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The influence of hydroxyectoine on the properties of the aqueous solution in presence of DPPC lipid bilayers is
studied via semi-isotropic constant pressure (NPT) Molecular Dynamics simulations. We investigate the sol-
vent–co-solute behavior in termsof Kirkwood–Buff integrals aswell as hydrogenbond life times for an increasing
hydroxyectoine concentration up to 0.15 mol/L. The observed preferential exclusion mechanism identifies
hydroxyectoine as a kosmotropic osmolyte. Our findings with regard to the DPPC lipid bilayer indicate an in-
crease of the surface pressure as well as the solvent accessible surface area in presence of higher hydroxyectoine
concentrations. The results are in agreement to the outcome of recent experiments. With this study, we are able
to validate the visibility of co-solute–solute–solvent effects for low and physiologically relevant osmolyte
concentrations.
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1. Introduction

Osmolytes allow extremophilic microorganisms to resist harsh
living conditions [1,2]. Typical examples for these species are ectoine
and hydroxyectoine which are zwitterionic, strong water binding and
low-molecular weight organic molecules. The functionalities of these
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co-solutes in living organisms among others are given by the protection
of protein conformations [1–5] and the fluidization of lipid membranes
[6,7]. The protective properties become mainly important under envi-
ronmental stress conditions, e. g. high temperature, extreme dryness
and salinity [8]. Various studies have validated that combinations of
osmolytes can be found in biological cells. The concentration of a single
osmolyte in these mixtures varies between 0.1 and 1.0 mol/L ([9] and
references therein). Due to the fact that several osmolytes are not affect-
ing the cell metabolism, specific molecules like the ectoines are also
commonly called compatible solutes.

Recent studies were focusing on the molecular functionality of the
ectoines as well as the analysis of the protective behavior [3,4]. The
theoretical framework for the explanation of co-solute–solute effects
has been mainly established in terms of the preferential exclusion [10]
and the transfer free energy model [11].

These models focus on the strong ordering of the local water shell
around the osmolytes and the exclusion from the immediate hydration
shell of the solute which results in a preferential hydration behavior and
a stabilization of the solutes native structure [10,11]. Among these,more
refined versions of these theories have been additionally published
which explicitly rely on the properties of chaotropic and kosmotropic
co-solute behavior and the corresponding interactionwithmacromolec-
ular surfaces [12–15]. Co-solutes which strengthen the water hydrogen
network are called kosmotropes (structure makers) while osmolytes
which weaken the water network structure are called chaotropes
(structure breaker). The separation of co-solutes into these two spe-
cies is not unique and straightforward [15]. Interactions and binding
properties between kosmotropes and chaotropes can be predicted
by the ‘law of matching water affinities’ [13,15]. A main point of
this law is the investigation of the corresponding hydration free
energies which loosely depend among other factors on themolecular
charge [15]. One of the major achievements of the ‘law of matching
water affinities’ is the molecular description of a repulsive behavior
for kosmotropic osmolytes like ectoine from polar surfaces and vice
versa, the attraction of chaotropic agents like urea. The preferential
binding of urea has been validated in recent computer simulations
[16] while additional studies have observed a kosmotropic behavior
for ectoine in terms of a preferential exclusion mechanism around
Chymotrypsin Inhibitor II [4].

It has been stated that kosmotropic co-solutes typically accumulate
in the second or third hydration shell of the solvated macromolecule
[13]. With regard to their high charging and affinity for water mole-
cules, it is assumed that this appearance strongly influences the first
and the second hydration shell of the polar solute. The consequence of
this behavior is given by a diminished number of solute–water hydro-
gen bondswhich is compensated by a significant shrinkage of the solute
surface to maintain a constant hydrogen bond surface density. It is
commonly believed that this shrinkage in size is the molecular reason
for the preservation of native protein conformations in presence of
kosmotropic co-solutes [13,15].

