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Chapter 1

Introduction

Preamble: Surfaces, interfaces and surfactants

Let me imagine your environment as you are reading this manuscript, made
of paper and ink (a suspension of carbon particles, surfactants and water).
The booklet is laying on a table (a surface) in front of you, which has likely
been cleaned recently with an appropriate detergent (containing surfactants).
You are sipping a glass of “karnemelk”, a sort of buttermilk (a suspension
of fat droplets, surfactant proteins and water) and you breath in peacefully
(but not yet put to sleep, I hope), your lungs periodically filled in and out
with air due to the layer of native surfactants covering the air cells, which
can be roughly defined as a volume delimited by a membrane.

Now, we need to define few terms: an interface indicates a boundary be-
tween any two immiscible phases; a surface denotes an interface where one
phase is a gas; a surfactant (a surface-active agent) is a substance that, when
present at low concentration in a system, has the property of adsorbing onto
the surfaces or interfaces of the system. A membrane is an interfacial layer or
a barrier between two fluids. In a biological case, it contains embedded struc-
tures, as proteins, which under specific circumstances allow communications
between the two separated phases.

Indeed, the aim of this Preamble is not to give an exhaustive (and ex-
hausting) list of the processes involving an interface. This brief description
only enumerates few common cases located at an interface (or surface) where
surfactants may play a role. A more complete overview can be found in
each introduction of the following chapters, which can readily be related to
industrial processes and/or biological activities of a particular interest.
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1.1 Scope of this thesis

In recent years, advances in several experimental techniques have contributed
to our knowledge and understanding of the unique properties of the interfa-
cial region. These include principally x-ray reflectivity, diffuse surface x-ray
scattering, grazing incidence x-ray diffraction and scattering, and the optical
techniques of ellipsometry, surface quasi-elastic scattering, sum frequency,
and second-harmonic generation.

In order to both access to a microscopic description of molecules at an
interface and study the interactions occurring within an interfacial domain
as a membrane, we chose molecular simulation techniques. The recent im-
provements of computer performance, algorithms, and force fields, allow us
to both simulate large systems and define molecules up to the atomic scale.
This last point is especially important when looking at the interactions be-
tween molecules as lipid-protein interactions or between amino-acid residues
and their environment, in general, everywhere where hydrogen bonds are
involved.

Although it is straightforward to build a model of an interface made
of two immiscible simple liquids, a realistic extension to biologically relevant
systems is rather difficult; the lack of informations about interactions between
membranes and embedded compounds or proteins, combined with the little
information available on spanning protein structures, being the major limits.

The aim of this work is to characterize the topology and properties of
various interfaces. To extend the insight given by molecular dynamics on the
interfacial domain, we have implemented and probed a method to compute
the pressure profile and the surface/interfacial tension of planar interfaces
(the method is briefly presented in the Appendix of chapter 2).

We report in this manuscript a series of studies of planar interfaces:

e part A, where we probe a method to compute the pressure profile and
the surface tension of a surface (chapter 2) and we describe the inter-
facial domain between oil and water, and its broadening (chapter 3),

e part B investigates the structural variability and dynamics of a small
lipopeptide surfactant at an oil-water interface (chapter 4),

e part C presents the first molecular dynamics analysis of biological mem-
branes made of tetraether lipids. A distinctive feature of these lipids is
that they form planar membranes (or large liposomes) which are NOT
a bilayer (chapter 5).
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1.2 Molecular simulations

Depending on which properties we are interested in, different simulation tech-
niques can be used. Molecules can be modelled at a mesoscopic, coarse-
grained, atomic, or electronic scale [1]. Since we are ultimately interested
in the dynamics of complex biological systems where molecular interactions
need to be defined until the atomic scale, we chose to perform our simu-
lations using the molecular dynamics technique [2, 3], where molecules are
represented at an atomic, or pseudo-atomic scale (when hydrogen atoms do
not need to be explicitly defined). Indeed, a fine degree of representation
of the molecules has a price in terms of CPU time (computer time, thus
money), and consequently restricts the properties we have access to. Fortu-
nately, since many years, this limiting factor is decreasing tremendously by
the improvement of computer power and the development of new algorithms.

Molecular dynamics

Molecular Dynamics applies the laws of classical mechanics to compute the
motion of the particles in a molecular system. Newton’s second law reads:

2

Fz' = mua; = mz% = mi%, (1.1)
where F; denotes the force on particle ¢ (resulting from an interaction po-
tential between particles), m; its mass, a; its acceleration, x; its position, v;
its velocity, and ¢ is the time. Except very few cases which can be solved
analytically, one needs to use numerical techniques to solve the equations of
motion, yielding at each time step the new position, force, and velocity of
each particle of the system. One of the integration algorithms used to solve
these equations of motion is called the Verlet Leap Frog algorithm. This
algorithm evaluates the velocities at half-integer time steps:

Vz'(t+At/2) :Vi(t—At/Q) + a;At (12)

The positions are then advanced using the new velocities:

x;(t + At) = x;(t) + Atvy(t + At/2), (1.3)

the velocity at time ¢ being obtained from the average of the velocities half
a time step either side of time ¢:
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vi(t) = 1/2(vi(t + At/2) + vi(t — At/2)) (1.4)

At each time step, the temperature, potential and kinetic energies are
computed. From the study of the trajectories, transport properties can be
estimated.

Molecules are modeled from connected particles (atoms, or pseudo-atoms
consisting of one heavy atom (carbon (C), nitrogen (N), phosphorus (P), or
oxygen (O),...), and two or three hydrogen atoms (H)), which interact by
intermolecular and intramolecular potentials. The potentials used in this
work are typically of the form:

groanderWaals .y Uy 5 (ri;) = de [(1)12 _ (1)6] | (1.5)

Tij Tij
relectrostatic(y,, 47:60 %’ (1.6)
rbond (g, ) — % Ksoma(ris — 7o)?, (1.7)
U (0,) = %kbend(gjik — 6)?, (1.8)
UL (yin) = %kdihedml(ﬁbijkn — o), (1.9)

where r;; denotes the distance between the particles ¢ and j, € and o the
Lennard-Jones parameters, ¢; the partial electrostatic charge on the particle
1, €9 the dielectric constant, k the force constant, r,, 6y, and ¢g, the equili-
brium values of the bond length, the bending angle, and the dihedral angle,
respectively (see the figure below).

bijki

T T
i Hijk kl
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These equilibrium values, partial charges, intermolecular potential pa-
rameters, and force constants, define a set of parameters called a force field.
Depending on the system and the properties we are looking at, each force
field might give a slightly different representation of the system.

In this work, we have used the latest version of one of the two most
efficient force fields existing for the modelling of biological molecule, the
CHARMM force field, for the dynamics study of biological systems, as mem-
branes or peptides. Alkanes have been represented by three different force
fields, specific to this kind of molecules.






Part A

Pure liquids






Chapter 2

Surface tension calculation
for liquid-vapour systems®

2.1 Introduction

Alkanes are an important class of molecules that occur in many practical ap-
plications. These last few years, many molecular models have been developed
to describe the interactions between alkanes [4-9]. In these studies the mod-
els have been tested via a comparison with the experimental vapour-liquid
coexistence curve. Subsequently, these models have been further validated
via a comparison of the simulated and experimental diffusion coefficients [10]
and viscosities [11,12]. Less attention has been given to the surface tension.

In this chapter, we compare the predictions of two different alkane models
to obtain some insight in the dependence of the computed surface tension on
the details of the intermolecular interactions. We have computed the surface
tension for the linear alkanes (n-hexane, n-decane and n-hexadecane) using
OPLS [13] and SKS [4] (developed by Smit, Karaborni, and Siepmann) force
field models. We have performed the simulations in two temperature ranges.
One temperature range is the same as in ref. [14] in which Alejandre and co-
workers have computed the surface tension of hexane at coexistence (vapour-
liquid) for high temperatures using the SKS and de Pablo [15,16] models.
Our results for the surface tension of the hydrocarbons can be compared
with the simulation data of Alejandre and co-workers. This allows us to
validate our program and extend their results to other chain lengths and

*based on: J.P. Nicolas and B. Smit. Molecular dynamics simulations of the surface
tension of n-hexane, n-decane and n-hexadecane. Molecular Physics. 100, 2471-2475,
2002.
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temperatures. To the best of our knowledge, there is no experimental data
available for these systems at coexistence. Therefore, we do not know how
accurately these alkane models can predict the surface tension. Experimental
data are available at much lower temperatures, at densities higher than the
coexistence density. We performed simulations at these conditions to assess
the accuracy of the computed surface tensions.

In this chapter, we first describe the models used during our simula-
tions, and then compare the densities and surface tension values predicted
by our simulations with previous results and available experimental data.
The method implemented for the surface tension calculation is described in
the appendix 2.5.

2.2 Models and simulation methodology

2.2.1 Force fields

We calculate the surface tension for liquid/gas systems of the linear alkanes:
hexane, decane, hexadecane. Two sets of force fields, SKS and OPLS, are
compared.

We use the united-atom representation, which means that every methyle-
ne (—CHs—) or methyl (—C Hj3) group is modelled as a single interaction site.
Three types of potentials are employed: nonbonded interaction, bond bend-
ing potentials, and torsion potentials. The nonbonded interactions between
united atoms of different molecules and within a molecule (if two atoms are
more than four atoms apart) are described with a Lennard-Jones potential.
The interactions are truncated and shifted with a cut-off radius r:

N U(T,-j)LJ — u(re)™ Tij < T¢
U(ri;) = { 0 ro > T (2.1)

U(rig)t = e [(%)12 - <Z—Z>6] ; (2.2)

where r;; is the distance between united atoms ¢ and j, r. is the cut off
distance, ¢ and o are Lennard-Jones energy and distance parameters, re-
spectively. The numerical values of these parameters are shown in table 2.1.
€ij, €iy €5 and 0ij, 04, 05 are related by €5 = \/62—6] and O35 = (Ui + 0'j)/2,
respectively.

with
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—CHy— —CHj
o) [e®) [oA)[e(®)|re(d)
SKS | 3.93 | 47.0 | 3.93 | 114 | 138
OPLS | 3.905 | 59.4 | 3.905 | 88.1 | 115

Table 2.1: Values of Lennard-Jones parameters and r. from SKS and OPLS models
[4,17], respectively.

We use the SHAKE algorithm [18] to impose a fixed bond length of 1.53
Abetween two connected united atoms. The bond-bending potential [19] is
given by:

1

P (0) = Sko (6~ 00)*, (2.3)

where 6 is the angle between two connected bonds, and 6 the equilibrium

value of this angle, kg the force constant. We have used kg = 62500 K.rad 2

for both models, 8y = 112° in the OPLS model and 114° in the SKS model.
The torsion potential is defined for the OPLS model [17]:

5
UsBis (4) =Y cpcos® (¢), (2.4)
k=0

and for the SKS model :
UL () = 0,5[ct (1 +cos @) + ca (1 — cos2¢) + c3 (1 + cos3¢)], (2.5)

where ¢ is the dihedral angle. In the OPLS model, we use ¢y = 1116 K,
c1 = 1462 K, ¢ = —1578 K, c3 = —368 K, ¢4 = 3156 K, ¢5 = —3788 K. For
the SKS model we use ¢; = 355 K, ¢co = —68.19 K and c3 = 791.3 K.

2.2.2 Simulations

Our simulations are performed in an NVT ensemble [20], i.e., with constant
number of particles, volume and temperature. The equations of motion are
solved using the Verlet Leapfrog integration algorithm [2]. The SHAKE
method [18] is used to constrain the bond lengths. Simulations are run with
periodic boundary conditions. We have used the DLPOLY program [21] for
all our simulations.

At high temperatures, we have investigated the system at vapour-liquid
coexistence (with liquid and gas densities obtained from Gibbs-ensemble sim-
ulations) and at low temperatures the system is defined “off coexistence”
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(with experimental liquid densities and vacuum). At coexistence we com-
pare our simulation results with those from Alejandre et al. [14] and at lower
temperatures with experimental data [22,23].

The simulations at coexistence are initiated in the following way. First,
we construct a cubic box with molecules placed on a lattice at the estimated
liquid density from Gibbs-ensemble computations [4]. For hexane, decane,
and hexadecane the simulation cell contains 675, 405, and 300 molecules,
respectively. This box is equilibrated during 50 000 time steps with a time
step duration At = 3fs. This liquid box is “sandwiched” by two empty
cubic simulation cells and these boxes are filled with a few alkane molecules
to obtain the vapour coexistence density.

At low temperatures, off coexistence, we initiate the simulation at the
liquid density taken from experimental data. At this temperature range, the
vapour pressure is so low that the gas boxes contain on average less than one
molecule. Therefore, we use for these simulations empty boxes and run a few
hundreds steps in order to stabilize the interface. After this equilibration,
liquid and gas boxes have approximately the same volume and the box length
in z direction exceeds 100 A.

