawn from a power-law distribution with an
exponential cutoff (a 5 1.2, on: tc 5 60 ps, off: tc 5 1000 ps). The
PSD of the numerical simulation is well consistent with that of the
shuffled dichotomous process [see Fig. 3B]. In alternating renewal
process, the power-law exponent b in the PSD is given by the power-
law exponent in the residence time distribution, i.e., b 5 2 2 a as a ,

215. The power-law exponent b observed here in the PSD is consistent
with this relationship.

To clarify the correlation between residence times, we consider
three types of time series of residence times: ton

1 , . . . ,ton
n

� �
, tof f

1 ,
�

. . . ,toff
n g, and ton

1 ,toff
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n ,toff
n

� �
. Figure 4A shows the con-

ditional averages of ti11, denoted by tiz1h iti
, when the previous

residence time is in ~tlk,~tl kz1ð Þ
� �

for some k[ 0f g|N, where we set
l 5 103 and ~ti is rearranged in ascending order ~t0v~t1v . . .ð
v~tiv~tiz1v . . .Þ43. There are positive correlations of residence
times between the previous ‘‘on’’ state and the current ‘‘on’’ state
or the previous ‘‘off’’ state and the current ‘‘off’’ state, and negative
correlations of residence times between an ‘‘on’’ state residence time
and the next ‘‘off’’ state time or an ‘‘off’’ state residence time and the
next ‘‘on’’ state time. This means that each state is stable, i.e. the
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Figure 2 | 1/f noise in the dichotomous process on the POPC membrane.
(A) Part of a time series of the number of water molecules on a lipid

molecule (blue line); conversion of this data into ‘‘on’’ or ‘‘off ’’ states

(yellow line), depending on whether the number of water molecules is

above or below the average (red dashed line). (B) Ensemble-averaged PSD

of the dichotomous process. The solid line is shown as reference.

(C) Ensemble-averaged PSD of the time series of the two states for four

different measurement times: 2.05, 8.19, 32.8, and 131 ns. There is no

aging.
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hydration layer is stabilized. Furthermore, we show the degree of
non-Markovianity, G(D, T), in Fig. 4B8 (the details are shown in
supporting information). We used 12800 data at each time step to
calculate the transition probabilities, and G(D, T) were calculated for
T 5 600 ps. Maximal values for dichotomous process (DP) and
shuffled dichotomous process (SDP) are GDP(21, 600) 5 0.067 and
GSDP(6, 600) 5 0.015, respectively. The value for computer-gener-
ated Markovian dichotomous processes is G 5 0.004. The dichotom-
ous process generated by the hydration dynamics shows strong
non-Markovianity, while the shuffled dichotomous process also
shows non-Markovianity before 400 ps. Moreover, the ensemble-
averaged PSDs of the three types of time series of residence times
exhibit 1/f noise [Fig. 4C]. This result means that the residence times
have a long-term correlation. These results imply that the high non-
Markovianity of the dichotomous processes comes from not only a
power-law residence time distribution but also a long-term memory
in residence times. These results suggest that the origin of the 1/f

noise is a combination of a power-law residence time distribution
and a long-term correlation between residence times. These correla-
tions between residence times are also observed in quantum dot
blinking experiments44,45.

Discussion
Using all-atom molecular dynamics simulations, we have found that
fluctuations of number of water molecules on the lipid molecules
exhibit 1/f b noise with b . 1 and that the power spectrum does not
break ergodicity. Moreover, we have provided an evidence that the 1/f
noise and ergodic behavior are caused by non-Markov power-law
intermittency with exponential cutoff. What is a biological signifi-
cance of 1/f noise in hydration dynamics on lipid membrane sur-
faces? The roles played by the water molecules near the membrane
depend upon their structure and dynamics. There are positive cor-
relations of residence times between the same states, and negative
correlations of residence times between the different states. This
means that each state is stable, i.e. the hydration layer is stabilized.
The 1/f noise attributed to a correlated renewal process can contrib-
ute to the stability of the hydration layer, which is important for
membrane stability and physiological processes. Moreover, these
results are relevant to a broad range of systems displaying 1/f
fluctuations.

