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Abstract

Phospholipid and sterol transfer is important for normal function within the living
cell. Knowledge of the mechanisms that determines these transfer rates are of great
importance for tackling some human diseases. While the rate of transmembrane
lipid transfer (flip-flop) for certain phospholipids have been determined well [1],
there are still controversy of how fast cholesterol actually transfers. [2, 3]
Experiments to determine the rate have been made on both vesicular and planar
systems, which motivates a closer study of how the flip-flop rate depends on the
curvature.
Since the transfer rate is directly linked to free energy barrier between the two
minimum states of the flip-flop, molecular dynamics simulations can be used to
determine this free energy barrier and thus the transfer rate.
With the rate of phospholipid flip-flop well determined, studying the free energy of
a phospholipid vesicle system is a well motivated first step.
This thesis project has studied the free energy (PMF) of 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC) flip-flop in a planar and a curved (vesicle) bilayer using
a the coarse grained Martini Force field. [4] The PMF of the planar system lacks
enough accuracy to be compared to work by others, while the PMF of the vesicle
system does not have any direct evidence of being inaccurate and the PMF is in
range of what others have found for planar membranes. [1, 4]. Most of all, this
project show that the PMF of a large curved bilayer counting to the millions in
particles can be measured without too much cost in simulation time.

Key words: phospholipid, cholesterol, flip-flop, vesicle, PMF, DPPC, Martini
Model

iii



iv



Contents

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

Contents v

1 Introduction 3

1.1 Phosphilipids and cholesterol in the cell membrane . . . . . . . . . 3

1.2 DPPC and cholesterol in Model membranes . . . . . . . . . . . . . 3

1.3 Studying the PMF using molecular dynamics . . . . . . . . . . . . 4

2 Umbrella Sampling and the Weighted Histogram Analysis Method 7

2.1 Statistical Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 The Umbrella Sampling Method . . . . . . . . . . . . . . . . . . . 8

2.3 The Weighted Histogram Analysis Method . . . . . . . . . . . . . . 10

3 Umbrella Sampling with Coarse Grained Molecular Dynamics 15

3.1 Coarse Grained Molecular Dynamics . . . . . . . . . . . . . . . . . 15

3.1.1 Simulation Software, NAMD . . . . . . . . . . . . . . . . . 15

3.1.2 Choosing Force Field, the Martini Model . . . . . . . . . . 15

3.1.3 Limitations of the Martini Model . . . . . . . . . . . . . . . 16

3.2 Implementation of Umbrella Sampling . . . . . . . . . . . . . . . . 18

3.3 System Set up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.3.1 Planar System . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.3.2 Vesicle System . . . . . . . . . . . . . . . . . . . . . . . . . 21

4 Results 25

4.1 Characteristics of a large DPPC bilayer . . . . . . . . . . . . . . . 25

4.2 Coarse Grained Umbrella Sampling . . . . . . . . . . . . . . . . . . 25

4.2.1 Planar Membrane . . . . . . . . . . . . . . . . . . . . . . . 25

4.2.2 Vesicle System . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.2.3 Comparing The Planar and Vesicle Systems . . . . . . . . . 27

v



vi Contents

5 Summary and Conclusions 33
5.1 On the Uncertainties in Sampling and the PMF . . . . . . . . . . . 33
5.2 Conclusions of planar system . . . . . . . . . . . . . . . . . . . . . 34
5.3 Conclusions of vesicle system . . . . . . . . . . . . . . . . . . . . . 35
5.4 Final conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
5.5 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

Bibliography 39



I would like to thank assistant professors Ursula

Perez-Salas and Fatemeh Khalili-Araghi for

welcoming me to and supervising me at the

department of Physics at University of Illinois

at Chicago. The discussions and the meetings

we have had were invaluable.





Chapter 1

Introduction

1.1 Phosphilipids and cholesterol in the cell
membrane

In the cell membrane of eukaryotes the most abundant lipid species fall under the
class of phospholipids. Phospholipids are amphiphilic molecules having a hydropho-
bic head group, which includes a phosphate group giving the name phospholipid,
and a hydrophilic hydrocarbon tail, figure 1.1. Put in solution, the hydrophobic
interaction of the carbon tail with the water leads to the spontaneous formation of
structures that hinders the water to interact with the tails, lowering the free energy.
With a high enough concentration they form aggregates of different geometry. A
common one being the bilayer sheet, which is the basis of the cell membrane.
Cholesterol, figure 1.2, is also found in eukaryote cell membranes. In a phospholipid
membrane containing cholesterol, the interaction of cholesterol with the surround-
ing lipids stiffens the membrane while also making it more packed, an effect called
the condensation effect.
Knowing how cholesterol behaves in a cell is of great importance for severe health
conditions such as Tangier disease, Niemann–Pick disease type C and atherosclero-
sis [5]. The cell maintains different concentrations of cholesterol in different cellular
compartments, and thus the rate at which cholesterol can be transported inside the
cell is an essential part of understanding the cause of these diseases.

1.2 DPPC and cholesterol in Model membranes

With the numerous components that constitutes a cell membrane, pinpointing the
exact mechanisms behind its behavior is close to impossible for in vivo studies. In
vitro studies of the separate components however, is a much more fruitful approach.
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4 Chapter 1. Introduction

In the case of studying some of the main components of the cell membrane, phospho-
lipids and cholesterol, reduced systems called model systems or model membranes
are employed. The typical model membrane is a one, two or three component sys-
tem, consisting of normally one or two lipid species with the possible addition of
cholesterol.
Despite the progress in experimental microscopy techniques there are fundamental
limits of what can be resolved. Many techniques also rely on invasive procedures,
meaning that it is based on changing the studied system in a controlled manner.
One prime example of an invasive technique is the use of molecular tags as is com-
mon in fluorescence microscopy. One relies on the assumption that the equilibrium
states are not significantly altered, but if the goal is to measure the rate of a pro-
cess, invasive techniques that might alter the kinetics drastically are a problematic
approach.
In work performed by Garg et al. in 2010-2011 the authors presented a very differ-
ent time scale of the transmembrane diffusion or flip-flop of cholesterol than earlier
reported by others [6–8]. The authors used the noninvasive technique of time re-
solved small angle neutron scattering (TR-SANS) to measure the rate of flip-flop.
Receiving criticism for their interpretation of the data in 2012 [5], together with the
lack of details in general in the field on the systems used to investigate the rate of
flip-flop [2], gave the motivation to investigate several of the underlying mechanisms
that might control the transfer rate.
Associated with the rate of transfer is a free energy barrier, which is the point of
the highest free energy along the path from the initial state to the final state. The
transfer rate is connected to the free energy barrier through the Eyring Equation
in transition state theory [9]

k =
kBT

h
e−

∆G
RT =

kBT

h
e−

∆H−T∆S
RT (1.1)

where kB is Boltzmann’s constant, h is Planck’s constant, ∆G is the difference
in the Gibbs free energy and R is the gas constant. This is discussed further in
section 2.1.
One of the properties that could affect the free energy and thus the transfer rate
is the curvature of the membrane. For lipid vesicles of the scale smaller than what
Garg et al. used in their work, i.e. < 100 nm, the curvature becomes significant,
thus the effect of curvature on the free energy could be a contributing factor to the
flip-flop rates observed by the Garg group.