We accumulate surface tension values every 500 steps during 3 ns. These
data are analysed using the block average method [24].

2.3 Results and discussion

2.3.1 Liquid densities

Before discussing the results for the surface tension, we compare the sim-
ulated liquid densities for the various models with experimental data. An
example of a computed density profile of hexane at coexistence using the
SKS model is presented in figure 2.1. This plot shows liquid-vapour coexis-
tence. Because of the periodic boundary conditions we obtain two interfaces.
From this figure we can compute the coexistence densities of the liquid with
reasonable accuracy. Good agreement is found between results from simu-
lations and those from experiments [25]. For the gas density, however, the
number of molecules is too small to determine the coexistence gas density
accurately. Figure 2.2 shows the coexistence liquid densities for hexane at
various temperatures as obtained from our simulations using the SKS model.
This figure shows that the Gibbs ensemble results [4] are in reasonable agree-
ment, but not perfect, with the present simulations. Important to note is
that the Gibbs ensemble simulations use a truncated potential [4] while in
this work a truncated and shifted potential is used. For a simple Lennard-
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Figure 2.1: Density profile (p) of n-hexane at coexistence at 350 K as obtained
from the molecular dynamic simulations using the SKS model. The solid line gives
the experimental value of alkane liquid density at 350 K [25].

Jones fluid a truncated but not shifted potential has a 10% higher critical
temperature (Tc) [26,27]. A similar shift of the critical temperature has been
observed here. In figure 2.2, we also compare our results with the MD simula-
tions of Alejandre et al. [14]. Alejandre et al. used a similar method as in the
present work to compute the coexistence properties. However, in the work
of Alejandre et al. a slightly larger cut off radius (15.8 A) together with an
inhomogeneous tail correction were used compared to Gibbs ensemble sim-
ulations [4,28]. This results in a higher 7, and hence a higher coexistence
density compared to our simulations. For hexane also the OPLS model gives
a good description of the experimental data. Concerning the highest temper-
ature (450 K), the interfaces are too broad to yield an accurate estimation
of the liquid density.

For n-decane and n-hexadecane figure 2.2 shows that the SKS model pre-
dicts a lower liquid density, compared to the OPLS model which is consistent
with the conclusion in ref. [4] that the OPLS model overestimates the critical
temperatures for long-chain alkanes.

In figure 2.3, we compare the simulated liquid densities at low temper-
ature (off coexistence), using the SKS model, with the experimental liquid
densities. For n-decane and n-hexadecane the agreement with the experi-
mental data is very good, while for n-hexane, the simulations underestimate
the liquid densities.
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Figure 2.2: Comparison of the liquid coexistence densities (p), for n-hexane (top),
n-decane (centre), and n-hexadecane (bottom), as a function of temperature for the
present work, the Gibbs ensemble results [}], the results from previous molecular
dynamic simulations [14] and experimental results concerning n-hezane [25].
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Figure 2.3: Density p as a function of the temperature for n-hexane (C6), n-
decane (C10), and n-hexadecane (C16) from our simulations (SKS model) and from
experiments.

2.3.2 Surface tension estimations

In figure 2.4, the computed surface tension for hexane, decane, and hexade-
cane at coexistence are shown as a function of the temperature and density.
To the best of our knowledge experimental data for these systems have not
been published. For hexane we can compare the surface tension as a func-
tion of temperature as obtained by our simulations with previous results [14].
The agreement between these two studies is satisfactory; the small differences
can be related to the larger cut-off radius used by Alejandre et al. For the
OPLS model a similar result is obtained. If we plot the results versus liquid
densities the differences between the various models become much smaller.

For decane and hexadecane the differences between simulated surface ten-
sion as a function of the temperature of the OPLS and SKS model are larger
compared to hexane. Also for these molecules the differences disappear if we
plot the surface tension as a function of the densities. This indicates that
predicting the correct liquid density is a prerequisite for estimating a reliable
value of the surface tension.

Since the SKS model gives a better prediction of general properties at
coexistence for the long-chain alkanes [4,29], we focus on this model for a
comparison with experimental data.
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Figure 2.5: Surface tension v versus the temperature: comparison of results obtained
from the simulations using the SKS model (solid symbols) with experimental data
(lines and open symbols) [22, 23].

In figure 2.3 it is shown that the simulations underestimate the liquid
densities at these conditions. Figure 2.5 shows that plotted versus T the
surface tension of the alkanes is underestimated by about 15% compared to
experimental results, independently of the temperature and the length of
considered alkanes.

2.4 Concluding remarks

In this chapter we have computed liquid densities and the surface tension
of various linear alkanes at various temperatures. For longer alkanes, the
computed liquid densities confirm that they are better described by the SKS
model than the OPLS model at high temperatures. At lower temperatures,
the agreement between experimental and computed densities from the SKS
model increases with the length of the linear alkanes.

The density prediction is a major parameter in surface tension calcula-
tions. Differences observed between the SKS and OPLS models in the critical
temperature and liquid density predictions are cancelled when the predicted
surface tension values are plotted as a function of the liquid density. At low
temperatures, comparison with experimental data shows that the surface
tension is underestimated by approximately 15%.

Our simulations show that to predict the surface tension at a given tem-
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perature correctly, it is very important to use a model that predicts the
density of the liquid phase at the given conditions sufficiently accurately. For
example, the SKS model and the OPLS model give very similar results for
the surface tension as a function of the liquid density. Therefore, if a given
model does not predict the liquid density correctly such a model has very
limited value for predicting the surface tension.

2.5 Appendix: Surface tension calculation

We have used for this calculation a method described in literature [30, 31].

From the particle coordinates and the forces acting upon particles, we
have computed the pressure profile along an axis perpendicular to the sur-
face, and calculated the surface tension (which corresponds to the interfacial
tension in the case of an interface). The pressure profile, which cannot yet
be measured from experiments, will give an insight on the lateral pressure
occurring in a membrane, and can be related to the properties specific to the
composition of the membrane. The pressure profile calculation is detailed
below.

For a surface normal to the z axis, the surface tension <y is proportional
to the integral of the difference between the normal Py(z) and tangential
Pr(z) components of the pressure tensor:

+L. /2
Y= % /_ ., BIPNO) =P, (2.6)

where % is a correction factor when the simulation boxes contain two surfaces.
The components of the pressure tensor are obtained as a function of the
position along the z axis using the Irving and Kirkwood definition [30,31]:

PT(Z) = ( kBT——<ZZ $ZJ+ylj dU(rz]) 1

5 2735 dri; |zl
xa(z_zi)e( i )> (2.7)
Zig Zj— 2

Px(z) = (kBT——<ZZZUdUdnJ 1

Tij E

< (z_:> ’ (ijﬁ )> (2.8)
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where p(z) is the atomic density profile along the z direction, kp is Boltz-
mann’s constant, 7 is the temperature, A = L? is the area of one surface,
Zij, Yij, and z;; are the z, y, and z components of the distance r;; between
atoms ¢ and j, respectively, (---) denotes the canonical ensemble average,
Uint. is the potential energy, and 0 (z) is the Heaviside step function. Prac-
tically, the components of the pressure tensor are computed by dividing the
simulation box into N slabs, parallel to the zy plane, and the contribution
of each interaction between atoms 7 and j (including bond constraint forces
from the SHAKE algorithm) is distributed in the involved slabs, i.e., slabs in
which the particles 7 and j reside and slabs in between [32]. The contribution
from electrostatic interactions, when taken into account, is computed from a
coulombic expression.
It has been acknowledged that the position of the surface of tension z;:

1.2
o /0 dz 2 [Py(2) — Pr(2)] (2.9)

cannot be specified exactly, but lies within a correlation length from the
surface position [33,34]. In turn, the pressure profile and its location are
arbitrarily set by the used definition.






Chapter 3

The interfacial broadening of
a liquid-liquid interface®

3.1 Introduction

Most of the technological and biological processes occur at an interface. How-
ever the interface between two liquids is difficult to investigate [35,36] com-
pared to two-phase systems as liquid-solid, solid-gas, or liquid-vapour, which
exhibit large discrepancies in their molecular organization and densities, al-
lowing extensive studies by a large range of experimental methods. Interfaces
between oil and water are most widely studied since these interfaces are in-
volved in major technological processes as crude oil extraction and detergent
activity [37], and serve as models of biological hydrophilic-hydrophobic in-
terfaces such as cell membranes [38,39].

Since many years, the analysis of the fluid interfacial organization has
been both a theoretical and experimental challenge [40-49]. Recently, devel-
opments in experimental techniques (as x-ray reflectivity, diffuse surface x-ray
scattering, grazing incidence x-ray diffraction and scattering, and the optical
techniques) [50-54] combined with advances in molecular simulations because
of improvements of computer performance, algorithms, and force fields, have
dramatically extended the insight in properties of both liquid-vapour and
liquid-liquid interfaces down to the molecular scale. However, bridging the
gap between theoretical predictions from capillary wave and van der Waals
theories [34], and simulation and experimental results, remains an exciting

*based on: J.P. Nicolas and N.R. de Souza. Molecular dynamics study of n-hexane—
water interface: towards a better understanding of the liquid-liquid interfacial broadening.
Journal of Chemical Physics. In press.
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challenge.

The scope of this chapter is to study the molecular organization and prop-
erties of the liquid-liquid n-hexane—water interface and to compare them with
the prediction from capillary wave theory. This leads us to a new definition
of the correlation length, commonly used as a parameter in the roughness
calculation. For an ordered interface, the amplitude of the capillary waves is
reduced, possibly by the intermolecular interactions involving both the two
liquid bulks and the interface.

3.2 Method and theory

3.2.1 Molecular dynamics

An all-atom model was employed to describe molecules at an atomic scale
using the potential energy parameter set PARM27 from the CHARMM pack-
age [55]. The interactions include non-bonded dispersive and coulombic in-
teractions, torsion, bond bending, and vibrational potentials. The TIP3P
water model [56] was used and covalent bonds involving hydrogen were held
fixed with the SHAKE algorithm [18]. Electrostatic interactions were com-
puted using the Smooth Particle Mesh Ewald method [57]. We have prepared
the simulation models as follows. Beforehand, a single box containing hexane
molecules at the appropriate liquid density has been equilibrated. After this,
we have built our complete simulation box by the addition of two boxes of
vacuum on each side along the z axis. We have relaxed the resulting box
containing two liquid-vacuum interfaces parallel to the zy plane. Finally, we
have filled the empty volume by water molecules to reach the appropriate
liquid density. In such a way, the system contains 448 hexane molecules,
and about 3000 molecules of water, thus approximatively 18 000 atoms in a
box of dimensions L x L x L, in the z, y, and z directions respectively, with
L=45A,L,~95 A, and the volume of each bulk phase is approximately
equivalent. Consequently, the simulation boxes are large enough in the z
direction to avoid interactions between interfaces, and thus a dependence on
L, of the interfacial width [58].

Molecular dynamics computer simulations were carried out using the
DLPOLY package [59]. Our calculations were performed in the NVT ensem-
ble [60], i.e., with constant temperature, volume, and number of particles.
The equations of motion were solved using the Verlet Leapfrog integration al-
gorithm [2] and simulations were run with periodic boundary conditions. For
the van der Waals terms, calculations were performed using a cutoff radius of
12 A . The liquid-liquid systems have been equilibrated during 100000 steps,
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with a time step of 2 fs, at four different temperatures: 283, 303, 323, and
343 K. During equilibration, the density profile and energy convergence of
the system have been monitored. For the present study, we have run a simu-
lation during 2 ns and recorded the dynamics of the system by accumulating
coordinates at intervals of 0.4 ps during two periods of 0.4 ns.

3.2.2 Interfacial ordering and width

The water molecule by definition is a planar molecule. Its orientation is fully
described by two orthogonal unit vectors: dfp, parallel to the dipole moment,
and 7, perpendicular to the molecular plane. The n-hexane orientation is rep-
resented in this study by the longest principal axis of the molecule’s ellipsoid
of inertia, €. We have computed the molecular order parameter:

S(z) = %(300820(2) _ ), (3.1)
where 6 is the angle between the vector d;p, 77 or € and the interface normal
vector.

Thermal fluctuations broaden a bare (sharp) interface to a width oo as
described by capillary wave theory [34,40]. This fluctuating bare interface is
broadened (dressed) by an intrinsic width og [34,36,61]. Thus the interfacial
roughness, or equivalently the total interfacial width o, is a combination of
those two components:

o® =0of +otw, (3.2)

2 _ MB 2
= — —d .
gow 47_(_2,)/ /qmam qz 202 q, (3 3)

where ¢ represents the in-plane capillary waves, <y is the interfacial tension,
a=27v/mgAp, Ap is the mass density difference between the two phases, and
g is the gravitational acceleration.