Although the stabilizing effects on proteins in presence of specific
osmolytes have been studied extensively before, less is known about
compatible solutes and their interactions with lipid bilayers. A small
number of theoretical studies have focused on sugars like trehalose
and their interactions with lipid membrane bilayers and monolayers
[17–23]. For high molar concentrations of trehalose, it has been found
that replacement of water molecules by the formation of additional
sugar-membrane hydrogen bonds plays a major role [18]. Despite this
interpretation, it has been also discussed that the effects observed in
sugar-DPPC mixtures can be only systematically explained by an inter-
play of several mechanisms [23].

In addition to theoretical studies, experimental findings have indi-
cated a significant broadening of the liquid expanded (LE)–liquid
condensed (LC) phase transition of monolayers in presence of ectoine
and hydroxyectoine [6,7]. This was mainly indicated by the study of
the corresponding surface pressure area isotherms. A main result of
these studies was the observation of a surface pressure increase for
higher hydroxyectoine concentrations. In addition it was supposed that
the domain sizes of the liquid condensed regions significantly shrink in
presence of hydroxyectoine which corresponds to a variation of the
line tension [6,24–26]. With regard to the biological function, the above
mentioned effects are of particular importance for signaling processes
and cell repair [2,6].

With regard to the preferential exclusion/binding behavior of
osmolyte–solute–solvent mixtures, computer simulations allow a de-
tailed study of the corresponding molecular mechanisms. A theoretical
framework which allows to distinguish between exclusion and binding
behavior has been established in terms of the Kirkwood–Buff theory of
solutions [27–29]. The corresponding analysis has been successfully ap-
plied to the study of urea and polyglycine interactions [16]. It has been
shown that the calculation of the Kirkwood–Buff integrals allows the ef-
fective determination of transfer free energies in addition to the detec-
tion of kosmotropic as well as chaotropic behavior [4,16].

In this paper, we study the properties of an aqueous hydroxyectoine
solution in presence of DPPC lipid bilayers via semi-isotropic constant
pressure (NPT) all-atom Molecular Dynamics simulations. The concen-
tration of hydroxyectoine is low but physiologically relevant [9] with a
maximum value of 0.15 mol/L. We have been inspired to use these
small concentrations due to recent experimental findings for aqueous
hydroxyectoine–DPPCmonolayermixtures [6,7].Most of the simulation
studies usually employ high co-solute concentrations which are often
above onemole per liter to studypronounced behavior at unphysiological
conditions [3,4,16].With this study, we are able to validate the observa-
tion of effects at smaller concentrations in agreement to experimental
findings.

Ourmain result is given by the characterization of hydroxyectoine as
a kosmotropic osmolyte which strengthens the water hydrogen bond
network. We are further able to validate a weakening of DPPC–water
hydrogen bond interactions in presence of hydroxyectoine.With regard
to the DPPC lipid bilayer properties, our results validate an increase
of the surface pressure and the solvent-accessible surface area in
agreement to the experimental findings [6,7,5]. We emphasize the
importance of electrostatic interactions between hydroxyectoine
and DPPC molecules for the understanding of the observed effects
by the calculation of the lipid bilayer electrostatic potential.

The paper is organized as follows. In the next section, we shortly
introduce the theoretical background. In the third section we illustrate
the simulation details and the methodology. The results for the solvent
properties and theDPPC lipid bilayer are presented and discussed in the
fourth section. We briefly conclude and summarize in the last section.

2. Theoretical Background

2.1. Kirkwood–Buff integrals and preferential binding parameter

The evaluation of statistical mechanics methods on the co-solvent
and solvent distribution function allows important insights into the
preferential exclusion as well as binding behavior in terms of the corre-
sponding Kirkwood–Buff theorywhich has been introduced in the early
1950s [27,28]. The radial distribution function of molecules or atoms β
around solutes α can be expressed by

gαβ rð Þ ¼ ρβ rð Þ
ρβ;∞

ð1Þ

where ρβ(r) denotes the local density of β at a distance r around the
solute and ρβ,∞ the global density in the bulk phase [30]. The Kirkwood–
Buff integral is given by the integration of Eq. (1)