1.3 Studying the PMF using molecular dynamics

The availability to simulate a system on the molecular level through molecular dy-
namics simulations gives a very attractive complement to experimental techniques.
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(a) (b)

Figure 1.1: Schematic images of DPPC. Source: Avanti Polar Lipids www.avantilipids.com

Figure 1.2: Schematic image of cholesterol. Source: Wikimedia.

Through the method of Umbrella Sampling [10] together with the Weighted His-
togram Analysis Method [11] the dependence of changing the system along a pre-
defined path on the free energy, or the PMF can be determined.
In order obtain the PMF of cholesterol transfer in a curved system such as a vesicle,
a reliable method of measurement is needed. Since the transfer rate of phospho-
lipids is a less controversial topic than for cholesterol, and a lot of data exists from
others [1, 4, 12], a good start is to reproduce the PMF for a common phospholipid
and also see how the methods needs to be altered to accurately measure a PMF of
a vesicle system.
The goal of this project is to reproduce the PMF of DPPC in a planar bilayer and
also investigate a possible method to obtain the PMF for a vesicle system with a
significant curvature.
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Chapter 2

Umbrella Sampling and the
Weighted Histogram
Analysis Method

2.1 Statistical Mechanics

Associated with the flip-flop of a phospholipid is the free energy barrier, which
is the change in free energy required to take the system from equilibrium to its
transition state, i.e. the point of the highest energy along the path from the initial
state to the final state. The change in free energy, ∆G, is the associated free energy
of changing the system in such a way that the transition state is reached, which
involves both a change of entropy due to the rearrangement of the system and a
change of enthalpy due to the energy transfer and volume work to the environment.
At a constant temperature, the flipping rate is proportional to the negative expo-
nential of the free energy barrier

kr ∝ exp

[
−∆G

kBT

]
where kr is the rate or frequency of the event.
The method of Umbrella Sampling relies on the possibility of obtaining the differ-
ence in free energy between two systems which are equal except for a small shift,
∆Φ, in the potential, making the perturbation of the free energy small. Measure-
ments made on the reference state which has the potential Φ0 can then be used to
estimate this difference in free energy.
Using that the (Helmholtz) free energy can be obtained from the canonical partition

7



8 Chapter 2. Umbrella Sampling and the Weighted Histogram Analysis Method

function as F = −kBT lnZ, the difference in the free energy between the systems
can be written as follows [13]:

F − F0 =− kBT ln

(
Z

Z0

)
=− kBT ln

( ∫
drNe−βΦ∫
drNe−βΦ0

)
=− kBT ln

(∫
drNe−β(Φ−Φ0)e−βΦ0∫

drNe−βΦ0

)
=− kBT ln

〈
e−β(∆Φ)

〉
0

Here 〈· · · 〉0 is the canonical ensemble average over the reference distribution, mean-
ing that the quality of the estimation of F −F0, depends on how well the reference
distribution is sampled.
Depending on the type of system, the free energy measured is the Helmholtz (con-
stant volume) or the Gibbs (constant pressure) free energy. However, for a liquid
system relevant in biology or a solid system, the fluctuations in volume and/or
pressure are usually so small that the difference between the two becomes negligi-
ble. From here on, the free energy associated with the systems of interest will be
denoted with a G.

2.2 The Umbrella Sampling Method

The path between the initial and final states is defined by a reaction coordinate,
ξ. The reaction coordinate can represent distances, torsion angles in a molecule or
changes in the Hamiltonian of the system. It is possible to use a combination of
these quantities, yielding a multidimensional reaction coordinate. In this text how-
ever, the reaction coordinate is assumed to take a one dimensional form. Formally,
the probability distribution of the reaction coordinate is

p(ξ) =

∫
drN exp(−βU)δ(ξ′(rN )− ξ)∫

drN exp(−βU)
(2.1)

where the denominator is recognized as the configurational part of the canonical
partition function, Z. With all degrees of freedom except ξ integrated out in the
numerator, this expression will yield the free energy dependence on ξ through

G(ξ) = −kBT ln(p(ξ)) (2.2)

This dependence of the free energy on ξ is known as the potential of mean force or
PMF. Thus, by sampling p(ξ) in a simulation, an estimate of G(ξ) can be obtained.
Throughout the rest of the text, G will be used for the free energy in general and



2.2. The Umbrella Sampling Method 9

G(ξ) will be used specifically for the PMF.
If there are large differences in the free energy along ξ, the sampling of p(ξ) along
that path will be strongly shifted towards states that are lower in free energy, i.e.
were the probability is large. In the case of determining the rate of conformational
change with a pronounced free energy barrier in between the initial and final state,
these rarely sampled regions are the most interesting ones. To ensure a more evenly
distributed sampling, a biasing potential dependent on the reaction coordinate,
w(ξ), is added to the system potential. The problem that arises from adding this
potential is that the sampling obtained reflects the system with the biased potential.
Similarly to equation (2.2), the probability distribution of the biased system is:

pb(ξ) =

∫
drN exp[−β(U + w(ξ))]δ(ξ′(r)− ξ)∫

drN exp[−β(U + w(ξ))]
(2.3)

As mentioned in section 2.1, by sampling system with a small shift in the potential,
information of the unshifted system can be obtained. Here we specifically want
to express the unbiased probability p(ξ) in (2.1) in terms of the biased probability
pb(ξ) in (2.3). Since the integration in (2.3) is performed over all degrees of freedom
except ξ, the factor e−βw(ξ) can be moved out:

pb(ξ)e
βw(ξ) =

∫
drN exp[−βU ]δ(ξ′(r)− ξ)∫
drN exp[−β(U + w)]

pb(ξ)e
βw(ξ)

∫
drN exp[−β(U + w(ξ))]∫

drN exp[−βU ]
=

∫
drN exp[−βU ]δ(ξ′(r)− ξ)∫

drN exp[−βU ]︸ ︷︷ ︸
≡p(ξ)

pb(ξ)e
βw(ξ)

〈
e−βw(ξ)

〉
= p(ξ) (2.4)

where 〈e−βw(ξ)〉 is the ensemble average over the unbiased system. The expression
for the PMF in (2.2) then becomes

G(ξ) = −kBT ln(p(ξ))

= −kBT ln(pb(ξ))− w(ξ)− kBT ln
〈
e−βw(ξ)

〉
(2.5)

In the above expression, the first term is available through a sampling of ξ on the
biased system, the second term is an analytical function of the reaction coordinate
while the third term is a constant. Thus, the free energy profile is available apart
from the constant term, since it’s obtained through the unbiased probability distri-
bution on the right hand side.
If the interest lies in finding the difference in free energy between two states con-
nected in the range of sampled values of ξ, it seems from eq. (2.5) the only hurdle
when sampling would be to guess a good biasing potential. This could be a very
hard task since à priori knowledge of the free energy profile can’t be assumed.
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In order to be as independent of the free energy profile as possible, the reaction
coordinate can be split into several intervals, or windows, centered around a set
of reaction coordinates ξi and each window has a separate biasing function. The
biasing potential is normally a harmonic potential centered at ξi: wi(ξ) = k

2 (ξ−ξi)2

and each window can be sampled independently of the other windows. While other
types of potentials can be used, a harmonic potential is a very general and robust
choice. The only part that needs consideration is the spring constant k.
With too small a spring constant, the sampling in each window will be spread out
and it will take a long time for measurements to get accurate enough. If there are
large differences in the free energy within the window, the sampling will be uneven
and parts of the window will be left poorly sampled.
Too large a spring constant on the other hand, will lead to very sharp distribu-
tions and poor overlap between windows, which is important when reconstructing
the global, unbiased probability distribution with the Weighted Histogram Analysis
Method (section 2.3). Another problem is, given a constant time step, a strongly
varying potential would increase the numerical errors in the equations of motion.
In practice, picking a good k is much of a ”trial-and-error” process while the amount
of computing power available will lead to an upper limit on the number of windows.