The existence of capillary waves and their theoretical justification in both
liquid-liquid and liquid-vapour systems is commonly accepted [35,36,54]. In
computer simulations, from gy, which corresponds to 27 /L and ¢y, defined

as 2w /& (where € is a correlation length), the capillary roughness expression
3.3 becomes [34, 35]:

g2 _ kel 1 + 2(ma/€)?
CW ™ dgy 1+ 2(wa/L)2°

(3.4)
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Equation 3.4 shows that in the thermodynamic limit (the area A = L? —
00), the interfacial width diverges as (—Ing)'/? if ¢ — 0. For a microscopic
system such as the one considered in computer simulations, £2 < a > L?, so
the expression 3.4 becomes:

gew = Iy ng—Q, (3.5)

Despite the correlation length is defined as the shortest distance between two
particles such as their motions are not correlated, it is often taken as either
a molecular diameter or length. Since a liquid-liquid interface is formed of
two correlated surfaces in close “contact”, the relevant correlation length
is expected to be an average of those characteristic of the two molecular
species (water and hexane in our case). Computer simulation studies of the
dependence of ocow on L agree apparently with the logarithmic behaviour in
formula 3.5 (see for example [62]").

In the recent literature on simulations and experiments [36, 63, 64], the
intrinsic width oy is less well established. This comes in part from the diffi-

culty of independently evaluating o¢ and oow [61]. In experiments far from
lig—vap

criticality, for most liquid-vapour interfaces oy, ~ 0 because ocw alone
accounts for o. Consistently with aézq*wp ~ 0, the liquid-vapour density pro-

files p(z) derived from atomic positions are best fitted with a form 1 based
on the error function *:

1 liq va 41 (Z - ZO)
Z) == + p)—(zq— ”ap)erfi , 3.6
h(z) = 5 ((p P pl—p o3 (3.6)
with:
2 z 2
erf(z) = — [ e "dt (3.7)
T Jo
where p'¢ and p*® are the respective bulk densities of the liquid and vapour
phases, zo the position of the Gibbs’ dividing surface, and o the interfacial
width [62]. The width o obtained from the fit is directly proportional to the
“90-10” width, defined as the width of the interfacial domain where 0.1pp <
p(2) < 0.9ppuik, by the relation wgg_19 = 1.82v/20.

In [62], the authors explicitly set o2 = o2y + o2, but do not provide any estimation
of the intrinsic width.

*Sides et al. compare the relative merits of erf and tanh for ¢, and conclude in favour
of the former when thermal fluctuations are dominating [62].
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Immiscible liquid-liquid interfaces seem to allow an alternative definition
for og [64]. It is well known that for these the two Gibbs’ dividing sur-
faces do not coincide, such that a depletion is present at the interface. This
is unambiguously revealed as a dip in the normalized total density profile
o(2) = (p2(2)/p*) + (pB(2)/pB), where p and pP are the bulk liquid den-
sities of the two species A and B. One approach consists in defining the
intrinsic width as the distance between the Gibbs’ surfaces of each compo-

nent, oéiq_liq = |z§1 - 28 ‘ [64]. This corresponds to the assumption of the

direct relation between the depletion and the intrinsic width a(l)zq_l'q. Keeping
in mind af)iq_”ap ~ 0, the interpretation of the definition is as follows: place
two immiscible fluid phases “in contact”, the equilibrium distance between
their two bare surfaces is then determinated by van der Waals, electrostatic,
and intermolecular attractive and repulsive interactions. Furthermore, the
minimum of ¢ is for z = z"rface the Gibbs’ dividing interface.

Obviously, the total density profile can be written as the sum of p(z) +
p2(z) and be described accurately by:

’@btotal(z) = % ((pA + PB) - (pA — pB) erf [%]) , (3.8)
lig—liq -

This is true as long as o is small compared to the interfacial widths for
p?(z) and p®(2), and p* # p".
Also, a composition profile can be used to characterize the interface:

_ (" (2)/p") = (p"(2)/P")
P& = A ) + ()] P) &

By construction its midpoint coincides with z™*rface_ Trrespective of the de-
pletion width and relative liquid densities, it is again well fitted by a relation
similar to 3.6 or 3.8, with a width parameter o om-
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3.3 Results

3.3.1 Molecular ordering

Figure 3.1 shows the density profile derived from atomic positions at 303 K,
with two sharp water—hexane interfaces. At this temperature, the simulated
bulk densities are in good agreement with the corresponding experimental
densities. As the temperature increases, the hexane liquid density is overes-
timated, by approximately 4.5% at 343 K, its boiling temperature. Inversely,
the water density is underestimated to a similar extent at high tempera-
tures. Such small discrepancies suggest that the set of parameters used in
our simulations may not be optimal for high temperatures.

Figure 3.2 shows the normalized total density profiles ¢(z) close to the
interface, which position is taken from the fit of the composition profile ¢(z).
The oil phase presents a slight layering, compared to the water phase which
flattens immediately beyond the interface region. Those normalized den-
sity profiles evidence clearly a depletion at the interface, characteristic of an
interface between two immiscible fluids.

Figures 3.3 and 3.4 give the molecular order parameters of hexane and
water as a function of their distance from the interface. From the relation 3.1,
we see that the order parameter is equal to —0.5 when the considered vector
is parallel to the interface, is equal to 1 when the vector is normal to the
interface, and 0 represents a random distribution (or a distribution centred
on 54 degrees). From these two graphs, we see that both phases possess a
degree of ordering extending from about 7 A in the bulk phase to about 4 A
in the other phase.

At the interface, hexane molecules have a preferential orientation parallel
to the interface (from about 65 degrees at 283 K to 60 degrees at 343 K,
relative to the interface normal). There, the water dipoles adopt the same
orientation as hexane molecules, but this orientation is conserved by the
water molecules far into the oil side. The normal vector orientation has a
different behaviour with a maximum value at the interface (corresponding
to a preferential angle of about 50 degrees) and an increasing disorder as
the molecules are located deeper in the oil region. This global orientation
of water molecules at the interface with the oil phase is in agreement with
results reviewed by Pratt and Pohorille [38].

At a distance of 4 — 7 A from the interface, the hexane curves display a
slightly positive value of the order parameter, unlike the water curves. This
difference in the profiles might be related to the stiffness and the length of
the hexane molecule compared to the water molecule.
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Figure 3.1: Atomic density profiles at 303 K for water p*(z) (dotted), hexane p"(z)
(dashed), and water+hezane p"(z) + p*(2) (solid line).
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Figure 3.2: Normalized density profiles ¢(z) at one interface as a function of the
distance from the interface (see the text for the calculation of the interface position),
at 283, 803, 823, and 343 K. The oil phase corresponds to the positive values of z,
and the water phase to the negative values.
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Figure 3.3: Order parameters for hexane molecules as a function of their distance
from the interface at 283, 303, 323, and 3843 K. The hexane phase corresponds to
positive values of the distance. Data are averaged over the two interfaces. On the
left side, the curves are noisier due to a smaller statistical accuracy.
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Figure 3.4: Order parameters for water molecules as a function of their distance
from the interface at 283, 303, 323, and 343 K. The water phase corresponds to
negative values of the distance. Both contributions from the dipole and normal vec-
tors are reported. Data are averaged over the two interfaces. On the right side, the
curves are noisier due to a smaller statistical accuracy.
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Figure 3.5: Pressure profile Py — Pr as a function of temperature. The water phase
corresponds to negative values of the distance and the hexane phase to the positive
ones.

To complete the description of the interfacial organization, we have com-
puted the orientation of the projection of the hexane molecular director in the
interfacial plane. No preferential orientation is noticeable, implying that hex-
ane molecules are disordered in the plane of the interface (data not shown).

For both the hexane and the water molecules, increased temperature re-
duces the ordering at the interface. This can be related to an alteration of
the hydrogen bond network for the aqueous phase and an enhancement of
the dynamics of molecules, as the temperature increases.

3.3.2 Interfacial tension

Figure 3.5 reports the pressure profiles Py — Pr as a function of the temper-
ature. The pressure profile is zero in the two bulk phases. At the interface,
the charged water molecules are ordered. This peculiar organization yields
a polarization of the interfacial molecular layer, corresponding to a negative
pressure profile. Inversely, the oil phase, with a low electron density and a
reduced ordering (molecules are only ordered parallel to the interface, with
no in-plane order), has no electrostatic contribution to the pressure profile.
As the ordering of molecules at the interface, the interfacial tension (from
relation 2.6) decreases with the temperature. Computed values of interfacial
tension are compared with experimental results 7.y, [53] in Table 3.1. Our
results are about 9 — 10% smaller than experimental results, except for the
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w h h—w h—w h—w h—w ! n
T g g Jtotal acomp 99 Oow Ysim Yexp f f

(K) (A) (A) (mN.m!) (A)

283 1159|146 | 1.03 | 1.43 | 0.52 | 1.68 53 51.4 | 22.9 | 9.9
303 | 1.67 | 1.53 | 1.22 | 1.48 | 0.54 | 1.87 | 46 50.0 | 19.7 | 12.1
323 | 1.82 | 1.72 | 1.39 | 1.61 | 0.61 | 1.99 43 | 48.1 | 174 | 11.6
343 | 1.95 | 1.79 | 1.2 | 1.70 | 0.64 | 2.10 41 | 46.4* | 159 | 11.6

Table 3.1: Fitted surface widths (c* and o), interfacial widths (" %, o'~ and

O'?O_T#;) ), intrinsic width (a!™"), computed capillary wave width (ag;(;” ), experimen-

tal (Yezp) [53] and computed (vsim) interfacial tensions, and corrected correlation
lengths (£ and £"). The computed interfacial tensions are defined with an error bar
of £1.6mN.m~t. (* extrapolated value from Zeppieri results [53])

lowest temperature where the computed interfacial tension is greater than the
experimental interfacial tension. For this latter case, the representation of the
system at the lower temperature may not reproduce the experimental liquid-
liquid interface with an expected accuracy. The estimation of the interfacial
tension for a liquid-liquid system is improved compared to the calculation
of the surface tension of a liquid-vapour system done with the same method
[65]. This is likely due to the consideration of the electrostatic term in the
force field. It is worth noticing that our calculation, which is performed
without any long range correction, yields an underestimation independent of
the system studied [65,66], while calculations with a long range correction
yield an underestimation of the interfacial tension for short alkanes and an
overestimation for the longer ones [63].

3.3.3 Interfacial width

The correlation length ¢ is a parameter for the interfacial width resulting
from thermal fluctuations. As reported above, while its definition is well
established, its choice is not discussed in the literature and, as mentioned, &
is always estimated as/from either the diameter or the length of one of the
two molecules. Since ¢ is located in the logarithm of the relation 3.5, one
might consider that its order of magnitude is sufficient to estimate correctly
the interfacial width oow .

Still, Akino and coworkers [67] pointed out that for a nematic phase of
ellipsoid molecules placed at an interface, the amplitude of capillary waves in
a direction parallel to the ellipse director is smaller compared to the amplitude
of the waves perpendicular to the molecular axis. Consequently, we assume
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that the larger wave amplitude, responsible for the interfacial widening, is
related to the molecular diameter and not the molecular length. We have
chosen ¢ as equal to the hexane molecular diameter, thus approximately 4
A . This value is close to the value of the water molecular diameter, 3.2 A.
The capillary widths obtained from this choice of £, and using our computed
values of interfacial tension, are reported in Table 3.1.

We have fitted to an error function (see formulas 3.6 and 3.8) the den-
sity profiles related to the hexane, the water, the total, and the composition
density profiles (as defined by equation 3.9). In these formulas, we fixed the
bulk density parameters and fitted the interface parameters: zy and o. Fig-
ure 3.6 shows the difference between the fitting curves and the corresponding
density profiles. This difference allows both a qualitative and quantitative
estimation of the goodness of the fits. In the region delimited from —5 A to
+10 A the plots present some small features which are not centred on the
Gibbs’ dividing surface but mainly occur at the hexane surface. They origi-
nate from the features observed on the hexane density profile at the interface
(Figure 3.1). Outside this region, the difference corresponds to microscopic
fluctuations of the density profile. The fitted ¢ parameters are reported in
Table 3.1. Strikingly, ccw is consistently larger than oy by 50% and oeomp
by 25%. This trend is also present in other works, see for example [68]. This
situation precludes validating directly the capillary wave theory model of the
interface, and a fortiori the hybrid model (relation 3.2).