Gαβ ¼ lim
R→∞

Gαβ Rð Þ ¼ lim
R→∞

Z r¼R

r¼0
4πr2 gαβ rð Þ−1

� �
dr ð2Þ
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Fig. 1. Structure of zwitterionic hydroxyectoine.
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where the above relation is valid in the limit of R = ∞ [4,16,27–29].
Eq. (2) can be used to calculate the excess coordination number
of molecules or atoms of β (hydroxyectoine) around α (DPPC) via
[4,27,28]

Nxs
β ¼ ρβ;∞Gαβ ¼ ρβ;∞ lim

R→∞
Gαβ Rð Þ ð3Þ

which allows to evaluate the preferential binding coefficient
νβγ(R) under the assumption of finite distances R with

νβγ Rð Þ ¼ ρβ;∞ Gαβ Rð Þ−Gαγ Rð Þ
� �

¼ Nxs
β Rð Þ−ρβ;∞

ργ;∞
Nxs

γ Rð Þ ð4Þ

where the indices γ represent solvent molecules while α and β are
the solute DPPC and the co-solute hydroxyectoine. A negative value
for the preferential binding coefficient of Eq. (4) implies a preferential
exclusion of hydroxyectoine from the lipid bilayer surface while a
positive value indicates a preferential binding [4,29].

2.2. Hydrogen bonds and water relaxation times

The formation of lipid bilayers in aqueous solutions is mainly driven
by the hydrophobic effect [31,32]. The detailed molecular mechanism
for the hydrophobic effect is still heavily under debate but it is consen-
sus that the formation and cleavage of hydrogen bonds as well as the
reorganization of water molecules is of main importance [31]. For a de-
tailed investigation of the co-solute–solvent properties, we have ana-
lyzed the water hydrogen bond characteristics in presence of varying
hydroxyectoine concentrations.

We apply the Luzar–Chandler definition of hydrogen bonds [33,34],
which restricts a maximum distance of 0.35 nm between the
interacting oxygen and hydrogen atom and an angle of not more than
30°. The value for the life time allows an estimate of the relative strength
for the corresponding hydrogen bond. This argument is inspired by the
implications of transition state theory which connects the rate constant
kF to the activation free energy ΔG∗ via

kF ¼ 1
τ F

¼ kBT
h

exp �ΔG�

kBT

� �
ð5Þ

with the thermal energy kBT, the forward life time τF and the Planck
constant h [35]. In terms of the underlying statistical analysis of hydro-
gen bonds [35], Eq. (5) reveals that longer life times correspond to larger
free activation energies which indicate a strengthening of the hydrogen
bond network.

In addition to the hydrogen bond analysis, we have also calculated
the dipolar reorientation time of water molecules in presence of
hydroxyectoine. The evaluation of this quantity gives access to an esti-
mation of the configurational solvent entropy as it has been proposed
for supercooled liquids and water at room temperature [38,39]. It has
been discussed that solvent entropiesmay play a significant role in con-
tributions to the solvation free energies and therefore the exposure of
hydrophilic and hydrophobic surfaces [31,36,15]. To study this proper-
ty, we have investigated the autocorrelation time for the dipolar orien-
tation μ! between two water molecules in presence of DPPC lipid
bilayers and hydroxyectoine which is given by

μ! tð Þ μ! t0ð Þ
D E

∼exp −t=τð Þβ : ð6Þ

It can be seen that the autocorrelation function follows a stretched
exponential behavior which is dependent on the exponent β [37]. The
evaluation of the corresponding times τ allows a quantitative determi-
nation of the influence of hydroxyectoine on the water dynamics.
2.3. Surface pressure

As it has been found out in recent experiments for DPPCmonolayers
in presence of hydroxyectoine [5–7], a significant variation of the
surface tension can be observed for increasing physiological hydro-
xyectoine concentrations. The surface tension can be calculated by

γ ¼ ∫ PN−PT zð Þð Þdz ð7Þ

which can be also expressed for the ease of computation by

γ ¼ 1
2

Lz Pzz−
1
2

Pxx þ Pyy

� �� �� �
ð8Þ

where PN denotes the normal pressure with Pzz as the z-component
of the pressure tensor and PT the transversal pressure given by
1/2(Pxx + Pyy) as defined by the x- and the y-components. The
factor 1/2 accounts for two interfaces in contact with water [40–43].
The box length in z-direction is denoted by Lz.