2.3 The Weighted Histogram Analysis Method

In principle, the unbiased probability distribution could be obtained from each
individual window if enough sampling is done

p(ξ) = p
(i)
b (ξ)eβwi(ξ)

〈
e−βwi(ξ)

〉
However in a simulation performed in a finite time, only a small part of p

(i)
b would

be accurate enough to be useful, a more fruitful approach would be to use a com-
bination of the estimates from each window.
Another thing to consider in a multiple window simulation is the constant term in
equation (2.5). With one constant per window, each PMF will have an unknown
offset associated with it. Thus in order to obtain a continuous PMF for the whole
range of ξ, the values of 〈exp[−βwi(ξ)]〉 have to be obtained.
The Weighted Histogram Analysis Method, or WHAM, first described and used by
Kumar et al. 1992 [11], aims to minimize the variance in the estimate of the global
probability distribution. This is done by defining an estimated global distribution
from a weighted sum of each window’s distribution. The normalized weight associ-
ated with each window ai(ξ) is defined by that it minimizes the estimate of p(ξ).
Below follows the derivation of the sometimes called WHAM equations, which will
yield two implicit equations for obtaining the estimated global probability distri-
bution and the offsets 〈exp[−βwi(ξ)]〉. [11, 14–16].
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First we need to define the weighted sum. Here we have made use of the equality
in (2.4).

p∗(ξk) =

S∑
i

ai(ξk)p(i)∗(ξk)

=

S∑
i

ai(ξk) eβwi(ξk)︸ ︷︷ ︸
=cik

〈
e−βwi

〉︸ ︷︷ ︸
=fi

p
(i)∗
b (ξk)

p∗k =

S∑
i

aikcikfip
(i)∗
bk (2.6)

where the * marks that the quantity is estimated, S is the number of simulations
or windows, k denotes bin number for the global bin distribution making up the

histograms that represents p
(i)∗
bk , k in subscript denotes the value of that variable at

ξk and ξk is the position of bin k along ξ. The variance in the global distribution
is defined as

σ2(p∗k) =
〈

(p∗k − 〈p∗k〉)
2
〉

=

〈(
S∑
i

aikcikfip
(i)∗
bk −

〈
S∑
i

aikcikfip
(i)∗
bk

〉)2〉

=

〈
S∑
i

aikcikfi︸ ︷︷ ︸
≡Cik

(
p

(i)∗
bk −

〈
p

(i)∗
bk

〉)
︸ ︷︷ ︸

≡δp(i)∗
bk


2〉

=

〈(
S∑
i

Cikδp
(i)∗
bk

)2〉

=

〈 S∑
i

C2
ik

(
δp

(i)∗
bk

)2

+

S∑
m 6=n

Cnkδp
(n)∗
bk Cmkδp

(m)∗
bk

〉

=

S∑
i

C2
ik

〈(
δp

(i)∗
bk

)2
〉
−

S∑
m 6=n

CnkCmk

〈
δp

(n)∗
bk δp

(m)∗
bk

〉
︸ ︷︷ ︸

=0

Here the second term is the correlation of errors in different windows. All windows
are independent of each other, thus the term is zero. The remaining term is the
variance of the estimated biased probability of every individual window:〈(

δp
(i)∗
bk

)2
〉

=

〈(
p

(i)∗
bk −

〈
p

(i)∗
bk

〉)2
〉

=
〈

(p
(i)∗
bk )2

〉
−
〈
p

(i)∗
bk

〉2
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We now have that the variance in the global distribution is proportional to a sum
of the variances of the individual biased distributions.
We will now get a bit more specific about the information obtained from the sim-
ulation windows. Let nik be the data points from window i that go into bin k and
let Mi be the total number of data points from window i. The probability that a

data point fall in to bin k in simulation window i will be p
(i)
bk = 〈nik〉/Mi and the

variance of the global distribution becomes

σ2(p∗k) =

S∑
i

C2
ik

[〈
(p

(i)∗
bk )2

〉
−
〈
p

(i)∗
bk

〉2
]

=

S∑
i

C2
ik

〈n2
ik〉 − 〈nik〉2

M2
i

The number of counts in bin k, nik, can be assumed to follow a Poisson distribution.

The variance of the number of counts collected in bin k, σ2(nik), is then p
(i)
bkMi.

Thus

σ2(p∗k) =

S∑
i

C2
ik

〈n2
ik〉 − 〈nik〉2

M2
i

=

S∑
i

C2
ik

p
(i)
bkMi

M2
i

=

S∑
i

C2
ik

p
(i)
bk

Mi

Writing Cik explicitly and using (2.4)

σ2(p∗k) =

S∑
i

a2
ikc

2
ikf

2
i

p
(i)
bk

Mi

= pk

S∑
i

a2
ik

cikfi
Mi

In the last expression, pk, is a constant prefactor and does not affect the final form
of the weight. Minimizing σ2(p∗k) with respect to the weight under the condition
that the weights are normalized leads to the following optimization problem, solved
with Lagrange Multipliers

∂

∂aik

(
a2
ik

cikfi
Mi

+ λaik

)
= 0

2aik
cikfi
Mi

= −λ

aik = −λ Mi

2cikfi
(2.7)
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Now using the normalization condition

S∑
i

−λ Mi

2cikfi
= 1

−λ =
2∑S

i
Mi

cikfi

(2.8)

Inserting (2.8) into (2.7)

aik =
2∑S

i
Mi

cikfi

Mi

2cikfi

aik =
Mic

−1
ik f

−1
i∑S

i
Mi

cikfi

(2.9)

Now we insert (2.9) into the definition of the weighted estimate of the global prob-
ability distribution, (2.6)

p∗k =

S∑
i

Mic
−1
ik f

−1
i∑S

j
Mj

cjkfj

cikfip
(i)∗
bk

p∗k =

∑S
i Mip

(i)∗
bk∑S

j
Mj

cjkfj

p∗k =

∑S
i nik∑S
j

Mj

cjkfj

(2.10)

Inserting cik = eβwik and fi =
〈
e−βwik

〉
≡ e−βFi yields the first WHAM equation:

p∗k =

∑S
i=1 nik∑S

j=1Mj exp [−β(wjk − Fj)]
(2.11)

The second WHAM equation comes from the offset, Fj . The ensemble average
is in theory obtained through integration of the probability distribution p(ξ) with
e−βwi(ξ) over ξ.

