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Preface
My personal considerations on the atomistic worldview

Dear reader,

I would like to thank you for picking up this booklet and I will share with you some
philosophical ideas before we dive into hard science. To me consciousness and free
will are some of the most interesting topics in life, therefore I will focus on
explaining why they are so tough to appreciate within the atomistic paradigm. My
aim with this preface is to make it clear what (currently) is and isn’t possible using
this mechanical world view. These are my personal considerations and I stand
behind them, however any questions or remarks on the topic are welcome.

I hope this prelude finds you in good health,

Bart Marlon Herwig Bruininks
Groningen, October 2020

F or millennia people have been observing nature. Religion was often used in the
days of old to explain natural phenomena which could not be explained other

wise. Over time an increasing understanding of the world around us replaced many
Gods. Phenomena such as lightning and earthquakes are no longer assigned to them
and in some cases we are even capable of preventing or causing such phenomena.
Lightning is understood as a form of electrical discharge and earthquakes are well
described as shock waves originating from released stress[1, 2]. Life, as compli
cated as it may be, has undergone a similar evolution of understanding. The current
scientific belief no longer requires a soul to live, nor is intelligent design required
for complexity. For life is commonly regarded as an emergent property of nature
itself. This view treats life as a machine, which has to obey the laws of nature[3].
Therefore, to understand life, we have to understand nature.

0.1. Taking a closer look at nature
Humans are considered a part of nature, and since you are most likely a human
yourself, we could not think of a better subject to pick for a short consideration of
this mechanical view. Stating that humans are machines might feel a bit short sighted
at first, for humans feel like they have a free will and machines clearly do not (right?).

xi



xii Preface

However, a quick inspection of the two might reveal some interesting similarities. We
will start with the car. One could say a car is a machine, for it does not choose to
drive, it just does what humans instruct it to do. Inside the car is an engine, which
is capable of transforming chemical energy (the fuel) into mechanical energy (the
rotation of the drive shaft). This in turn causes the wheels to rotate which, due
to friction with the ground, causes the car to move. The gas pedal as well as the
steering wheel, might be inside the car, but it is clearly not up to the car to decide
the speed nor direction of movement. A modern car might be able to influence such
parameters as speed and direction. However we can explain that behaviour as being
controlled by a logic circuit, which was designed by humans. Upon taking a closer
look at the individual components and the materials they are made of, we would find
that the main materials used are aluminium, magnesium, carbon fiber, copper, steel,
glass, rubber, and plastics. Where aluminium, magnesium and copper are atoms
themselves, the others are compositions of atoms in molecules or other forms of
larger assemblies of atoms. These atoms are well known building blocks of nature
and their behaviour is understood relatively well. No free will was reliably detected
in any atom as of yet.

Clearly a car is a machine and humans are not. Humans contain a free will which
guides their actions. Our free will is driven by thought, which is forged in our brain.
Our brain is made out of brain tissues containing a variety of brain cells. These
brain cells are composed of organic molecules mainly containing oxygen, carbon,
hydrogen, nitrogen, calcium, and phosphorus atoms. As it turns out to be, cars
and humans are both made out of atoms, the building blocks of nature. Apparently
atoms have such properties, that if you place them together in a complex mixture
they can start to behave in complex manners. Back to the free will. Proving that the
free will does or does not exist is nontrivial at this point. Nevertheless, it might be
interesting to consider the following. Like an engine or a brain cell, the free will is
an emergent property of a complex assembly of atoms. This hints at the possibility
that no free will can ever exist without the body and its experiences. Such a concept
of the free will might be striking to some and inspire a radical change in behaviour.
On the other hand, explaining behaviour from an atomistic point of view is not very
practical and rarely results in an enhanced understanding of specific behaviour. The
sheer amount of computations involved to look at the free will from an atomistic point
of view quickly becomes incomputable.

0.1.1. Currently theoretically impossible

The behaviour of the atoms, amongst others, depends on their positions and veloc
ities. In the case of a human being so many in fact, that computers are needed to
perform the calculations. To model the behaviour of atoms with a computer we would
at least have to be able to access their positions and velocities. To get a better un
derstanding of what we want to achieve, we will perform some backoftheenvelope
calculations. We live in a three dimensional (3D) world and therefore we require three
coordinates for both positions and velocities. To put things in perspective, there are
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Figure 0.1 | The relative scales of life and its components. This image was reused from Environ
mental Biology by Matthew R. Fisher and is licensed under CC BY 4.0.

roughly 1013 atoms in a typical human cell1 and around 3 ⋅ 1013 cells in a human
body[5] (Fig. 0.1). Therefore we would have to keep track of 1.8 ⋅ 1027 values. The
most powerful supercomputer to date (Summit) only has 1.4 ⋅ 1017 flops (floating
point operations per second)[6]. This means that inspecting all the atomic positions
and velocities once, using this computer, would require 128.6 years. If that still
sounds reasonable, you have to consider the fact that a simulation requires around
1015 iterations to simulate one second. This would take 128,600,000,000,000,000
years.

Evidently, trying to model a human being, at this level of detail, is out of our
reach for many years to come or might never be possible at all. Understanding and
modelling the free will from an atomistic point of view is extremely difficult. The
sheer amount of data involved would be incomputable. Nevertheless, would it not
be marvelous if the free will can be understood as to be comparable to a tree or a
dishwasher from an atomistic point of view?