The surface pressure is given by

Π ¼ γ0−γ ð9Þ

where γ0 expresses the experimental surface tension of water at 300 K
(71.6 mN/m) [44] which allows a direct comparison with experiments
as discussed in Ref. [19].

3. Simulation details

We have performed Molecular Dynamics simulations in explicit
SPC/E water [45] with the software package GROMACS [46–48].

The chemical structure of hydroxyectoine ((4S,5S)-2-methyl-5-
hydroxy-1,4,5,6-tetrahydropyrimidine-4-carboxylic acid) in its zwitter-
ionic form as it was also used in the simulations is presented in Fig. 1.
The derivation of the force field and the topology of hydroxyectoine
are described in detail in Ref. [5], where it has been also found that
the zwitterionic form in aqueous solution is more stable than the
neutral counterpart. We follow this finding by using zwitterionic
molecules in our MD simulations. The force field for the lipids and
the starting structure with 64 DPPC molecules [49] were modeled
with the parameters presented in Ref. [50].

The Molecular Dynamics simulations have been carried out with
periodic boundary conditions. The simulation box has initial dimensions
of (4.72450 × 4.23190 × 9.95050) nm3. We performed simulations
with 2,4,6 and 8 hydroxyectoine molecules which correspond to
effective concentrations of roughly 0.04, 0.07, 0.11 and 0.15 mol/L.
Electrostatic interactions have been calculated by the Particle Mesh
Ewald sum [51]. The time step was δt = 2 fs and the temperature
was kept constant by a Nose–Hoover thermostat [52] at 300 K with
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run (hydroxyectoine concentration c = 0.15 mol/L). The blue line denotes the running
average.
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a thermostat relaxation time of 0.5 ps. All bonds have been constrained
by the LINCS algorithm [53].

The initial configuration has been created by randomly inserting
hydroxyectoinemolecules around the DPPC lipid bilayerwith the genion
tool of the GROMACS software package [47]. The obtained configuration
has been solvated by the insertion of water molecules to achieve the
required solvent density. After energy minimization and a 10 ns con-
stant volume simulation to ensure the conformational equilibration
of the lipid molecules [23], we conducted a 20 ns equilibration run
(semi-isotropic NPT) followed by a 30 ns semi-isotropic constant pres-
sure (NPT) data production simulation. With regard to Fig. 2 and the
corresponding values for the system potential energy during the
20 ns equilibration run for a hydroxyectoine concentration of c =
0.15 mol/L, we are confident that conformational equilibrium for
the DPPC lipid bilayer has been reached after 15 ns. For all other
hydroxyectoine concentrations, the equilibration behavior is nearly
identical.

A Parrinello–Raman barostat has been used with a rescaling time
step of 2 ps. The reference pressure in the x/y- and the z-direction
was 1 bar and a compressibility of 4.5 × 10−5 bar−1 was used.

The solvent accessible surface areaΣtot was calculated by the sum of
spheres centered at the atoms of the studied molecule, such that a
spherical solvent molecule can be placed in closest distance and in
agreement to van-der-Waals interactions by following the constraint
that other atoms are not penetrated [54].
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Hydrogen bonds have been defined as present if the distance be-
tween the interacting atoms is less than 0.35 nm and the interaction
angle is not larger than 30°. The hydrogen bond density which is calcu-
lated for the DPPC lipid bilayers is given by the number of hydrogen
bonds divided by the hydrophilic solvent accessible surface area
ρHB = bNHB/σHLN.

4. Results

4.1. Solvent properties

The average position and the distribution of hydroxyectoine in front
of the DPPC lipid bilayer can be easily determined by the evaluation of
the pair radial distribution function (rdf). Due to the fact, that the nitro-
gen of DPPC is slightly positively charged and the oxygens in the
carboxy group of hydroxyectoine are negatively charged, we have
decided to evaluate the rdf between these two atoms. In addition, we
have calculated the rdf for nitrogen in DPPC and the oxygen in water
for a comparison. The results for a hydroxyectoine concentration of
0.15 mol/L are shown in Fig. 3. It can be seen that the pair radial distri-
bution function g(r) betweenDPPC and hydroxyectoine reveals a signif-
icant appearance of the compatible solute at a distance of 0.35 to
0.85 nmwhich is in good agreement to previous assumptions [5].