Fj =− kBT ln
∣∣〈e−βwik

〉∣∣
=− kBT ln

∣∣∣∣∫ dξp(ξ)e−βwi(ξ)

∣∣∣∣
However, in practice there is no exact probability distribution available and the
discretization made by defining the bins turns the integral to a sum over all bins.
Thus the second WHAM equation becomes

Fj = −kBT ln

∣∣∣∣∣∑
k

p∗ke
−βwjk

∣∣∣∣∣ (2.12)
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Figure 2.1: An example on a set of histograms sampled with overlap. The histograms are from the set
of windows placed in the inner leaflet of the vesicle system. Each peak is associated with one sampling
window.

The WHAM equations are a set of two implicit equations that needs to be solved in
an iterative manner. Usually, an initial guess of the Fj are made and then used in
2.11, then the obtained distribution p∗k is used to calculate better estimates of the
Fj . This process is iterated to convergence. Finally, the PMF is obtained through
(2.2).

G(ξk) = −kBT ln[p∗k] (2.13)

A software written specifically for implementing WHAM in one and two dimensions
was used in the production of the PMFs obtained in this work [17]. The software
is available for free and is written by Alan Grossfield.1

An example of a set of histograms can be seen below in figure 2.1.

1http://membrane.urmc.rochester.edu/content/wham/



Chapter 3

Umbrella Sampling with
Coarse Grained Molecular
Dynamics

3.1 Coarse Grained Molecular Dynamics

3.1.1 Simulation Software, NAMD

All simulations in this project were run using the NAMD package [18]. NAMD is a
molecular dynamics software, among others (GROMACS [19], CHARMM [20], Am-
ber [21], Gromos [22]) freely available and capable of good scaling on large parallel
clusters. [23]. The simulations were run partially on the High Performance Com-
puting Cluster (EXTREME) at University of Illinois at Chicago1 and partially at
the Blues2 and Fusion3 clusters at Argonne National Laboratory, Argonne, Illinois.

3.1.2 Choosing Force Field, the Martini Model

To be able to efficiently perform Umbrella Sampling simulations on a vesicle system
of the size of ∼ 300 Å in diameter, the coarse grained Martini model was chosen as
force field [4, 24]. In this force field, several atoms are mapped to one larger bead
in a systematic manner. Overall, this reduces the complexity of the system which
in turn allows for a significant increase in simulation speed. Time steps of up to
40 fs can be used [25] as compared to the more modest 1-2 fs normally used in all
atom simulations.

1http://extreme.uic.edu/
2http://www.lcrc.anl.gov/about/Blues
3http://www.lcrc.anl.gov/about/fusion

15
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There are four different types of beads used in the Martini model: polar (P), non-
polar (N), apolar (C) and charged (Q). Beads of the types N and Q have subtypes
indicating their capability of forming hydrogen bonds as acceptors, donors, both or
none. The C and P types have subtypes indicating their polarity in a range from
low (1) to high (5).
The mapping from an all atom structure normally involves four heavy atoms being
mapped to one bead. One Martini bead has the mass of 72 amu for a normal bead
and 45 amu for special beads used to represent carbon rings, independently of what
atoms have been mapped to the coarse grained structure.
DPPC which is used in this project, consists of 130 atoms, including hydrogen. In
the Martini model, it is represented by 4 bead types making up a total of 12 beads
for the whole molecule. The head group is represented by two charged Q-beads, one
for the positively charged choline group and one for negatively charged phosphate
group. The glycerol which connects the head group with the fatty acid tails consists
of two beads of type N. The phosphate bead, and the two glycerol group beads are
all hydrogen bond acceptors, while the choline group bead is not. The two tails are
mapped to four beads each of the type C1, the lowest possible polarity.
The other molecule used in this project was water. The water bead in the 2.0
Martini model is mapped from exactly four water molecules to one water bead of
the polar bead type with high polarity (4).

3.1.3 Limitations of the Martini Model

One problem associated with early versions of the Martini water, before version 2.0,
was the high freezing point, above that of real water [4]. This was solved with the
introduction of an anitfreeze water bead which has a longer LJ interaction length
σ when interacting with normal water, which effectively disturbs any nucleation
process which leads to freezing. The antifreeze bead also has a slightly stronger
interaction with the normal water in order to keep the two types from phase sep-
arating. Interactions with all other particles are the same as for the normal water
bead. The usage of the anti freeze beads is a somewhat ad-hoc solution to the
freezing problem, but at the recommended molar fraction of 0.1, it has been shown
that ”the area per lipid, the transition temperature for formation of the gel phase,
and the lateral self-diffusion constant of lipid molecules did not show any signifi-
cant change.” [4]. A visualization of the mapping from all atom representations to
coarse grained structures for three typical molecules are showed in figure 3.1.
In a newer version of the Martini Force Field, a polarizable water bead type has
been introduced [26]. Major improvements of the model includes reproducing the
dielectric screening of bulk water and the PMF for translocation of ions across a
lipid bilayer to a level comparable to all atom models. Since charges are added to
the model, the electrostatic potential over the lipid bilayers is higher than for non
polarizable water. However, structural properties of lipid bilayers, such as area per
lipid and number density profiles, are essentially unaffected when comparing the
polarizable water to the 2.0 version water. However, if the PMF of lipid flip-flop is
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Figure 3.1: The mapping of three commonly used molecules in simulations employing the Martini
force field. Source: [4]
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concerned, the interaction with water is important but still secondary to the PMF,
since the main cost is the interaction polar head group with the hydrophobic mem-
brane interior. Another issue is that the topologies and parameters are not readily
available for usage in NAMD, and thus need to be ’translated’ from the available
GROMACS format and validated.
The most obvious loss when mapping a molecule to a coarse grained structure in
the Martini model from an all atom model might be the loss of spatial resolution.
An obvious example is the mapping of lipid tails, where a tail of 14 carbons with
the 4-1 mapping would yield 3.5 Martini beads, leading to the choice of using either
three or four Martini beads. Thus, structures that will be affected by this limita-
tion when mapped obviously cannot be expected to reproduce properties such as
membrane thickness as accurate as the coarse grained model might allow.
Another effect of the loss of spatial resolution is the reduction of degrees of freedom
which effectively reduces the number of microstates of the system, affecting the en-
tropy. This in turn leads to changes in the temperature dependence, meaning that
e.g. phase transitions can occur at a different temperature than what is expected
from experiments. In order to reproduce an accurate free energy, the enthalpy has
to be adapted too, meaning that even if a correct free energy can be obtained from
the Martini model, the decoupling of free energies to entropy and enthalpy is not
guaranteed to give correct result.
With the effective size of the beads being larger than for an all atom model, the en-
ergy landscape is smoothed out. With a less detailed energy landscape the number
of intermediate steps in the landscape the system visits between two given states
are reduced, leading to faster kinetics of the system. The speedup of coarse graining
could be probed by measuring the diffusion coefficients of different components in
a simulation. In the Martini model however, measurements of the diffusion coef-
ficients points to different speed up factors for e.g. water and lipids [25], i.e. no
universal speed up factor exists.