Because dynamics of lipid molecules and membrane structures
affect the hydration dynamics of water molecules, the complexity
of lipid membrane surfaces, diffusivity, and fluctuations of lipid
height will contribute to the 1/f noise. Here we confirmed that tem-
poral fluctuations of the height of lipid molecules also show 1/f noise
[see Fig. S2]. The transition frequency in the PSD from 1/f noise to a
plateau is almost the same as that of fluctuation of number of water
molecules around the lipid molecule [see Fig. 1B and S2]. It has been
shown that lipid bilayers exhibit transient subdiffusion originated
from fractional Brownian motion (FBM) (viscoelasticity)46–48 and
shows dynamic heterogeneity46. Moreover, water molecules on the
lipid membrane surfaces exhibit subdiffusion, which originates from
a combination of long-term correlated noise (FBM) and divergent
mean trapping time (continuous-time random walk: CTRW)36. A
power-law waiting time distribution, arising from random binding
of water molecules with the lipid molecules or 1D comb-like struc-
ture of lipid membrane surfaces, contributes to CTRW.
Viscoelasticity of lipid bilayers contributes to the FBM of the water
molecules. Furthermore, the hydrogen-bond exchange dynamics
shows long range correlations between multiple water molecules49,50.
These effects will contribute to the origin of the observed 1/f noise.

Although we used conventional hydrogen bond distance 0.35 nm
to define the surface water molecules, it was shown that there is no
preferential mutual orientation between two water molecules if the
distance is more than 0.3 nm49,50. We confirmed 1/f noise with dif-
ferent definition of hydrogen bond distance 0.3 nm [see Fig. S3]. The
value of the power-law exponents of PSD become b 5 1.2 at high
frequencies. And transition frequency of the PSD shift to lager fre-
quency because the cutoff of the distribution of the residence time in
dichotomous process becomes short.

Moreover, surface water structures and diffusivities of lipid
molecules are known to be affected by negatively charged lipids
and ions51,52. To clarify the universality of observed 1/f noise, we
performed additional MD simulations of (i) pure palmitoyl-oleoyl-
phosphatidylethanolamine (POPE) membrane [see Fig. S4–S6], (ii)
negatively charged membrane of POPC/palmitoyloleoyl phosphati-
dylserine (POPS) (4:1) lipids with 150 mM NaCl ions [see Fig. S7–
S8], and (iii) different force field, thermostat, and barostat [see Fig.
S9]. Power-law exponent b of PSDs and cutoff time t in the power-
law residence time are slightly different. However, there are no sig-
nificant qualitative differences, that is, the power-law exponent b and
the origin of the 1/f noise [see Fig. S3–S9].
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Methods
Molecular dynamics simulations. Molecular dynamics (MD) simulations of pure
palmitoyl-oleoyl-phosphocholine (POPC) bilayers was performed to clarify the
hydration dynamics on the lipid membrane surface. The lipid bilayer system of pure
POPC lipids was consisted of 128 lipids (64 for each leaflet) and 7680 TIP3P water
molecules. The CHARMM3653 force field was used for the lipids. The TIP3P water
model modified for the CHARMM force field54 was used because the CHARMM36
force field was developed based on it. Although the diffusion constant of the TIP3P
water model is higher than the experimental values, it reproduces the first-shell
hydration and the energetics of liquid water55. The bond lengths involving the
hydrogen atoms were constrained to equilibrium lengths using the SHAKE method56.
The direct sum and Lennard-Jones interactions were smoothly truncated at a cutoff
distance of 1.2 nm, using a switching function that becomes effective at 1.0 nm. The
particle-mesh Ewald method57 was used to calculate electrostatic interactions. Before
the MD simulation, energy minimization was performed using a conjugate gradient
algorithm to remove any bad contacts from within the initial configuration. The
simulation was performed under constant NPT (number of particles, pressure, and
temperature) at temperature 310 K and pressure 0.1 MPa. For temperature and
pressure control, a Langevin thermostat and piston58,59 were used with a damping
coefficient of 1 ps21 and a collision period of 0.2 ps. The three orthogonal dimensions
of the periodic cell were allowed to change independently in the x-y and z dimensions
(semi-isotropic pressure coupling). The simulation was performed for 240 ns under
2.0 fs time-step increments; coordinates were recorded every 1.0 ps. The trajectories
for the final 131 ns were used for analysis. The MD simulation was performed using
NAMD2.9 software60. In the main text, we shows the results of the CHARMM force
field. The other simulation conditions are shown in supplementary information.

Degree of non-Markovianity. The degree of non-Markovianity8 is given by

G D,Tð Þ~ 1
T

1
M2

XM

i,j

ðDzT

D

D2
i,j t,Dð Þdt

" #1=2

, ð2Þ

where M is the total number of the states (M 5 2 in our case), T is a measurement
time, and

Di,j t,Dð Þ~P i,tjj,0ð Þ{
XM

k~1

P i,t k,t{Djð ÞP k,t{D j,0jð Þ, ð3Þ

where P(i, tjj, s) is the transition probability that the current state at the time t is in the
state number i under the earlier state at the time s was in the state number j. The value
of G strongly depends on the number of ensemble for calculating the transition
probabilities. For calculating the transition probability, 128 dichotomous processes
were divided into 100 segments. Thus, we used 12800 data at each time step for
calculating the conditional probabilities. The shuffled dichotomous processes were
generated by shuffling the residence times for ‘‘on’’ and ‘‘off’’ states among themselves
randomly. We generated the Markov dichotomous process where each state is
generated independently with equal probability (p 5 1/2). The P(i,tjj, s) for the
Markov dichotomous process was calculated by using the same number of ensemble
12800. All G(D, T) were calculated for T 5 600 ps.