The intrinsic width aéiq*liq corresponds to about one third of o444 (see
Table 3.1). Together with the small deviations observed on figure 3.6, this
justifies using formula 3.8 to represent the total density profile. The normal-
ized density profiles give “90-90” widths fully consistent with Uézq_“q. It is
worth noticing that the intrinsic width as computed in this article depends
on the temperature and is not the width computed between the two inflection
points of the normalized density profiles [69].

3.4 Discussion

To the best of our knowledge, there has been no published account of simu-
lation studies aiming at verifying accurately the interrelations between oy, 7,
and ¢ for liquid-liquid interfaces. Therefore the following discussion attempts
to resolve the disagreement with capillary wave theory.

While questionable, the use of the experimental interfacial tension in-
stead of the computed value cannot explain the amplitude of the observed
discrepancy. Rather, we focus on the order at the interface, which has been
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Figure 3.6: Difference between p"(2), p¥(2), p"(2) + p¥(2), and ¢(z), density pro-
files, and their fitting function at a temperature of 303 K. The interfacial position
has been determined from the fit of ¢(z).

found in other simulations of alkane-water interfaces [38,63,68,70,71]. From
their X-ray scattering experiments, Schlossman and coworkers do not exclude
such an interfacial organization [72,73]. While it involves both surfaces, one
might expect a screening of certain capillary modes. In the case of a ne-
matic interface [67], this screening is observable in the direction parallel to
the molecular director. In the case of the hexane—water liquid-liquid system,
since the hexane molecules are disordered in the plane at the interface, the
screening occurs isotropically in-plane, yielding a dramatic reduction in the
effect of the thermal fluctuations.

Consequently, one needs to specify better the parameter ¢ for ordered
interfaces. Two conventions coexist in the literature. Concerning thin films
located at the interface (in fact similar to the interfacial layer of a pure liquid)
the correlation length refers to the transverse correlation length [58], while for
an interface between two ideal liquid phases, this correlation length is taken
as the bulk correlation length. In our case, molecular motions at the interface
result from two kinds of interactions, those from the underlying bulk (more
accurately from the two bulks in the case of an interface) and those between
the molecules making up the interface. Thus, the correlation length must
correspond to a combination of the two definitions given above. In order to
estimate a corrected value of the correlation length, we have fitted to oypq
(resp. 0comp) the prediction from relation 3.2 with only £ = ¢’ (resp. ) asa
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Figure 3.7: Variation of (a('ﬁ}”f against the correlation length &, at 303 K. The
bottom curve uses an upper cutoff ¢maz = 27/L to describe our simulations. The
top curve uses a cutoff gmez = 27/ Legp to describe the experiments of Schlossman

and coworkers [72]. Horizontal lines refer to the observed a?;,,’l‘;, in simulation and

Ototal 0 experiment. Below & = 10 A the capillary wave model cannot be consistent
with the simulated o.

free parameter, using the computed value of af)iq_”q reported in the table 3.1.
The resulting values for & and £” are given in the same table. &' shows a
decrease from 19.7 A (less than half of the simulation box) at 303 K, to 15.9
A at 343 K, in keeping with the behaviour of o;4;. On the other hand, ¢” is
almost constant in this range of temperatures. Because the data at the lowest
temperature might not represent accurately the experimental interface, it is
difficult to conclude on the significance of the correlation lengths at 283 K
relative to those of the higher temperatures.

It is interesting to use ¢’ and £” for predicting measured capillary widths.
For this purpose, we use 7ezp [53] and Legp [74] in relation 3.5: the values
of oow obtained together with the corrected correlation lengths are then
smaller than the experimental widths for hexane-water measured by X-ray
scattering in reference [74]. The difference corresponds likely to some intrinsic
width of97" Ours is far too small to recover the observed width. Taking
for a(l)iq_liq the radius of gyration of the alkane [72] seems to work better
(Ry = 2 A for hexane). The situation is summarized in figure 3.7, at the
temperature 303 K close to experimental conditions of [74].
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Concluding remarks

A careful study of the ordered interface between two immiscible fluids reveals
the disagreement between the actual interfacial width and its prediction from
the capillary wave theory. The discrepancy can be resolved by using a corre-
lation length consistent with the molecular organization at the interface. So
improved, our prediction is compatible with experimental results. Further
studies require to fully characterize the intrinsic width, so as to provide a
firmer basis to our hypothesis.
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Chapter 4

Surfactin: a “chimeric”
peptide®

4.1 Introduction

Surfactin is an amphiphilic lipopeptide produced by various strains of Bacil-
lus subtilis [75] and consists of a heptaptide headgroup with the sequence Glu-
Leu-DLeu-Val-Asp-DLeu-Leu linked to a RC14-15 S-hydroxy fatty acid [76]
and closed by a lactone ring. Surfactin is a powerful biodegradable surfactant
lowering water surface tension from 72 to ~ 30 mN/m at concentrations of
~ 10 pM [77,78]. At very low concentrations it forms large micelles and the
critical micellar concentration of the different analogues is of the order 10~°
M [77]. Besides its interfacial properties, surfactin exhibits several biological
activities: antibacterial [79, 80], hemolytic [81], antiviral [81, 82], and anti-
tumoral [83]. Surfactin interacts with membranes [84], initiates lipid phase
transitions [85], and membrane destabilization [86]. Such surface and bio-
logical properties have attracted interest in the structure of surfactin and its
behaviour at hydrophilic/hydrophobic interfaces.

From 'H-NMR studies correlated to distance geometry, energy minimiza-
tion, and molecular dynamics techniques, a first three-dimensional struc-
ture for surfactin in DMSO has been proposed [87]. Two models were pre-
sented where in both cases the peptidic moiety adopts a “horse-saddle” con-
formation with the two hydrophilic residues pointing on one side forming
a potentially binding “claw” and the five hydrophobic ones associated to
the fatty acid chain pointing on the other side. The two structures differ

*based on: J.P. Nicolas. Molecular dynamics simulation of surfactin molecules at the
water-hexane interface. Biophysical Journal. 85, 1377-1391, 2003.
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mainly with respect to their intramolecular hydrogen bonds, [NH(5)-CO(2)]
and [NH(7)-CO(5), NH(4)-CO(2), NH(6)-C, O] for S1 and S2 structures, re-
spectively. Structure-activity correlation has been extensively studied during
micelle formation [77,88], by FTIR spectroscopy and circular dichroism in
various solvent systems [89, 90], and at the air/water interface [91,92] and
hydrophobic/hydrophilic mimicking medium [93]. All those recent results
suggest flexibility of the backbone conformational structure and several sta-
ble configurations are proposed and debated.

The purpose of our work was to explore the conformational flexibility of
surfactin for various interfacial concentrations in a hydrophilic/hydrophobic
medium, similar to a biological system as the lipid/water interface. In order
to avoid perturbations resulting from aliphatic chain order and lipid head-
group interactions, we have mimicked this environment with an amorphous
hexane/water system described at an atomic scale. Furthermore, we have
computed the effect of adding biosurfactant on the interfacial tension at the
oil/water interface and estimated the lateral and rotational diffusion coeffi-
cients.

4.2 Methodology

4.2.1 Molecular dynamics
Simulations

Molecular dynamics computer simulations were carried out using the DL-
POLY package [59]. An all-atom model was employed to describe molecules
at an atomic scale using the potential energy parameter set PARM27 from
the CHARMM package [55]. The TIP3P water model [56] was used in all
simulations. Bonds involving hydrogen were held fixed with the SHAKE
algorithm [18]. Electrostatic interactions were computed using the Smooth
Particle Mesh Ewald method [57]. Our simulations were performed in the
NVT ensemble [60], i.e., with constant temperature, volume, and number of
particles. The equations of motions were solved using the Verlet Leapfrog
integration algorithm [2] and simulations were run with periodic boundary
conditions. All the simulations were performed using a cutoff radius of 12 A
for the van der Waals terms.

Initially, a single protonated surfactin molecule was equilibrated in vac-
uum. Bonmatin has kindly provided the coordinates of the S1 and S2 hep-
tapeptide conformers of the surfactin molecule which have been completed
with a R-Cy4 S-hydroxy fatty acid chain [76]. The analysis of those con-
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formers with hydrogen bond criteria [94,95] shows that S1 exhibit a S-turn
type I’ Asp(5)—Leu(2) with two hydrogen bonds CO(5)-NH(2) and NH(5)-
CO(2), whilst S2 contains two reverse y-turns centred on the D-residues with
their respective hydrogen bond, Val(4)—Leu(2) and Leu(7)—Asp(5), and a
third hydrogen bond NH(6)-C;O. After this preliminary protonated struc-
ture relaxation, we have built our complete models in three steps. First, we
have equilibrated a box containing two phases, liquid hexane and vacuum,
with interfaces parallel to the zy plane. Subsequently, surfactin molecules
have been added to the box, with the fatty-acid chain inserted in the liquid
hexane phase and the heptapeptide moiety at the interface. A few runs of
equilibration were carried out with a very small time step, which was grad-
ually increased until a final value of 2 fs. Finally, the boxes were filled by
adding water molecules. In such a way systems were prepared containing 448
hexane molecules, 2, 4, 8, 18, 24, or 32 molecules of surfactin (corresponding
to 1, 2,4, 9, 12, or 16 molecules per interface, respectively), and about 2000
molecules of water, thus approximatively 17000 atoms. The box dimensions
were 45 x 45xL, A in the z, y, and z directions, respectively, with L, ~ 93
A. These systems have been equilibrated for 100.000 steps, with a time step
of 2 fs at a temperature of 303 K. During equilibration, density profiles and
energy convergence of the system have been monitored. After equilibration,
we have recorded the dynamics of the system by accumulating coordinates
at an interval of 0.4 ps during two periods of 0.5 ns.

4.2.2 Structure analysis
Peptide shape and orientation

To study the dynamics of surfactin molecules as a function of interfacial
concentration, we have computed: the trajectory of the centre of mass of the
surfactin’s head (thus, all the atoms except those of the fatty-acid chain), its
lateral diffusion, and the averaged distance between the centres of mass in
order to estimate the molecular area.

Figure 4.1 shows the three-dimensional structure of the surfactin molecule
in which the peptide part takes the form of a “horse-saddle”. This structure
can be modelled by a tetrahedron, build from four atoms from the cyclopep-
tide backbone (see legend of figure 4.1). To characterize the shape and ori-
entation of this horse-saddle we have introduced the vectors §t0p, gbase, and
§height and the dihedral angle ag;,.. The magnitude of the vectors gtop, and
S},ase characterizes the degree of opening of the hydrophilic and hydrophobic
side of the horse-saddle, respectively. The rotation of the surfactin molecule
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Figure 4.1: Modelling and parametrization of the “horse-saddle” conformation of
surfactin. From four atoms defining a tetrahedric structure, CO(5), NH(2), CH(4),
and Cy H, are defined three vectors: Syop: CO(5) = NH(2), Spase: CLH — a CH(4),
and S-"he,-ght: [CO(5)-NH(2)] — [CiH-aCH(4)]. The dihedral angle agin. is defined
by the angle between two vectors normal to two sides of the tetrahedron, each contain-
ing three atoms (NH(2)-aCH(4)-CO(5)) and (a CH(4)-CO(5)-C1 H), respectively.

is described by the orientation of the gheight vector. In the case of a tetra-
hedral structure, gheight vector is orthogonal to the two orthogonal vectors
§t0p and §base. Thus, the orientation of the gheight vector can be defined as
a sum of contributions from the vectors gtop and gbase- A negative value of
gheight orientation towards the interface corresponds to a tumbling over of
the peptidic part of the surfactin molecule. The dihedral angle «g;,. char-
acterizes the horse-saddle shape which can be modelled by a tetrahedron.
It corresponds to the angle between the two vectors normal to two faces of
the tetrahedron (see legend of figure 4.6). A symmetrical horse-saddle shape
yields an angle ag;p. of ~ 74-75 degree. A change in the sign of qg;p. corre-
sponds to an inversion of the horse-saddle conformation, and a value close to
0 corresponds to a flat structure.
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Secondary structure

In our simulations we observe that the surfactin structure may fluctuate
depending on the molecular orientation and the interfacial concentration. We
have computed Ramachandran angles and hydrogen bonds (intramolecular,
and intermolecular between surfactins, and with the solvent) in order to
describe the secondary structure of the surfactant molecule and its flexibility,
and to detect secondary structures as - and S-turns.

Hydrogen bonds are described from parameters specific to proteins [94,
95]. These criteria are a maximum distance of 2.5 A between H (hydro-
gen atom) and A (hydrogen acceptor) and a minimum angle of 90 degrees
for A---H-D (hydrogen donor) when A, H, and D coordinates are available.
Such criteria allow a complete screening of the most common hydrogen bonds
found in proteins but may underestimate bonds involved in particular sec-
ondary structure motifs such as y- and S-turns, and main-chain lateral-chain
interactions. Moreover, we have extended the potential hydrogen bond ac-
ceptors to include the main-chain nitrogen atom as described in a previous
theoretical study [96].