3.2 Implementation of Umbrella Sampling

The reaction coordinate for the systems was defined as the relative distance from the
bilayer center to the phosphate head group bead, the PO4 bead, of the constrained
lipid, along an axis defined by the local bilayer normal. The word displacement
will be used for this distance from here on in this text. Since the bilayer should
be allowed to move as freely as possible during sampling to allow for the least
constrain possible on the system, the harmonic force was only applied along the
local bilayer normal. The displacement was calculated at every time step in order
to get the difference between the actual displacement and the target displacement.
This difference was used to calculate the harmonic force applied to the PO4 bead.
With the target displacement of the PO4 bead of the constrained lipid for window
i as d0,i, the harmonic force Fi at time step tj was calculated as

F(tj)i = −k(d(tj)i − d0,i)n̂ (3.1)
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In the planar system the bilayer normal is parallel to the z axis. The bilayer middle
was calculated as the z coordinate of the geometric center of all non constrained
PO4 beads. In this case d0,i < 0 means that the target displacement is a distance
|d0,i| in the negative direction along the z axis and d0,i > 0 in the positive direction.
Using the z coordinates for the PO4 bead, zu, and the bilayer center, z0, equation
(3.1) becomes

F(tj)i = −k(d(tj)i − d0,i)ẑ

= −k(z(tj)u,i − z(tj)0 − d0,i)ẑ

For the vesicle system the calculation is a bit more delicate. The geometric center of
the vesicle was the natural point of reference. From the geometrical center, vectors
to all PO4 beads were defined. Calculations made on the equilibrated vesicle before
running the sampling simulations showed that the spread in the average radii of
the inner and outer leaflets was comparable to the width of the bilayer. To get a
higher accuracy in the estimate of the bilayer middle, local averages of the vesicle
radii was defined. By creating a list of close neighbors and measuring their radii,
the local averages of the inner and outer leaflets’ radii were calculated and the local
bilayer middle, Rm, was then defined by the mean of these two radii. The close
neighbors were defined by all PO4 beads whose vectors were less than a cutoff angle
θ0 from the vector associated with the constrained PO4 umbrella bead, ru, or put
in mathematical form:

ru · ri
|ru||ri|

≤ cos θ0

for all PO4 bead vectors ri. With the middle of the bilayer defined, the force
calculations are analogous to the planar case and equation (3.1) becomes

F(tj)i = −k(d(tj)i − d0,i)
r(tj)u,i
|r(tj)u,i|

= −k(|r(tj)u| −R(tj)m,i − d0,i)
r(tj)u,i
|r(tj)u,i|

During the simulation, dj was output in the simulation logfile at a specified fre-
quency to create the histograms used in the WHAM algorithm to reconstruct the
free energy profile along ξ. The TclForces plugin 4 in NAMD was used to imple-
ment the harmonic constraints on the phosphate head group bead. It is one among
a number of plugins in NAMD that may be used to give the user the possibility to
manipulate the simulation rather freely. The TclForces plugin reads a Tcl script
written by the user that is called at each time step of the simulation. The user can
access a variety of information including coordinates, masses and forces applied to
individual particles.

4A detailed description of TclForces is available in the NAMD user guide: www.ks.uiuc.edu/

Research/namd/ and in the Tcl Forces tutorial www.ks.uiuc.edu/Training/Tutorials/science/
forces/forces-tutorial-html/
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k
[kcal mol−1 A−2]

# of win-
dows

window
spacing [A]

θ0 [deg] Histogram
bin width [A]

Planar 5,9 49 1a - 0.1
Vesicle 5,7b 51 1 10.3 0.1

Table 3.1: The parameters used in the umbrella sampling. θ0 is the close neighbor angle defining
how far away from the constrained lipid along the vesicle surface other lipids were to be considered for
calculating the local bilayer middle. aTwo additional windows were placed at d = ±0.4 in an attempt
to get a better sampling. bA larger force constant of 7 kcal/mol A2 was used for the middle part of the
bilayer of the vesicle system.

One drawback of TclForces is that can not run in parallel, such that only the mas-
ter compute node on a computer cluster performs the calculations requested by the
Tcl script. For a smaller system the slow down is barely noticeable, but when the
system scales in size, the number of computation nodes needs to increase to keep up
in simulation speed. When the master node requests information from all the nodes
of a very large system, the time spent on communication increases drastically. In
addition to the increased communication time, a large system might also scale the
number of calculations needed by the user.
When running the sampling simulations on the vesicle system, the extensive slow
down in simulation speed was a problem at first. The speed could be increased
by more than two orders of magnitude by reducing the update frequency to every
thousand step for the geometric center of the vesicle and the close neighbor lists.
The update frequency was decided by measuring the drift of the coordinates of the
vesicle center and how fast the lists of close neighbors changed.

3.3 System Set up

All systems used in this work were either coarse grained from all atom systems
obtained from the CHARMM-GUI Membrane Builder5 [27, 28] using the coarse
graining tool available in the Visual Molecular Dynamics (VMD) package [29] or
reused coarse grained systems. When solved, the solvent used was the water and
anti freeze water available in the 2.0 Martini model.

3.3.1 Planar System

As a familiarization of the use of NAMD in general and the Martini force field
in particular, a number of equilibration simulations on a larger planar bilayer was
performed. The system consisted of 2 · 29 · 29 lipids and water or water/NaCl was
used as solvent. The solvent bead/lipid molar ratio where in all cases for this system
∼ 22.17, corresponding to ∼ 89 water molecules per lipid.
The number of lipids used by others for coarse grained Umbrella Sampling of planar

5http://www.charmm-gui.org/
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membrane patches is usually below the hundreds: [30] uses 64 lipids, [31] uses lipid-
cholesterol mixtures totaling 64/66 lipids and cholesterol molecules and [1] uses 72
lipids. The original paper referring to the Martini force field uses 128 lipids [4].
The effect of using a membrane with 256 DMPC lipids on the final PMF has been
shown to be within the error of using 64 DMPC lipids [1].
In order to match these ranges of numbers of lipids, a bilayer consisting of 128 DPPC
lipids became the choice of planar system. An all atom system was downloaded
and subsequently coarse grained and solvated with 1231 water beads making up
about 20 A of bulk water above and below the bilayer. This means a hydration
of about 9.6 when counting Martini beads or about 38.4 when considering that
one water bead maps to four molecules. After coarse graining, the system was
energy minimized for 50 000 steps and equilibrated for 5 ns of simulation time
under constant pressure. From the equilibrated system one lipid was selected to be
constrained. The sampling windows were chosen from frames of a constant velocity
simulation where the constrained lipid was pulled through the bilayer at a pace
of 0.001 A/ps with a harmonic force with a spring constant of 0.2 kcal/mol A2.
Each sampling window was energy minimized for 10 000 steps and equilibrated for
5 ns of simulation time before starting the sampling simulations which lasted 155
ns of simulation time using a time step of 10 fs. The relatively small time step was
used to ensure that the simulation did not crash, which was the case for several
simulations where the lipid was constrained close to the middle of the bilayer. The
sampling from the last 150 ns were used when creating the window histograms.