1. Yang, H. et al. Protein conformational dynamics probed by single-molecule
electron transfer. Science 302, 262–266 (2003).

2. Min, W., Luo, G., Cherayil, B. J., Kou, S. C. & Xie, X. S. Observation of a power-law
memory kernel for fluctuations within a single protein molecule. Phys. Rev. Lett.
94, 198302 (2005).

3. Yamamoto, E., Akimoto, T., Hirano, Y., Yasui, M. & Yasuoka, K. 1/f fluctuations
of amino acids regulate water transportation in aquaporin 1. Phys. Rev. E 89,
022718 (2014).

4. Li, W. & Kaneko, K. Long-range correlation and partial 1/f a spectrum in a
noncoding dna sequences. Europhys. Lett. 17, 655 (1992).

5. Bizzarri, A. R. & Cannistraro, S. 1/f a noise in the dynamic force spectroscopy
curves signals the occurrence of biorecognition. Phys. Rev. Lett. 110, 048104
(2013).

6. Bezrukov, S. M. &Winterhalter, M. Examining noise sources at the single-
molecule level: 1/f noise of an open maltoporin channel. Phys. Rev. Lett. 85,
202–205 (2000).

7. Mercik, S. & Weron, K. Stochastic origins of the long-range correlations of ionic
current fluctuations in membrane channels. Phys. Rev. E 63, 051910 (2001).
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lévy flights. Phys. Rev. E 87, 062134 (2013).

25. Niemann, M., Kantz, H. & Barkai, E. Fluctuations of 1/f noise and the low-
frequency cutoff paradox. Phys. Rev. Lett. 110, 140603 (2013).

26. Akimoto, T. & Aizawa, Y. Subexponential instability in one-dimensional maps
implies infinite invariant measure. Chaos 20, 033110 (2010).

27. Akimoto, T. Generalized arcsine law and stable law in an infinite measure
dynamical system. J. Stat. Phys. 132, 171–186 (2008).

28. Damodaran, K. V. & Merz, K. M., Jr. Head group-water interactions in lipid
bilayers: a comparison between dmpc-and dlpe-based lipid bilayers. Langmuir 9,
1179–1183 (1993).

29. Alper, H. E., Bassolino-Klimas, D. & Stouch, T. R. The limiting behavior of water
hydrating a phospholipid monolayer: a computer simulation study. J. Chem. Phys.
99, 5547 (1993).

30. Pasenkiewicz-Gierula, M., Takaoka, Y., Miyagawa, H., Kitamura, K. & Kusumi, A.
Hydrogen bonding of water to phosphatidylcholine in the membrane as studied
by a molecular dynamics simulation: location, geometry, and lipid-lipid bridging
via hydrogen-bonded water. J. Phys. Chem. A 101, 3677–3691 (1997).

31. Bhide, S. Y. & Berkowitz, M. L. Structure and dynamics of water at the interface
with phospholipid bilayers. J. Chem. Phys. 123, 224702 (2005).

32. Mondal, J. A., Nihonyanagi, S., Yamaguchi, S. & Tahara, T. Three distinct water
structures at a zwitterionic lipid/water interface revealed by heterodyne-detected
vibrational sum frequency generation. J. Am. Chem. Soc. 134, 7842–7850 (2012).

33. Yamamoto, E., Akimoto, T., Hirano, Y., Yasui, M. & Yasuoka, K. Power-law
trapping of water molecules on the lipid-membrane surface induces water
retardation. Phys. Rev. E 87, 052715 (2013).

34. von Hansen, Y., Gekle, S. & Netz, R. R. Anomalous anisotropic diffusion dynamics
of hydration water at lipid membranes. Phys. Rev. Lett. 111, 118103 (2013).

35. Das, J., Flenner, E. & Kosztin, I. Anomalous diffusion of water molecules in
hydrated lipid bilayers. J. Chem. Phys. 139, 065102 (2013).

36. Yamamoto, E., Akimoto, T., Yasui, M. & Yasuoka, K. Origin of subdiffusion of
water molecules on cell membrane surfaces. Sci. Rep. 4, 4720 (2014).