Rotational and lateral diffusion

The lateral diffusion coefficient (D7) has been obtained from the mean square
displacement of the centre of mass of the peptidic moiety. At long times the
diffusion coefficient is:

(r(t) - r ). (4.1)

Dr = lim o<t
where r(t) is the position of the peptide centre of mass at time ¢, and d
the spatial dimension of the displacement. In our case, we have studied
surfactant molecules remaining in the planar oil/water interface, hence, we
have computed the two dimensional (translational) diffusion coefficient.

The calculation of the rotational diffusion coefficient is based on the De-
bye theory [97] which assumes a very diluted solution of rigid dipoles with
Brownian motion rotating in nonpolar media. Application of the theory has
been extended to more complex systems and good results have been obtained
for protein/water systems [98]. The rotational diffusion coefficient (Dg) can
be obtained from the relation:

Pylcosf(t)]) = e WDt _ o—t/m 4.2
(Pi[cost(t)]) : (4.2)
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where 6(t) is the angle between two gheight vector orientations spaced in time
by t, P, is the [th rank Legendre polynomial, and 7; the rotational relaxation
time associated with each of the Legendre polynomial correlation functions.
For molecules undergoing Debye diffusional rotation, a plot of 1/7; against
(1 4+ 1) should be linear with a slope equal to Dg.

4.3 Results and discussion

In this section, we first analyse the behaviour of surfactin molecules at the
interface through the study of density profiles and centre of mass motions of
the cyclopeptide moiety. Next the secondary structure of the peptidic part
is analysed, and finally, we relate our results to interfacial properties.

4.3.1 Behaviour at the interface
Density profiles

From atomic density profiles plotted in figure 4.2 A we observe that surfactin
molecules reside at the hexane/water interface. A coordinate analysis of the
terminal methyl group of the aliphatic chain (not shown) shows an anchoring
of the surfactin molecule in the oil phase. For the three lower concentrations,
the surfactin density is increasing with the interfacial concentration, while
for the three higher concentrations, the increase of the concentration yields
a widening of the surfactin density peak combined with a smoother water
interface, as shown in figure 4.2 B. This broadening suggests that the orga-
nization of the surfactant layer has changed with surfactin molecules slightly
popping out of the surfactant monolayer.

Centre of mass motions

The projection of the centre of mass displacement onto the plane of the
interfaces is shown in figure 4.3 for low concentrations and in figure 4.4 at
high concentrations. From those snapshots, we observe that molecules exhibit
a gas-like behaviour with uncorrelated motions below a concentration of 4
molecules per interface, a solid-like behaviour with collective motions above
a concentration of 12 molecules per interface, and a liquid-like behaviour for
intermediary concentrations. This behaviour is confirmed by the study of
the distance between two surfactin molecules placed at the same interface
(not shown). This distance is rather constant at high concentrations but
fluctuates at lower concentrations. At the concentration of 4 surfactins per
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Figure 4.2: Density profiles at 303 K, (A) shows hexane (dotted line), water
(dashed line), and surfactin headgroup (straight line) at a concentration of 9 sur-
factins per interface, (B) shows the surfactin (straight line) and water (dashed line)
profiles at one interface for the different interfacial concentrations: 16, 12, 9, 4, 2,
and 1 surfactin(s) per interface, from left to right, respectively.

interface, figure 4.3 C, where four molecules are located at each interface in
the simulation box, few molecules are clustered. Within a cluster, molecules
can be surrounded by one or two neighbouring molecules. Molecules are
spaced by a minimal distance which decreases from approximatively 15 A
at a concentration of 4 molecules per interface to less than 10 A at the
highest concentration. These intermolecular distance fluctuations suggest
a conformational flexibility of the peptide moiety. Intermolecular distances
yield an estimation for areas per molecules of surfactin which fluctuate from
177 A? at a concentration of 4 molecules per interface, where the interface
is not completely covered by surfactant but few molecules are already in
contact, to 78 A? at the highest concentration where we observe the onset of
a solid phase. Our results are similar to Ay and A; molecular areas obtained
from II-A isotherms [77] at pH 4.2, where the surfactin molecule is fully
protonated, equal to 184 and 89 A2, respectively.

As we will demonstrate next, the properties of the surfactin molecules
strongly depend on the aggregation state and their orientation.
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Figure 4.3: Projection of the centre of mass of each peptidic moiety at various
concentrations. Fach molecule centre of mass at an interface differs by a color.
Each box represents the xy plane and periodic boundary conditions have been applied
on coordinates. (A) 1, (B) 2, and (C) 4 surfactins per interface for each interface,
left figures and right figures.
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Figure 4.5: Radial distribution function of the centre of mass of the peptidic moiety
at 4, 9, 12, and 16 surfactins per interface.

Radial distribution functions

Figure 4.5 A shows the radial distribution function of the centre of mass of
the peptidic part of surfactin molecules at a range of surfactin concentrations.
The first peak is observed at about 12, 11.5, 9.5 and 9-12 A at a concentra-
tion of 4, 9, 12, and 16 molecules per interface, respectively, corroborating a
compression of surfactin molecules as the interfacial concentration increases.
Radial distribution functions have been computed from the projection of the
centre of mass coordinates onto the interface. As a consequence, molecules
popping out of the interface yield minor peaks placed at distances shorter
than 8 A and contribute to a broadening of the peaks. Moreover, the radial
distribution functions plotted in figure 4.5 are an average from the contribu-
tions of the two interfaces. As a consequence, at the highest concentration,
the contribution from the most ordered interface is counterbalanced by the
contribution from the other interface, which is less ordered (see figure 4.4 C),
yielding a radial distribution function not representative to an ideal bidimen-
sional solid.
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4.3.2 Molecular shape and orientation

Figure 4.6 displays the fluctuations of the ag;. angle related to the tetrahe-
dral shape model of the molecule. At all surface concentrations, the angle
distributions exhibit a main peak, sharp and centred on 80-85 degree at high
concentrations (figure 4.6 A), and broader with a few other contributions
which depend on the orientation of molecules and their environment at low
concentrations (figure 4.6 B). At low concentrations, molecules can be de-
scribed as clustered or free (the latter may tumble over). On the one hand
free molecules not tumbled over have a rather flexible tetrahedral shape, on
the other hand clustered or tumbled over free molecules exhibit a stable ag;p,.
angle equal to 50-55 and 80-85 degrees, respectively, as shown on figure 4.6
C. However, such an ag;,. angle range demonstrates that surfactin molecules
at the water/hexane interface adopt a tetrahedral shape, which is similar to
the compact “horse-saddle” conformation observed under particular condi-
tions [87] where surfactin was in a DMSO solution. The amplitude of the ob-
served dihedral angle distributions ascertains the flexibility of the secondary
structure which never remains flat or adopts a reversed saddle shape.

To characterize the orientation of the molecule, i.e., the saddle up or
down, we have computed the angle between §height and the zy plane, par-
allel to the two hexane/water interfaces. At high concentrations, figure 4.7
A shows angular distributions in a range of 15-90 degree with minor con-
tributions below 15 degree. At 16 molecules per interface, the distribution
is rather large and centred around 45 degree while at a concentration of 9
molecules per interface the distribution is made of a main peak with a mean
angle value of 70 degree. When the interfacial concentration is increased, the
surfactin solid-like molecules popping out of the planar interface may adopt
a tilted orientation but have less freedom to tumble. Figures 4.7 B and C
illustrate that for concentrations below 4 molecules per interface, molecules
may tumble over. At low concentrations, the proportion of tumbled over
molecules (corresponding to a negative angle value) increases inversely with
the concentration. During our recorded simulations, we have observed one
tumbling over motion within a few tens of picoseconds. That means that the
other observed tumbled molecules have tilted during the equilibration time.
Moreover, at the concentration of 2 molecules per interface, we have observed
at an interface, two molecules clustered with opposite orientation, forming a
kind of “dimer”.
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Figure 4.6: Normalized distributions of the ag;n. angle at various interfacial con-
centrations. (A) 9, 12, and 16 surfactins per interface, (B) 4, 2, and 1 surfactins
per interface, and (C) at a concentration of 4 surfactins per interface plotted with
the contributions of molecules clustered with two neighbours (straight line), clustered
with one neighbour, free and tumbled over (dashed line), and free molecules (dotted
line).
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The tumbling of molecules is a surprising result as compared to previous
models proposed from the molecular structure and experiments suggesting
that hydrophilic amino-acids were oriented towards the hydrophilic part and
the hydrophobic part was pointing to the hydrophobic medium or laying at
the interface [77,78,87]. First, our results cannot be compared with a previous
computed simulation study of surfactin conformation [93] where the interface
was defined by the position of the hydrophilic and hydrophobic barycentres in
a medium of intermediate dielectric constant. Furthermore, at low interfacial
concentrations, lateral chains from the two hydrophilic residues of tumbled
over molecules point into the core of the peptide avoiding interactions with
the hydrophobic oil interface. This phenomenon has been ascertained by
the orientation of the lateral chains (not shown) and the existence of hydro-
gen bonds as shown subsequently. Moreover, the low flexibility of tumbled
molecules supports this model of a compact structure.

The global orientation of the molecule given by Shezght orientation can be
explained in terms of the orientation of the two vectors Stop and Sbase placed
at the base and the top of the tetrahedral model. At low concentrations,
figure 4.8 B (left) shows a broad distribution centred on a mean value of 15
degrees for the gbase angle with a contribution in the range of 30-60 degrees
for tumbled over molecules, while at higher concentrations A (left) the dis-
tribution is broader. At low concentration, the hydrophobic interface is a
plane while at higher concentrations molecules are packed and thus create a
hydrophobic environment for their neighbours. In figure 4.8 (right) we show
fluctuations of the gtop vector orientation. The angle distribution is drifting
towards low angle values as the interfacial concentration is decreasing. At
high concentrations, the angle is about 50 degrees. This behaviour confirms
the influence of the aggregation on the orientation of the molecules.

Internal dimensions of the tetrahedral structure

The magnitudes of the three vectors gtop, gbase, and gheight give a comple-
mentary insight into the geometry of the surfactin molecule. The gheight
vector magnitude varies from 2.9 to 4.9 A as the secondary structure fluc-
tuates (details not shown). Figure 4.9 shows the Shase and ,S_"top magnitude
distributions versus the surfactin concentration. Above four molecules per
interface, the magnitude is about 5.6 A, and 4.1 A for the §base and §top vec-
tors, respectively. At low concentrations, the Sbase magnitude distribution
is broad with a mean value of 6.5 A, and the Stop magnitude distribution
shows a broad peak around 6 A and a sharper one around 4.1 A, almost
separated. At the lowest concentrations, where one molecule is upside down
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Figure 4.8: Normalized distributions of the angle between Spase (left), gtop (right),
and the xy plane parallel to the interface. (A) 9, 12, and 16 surfactins per interface,
and (B) 4, 2, and 1 surfactins per interface.

and the other one is tumbling, only the sharp peak is present in figure 4.9
B (right). In conclusion, concerning the free molecules, the hydrophilic pep-
tidic part is compact when the molecule is tumbled over and its opposite side
has an opened conformation. In this case, the §base magnitude distribution
reported on figure 4.9 B (left) has only one broad component due to the
lactone part. This has a large ability to fluctuate compared to an amino acid
residue. At the intermediate concentration of 4 molecules per interface, both
distributions have a second component. The separation between the two
components in figure 4.9 B (right) demonstrates the existence of two distin-
guishable conformational states of the hydrophilic side, “opened” or “closed”.
Clustered molecules surrounded by two neighbours are in a “closed” confor-
mation while the others, in contact with less than one neighbour, are in an
“opened” state. Two phenomena can explain this observation. The tran-
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nitude at various concentrations. (A) 9, 12, and 16 surfactins per interface, and
(B) 4, 2, and 1 surfactins per interface.

sition from one state to the other obeys internal constraints and needs a
significant activation energy, or the first transition state during the molecu-
lar opening adopts a geometry dependent on the first inserted molecule (as a
water molecule in our case). However, the “closed” state of the hydrophilic
side is observed in two cases, at a concentration of 4 surfactins per interface
when molecules are clustered, and at lower concentrations when molecules
are upside down. These occurrences suggest strongly that the “closed” con-
formation of the hydrophilic side is stabilized by internal hydrogen bonds
favoured when interactions of the hydrophilic part with the aqueous phase
are concealed or hindered by the environment by tumbling or packing of the
peptidic part, respectively.
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Ramachandran angles

To complete the structure analysis and estimate the flexibility of surfactin
molecules, we have recorded fluctuations of Ramachandran angles. At con-
centrations below 12 molecules per interface, upside down molecules have
stable Ramachandran angles for all the residues except the terminal ones
which are sensitive to the motions of the aliphatic tail and the lactone group.
Moreover, those molecules exhibit the Ramachandran angles characteristic
of a type II’ S-turn Asp(5)—Leu(2). At a concentration of 2 and 4 molecules
per interface, the free molecules and those clustered with only one neighbour
are rather flexible and do not contain a particular structural motif. At a con-
centration of 9 surfactins per interface, about one third of the molecules are
unstable when we consider the Ramachandran angles. They correspond to
the molecules which are not yet part of a homogeneous surfactant monolayer.