3.3.2 Vesicle System

The vesicle system was put together from six copies of the bilayer used in the
introductory simulations, yielding a total of 10092 lipids. The six separate bilayers
were put in the same pdb file with the geometry of a cube and then solvated, see
fig 3.2a. The fully solvated system consisted of a total of 1 048 700 beads. The
number of lipids and the size of the solvation box were chosen such that a vesicle of
about 300 A in diameter could be produced and fit inside the solvation box without
the risk of it fusing with its periodic image. After about 4.5 · 106 steps, all but one
of the bilayers had fused to one large aggregate of a vesicle like formation (figure
3.2e). After 5.53 · 106 steps all bilayers were fused. At 13.4 · 106 steps there was
only one pore left in the vesicle, which closed at a slower rate than earlier pores
(figure 3.2e and 3.2g). The pore was fully closed after about 18.5 · 106 steps steps.
The last frame of the vesicle creation simulation seen in figure 3.2h correspond to
2 · 107 steps, which is 400 ns in simulation time.
The sampling simulations were performed with 17 constrained lipids chosen at
distances at least 80 A apart to avoid them disturbing each other. 80 A was
somewhat arbitrarily picked with the distances of 12 A and 14 A used for cutoff
and pair lists, respectively, in mind. It has also been shown [1] that constraining
two DPPC lipids 40 A apart along the bilayer normal does not affect the final PMF
more than within the error of using one lipid.
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(a) 0 steps (b) 108k steps (c) 1.91M steps (d) 3.66M steps

(e) 4.58M steps (f) 13.44M steps (g) 17M steps (h) 20M steps

Figure 3.2: A range of snapshots taken from the creation of the vesicle system. The associated
number of steps is shown for each image.

Three sets of sampling simulations were performed. Each sampling simulation was
associated with a displacement interval of [−25,−9], [−8, 8] and [9, 25] for the inner,
middle and outer part, respectively. For the inner and outer parts, a constant force
was applied to the constrained lipids’ headgroups during a ”migration” simulation,
where the lipids were allowed to migrate to their associated target displacements.
For the middle of the bilayer however, applying a constant force gave a very slow
migration. To solve this, a harmonic force with a linearly, slowly increasing force
constant starting at 0.1 kcal/mol A2 and stopping at 7 kcal/mol A2 was used.
This method was successful and will be considered in future simulations. The final
value of 7 kcal/mol was used in the sampling simulation following the migration
simulation.
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(a) d = −18 (b) d = −12
(c) d = −5

(d) d = 4 (e) d = 8 (f) d = 13

Figure 3.3: Snapshots from six different sampling simulations of the planar system. The associated
target displacements are showed for each image. Color codes: Orange: Constrained lipid with VDW
representation of PO4 bead (VDW radius is enlarged). Cyan choline group, dark blue phostphate group
and lime green glycerol group, all have a VDW representation with 0.8 of their actual VDW radius. Red
VDW: Water, 0.7 of their actual VDW radius.

(a) d = −2 (b) d = 5 (c) d = 8

Figure 3.4: Snapshots from three different sampling simulations of the vesicle system. The associated
target displacements are showed for each image. Colors are the same as described in 3.3.
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Chapter 4

Results

4.1 Characteristics of a large DPPC bilayer

As an introduction to the usage of the Martini force field and as a test that sim-
ulations were run correctly, a series of equilibrium simulations on a DPPC bilayer
consisting of 2 · 29 · 29 = 1682 lipids at different temperatures were run using either
of pure water or water-NaCl as solvent. The main phase transition temperature
was found to be in the range 290 < T < 300 K, which is in the range reported by
others: [24,32]. This range of the melting temperature is 15-20 K below the exper-
imental value of 314 K [33]. This systematic mismatch with experimental values
has been explained by the loss of resolution inherent of a coarse grained force field
as discussed in section 3.1.3. A snapshot of the membrane patch in the gel phase
with a small region in the fluid phase taken from a simulation at 290 K can be seen
in figure 4.1.

4.2 Coarse Grained Umbrella Sampling

4.2.1 Planar Membrane

Bilayer properties

A summary of the mechanical, geometrical and thermodynamic properties of the
planar DPPC system is presented in table 4.1. For both the small and the large
planar systems, structural data was obtained by averaging over a number of frames,
50 for the small system, and 70 for the large, from an equilibrium simulation of the
system. By checking fluctuations in the simulation box volume from the simulation,
the frames where the volume had settled around an equilibrium value where picked
for the time averaging. The area per lipid was calculated by dividing the number
of lipids in one monolayer by the simulation box area in the membrane plane. The
width was calculated through the average position of all PO4 beads along the z-axis
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in each monolayer and then obtained as the difference between the two averages.
The volume occupied by the bilayer was obtained from the width multiplied by
the simulation box cross sectional area. This volume was then divided by the
number of lipids to get the volume occupied by each lipid. The water occupation
volume was calculated from subtracting the bilayer volume from the simulation box
volume. The order parameters were obtained by calculating the angle between each
bond connecting the beads and the z axis, and averaging over all lipids from both
monolayers in all frames. The free energy barrier, ∆G, was obtained as the average
maximum value of the two curves seen in figure 4.2.

PMF of planar system

The PMFs were obtained by using the WHAM algorithm, described in section 2.3.
The histograms (e.g. figure 2.1) used in the WHAM script were obtained from
setting NAMD to output the displacement for the sampled reaction coordinate at
every hundredth time step.
Due to poor sampling, the histogram obtained from d = 0 was resampled using
a higher force constant of 9 kcal/mol A2. Two additional windows at d = ±0.4
were also added, using the same force constant as the rest of the windows. This
marginally improved the PMF, it became smooth, but the error around d = 0
remained large.
Assuming the membrane plane is also a symmetry plane, the PMF should be the
same for |d−| = |d+|. By creating two separate PMF curves for d ≤ 0 and d ≥ 0,
and combining them to one single PMF as a function of the distance from the
bilayer middle, seen in figure 4.2a, an estimate of the error in the sampling could
be obtained. The error bars show the standard error. As can be seen, the error
close to the middle of the bilayer is large.

4.2.2 Vesicle System

The same methods were used as for the planar system to obtain properties of the
vesicle system, found in table 4.2. Here, the average radii of the two leaflet’s PO4
beads were used to calculate the spherical area for each leaflet of the vesicle and
also the average PO4 bead to bead distance, which was taken as the bilayer width.
The order parameters were calculated using the angle between the vesicle center to
PO4 bead vector and the bond between the tail beads. The values for ∆G were
taken as the difference between the peak value and the values at the minima.

PMF of vesicle system

The histograms used in the production of the free energy profiles where obtained
from the three set of simulations with 17 simulation windows in each set. The
output frequency of the displacement was doubled compared to the planar system
to every fiftieth time step due to concerns of long simulation times. With the
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curvature associated with the vesicle system, it can not be assumed that the two
sides of the PMF should be the same, thus only one curve was obtained and no
standard error could be produced.