Comparing the pair radial distribution function for the nitrogen and
water oxygen to determine the position of the first hydration shell
reveals that a large amount of compatible solutes are accumulated at
the second hydration shell of the lipid bilayer. This can be validated by
the smaller occurrence of hydroxyectoine at 0.3 nm which roughly
corresponds to the peak of the first hydration shell. Thus it can be
concluded that direct interactions between hydroxyectoine and DPPC
in terms of hydrogen bonds are less important for these concentrations
as it was also stated in [7]. In addition,we have also evaluated the partial
number densities for hydroxyectoine over the simulation box in
z-direction. Taking into account the average half of the lipid bilayer
thickness in z-direction which is around 1.6 nm, the corresponding
values are shown at the right side of Fig. 3. It can be clearly seen that
hydroxyectoine is absent in the internal region of the membrane as
given for low Δz values up to 1.6 nm. Hence, it can be concluded that
the entrance of hydroxyectoine molecules into the DPPC lipid bilayer
on the simulated time scale is inhibited. Due to the nearly linearly
increasing values for the partial number densities, a preferential exclu-
sion behavior of hydroxyectoine from the lipid bilayer surface can be
assumed.

To further investigate the hydration properties of DPPC, we have
calculated the water hydrogen bond density at the DPPC hydrophilic
solvent accessible surface area σHL. We have found a nearly constant
value of ρHB = 7.43 ± 0.01 nm−2 for the hydrogen bond density
averaged over all hydroxyectoine concentrations. The results show
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no significant deviations concerning higher hydroxyectoine concen-
trations such that it can be assumed, that the concentration of the co-
solutes does not affect the overall water hydrogen bond density at
the DPPC surface. In addition, we have evaluated the number of
direct contacts between hydroxyectoine and DPPC in terms of hydro-
gen bonds where we have found a value of bNHBN = 0.6 ± 0.5 for
the highest hydroxyectoine concentration. All other values for
lower concentrations are vanishing or nearly identical. Compared
to the number of hydrogen bonds between water and DPPC and
their contributions to the total energy, it can be concluded that the
influence of the DPPC–hydroxyectoine hydrogen bonds is nearly
negligible. With regard to the water-replacement theory and com-
pared to the results of trehalose–DPPC systems [18], it can be seen
that the reduction of the number of water molecules in front of the
DPPC lipid bilayer by hydroxyectoine as it has been assumed for
proteins [13] is a minor effect which has not been detected in our
simulations. In addition, it has to be mentioned that a diminished
solvent accessible surface area as it was proposed for polar surfaces
[13] in presence of kosmotropes was not observed in our simula-
tions. Instead the opposite observation is valid due to the fact that
we are able to validate an increasing surface area for the lipid bilayer.
We will discuss this point in more detail in the next section.

For a detailed investigation of the preferential exclusion behavior, we
have calculated the corresponding Kirkwood–Buff integrals [16,27–29].
The results for the preferential binding parameter (Eq. (4)) are shown
in Fig. 4.

It can be clearly seen that the preferential binding coefficient νβγ(r)
at lipid bilayer distances up to 0.55 nm is negative for all hydroxyectoine
concentrations. The amount of exclusion increases with the concentra-
tion of the compatible solutes. This also clearly states that hydro-
xyectoine is preferentially excluded from the DPPC bilayer surface due
to energetic reasons [29]. Hence, the observed behavior is in good agree-
ment to the predicted behavior for kosmotropic osmolytes [13].