At a concentration of 12 surfactins per interface, four molecules in total
have few unstable angles corresponding to a D-Leu(3)-Val(4) peptide-plane
flip with a (¢4; 13) transition from (-90; -100) to (70; 100), the former state
corresponding to the type II’ S-turn and the latter one being metastable.
This kind of peptide-plane flip is in agreement with previous work on peptide-
plane motions [99], although it does not correspond to a transition between
two stable conformations. With the exception of one molecule containing
a cis D-Leu(3)-Val(4) conformation, all the other molecules have a type I’
B-turn conformation.

At the highest concentration, one third of the molecules have unstable
Ramachandran angles. Of the remaining two thirds, three molecules exhibit
a peptide-plane flip as described above and four molecules adopt a non-
conventional turn with (72+12; -100.5+5.7) and (-13747; 40.25+9.1) as (¢s;
3) and (pa; V1), respectively, which does not fall into allowed regions of the
Ramachandran plot specific to each residue [100]. The remaining molecules
contain a type I’ S-turn. This unexpected conformation found at this con-
centration may result from the large lateral pressure applied on the surfactin
molecules, inducing a conformational transition.

Angular fluctuations may explain the “chimeric” character of the molecule
[90] observed experimentally. Motions of the peptidic backbone, as the coex-
istence of different conformers under identical physical conditions, induce a
large distribution of the amide and the carboxylic groups orientation, yielding
different absorption spectroscopic characteristics. But despite this angular
variability, all the molecules at concentrations greater than 4 molecules per
interface, have a similar hydrogen bond network.
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Figure 4.10: Most frequent hydrogen bonds. (A) at high concentration for fully
clustered molecules surrounded by more than one neighbour molecule (a), partially
clustered molecules in contact with only one neighbour (b), and free molecules (c),
and (B) at mean concentration for saddle up (a) and saddle down (b) molecules.

Intramolecular hydrogen bonds

In figures 4.10 A and B we illustrate the contributions of the most frequent
intramolecular hydrogen bonds observed, excluding hydrogen bonds within
carboxylic functions, at concentrations of 4 and 2 surfactins per interface,
respectively.

Three hydrogen bonds have an occurrence probability longer than half

of the simulated time. They are two “weak” bifurcated hydrogen bonds,

H(1)-CO(5) and NH(2)-CO(5), and the hydrogen bond characteristic of

the conformer S1, NH(5)-CO(2). Those bonds mainly occur within packed

molecules and upside down ones. It is worth noticing that those bonds, as

defined by the method outlined above, are also detected from the coordinate
set of conformer S1.

When focusing on less frequent hydrogen bonds, we notice that the Glu(1)
carboxylic group is more often involved in intramolecular hydrogen bonds
than the Asp(5) carboxylic group. This can be explained by the length of
the Glu(1) lateral chain being larger than its analogue in the Asp(5) residue,
allowing a greater flexibility. The oxygen atoms from Glu(1l) interact prefer-
entially with NH(7) and NH(1) while the rare bonds involving Asp(5) concern
NH(5). Most of the molecules which are upside down have a hydrogen bond
between Glu(1) and CO(7) too. Such interactions confirm the insertion of
the carboxylic group in the peptide core when its residue is shielded from the
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hydrophilic medium. Finally, most of the molecules which are not stabilized
by the three most abundant hydrogen bonds present various hydrogen bonds
such as NH(5)-NH(4), NH(3)-NH(2), NH(2)-NH(1) and NH(3)-CO(1) with
various occurrence probabilities (from 10 to 30%).

At concentrations of 9, 12 and 16 surfactins per interface, the two hydro-
gen bonds NH(2)-CO(5), and NH(5)-CO(2) have an occurrence probability
almost equal to the recorded time as NH(7)-COOH(1). Thus, albeit few
molecules have conformational transitions as illustrated by their Ramachan-
dran angle analysis, the type I’ -turn hydrogen bonds are preserved. More-
over, we observe few other hydrogen bonds rather stable as NH(5)-NH(4),
NH(1)-CO(5), and COOH(1)-CO(7).

Whatever the concentration, we have never noticed hydrogen bonds be-
tween the two different carboxylic groups of a single molecule. Moreover,
we have detected none of the three hydrogen bonds characteristic of the S2
conformer, NH(7)-CO(5), NH(4)-CO(2) and NH(6)-C'O. This suggests that
no transition is allowed from S1 conformer to S2 conformation under the
physical conditions used for our simulations. On the other hand, we have
also performed simulations starting from the S2 conformer. The character-
istic structural parameters of this conformation which contains two y-turns
have not been conserved during the equilibration period. This confirms the
S1 conformer as the most stable conformation at a hydrophilic/hydrophobic
interface at a wide range of interfacial concentrations.

4.3.3 Interactions between a surfactin and its environment

The peptide is not big enough to have buried hydrogen acceptors or donors
and only a few nitrogen and oxygen atoms were part of intramolecular hy-
drogen bonds. This suggests clearly that most of the remaining oxygen and
nitrogen atoms interact with the solvent or other surfactins as hydrogen bond
donor or acceptor.

In fact, very few hydrogen bonds between surfactin molecules have been
detected. During the simulation, bonds involving the Asp(5) carboxylic
group, and CO(1) and CO(2) groups, between two aggregated molecules
at an interface, and the Glu(1) carboxylic group, and CO(6) and O(lactone)
groups, between two other associated molecules at the other interface, have
been identified at the highest surfactin concentration. However, these binding
associations have rather different occurrence probabilities, 3.5% and 32.2%,
respectively.

Hydrogen bonds between surfactin and water molecules are numerous.
We have investigated hydrogen bonds involving a water molecule and two
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residues and classified them as type I, II, or III depending on the geometry of
the interaction between the water molecule (Hw-Ow-Hw) and the hydrogen
bond donor (D) and acceptor (A), D-(Ow)-D, D-(Ow-Hw)-A, A-(Hw-Ow-
Hw)-A, respectively. We assume that the donors and acceptors which are
not involved in one of the previously described intra- and intermolecular
hydrogen bonds interact with a single water molecule as D-Ow, A-Hw.

Most of the intermolecular hydrogen bonds have a probability smaller
than 5%. But when we focus on the most stable bonds, we notice that hy-
drogen bonds of the type I are encountered between two consecutive amino
acids NH(n)-NH(n+1) in the less compact surfactin molecules. Their occur-
rence probabilities are in the range of 30-60 %. Hydrogen bonds from type II
are the most abundant except for molecules which are upside down. In this
case, one of the most stable hydrogen bonds is linking the Glu(1) carboxylic
group and CO(7). This bond can have a probability up to 100%. The less
compact molecules are stabilized by a large number of hydrogen bonds of
this type. The most specific bonds are between NH(1) or NH(2) and CO(5).
Their occurrence probabilities are in a range of 10-100 %. Their presence is
closely related to the increase of the “top” vector magnitude. As a conse-
quence, compact molecules rarely have hydrogen bonds of type II and none
of them seems to be stable within this molecular geometry. The last type
of hydrogen bond, type III, is rather abundant. In packed molecules, bonds
between CO(4)-CO(6) and CO(3)-C10 have a probability of 75 and 60%,
respectively, while this value decreases dramatically for the other molecules,
except for molecules which are upside down, where CO(3)-C;0 is more abun-
dant than CO(4)-CO(6).

In conclusion type I and III hydrogen bonds are mainly linking the peptide
with its solvation shell, while type II bonds are characteristic of “opened”
conformations of the hydrophilic moiety and take place between residues
involved in the intramolecular hydrogen bonds present in packed molecules.

4.3.4 Interfacial properties
Diffusion coefficients

Rotational diffusion coefficient calculations are based on the motions of the
§height vector towards the interfacial plane while translational diffusion co-
efficients are computed from centres of mass displacements. An average of
a vector ensemble motions should give a better description of the rotational
behaviour. However, this vector is defined from the S’},ase and §t0p vectors,
thus local fluctuations are by definition partially averaged.
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In figure 4.11 A 1/7; is plotted versus [(I+1) for all the concentrations. We
observe a linear relationship for all concentrations except the lowest density
one. This result validates the Debye model to describe the rotational motion
despite the insertion of the aliphatic tail and the lateral chains from apolar
residues in the hydrophobic medium. This likely tail perturbation might be
averaged over all the molecule by interactions between amino acid lateral
chains and solvents. Concerning the lowest concentration, two phenomena,
may explain this nonlinear behaviour. On the one hand, only two molecules
contribute to the value, consequently, the statistical accuracy and validity
of the results are quite low. Moreover, one of the two molecules has a fast
tumbling over motion which brings a “non conventional” contribution to
the global rotational motion studied. In figure 4.11 B, three logarithms of
Legendre polynomial correlation functions are displayed. The short-time part
of the curves contains some additional structure which could be related to
internal motions of the protein and to rattling of the peptidic moiety within
the solvent shell. The variation of the rotational diffusion coefficient with the
interfacial concentration is plotted on figure 4.11 C.

Table 4.1 contains numerical values of both rotational and lateral diffusion
coefficients. The rotational diffusion coefficient decreases as the interfacial
concentration increases due to the lack of freedom for molecules at high inter-
facial concentrations. The lateral diffusion coefficient shows a dependence on
the concentration from a concentration of 2-4 molecules per interface. At the
lower concentration, our results present a poor statistical value. Moreover,
the peptidic part of one of the two molecules has tumbled over on itself dur-
ing the simulation. This rare motion may have affected the averaged value
of the lateral diffusion coefficient.

Interfacial tension and tangential pressure profile

Our studies on alkane liquid-vapour systems (chapter 2), hexane-water (chap-
ter 3), and nonane/nonanol/water systems (not shown) show that the inter-
facial tension is correctly estimated for a large range of temperatures and
surfactant concentrations, and differs less than ~ 10% from experimental
results, with the appropriate force field.

Simulated interfacial tensions are reported in table 4.1. Up to 9 molecules
per interface, the interfacial tension is nearly constant. Above this limit, the
interfacial tension can decrease dramatically until a minimal value of half
the interfacial tension of a pure hexane/water system. This large decline in
the interfacial tension illustrates the high interfacial activity of the surfactin
molecule and gives an estimation of the “active” range of surfactin interfacial
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Interfacial concentration Dr Dgr ¥
(molec. /interface) (1072m2.s7Y)  (ns7!) (mN.m™!)
0* - - 46.0£1.6
1 670£120 - 47.44+1.7
9504220 0.280 44.3+1.6
4 3204140 0.263 49.7+1.7
9 260+140 0.207  46.2+1.9
12 230+£70 0.124 31+2
16 180+£60 0.055 1842

Table 4.1: Interfacial tension, rotational and lateral diffusion coefficients as a func-
tion of the number of surfactant per interface. * results from previous simulations
concerning hexane-water binary system (see chapter 3).

concentrations. The efficiency of surfactin in lowering the interfacial tension
of a hexane-water system is comparable to its ability to reduce the water-air
interfacial tension [77,78].

Through the plot of the tangential component of the pressure profile,
shown on figure 4.12, we can analyse the effect of surfactin molecules at the
interface. At low concentrations, up to 4 molecules per interface, pressure
profiles show a single structured peak. This peak contains contributions
from a sharp peak characteristic of the oil/water interface, and a broader
one related to the surfactin layer. While the concentration is increasing,
direct contacts between oil and water phases are reduced by the surfactant
film. At a concentration of 9 surfactin molecules per interface, the interface is
fully covered by the surfactant layer and the lateral pressure profile contains
several peaks. While the concentration is increasing, the profile is broader
as the interfacial region is becoming thicker with an increasing number of
surfactin molecules slightly popping out of the surfactant layer.