4.2.3 Comparing The Planar and Vesicle Systems

The two most apparent things to notice when comparing the planar and the vesicle
systems are the small shifts in the positions of the extreme values of the PMF
along d, the small increase of the minimum at d < 0 of the vesicle system and the
differences in ∆G. The shift of the peak value for the is very small, around 0.5
A to the right, perhaps within the error of the sampling, while the peak of the
planar system is essentially at d = 0. When looking at the shifts in position of
the minimum values, one important thing to notice is that the shifts are not of the
same magnitude, the left hand side minimum is shift around 1.2 A and the right
hand side around 2.0 A.
For the vesicle, the geometry of the allowed occupation volume for each lipid has a
cone like shape with the head group either close to or far from the imagined apex of
the cone, which results in a smaller volume for the tail of a lipid in the outer leaflet
and a larger volume for the tail of a lipid in the inner leaflet. This is reflected in
the order parameters seen in figure 4.5 where the bonds connecting the tail beads,
C1-C4 are of higher order in the outer leaflet than those for the inner leaflet.

Figure 4.1: A snapshot from one of the equilibrium simulations done to verify the main phase
transition temperature range. This simulation was run at 290 K with water and salt as solvent. It
condensed to the gel phase with a small region remaining in the fluid phase after about 145·106 steps
with a step size of 20 fs.
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Planar small Planar large
# of lipids 128 1682

ADPPC ±σ [A2] 68.58 ±1.07 61.28±0.35
VDPPC [A3] 1272.58±11.66 1269.77±4.31

<z+>-<z-> [A] 37.1±0.4 41.4±0.2
SPC 0.08 -0.21
SGP 0.62 0.66
SG21 -0.29 -0.22
SCG 0.28 0.54
SC21 0.41 0.51
SC32 0.32 0.47
SC43 0.19 0.30

∆G [kcal/mol] 15.5 ±1.25 -
dmin [A] -18.5/+18.6 -

Table 4.1: VDPPC: Volume per lipid in membrane. ADPPC: Area per lipid. <z± >: Average position
along the z axis of the PO4 beads in each leaflet. The order parameters SCxy are as described in figure
4.5. ∆G: The free energy barrier of transferring the PO4 head group bead from one bilayer leaflet to the
other. The data, except for ∆G and dmin, was obtained from time averages of pre sampling equilibrium
simulations at 320 K.

(a) (b)

Figure 4.2: Planar membrane PMF created using data for d ∈ [−23, 23]. For d = 0 a force constant

of k = 9 kcal/mol A2 was used. Two additional windows were added at d = ±0.4. Left: PMF produced
by combining two individual PMF curves for d ≤ 0 and d ≥ 0 respectively. The error bars show the
standard error of between the two curves. Right: The effect on the PMF from using all available
window histograms.
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Vesicle system Inner Outer Whole
Nin/out 4381 5711 Nout/Nin = 1.30

R ±σ [A] 142.3 ±4.4 182.0 ±4.3 162.15
VDPPC [A3] 1317.5 1297.6 1306.2

aA(r = Rin/out)DPPC [A2] 58.1 72.9 65.5
aA(r = Rm)DPPC [A2] 75.4 57.8 66.6

SPC -0.18 -0.20 -0.19
SGP 0.64 0.64 0.64
SG21 -0.21 -0.20 -0.20
SCG 0.49 0.51 0.50
SC21 0.41 0.46 0.43
SC32 0.33 0.42 0.38
SC43 0.18 0.28 0.23

∆G [kcal/mol] 21.4 22.5 21.95
dmin [A] -19.7 20.5 -

General data
Ntot 10092

Vbox [A3] 144558457
VH2O [A3] 132513714

<Rout>-<Rin> [A] 39.7
nDPPC [A−3] 7.0E-5

nw [A−3] 7E-3

Table 4.2: Vesicle characteristics sorted on leaflet and mean value. aThe area per lipid was
calculated using Rin and Rout for the inner and outer leaflets respectively, giving a measure of
the area per lipid head group, while using Rm yields a measure of the area available per lipid at
the bilayer interface. The order parameters are as described in figure 4.5.

(a) (b) (c)

Figure 4.3: Radial free energy profile of vesicle system across bilayer. Left: Profiles from several
subsets of data, with a varying number of histograms to test for poor sampling. Middle: Independently
produced profiles from d ∈ {[−25,−1], [1, 25]}, to see if there were any asymmetries. Right: PMF with
all windows included: d ∈ [−25, 25]. The minima for the inner leaflet of the vesicle is 1.1 kcal/mol above
the base line. No standard error is shown since only one PMF was determined and the partial PMFs
for the inner and the outer leaflets cannot be assumed to be same due to asymmetry.
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Figure 4.4: Left: A comparison of the PMF for the planar and the vesicle system. The PMF for the
planar system is mirrored in d = 0. The standard error is excluded for clarity. Right Enlargement of
the region of the two maxima.
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Figure 4.5: Order parameter comparison between systems. Bond numbering from left to right: CHO-
0 -PO4- 1 -(GL1- 2 -GL2)- 3 -C1- 4 -C2- 5 -C3- 6 -C4. The C1A/B bead is bonded to the the GL1/2
bead, respectively. The order parameters for the bonds in the tail and the C1-GL bond are averaged
over the two occurrences in each lipid.
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Chapter 5

Summary and Conclusions

5.1 On the Uncertainties in Sampling and the
PMF

The vesicle system has a natural area constraint in that the size of it correlates with
the area per lipid that minimizes the energy of the system. In theory this would
yield a tension-less state of the membrane, since if the area per lipid is smaller or
bigger than the value that minimizes energy, the system will shrink or increase in
size to correct this. The system used in this work was created by the spontaneous
formation of a system prepared to favor the formation of a vesicle. While the
vesicle was forming there were always pores that could maintain a flow of water
and easy flipping of lipids. Thus the system should be close to the configuration
that minimizes the system free energy.
In the planar system the area is only constrained by an external pressure coupling.
In this work a combined Nose-Hoover - Langevin piston pressure control was used.
With periodic boundary conditions, the planar system is an approximation of a
very large planar membrane system.
Having a system as small as possible is desirable from a computational point of view.
With the reduction of system size, the fluctuations of the system becomes larger,
theoretically fluctuations of e.g. energy and volume goes down with the system
size as 1/

√
N . These small systems are used by others: Bennet and Tieleman [1]

motivated the use of a small system of 64 DMPC lipids by the fact that the difference
in the PMF between a larger system of 256 DMPC lipids and the small system was
within the standard error of the 64 lipid system.
In sampling, having a smooth total potential of the biased system in each window is
of importance, since that will allow a smooth distribution of the sampled window.
However, in the middle of the bilayer, it can be hard to have this smoothness, partly
due to the fact that it is the interface of the tails between the two monolayers and
partly to the fact that this is where the peak of the PMF is, which can be sharp.
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5.2 Conclusions of planar system