In the framework of recent theories, it has been stated that highly
charged ions and polar molecules can be interpreted as kosmotropes
[13]. Thesemolecules tend to strengthen thewater– structure by increas-
ing the intermolecular hydrogen bond lifetimes. The influence of
chaotropic solutes like urea on the dynamics of water– hydrogen bonds
has been investigated in Ref. [16]. It was found that urea in contrast to
kosmotropes decrease the strength of thewater hydrogen bond network.
We have analyzed the corresponding characteristics for hydroxyectoine
as a typical kosmotrope [5] in terms of the hydrogen bond transition
state theory and the corresponding statistical analysis [35]. The corre-
sponding forward life times of hydrogen bonds for water–water and
water–DPPC interactions are shown in Fig. 5.
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It can be clearly seen that hydroxyectoine leads to an increase
of the hydrogen bond forward life times in presence of higher concen-
trations. Due to the fact that the forward life times are proportional to
τF ∼ exp(ΔG∗/kBT), an increase of these values also indicates a higher
activation free energy barrier ΔG∗. Hence, the kosmotropic properties
of hydroxyectoine can be identified by a strengthening of the water
hydrogen bond network. In addition, we have observed a saturation
plateau of life times for hydroxyectoine concentrations c ≥ 0.07 mol/L.
The opposite behavior can be observed for DPPC–water hydrogen
bonds in presence of hydroxyectoine which indicates decreasing life
times for increasing hydroxyectoine concentrations until a saturation
plateau is reached. Thus, it can be concluded that the hydration proper-
ties of DPPC bilayers in terms of energetic contributions are slightly
disturbed in presence of lowmolar hydroxyectoine solutions. These find-
ings are in good agreement to the ‘law of matching water affinities’
which states that kosmotropic agents weaken the hydration behavior
of polar solute surfaces [13]. In addition, the pronounced influence of
the DPPC lipid bilayer on the water dynamics can be observed in terms
of long lifetimes as it was also discussed in a recent publication [55]. It
was mentioned that in close vicinity to the lipid bilayer, a significant
decrease ofwater diffusion coefficients is evidentwhich is in good agree-
ment to our results.

Finally, we have calculated the hydrogen bond life times for
hydroxyectoine and water interactions where we have found a near-
ly constant value of bτFN = 4.27 ± 0.22 ps for all concentrations.

To illustrate the importance of hydroxyectoine on thewater dynamics
and therefore the entropic contributions in terms of hydration behavior,
we have also analyzed the water dipole reorientation times (Eq. (6)). It
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has been stated that the general entropy of the water is significantly
influenced by the number of intermolecular hydrogen bonds and the
values for the reorientation times [31,36]. This behavior has been pointed
out for glassy liquids in terms of the Adam–Gibbs relation [38] and later
for water at room temperature [39]. By the evaluation of thewater dipole
autocorrelation function for each concentration, we have identified a
value of β =0.86 ± 0.05 (Eq. (6)) by fitting the corresponding functions
which validates a stretched exponential behavior in agreement to recent
results and theories [37]. The corresponding mean relaxation times bτN
for each hydroxyectoine concentration, which can be derived by the inte-
gration of Eq. (6)

bτN ¼
Z ∞

t0

dt exp −t=τð Þβ ¼ τ
β
Γ

1
β

� �
ð10Þ

are presented in Fig. 6. We clearly observe an increase of the relaxation
times in presence of hydroxyectoine which can be related to diminished
entropic contributions. The direct connection between the configuration-
al entropy and the relaxation dynamics has been discussed in Refs.
[38,39,56]. It has been pointed out that increased relaxation times could
be connected to higher viscosities and also to diminished configurational
entropies [38]. We therefore also assume a close connection between re-
stricted water motion and decreased entropic configurational contribu-
tions in presence of hydroxyectoine for the DPPC lipid bilayer system. It
has been also pointed out in Ref. [15] that increased viscosities are typical
fingerprints for kosmotropic osmolytes like hydroxyectoinewhich is indi-
cated by an increase of the relaxation time [38]. Furthermore, a plateau
value for hydroxyectoine concentrations of c ≥ 0.074 mol/L in agreement
to the results of Fig. 5 canbe also observed. Thus, a significant influence on
the water structure can be observed in presence of hydroxyectoine.