The reduction of the interfacial tension at concentrations higher than 9
surfactin molecules per interface (corresponding roughly to the interfacial
concentration needed for a total covering of the oil/water interface) results
mainly from the contribution of interactions between surfactant molecules
which are not fully embedded in the surfactant layer and water or oil phase.
They yield a positive contribution to the tangential pressure profile (con-
sidering that in the bulk phases, either the oil or water one, the tangential
pressure profile is on average null).
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Figure 4.12: Tangential pressure profiles at various concentrations. The oil inter-
face is located at z = 25 A, with the oil phase on the right side of the graph, and the
aqueous one on the left side. This plot is an average of the tangential component
of the pressure profile of the two interfaces and over a simulation of 0.5 ns for the
different interfacial concentrations: 16, 12, 9, 4, 2, and 1 surfactin(s) per interface,
from the bottom to the top, respectively.

4.4 Concluding remarks

These simulations are the first molecular dynamics studies at an atomic level
of surfactin in a liquid hydrophilic/hydrophobic interphase. They bring an
interesting insight into the structural variability of the surfactin molecule de-
pending on interfacial concentration and the molecular environment, and in-
vestigate the interfacial properties of this remarkable molecule. Since very few
structure-activity correlation studies at a hydrophilic/hydrophobic interface
have been carried out experimentally it is difficult to compare our results with
existing data. However, the spectroscopic studies done in a homogeneous
medium suggest a structural variability depending on the nature of the sol-
vent and concentration of cations. In our model, which reproduces the native
environment of the protonated form of surfactin, besides its salt concentra-
tion, we demonstrate that the conformation depends also on the environment
of the molecule. Structural variability has already been observed [101,102]
when a peptidic segment was placed in a different medium. In this study,
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we have demonstrated that placed at the same hydrophilic/hydrophobic in-
terface, the surfactin molecule adopts different conformations depending on
its interfacial concentration. Placed in a crowded environment, molecules
are associated such that the interactions between hydrophobic residues and
the hydrophilic medium are minimized. Such clusters are mainly stabilized
by van der Waals interactions and from time to time by intermolecular hy-
drogen bonds involving carboxylic groups from side chains. Moreover, when
hydrophilic residues are shielded from the environment, a complete tumbling
over of the peptidic part can occur. This can be related to the ability of a sur-
factin molecule to pass through a hydrophobic medium as a lipid membrane.
We hope that our description of the structural variability at this hydropho-
bic/hydrophilic interface will bring helpful insights for the interpretation of
spectroscopic results.

From these results, we can assume that other environmental factors such
as an organized and charged environment (as a zwiterionic lipid bilayer) will
strongly affect the conformation of the surfactin molecule and its orientation
as suggested by experimental results [85].
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Chapter 5

Tetraether lipid membranes.*

5.1 Introduction

Over the three domains of life, the “new” Archaeal [103] domain differs from
the Eukarya and Bacteria by, for example, most of its genes [104]. Further-
more, Archaeal organisms are delimited by a single membrane mainly made
of isoprenoid etherlipids [105] (instead of the abundant esterlipids found else-
where, see for example [106]). The ability of archaeal organisms to live under
extreme physical conditions, as high salt solutions, acid or alkaline medium,
and low, or nearly water-boiling temperature ..., is directly related to the
physical properties of the lipids of their membrane [107]. Archaeal mem-
branes contain an isoprenoid hydrophobic core responsible for a low proton
permeability which persists at high temperatures by an increase of the num-
ber of cyclopentane rings. The hydrophobic tails are linked to a glycerol
group by an ether function, chemically more robust than an ester linkage.

Thermoplasma acidophilum is an archaeal organism with an optimal
growth temperature of 55-59 °C and an optimal growth between pH 1 and
2 [108]. The lack of a cell wall supports the central role played by the mem-
brane as a barrier against ion diffusion from low to high temperatures, main-
taining physiological conditions (pH~6) inside the cell while the organism
lives in a strong acidic medium, i.e., a pH gradient of 5 pH units. The
membrane of Thermoplasma acidophilum contains a rich variety of lipids,
most of them (82%) being polar. The structure of the most abundant polar
component, MPL (Main Polar Lipid, see Figure 5.1), has been recently iden-
tified [109]. It is a tetraether lipid with cyclopentane rings, and headgroups
of phosphoglycerol and 8-L-gulopyranose.

*based on: J.P. Nicolas and B. Smit. Molecular dynamics simulation of tetraether lipid
membranes. in preparation.
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Figure 5.1: Molecular structure of the Main Polar Lipid (top) from Thermoplasma
acidophilum, and five analogues studied in this paper, from top to bottom: 0000’
0200°, °0202°, ’1202°, and ’1212°, where each digit gives the position of a ring,
from one headgroup towards the mid-plane of the molecule, for the chain 2 and 1
successively. (“07 corresponds the absence of a ring, and only the two first positions
along each half-chain are considered). On the gulose side, the cyclopentane rings are
all cis, while on the phosphate side, they are either trans, or cis, or a mizture.
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Besides the work of Gabriel et al. [110] where for the first time different
tetraether lipid membranes have been modelled, and the effect of cyclopen-
tane rings on chain packing investigated, to the best of our knowledge, there
has been no published molecular dynamics study of the structure and dynam-
ics of tetraether lipid membranes. In this chapter, we study the structure
of five membranes purely built from MPL analogues (see Figure 5.1). Fur-
thermore, we investigate the influence of the cyclopentane rings and their

stereochemistry on the membrane organization and the lateral pressure pro-
file.

5.2 Molecular dynamics

Molecular dynamics computer simulations were carried out using the DL-
POLY package [59]. An all-atom model was employed to describe molecules
at an atomic scale using the potential energy parameter set PARM27 from
the CHARMM package [55]. The TIP3P water model [56] was used in all
simulations. Bonds involving hydrogen were held fixed with the SHAKE
algorithm [18]. Electrostatic interactions were computed using the Smooth
Particle Mesh Ewald method [57]. Our simulations were performed in the
NVT ensemble [60], i.e., with constant temperature, volume, and number of
particles. Simulations were run with periodic boundary conditions. All the
simulations were performed using a cutoff radius of 12 A for the van der
Waals terms.

For each of the five lipids, we have used the same protocol to build up the
corresponding hydrated membrane model. Initially, a single lipid molecule
stretched along its longer axis was pre-equilibrated in vacuum. After, we have
built our complete models by placing the lipids on a 6 x 6 grid, with carbo-
hydrate headgroups forming one outer side of the membrane, and phosphate
headgroups the other interface, mimicking the asymmetrical topology found
in vivo [111,112], both membrane surfaces being parallel to the zy plane.
The size of the grid is set such as to get a positive lateral pressure within
the membrane, and the length of the simulation box along the z axis such
that the two membrane interfaces do not interact. The dry membrane has
been equilibrated during a few hundred steps coupled to a gradual increase
of the time step until 2 fs. Subsequently, the box is filled by adding water
molecules. In such a way that the system contains 36 lipid molecules, and
more than 2.200 water molecules, thus approximatively 17.000 atoms, and 30
water molecules per lipid headgroup, which corresponds to a fully hydrated
membrane. The molecular area per lipid is 59.27, 58.57, 60, 62, and 62.73
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AZ, for the ’0000’, ’0202’, ’0200°, ’1202’, and ’1212’ MPL lipid analogues,
respectively.

The complete system has been equilibrated for 250.000 steps, with a time
step of 2 fs at a temperature of 300 K. During equilibration, density profiles
and energy convergence of the system have been monitored. After equilibra-
tion, we have recorded the dynamics of the system by accumulating coordi-
nates at an interval of 0.1 ps during a period of 0.8 ns. An extension with
1.6 ns of molecular simulation has been achieved to get an accurate lateral
pressure profile.

5.3 Results and discussion

5.3.1 Mass and electronic density profiles

Figure 5.2 reports the mass density profile and its components for the five
membranes, and the electronic density profile of the 1212’ lipid membrane.
From the total mass and electronic density profiles of the 1212’ lipid mem-
brane, which is the model membrane which contains the larger number of
cyclopentane rings, we observe two high and sharp peaks, each located at
the headgroup-water interface. They correspond to the sum of the contribu-
tions of the glycerol group, and the phosphate or gulose moiety.

From the ’1212’ model to the 0000’ model, the decrease of the number of
cyclopentane rings yields a broadening and a diminishing of the headgroup
density peaks. This is associated with a reduction of the ordering of the
aliphatic chains. The overlap between density profile components is rather
important in the 0000’ membrane model, while almost nonexistent in the
1212’ membrane model profile. The cyclopentane rings are responsible for
a higher ordering of both the membrane core and each interface. The width
of the aliphatic domain is reduced as the number of cyclopentane rings in-
creases, as noticed from the first energy minimization study of a similar kind
of membranes [110).

For all the model membranes, the shape of the electronic (only the '1212’
model is shown) and mass density profile is nearly identical. Both density pro-
files show small features in the membrane phase, which suggest, considering
the long recording time of the density profiles (0.8 ns), that the membranes
are in a phase where motions are rather slow, as a “gel” phase (a fluid phase
would have given a density profile with a smooth and almost flat density
profile in the hydrophobic region). This observation does not depend on the
degree of cyclization of the aliphatic chains and is consistent with previous
results from molecular modelling [110].
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Figure 5.2: Mass density profiles of the ’0000° (top left), ’0200° (top right), ’0202’
(centre left), ’1202° (centre right), and ’1212° (bottom left) lipid membranes. Elec-
tronic density profile of ’1212° (bottom right) lipid membrane. The gulose is on the
right interface, while the phosphate group is on the left one. The total density profile
is represented by the dotted curve. From the centre of the membrane (2=~ 0 A) to
the right, are reported one half of the chain 1 and one half of the chain 2 (on the
saccharide side) (dashed curves), the glycerol linked to the gulose group and water
(solid curves). From the centre of the membrane to the left, are reported one half of
the chain 1 and one half of the chain 2 (on the phosphate side) (dashed curves), the
glycerol linked to the phosphate group and water (solid curves).
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Furthermore, while the aliphatic chains are identical in their connectiv-
ities on both sides of the membrane mid-plane, the density profiles show
a slight asymmetry. Either the configurational isomerism of each aliphatic
chain moiety (resulting from the different absolute configuration of the car-
bon stereocentres involved in cyclopentane rings) induces a peculiar molecular
conformation which yields specific density profile features, or the two sides
of the membrane simulated in the gel phase have been trapped in different
conformations. These hypotheses will be discussed later in this chapter.

5.3.2 Molecular orientation

The orientation of parts of the lipid molecules, as the aliphatic chains or
the headgroups, can be described by an order parameter. In the case of the
aliphatic chains, we have defined two complementary parameters. First, we
have computed the orientation of carbon chains from the vector defined by
the coordinates of two carbons n and n + 2 belonging to the same chain.
By skipping the carbon n + 1, the computed orientation of a chain segment
is given without the contribution of the peculiar zigzag conformation of an
aliphatic chain. Moreover, we have computed the C—H vector orientation,
which can directly be compared to the Scd chain parameter obtained from
NMR spectroscopy. The order parameter reads:

S(z) = %(3(:0520(2) _ 1y, (5.1)
where 0 is the angle between the vector C—C or C-H and the interface normal.
A value close to 1 corresponds to a distribution of vectors parallel to the nor-
mal of the interface, while a distribution of vectors parallel to the membrane
plane yields an order parameter close to —0.5. When the vector angles are
randomly distributed, the order parameter will be equal to 0 (although an
order parameter equal to 0 may also correspond to a phase perfectly ordered,
with a tilt angle distribution centred on 54.7 degrees).

Figure 5.3 reports the C—C and C-H order parameters for each membrane.
The numbering of atoms starts from the mid-plane of the molecule, and we
assign to the vector the number/label of the carbon atom which defines the
origin of the C—H vector, or the (skipped) n + 1 carbon of the (n)-(n + 2)
C—C vector. Only C-C vectors computed from the main carbon chain are
shown. C-H vectors involved in cyclopentane rings are not reported.
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Figure 5.3: Order parameter of the hydrophobic chains for each lipid membranes:
0000’ (top left), 0200’ (top right), 0202’ (centre left), ’1202° (centre right), and
1212’ (bottom left). The gulose is on the right interface, while the phosphate group
is on the left one. For comparison, the order parameter of a DPPC lipid molecule
embedded in a membrane is reported too (bottom right).
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MPL lipid differs from the more classical DPPC (di-palmitoyl-phosphati-
dyl-choline) phospholipid by the spanning geometry of the lipid within the
membrane, and the presence of methylene groups or cyclopentane rings on
the aliphatic backbones, plus a few other features as the ether linkage. As we
compare the two order parameters between a DPPC and a 0000’ MPL mem-
brane, we notice that the archaeal lipid membrane is on the whole much more
ordered, with a maximum value of the order parameter located within the
hydrophobic core of the membrane, close to the mid-plane of the membrane,
while it is located on the headgroup side in the case of the DPPC membrane,
and decreases slowly as the carbons get closer to the mid-plane. This major
difference can be related to both the presence of methylene lateral groups,
which act as spurs located on the chain backbone, and the transmembrane
geometry of the backbone itself.