The area per lipid, 68.6 A2, was obtained from an equilibrium simulation but it is
representative for the sampling simulations. Smaller areas per lipid were observed
in some windows, but were often related to the bilayer being deformed, typically
when constraining the lipid close to the middle of the bilayer. One example of a
bilayer deformation can be seen in figure 5.1, belonging to the window for d = 4.
Others using the Martini Force Field have found 62.8 A2 (320 K) [32], 62 A2 (323
K) [31], 65 A2 (323 K) [4], 67.7 A2 (310 K) and 53.6 A2 (340 K) [34]. As a reference,
experimental values of 63.3 A2 (323 K) obtained from 2H NMR data is reported
by [35] and 64.3 A2 (323 K) from X-ray scattering data is reported by [36].
The mean phosphate bead to bead distance, 37.1 A, is slightly below reported val-
ues: 41 A (320 K) [37] and 40 A (323 K) [1]. Here, experimental reference values
can be obtained from e.g. [36] 37.8 A (323 K) and [38] 41.9 A (T>Tm). Of course,
the bilayer width depends on what measure of the width one decides to use. One
possible choice could be to measure the center of mass of the two beads represent-
ing the phosphate and choline groups. Another measure, perhaps more relevant for
experimentalists, would be to measure the density of the water and see where it
drops to half its bulk value when coming closer to the bilayer middle.
That the values of area per lipid and bilayer width are in the neighborhood of the
experimental values mentioned is expected, since the Martini force field was opti-
mized to reproduce data obtained in atomistic simulations and from experimental
on certain features, including area per lipid [24,25]
With a larger area per lipid, the tails are allowed to move around more. This in-
creased freedom of movement should yield a smaller effective tail length, and so a
correlation of a smaller bilayer thickness and a larger area per lipid is expected.
In figure 4.2a, it can be seen that the peak value contains a large error. Still, within
the error, the peak value, ∆G, is lower than the values reported by others: Marrink
et al. [4] obtained a peak value of about 105 kJ/mol ≈ 25 kcal/mol and Bennet &
Tieleman [1] obtained ∼ 80 kJ/mol ≈ 19 kcal/mol.
For shorter lipids, one essential part of the phospholipid flip-flop mechanism is the
formation of a water pore. This has been reported in atomistic simulations by
Sapay et al. [12]. They found that the limit on the lipid tail length for a mem-
brane spanning water pore to form was 16 carbon atoms, i.e. a bilayer consisting
of DPPC. In this case the DPPC promoted a small pore while being constrained
in the very middle of the bilayer, but no significant plateau in the PMF was ob-
served. A plateau in the PMF is correlated with a larger water pore forming, since
the hydration of the lipid head group in the bilayer middle allows for free diffusion
between the bilayer leaflets.
The inability to form water pores in the Martini model was noticed already in the
2007 paper by Marrink [4]. Later, Bennet & Tieleman, attempted to recreate the
all atom results in the Martini model by using the polarizable water beads [26]
and altering the parameters for bead interaction. They did only succeed when the
modifications also changed the area per lipid [1].
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(a) (b)

Figure 5.1: Deformation of the planar membrane for two windows. Colors are the same as described
in 3.3 Left: Window for d = −6. Right: Window for d = 4.

Similar to these observations, the simulations performed in this work did not have
any water pores forming in the bilayer, while water beads still entered the bilayer
when the head group was constrained in the interior of the bilayer. Deformations
of the bilayer were also observed.
With the larger area per lipid seen in the simulations performed in this work, the
bilayer would be able to deform easier and also letting water beads enter closer to
the head group while constrained in the hydrophobic region of the bilayer. Con-
sidering that the free energy for full hydration of PO4- is larger than the cost of
hydrating hydrocarbons, -25 kJ/mol and ∼ 10 kJ/mol, respectively in the Martini
model [4], these two effects, especially deformation, are a plausible explanation to
the lower value of ∆G observed.
Looking at figure 4.2, it is clear that the sampling of the histogram at d = 0 is
poor. When including the data for d = 0 (figure 4.2b), the PMF is clearly shifted.
But even with the error introduced by the poor sampling, ∆G remains lower than
values found by others as mentioned above.
While the poor sampling at d = 0 is an issue resolved by changing the sampling
parameters, the large area per lipid and the deformations is related to the setup of
the simulation itself.

5.3 Conclusions of vesicle system

For the vesicle system, less data than for the planar system is available. Particularly,
there are no studies of calculating a PMF of vesicles or other curved systems through
simulations to the best of the authors knowledge. However, ∆G is in range of what
others have reported for planar systems. [1, 4].
The average area per lipid was 58.1 and 72.9 A2 for the inner and outer leaflets,
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respectively, at T =320 K. The average of the two leaflets is 65.46 A2, about 3 A2

off from the value of the planar system at 68.95 A2 per lipid, but takes the vesicle
system closer to the more frequently reported values around 63 - 65 A2.
Looking at data from Risselada et al. [39] and Marrink et al. [40], the expected trend
of an increasing difference between area per lipid in each leaflet and an increase of
Nout/Nin is seen. Risselada et al. reports 52 and 82 A2 for the inner and outer
leaflets of mean radii 62.2 and 101.9 A, respectively, at T = 323 K and Marrink
et al. reports one vesicle with 49.8 and 90.1 A2 for the inner and outer leaflets of
mean radii of 31.5 and 67.0 A respectively, and another vesicle with 50.58 and 89.95
A2 for the inner and outer leaflets of mean radii of 32.0 and 67.5 A, respectively.
Both vesicle systems of [40] were simulated at 323 K.
Looking at the free energy profile in figure 4.3c, the small difference in the free
energy between the minimum and the peak value could be an effect of the tighter
packing of the head groups in the inner leaflet, allowing for less hydration of the
head groups. Measuring this difference for vesicles of different radii and planar
bilayers with different values of the area per lipid could shed some light to this.
Overall, the estimated PMF for the vesicle system should be of good accuracy since
it should be close to a state self controlled equilibrium through it’s formation, where
the optimum area per lipid controls the size of the vesicle.

5.4 Final conclusion

The type of deformation seen in figure 5.1, does not have a counterpart in the
sampling of the vesicle system. Considering that the barrier ∆G is much larger
and also well in the range of measured values by others, it seems the larger area
per lipid together with the tendency for deformation lowers the value of ∆G for the
planar system considerably.
The deformation of the planar bilayer is a way for the system to achieve a state
of lower energy. This can be understood by considering how the force calculations
are being done (section 3.2). If the bilayer bends in such a way that the phosphate
bead keeps the intended distance from the calculated bilayer middle while actually
being closer to the water than what would be the case for a true planar bilayer,
then this would put the constrained phosphate bead in a state of lower free energy.
Bending the bilayer is still connected to a cost in free energy for the system as a
whole, but the cost is apparently not too large to prevent this kind of deformation.

5.5 Future Work

The motivation for the project rose from experiments performed by Garg et al. [2],
where results, according to the authors, pointed to a much slower flipping rate for
cholesterol than reported in earlier work. These experiments were performed on
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lipid/cholesterol vesicles of diameters < 100 nm. Considering the significant curva-
ture for vesicles of these sizes, knowledge on how the curvature affects the transfer
rate of cholesterol is valuable. In order to have a good starting point, an accurate
method for obtaining a PMF in a vesicle system must be developed and refined. The
mapping of the PMF for numerous lipids in different planar bilayer environments
makes trying the method on lipids before moving to a lipid/cholesterol system a
safe initial goal.
Continued work in this project should first and foremost find the exact cause of
the anomalous area per lipid found in the planar system. In the long term, studies
should be extended to cover both single and multi component vesicle systems, were
cholesterol is included.
More detailed investigations could include calculations of lateral pressure profiles
and the dependence on radial distributions of the system components on the cur-
vature.
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