To summarize the results of this subsection, we have validated that
hydroxyectoine is repelled from DPPC lipid bilayer surfaces in terms of
a preferential exclusion behavior. This effect is in good agreement to
recent theories concerning kosmotropic behavior for osmolytes. In a
recent study [5] we were able to indicate a net accumulation of roughly
8–9 water molecules around hydroxyectoine. This strong water accu-
mulation weakens the hydrogen bonds of water with polar surfaces.
Combined with these results, the analysis of the hydrogen bond life
times and the dipole reorientation times clearly reveals the kosmotropic
behavior of hydroxyectoine. It has to be noted that all properties have
been calculated by considering the complete number ofwatermolecules,
regardless of their interaction partners. We are therefore confident that
the change of global water dynamics in presence of low hydroxyectoine
concentrations is a significant effect.
4.2. DPPC lipid bilayer properties

In recent experiments for DPPC monolayers in presence of an aque-
ous hydroxyectoine concentration [6,7,5], a broadening of the liquid ex-
panded (LE)–liquid condensed (LC) phase transitionwas observed. This
finding for hydroxyectoine concentrations around 0.1 mol/L has been
validated in termsof surface pressure–area diagrams and has been com-
pared to urea solutions where this behavior was found to be absent.

In order to prove the experimental results, we have calculated the sur-
face pressure for varying hydroxyectoine concentrations according to
Eqs. (8) and (9) for concentrations that are comparable to the experi-
ments. The results for the surface pressure in presence of hydroxyectoine
are shown in Fig. 7.

It becomes obvious that the presence of the osmolyte leads to a sig-
nificant increase of the surface pressure [6]. The corresponding Pearson
correlation coefficient is given by r = 0.93 which validates a linear
dependence between osmolyte concentration and surface pressure.
Although we have studied the properties of lipid bilayers, the evident
characteristics of Fig. 7 are in good agreement to the experimental find-
ings of Refs. [5–7] for DPPC monolayers. The direct connection between
the surface pressure and the surface tension γ also allows to validate an
identical behavior as it has been observed for trehalose–DPPC mixtures
[19]. With regard to the presence of unfavorable environmental condi-
tions for extremophilic organisms, the observed effect is advantageous
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due to the fact that it leads to a fluidization of lipidmembranes [7]. It has
been discussed in Ref. [2] that the enhanced flexibility ofmembranes fa-
cilitates cell repair and signal transport.

As an additional property, we have calculated the solvent accessible
surface area (SASA). It can be assumed that a less rigid lipid bilayer
coincides with an increasing solvent accessible surface area. The results
are shown in Fig. 8. It can be seen that a small increase of the total SASA
Σtot for higher hydroxyectoine concentrations is evident. Although the
overall amount of this increase compared to the total area is small
(≈1.5 nm2 compared to nm2), the general behavior follows a monoto-
nous increase with a Pearson correlation coefficient of r = 0.97. We
have also calculated the ratio of the hydrophilic SASA σHL, where only
the polar regions of the molecules are taken into account to the total
SASA Σtot. The results are shown in the inset of Fig. 8. A linear increase
for this quantity can be also identified. The observed behavior can be
brought into agreement with the increased surface pressure as shown
in Fig. 7, due to the fact that the hydrophilic regions form the interface
with the hydroxyectoine solution.We therefore propose that this effect
accounts for an increased fluidization of the lipid bilayer in agreement
to recent experiments [7].

In contrast to the proposed decreased solvent accessible surface
for polar protein surfaces in presence of kosmotropes [13], we have ob-
served the opposite trend for DPPC bilayers. The difference between
molecular complex surfaces like membranes with a more flexible sur-
face area compared to a single molecular surface may be responsible
for this observation.