From Figure 5.4 which reports the angle distribution between the main
axis of the aliphatic chains and the normal to the membrane plane, we cannot
detect an effect of the number of rings. The orientation of the lipid molecules
varies from 0 to 15 degrees. This is consistent with previous experimental
results [112] obtained with bipolar lipid membranes at a water-water inter-
face. Figure 5.3 shows an increase of the membrane order as soon as the lipid
molecules contain one cyclopentane ring. However, the presence of additional
rings does not improve the chain ordering. At the chain-ends, the aliphatic
chain orientation is perturbed by the linkage to the glycerol, especially con-
cerning the chain-end connected to the centre of the glycerol (via the ester
linked to the central carbon of the glycerol). This suggests that small mo-
tions of both phosphate and gulose headgroups induce a slight disorder on
the position of the outermost hydrophobic carbons.

The C-C bonds located at the hydrophobic mid-plane of the lipid molecu-
les are in some cases less oriented compared to the other C—C bonds. This
behaviour can be related to the length of the carbon chains which depends
on both the number of cyclopentane rings per chain, and the conformation
imposed by the stereochemistry of the carbons involved in the cyclopentane
rings. Last, the C-C bond vector related to the cyclopentane rings (see the
positions at +8.5 and +12.5 on the graphs) do not have a prefered orientation
specific to a peculiar cis or trans ring substitution, but give an insight on
the local conformation adopted by the rings.

Last, the cyclopentane rings, located in these membrane models on the
two outest methylene group positions, improve the order of the chain, coun-
terbalancing the effect of headgroup motions observed for the 0000 model.
This is consistent with the thin shape of the headgroup component peak of
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Figure 5.4: Orientation of the aliphatic chains relative to the membrane plane
normal.

the density profiles, described above.

5.3.3 Pressure profiles

Figure 5.5 reports the pressure profile for the five kinds of membranes. As
seen in the previous sections, when the number of cyclopentane rings in-
creases, the ordering of the membrane both improves and differs from one
side of the membrane to the other. We observe a similar trend in the pres-
sure profiles. For the 0000’ membrane model, the symmetry associated with
a low ordering of the membrane yields a rather symetrical pressure profile.
But as the number of rings increases, the pressure profile is different on each
side of the membrane. This is especially noticeable for membranes made of
lipids containing more than 4 rings. Since the high pressure profiles are al-
ways located on the same side of the membrane, characterized by a specific
configuration, this peculiar pressure profile shape is related to the absolute
configuration of the carbon stereocentres (and not to a trapped conforma-
tion).
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The two interfacial headgroups are responsible for a negative or null con-
tribution to the pressure profile. That means no stress is imposed by the
two ends of the lipid. In addition, it is worth noticing that compared to
phosphatidylcholine membranes, the pressure profile does not vanish in the
mid-plane region, but only depends on the membrane conformation. This is
a consequence of the spanning position of this peculiar kind of lipids.

5.4 Concluding remarks

The class of lipid, made of two spanning aliphatic chains linked to a phos-
phate and a sugar headgroup by two ether bonds and a glycerol group,
presents properties dramatically different from the more familiar phospho-
lipids. Chemically, they are much more stable, and form large and stable
liposomes, being an ideal candidate as a drug delivery vector model for ex-
treme media. Consequently, the synthesis of archaeal lipid analogues repre-
sents an interesting challenge for both a fundamental and an industrial point
of view (see for example, [113-117]).

While the complete inventory of the lipid structures present in archaeal
organisms is still in progress [105,109,118-120], being a difficult task mainly
by the high variability of the sugar headgroups, very little information was
available on the molecular shape and the membrane organization at an atomic
scale [110,121-129].

To our knowledge, this work is the first report of a significant molecu-
lar dynamics study done on tetraether membrane models using simulation
techniques. The atomic description of the membrane model allows a detailed
analysis of the membrane organization. Thus, as suggested by experimental
results [130], the membrane organization is determinated by the hydrophobic
core. We found from the analysis of the order parameters of the aliphatic
chains that the cyclopentane rings increase the ordering of the membrane,
which maintains the low permeability of the membrane when the temper-
ature increases. But, the main finding of this work concerns the relation
between the absolute configuration of stereocentres located on the aliphatic
chains and the organization of the membrane in its hydrophobic domain.

Such peculiar properties of these lipids [107,131], correlated to the high
dependence of the pressure profile on the chain conformation, suggests this
class of molecules as an ideal tool in the study of the relation between the
membrane pressure profile and the regulation of an ion-channel protein com-
plex.
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Summary

The aim of this work is to study, by computer simulations, various interfaces
and their properties. We have used different interface models: a simple two
phases system (liquid-vapour alkane, an oil-like molecule), a hydrophobic-
hydrophilic interface (liquid-liquid water-hexane, an alkane), a similar inter-
face containing a surfactant lipopeptide (surfactin), and a biological mem-
brane made of spanning lipids from archaebacteria. This work has been done
using the molecular dynamics technique (MD), and almost all the models
have been described at an atomic scale, providing a realistic representation
of the modelled materials.

First, we introduce in chapter 1 the terms used in this work, define the
scope of the thesis, and give a very brief description of the molecular dynamics
(MD) technique.

The first part (A) of the manuscript reports both the study of a liquid-
vapour alkane model (chapter 2) and the study of a hexane-water liquid-liquid
interface (chapter 3). We present in the former chapter a method of interfa-
cial tension calculation, and probe it for a range of linear alkane lengths, two
ranges of temperature, and two sets of force field parameters (set of parame-
ters which give a representation of the molecular properties and dynamics).
The implementation of the method used gives interfacial tension predictions
in nice agreement with experiments. In the latter chapter, we study the
topology and properties of the interface. The interfacial broadening from
capillary waves (small waves occuring at the interface and responsible for an
‘interfacial width’) is, for the first time, investigated both qualitatively and
quantitatively, for a non-ideal liquid-liquid system. We found that the inter-
facial widths calculated from computer simulations are much smaller than
the widths predicted from the capillary waves theory. We suggest that the
apparent disagreement comes from the correlation length parameter (defined
as the minimum length between two particles with uncorrelated motions)
often taken as a molecular length or diameter in the litterature.
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The second part (B, chapter 4) of the manuscript concerns the study
of a bio-surfactant (surfactin, a lipopeptide composed of seven amino-acid
residues and a long aliphatic chain, which is oil-like) at the water-hexane in-
terface. This molecule is an efficient surfactant, decreasing the water surface
tension by a factor 2 at low concentration. Moreover, experimental results
suggest that this molecule exhibits various interesting biological properties.
This is the first extensive and realistic MD simulation of surfactin done at a
hydrophobic-hydrophilic interface. We have investigated the molecular mo-
tions, the peptide folding, the intra- and inter- molecular hydrogen bonds,
and the dynamics of the surfactin. This surfactant exhibits a ’chimeric’ geom-
etry depending on the interfacial concentration of surfactants. The molecule
has a stable structure and is tensioactive at a sufficient interfacial concentra-
tion. Below this limit, the molecule is in a "horse-saddle’ shape, but none of
the hydrogen bonds is conserved, and the dihedral angles characteristic for
the amino-acid residues (Ramachandran angles) fluctuate a lot.

The last part (C, chapter 5) presents the first long MD study of five
tetraether lipid membrane models. The models differ with respect to the
number of cyclopentane rings per lipid molecule, and their positions. Cy-
clopentane rings are supposed to maintain the low permeability of the mem-
brane at high temperatures. We have investigated their effects on the mem-
brane properties by the study of the five different models. Furthermore, the
absolute configuration of the the carbons linking the rings to the rest of the
chain differs from one side of the chain to the other one (which means they
are chiral, thus, as two hands, cannot be superimosed). We investigate the
membrane physical properties and the membrane organization. We report
the dependence of the lipid membrane topology on the lipid structure, and
more specifically the presence of rings on the aliphatic chains. Moreover,
we correlate the pressure profile to the absolute configuration of the aliphatic
carbons, by the comparison between the pressure profiles of each hydrophobic
side of the membrane.



Samenvatting (Summary in
Dutch)

Dit proefschrift gaat over grensvlakken. In de drie delen waaruit het proef-
schrift is opgebouwd worden met behulp van computersimulaties grensvlak-
systemen van toenemende complexiteit bestudeerd. Dit begint met een re-
latief eenvoudig tweefasensysteem gevormd door de vloeibare- en dampfase
van alkanen en het grensvlak tussen twee niet mengbare vloeistoffen, in dit
geval water en hexaan. In het tweede deel wordt gekeken naar de invloed
van het bio-surfactant surfactin op de eigenschappen van de water-hexaan
grenslaag. Het derde deel tenslotte, is gewijd aan een grenslaag tussen
binnen- en buitenwereld gevormd door een biologisch membraan. Vrijwel alle
modellen zijn met moleculaire dynamica (MD) op atomaire schaal berekend,
wat een realistische representatie van de gemodelleerde systemen oplevert.

Voordat tot het eigenlijke onderwerp van dit proefschrift wordt overge-
gaan is het goed een overzicht te hebben van de gebruikte terminologie en
de achtergrond en reikwijdte van het werk. In een inleidend hoofdstuk (1)
zullen deze onderwerpen kort aan de orde komen, tesamen met een korte
beschrijving van de gebruikte moleculaire dynamica techniek.

Zoals gezegd, wordt in het eerste deel aandacht besteed aan het grensvlak
tussen vloeistof en damp van alkanen. In hoofdstuk 2 wordt een twee-
tal modellen voor de beschrijving van interacties tussen alkanen met elkaar
vergeleken om inzicht te krijgen in de relatie tussen de details van de mole-
culaire interacties en de berekende oppervlaktespanning. Vergelijking van de
berekeningen voor verschillende lineaire alkanen en voor verschillende tem-
peratuurgebieden met experimenteel verkregen data leidt tot een model waar-
bij de berekende oppervlaktespanning van alkanen in goede overeenstemming
is met de experimenteel verkregen resultaten. In hoofdstuk 3 wordt een studie
van de topologie en eigenschappen van het grensvlak tussen water en hexaan
beschreven. De resultaten van moleculaire dynamica berekeningen worden
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vergeleken met die van de capillaire golftheorie. Het blijkt dat de dikte van de
grenslaag verkregen met de moleculaire dynamica berekeningen aanzienlijk
kleiner is dan de dikte die via de capillaire golftheorie wordt berekend. Door
een herziening van de definitie van de zogenaamde correlatielengteparame-
ter die een maat is voor de afstand waarop moleculaire bewegingen nog aan
elkaar gerelateerd zijn, zijn de resultaten goed met elkaar in overeenstemming
te brengen.

In het tweede deel (hoofdstuk 4) richt de aandacht zich op het biolo-
gisch molecule met oppervlakte actieve eigenschappen, surfactin. Het door
bacterién geproduceerde molecule blijkt behalve oppervlakte actief te zijn
ook een aantal andere interessante biologische eigenschappen te bezitten,
waaronder antibacteriele en antivirale activiteit. Het molecule bestaat uit
een waterafstotende vetzuur staart en een "kopgroep” bestaande uit zeven
aminozuren. Het hier gepresenteerde werk is de eerste realistische MD simu-
latie van surfactin aan een hydrofiel-hydrofoob grensvlak. Gekeken wordt hoe
dynamica, structuur en interacties met de omgeving van surfactin veranderen
afhankelijk van de concentratie van surfactin aan het grensvlak. Het blijkt
dat bij lage concentraties de vorm van het molecule vergelijkbaar is met een
zadelvorm. Bij voldoende hoge concentratie aan het grensvlak clusteren de
moleculen waardoor de interacties van de hydrofobe delen met het hydrofiele
medium geminimaliseerd worden. Deze clusters worden voornamelijk gesta-
biliseerd door van der Waals interacties.

Het onderwerp van het laatste deel zijn biologische membranen, zoals deze
worden aangetroffen in archaebacterién. Er wordt een vijftal modelmembra-
nen bestudeerd die bestaan uit tetra-etherlipiden. De modellen verschillen
in het aantal en de positie van cyclopentaanringen per lipidemolecule. De
cyclopentaan ringen worden verondersteld een rol te spelen bij het in stand
houden van een lage membraanpermeabiliteit bij hoge temperaturen. De
fysische eigenschappen en de structuur van de membranen voor de verschil-
lende membraanmodellen werd onderzocht waarbij vooral gekeken werd naar
de afhankelijkheid van de positie en de chiraliteit van de cyclopentaanringen.
Een van de resultaten is dat een duidelijke correlatie gevonden wordt tussen
de conformatie van de alifatische koolstofatomen en het drukprofiel van het
membraan.
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