37. Roy, S., Gruenbaum, S. M. & Skinner, J. L. Theoretical vibrational sum-frequency
generation spectroscopy of water near lipid and surfactant monolayer interfaces.
J. Chem. Phys. 141, 18C502 (2014).

38. Re, S., Nishima, W., Tahara, T. & Sugita, Y. A mosaic of water orientation
structures at a neutral zwitterion lipid/water interface revealed by molecular
dynamics simulations. J. Phys. Chem. Lett. 5, 4343–4348 (2014).

39. Ball, P. More than a bystander. Nature 478, 467–468 (2011).
40. Grossman, M. et al. Correlated structural kinetics and retarded solvent dynamics

at the metalloprotease active site. Nat. Struct. Mol. Biol. 18, 1102–1108 (2011).
41. Laage, D. & Hynes, J. A molecular jump mechanism of water reorientation. Science

311, 832 (2006).
42. Sadegh, S., Barkai, E. & Krapf, D. 1/f noise for intermittent quantum dots exhibits

nonstationarity and critical exponents. New J. Phys. 16, 113054 (2014).
43. Akimoto, T., Hasumi, T. & Aizawa, Y. Characterization of intermittency in

renewal processes: Application to earthquakes. Phys. Rev. E 81, 031133 (2010).
44. Stefani, F. D., Zhong, X., Knoll, W., Han, M. & Kreiter, M. Memory in quantum-

dot photoluminescence blinking. New J. Phys. 7, 197 (2005).
45. Stefani, F. D., Hoogenboom, J. P. & Barkai, E. Beyond quantum jumps: blinking

nanoscale light emitters. Phys. Today 62, 34–39 (2009).
46. Akimoto, T., Yamamoto, E., Yasuoka, K., Hirano, Y. & Yasui, M. Non-gaussian

fluctuations resulting from power-law trapping in a lipid bilayer. Phys. Rev. Lett.
107, 178103 (2011).

47. Kneller, G. R., Baczynski, K. & Pasenkiewicz-Gierula, M. Communication:
Consistent picture of lateral subdiffusion in lipid bilayers: Molecular dynamics
simulation and exact results. J. Chem. Phys. 135, 141105 (2011).

48. Jeon, J.-H., Monne, H. M.-S., Javanainen, M. & Metzler, R. Anomalous diffusion of
phospholipids and cholesterols in a lipid bilayer and its origins. Phys. Rev. Lett.
109, 188103 (2012).

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 5 : 8876 | DOI: 10.1038/srep08876 5



49. Godec, A. & Merzel, F. Physical origin underlying the entropy loss upon
hydrophobic hydration. J. Am. Chem. Soc. 134, 17574–17581 (2012).

50. Godec, A. C. V., Smith, J. C. & Merzel, F. Soft collective fluctuations governing
hydrophobic association. Phys. Rev. Lett. 111, 127801 (2013).

51. Gongadze, E. et al. Ions and water molecules in an electrolyte solution in contact
with charged and dipolar surfaces. Electrochim. Acta 126, 42–60 (2014).

52. Song, J., Franck, J. M., Pincus, P., Kim, M. W. & Han, S. Specific ions modulate
diffusion dynamics of hydration water on lipid membranes surfaces. J. Am. Chem.
Soc. 136, 2642–2649 (2014).

53. Klauda, J. B. et al. Update of the charmm all-atom additive force field for lipids:
validation on six lipid types. J. Phys. Chem. B 114, 7830–7843 (2010).

54. MacKerell, A. D. et al. All-atom empirical potential for molecular modeling and
dynamics studies of proteins. J. Phys. Chem. B 102, 3586–3616 (1998).

55. Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W. & Klein, M. L.
Comparison of simple potential functions for simulating liquid water. J. Chem.
Phys. 79, 926 (1983).

56. Ryckaert, J. P., Ciccotti, G. & Berendsen, H. J. C. Numerical integration of the
Cartesian equations of motion of a system with constraints: molecular dynamics
of n-alkanes. J. Comput. Phys. 23, 327–341 (1977).

57. Darden, T., York, D. & Pedersen, L. Particle mesh Ewald: An N log (N) method for
Ewald sums in large systems. J. Chem. Phys. 98, 10089 (1993).

58. Martyna, G. J., Tobias, D. J. & Klein, M. L. Constant pressure molecular dynamics
algorithms. J. Chem. Phys. 101, 4177 (1994).

59. Feller, S. E., Zhang, Y., Pastor, R. W. & Brooks, B. R. Constant pressure molecular
dynamics simulation: the langevin piston method. J. Chem. Phys. 103, 4613–4621
(1995).
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