Finally, we have calculated the electrostatic potential for the DPPC
lipid bilayer in presence of varying hydroxyectoine concentrations.
The results are presented in Fig. 9. The reference point at r ≈ 3.7
denotes the middle of the simulation box in z-direction where the
hydrophobic carbon region of the lipid bilayer is located. It can be
seen that for higher hydroxyectoine concentrations an increase of the
DPPC electrostatic potential can be observed. The general trend is obvi-
ous although a deviation for the concentration c = 0.11 can be identi-
fied which can be related to a slight asymmetric potential distribution
compared to the other concentrations. However, these findings are in
agreement to a recent publication [57], where it has been found that
electrostatic contributions play a significant role for the internal organi-
zation of lipid bilayers. It can be assumed that the strong zwitterionic
charges of hydroxyectoine interact with the nitrogen atoms and the
phosphate groups of DPPC molecules. Due to the fact that the electro-
static potential has been calculated by integrating over the charges
within a slice, we propose that the accumulation of charged groups at
the interface accounts for this observation. This reason has been also
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Fig. 9. Electrostatic potential Ψ for the DPPC lipid bilayer in presence of varying
hydroxyectoine concentrations.
discussed in a recent publication [58], where the strong dependence
of the electrostatic potential on the local ordering and the packing frac-
tion has been pointed out. Although the authors of Ref. [58] claimed that
the molecular origin for the varying potential remains controversial, a
strong dependence between local ordering of the lipid molecules and
the resulting electrostatic potential has been found out. Hence, it has
to be stated that only a combination ofmany effectsmay explain the ob-
served characteristics as it has been also proposed in Ref. [23].

5. Summary and conclusion

We have performed Molecular Dynamics simulations of DPPC lipid
bilayers in presence of low concentrated hydroxyectoine solutions. Our
results have clearly revealed that the presence of hydroxyectoine results
in a strengthening of thewater hydrogen bond network due to increased
forward life times. Due to the fact that the life times are related to the
activation free energy barriers, we propose that the water hydrogen
bond network is strengthened in presence of hydroxyectoine. Although
we have simulated very low concentrations of hydroxyectoine, all
observed effects are clearly visible. Thus, we were able to show that spe-
cific co-solute–water–solute effects can be even observed at low physio-
logical concentrations in agreement to recent experimental findings.
Furthermore, we have shown that the presence of hydroxyectoine leads
to an energetic decrease of the hydrogen bond network between DPPC
and water molecules in terms of slightly decreased forward life times.
These findings are in good agreement to previous literature results for
the properties of kosmotropic osmolytes in solution. Summarizing the
results for the co-solute–solvent interactions, it can be concluded
that hydroxyectoine can be interpreted as a typical kosmotrope.

As a further characteristic property, it has been often proposed that
kosmotropic co-solutes are preferentially excluded from polar surfaces
[13]. The preferential binding coefficient in our simulations has been
calculated by the Kirkwood–Buff theory and indicates a preferential
exclusion behavior for hydroxyectoine in presence of DPPC bilayers.
Thus, our findings are in good agreement to recent theories. The dis-
tance between the hydrophilic head groups of DPPC and the carboxy
group of hydroxyectoine has been determined to fluctuate around
0.5 nm. This value is in agreement to recent findings [5] and roughly
corresponds to the position of the second hydration shell.

With regard to the results for the DPPC lipid bilayer, we have indicat-
ed an increase of the surface pressure for higher hydroxyectoine concen-
trations. These results are also in good agreement to recent experimental
findings for DPPC monolayers. We propose that the increase of the sur-
face pressure in presence of hydroxyectoine which has been observed
in our simulations is responsible for the experimentally observed broad-
ening of the LE/LC phase transition in monolayers. The slight swelling
of the DPPC bilayer has been also identified by an increased solvent
accessible surface area. In terms of electrostatic interactions, we have
observed that an increased bilayer electrostatic potential can be estimat-
ed for higher hydroxyectoine concentrations. The molecular origin of
this effect is not clear, but it was proposed that the local ordering of
the DPPC molecules may be responsible for this observation [58]. It can
be therefore assumed that further effects also contribute significantly
to the fluidization of membranes in presence of osmolytes and in addi-
tion to pure hydration effects.

In summary, we have shown that the usage of small concentrations
of co-solutes in computer simulations will lead to observable effects in
agreement to recent experiments. The presence of hydroxyectoine as
a typical kosmotropic co-solute results in an increased surface pressure
for DPPC bilayers which accounts for the experimentally observed
broadening of the LE/LC phase transition.
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