1A human cell has a mass in the order of nanograms (10−12). For convenience the amount of atoms
per cell was taken to be the same as the amount of cells in a human body, a common rule of thumb.
Nevertheless, the amount of atoms in the human body hovers around 1027  1028[4]. Counting all cells in
the human body involves too much counting and only estimates are provided based on tissue averages.
The exact number of atoms is easier to estimate, for we can chemically measure the amount of each
atom present in a human body.
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0.1.2. Currently theoretically possible
Describing the free will from an atomistic point of view will be left for future gen
erations and something we will not return to in this thesis, for it clearly lies out of
reach (for now). However, subcomponents of humans might just be doable. A single
cell consists of 1013 atoms and we potentially have 1017 flops available. Although
the exact modelling of the physics of atoms is more involved than just reading their
position and velocities, this at least indicates that we would be able to perform op
erations on such a dataset and expect results within our lifetime. At the time of
writing, Molecular Dynamics (MD) simulations of atomistic resolution are limited to
subsections of cells over time scales in the order of microseconds. Nevertheless the
first attempts of molecular minimal cell simulations have been granted funding and
results are expected in the coming years.

0.2. Outline of this thesis
This thesis can be subdivided into four main issues. Issue one is the theoretical
framework expanding on how to model nature from a molecular perspective (chapter
1 and 2). Next, the end of chapter 2 and chapter 3 as a whole, focuses on how
to prepare a system so simulation can be performed. Then, data with biological
relevance is generated and interpreted which is presented in chapter 4 and 5. The
last issue revolves around the increasing complexity of the analysis as the complexity
of the systems increases (chapter 6). In the summary and outlook we reflect on the
achieved and expand on what the future of modelling life with molecular detail will
look like. Finally, I will thank everyone who helped shaping me and this thesis in the
acknowledgments.
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1
What it means to be an atom

You’ve explained something if you are finished talking.

Liesbeth Couwenberg

T he idea of the atom as the fundamentally smallest conceptual particle has
been around for millenia and the earliest documented considerations to

our knowledge stem from the ancient Greek and Indian philosophers around
500 BCE (Democritus, Kanada)[1]. In this chapter we will first introduce the
concept of the atom and then use this concept to make an atomistic toy model
and use it to explain parts of our perceived reality. Whenever we talk about
atoms in this section we mean the philosophical concept, not the actual mod
ern atoms presented in the periodic table (unless stated otherwise). The main
thing we should keep in mind is that we assume everything is made of atoms
for atoms are the fundamentally smallest particles. At the end of this chapter
the reader should understand how to build a physical model based on obser
vations. The example model is not meant to be the most accurate description
of reality, instead it focuses on obtaining a qualitative model which illustrates
the fundamental interplay between individual motions and system properties
such as temperate and pressure.

1
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2 1. What it means to be an atom

1.1. The atom
An atom has no nose, nor does it have eyes, ears, fingers or a tongue. It has no
brain nor intention. For now let’s say it just is. It is an entity in space. Like a point or
maybe a small sphere. That would probably be all we would know about a universe
with only one atom. Luckily for us, our universe contains lots of atoms. This fact
brings some new interesting features. For example, an atom cannot be too close
to another atom (exclusion). Some atoms might attract each other, whilst others
repel. These interactions act as forces on the atoms causing them to move. The
manner in which atoms attract or repel each other could be regarded as a part of their
tiny perception. Atoms possess enough information to react to their environment
and they are continuously reconfiguring to find their best state1. Besides pairwise
interactions, atoms gain some other interesting forms of interactions when they come
with more than one. They can be linked together by socalled bonds. These bonds
could be imagined as a force preventing the connected atoms from moving away
from each other and is dependent on the distance. If more than two atoms are
connected to each other they might prefer a certain angle, while four or more atoms
could prefer a specific dihedral (Fig. 1.1).

Figure 1.1 | The geometric definitions of the bonded interactions between atoms.

Such assemblies are called molecules, still potentially very small but as opposed
to atoms, molecules are divisible. Every atom also has some mass, thus gravity
is introduced. However, due to the extremely small mass of our systems, and the
weakness of gravity it is usually disregarded. To illustrate, consider the following to
understand how weak gravity is. When you lift a paperclip with a small refrigerator
magnet, the magnetic force between the paperclip and the magnet is bigger than all
of the gravity of the earth ‘pulling’ on the paperclip, otherwise the paperclip would
fall.

The description of all the atoms and the manner in which they interact with each
other is called a force field. The true nature of these force fields lies in the realm
of Quantum Mechanics, which will not be addressed in this thesis2. However, in
practice the description of atoms and the manner in which they interact is based
on both Quantum Mechanical (ab initio) and experimental data (in situ). Careful
characterization of the actual atoms of life has taken place over the past decades

1No machine can be driven by the movement of the atoms after reaching this best state.
2Quantum Mechanics is a theory which deals with the observation that making things smaller has its limits.
This theory does not take atoms as its most basic component, but probability density functions. It is a
more complete, but much more complex theory. In the realm of Quantum Mechanics a system of a few
molecules is regarded large.
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and still continues today [2–8].
To understand what is required to define a force field and to use it to model the

behaviour of atoms, we will start with building our first crude model and perform
some experiments. The construction of this model requires very little background
knowledge and is recommended for all readers to whom molecular dynamics is a
fresh concept. After a qualitative description of the model, we will move on to an
exact definition which will be implemented in python3. The math and implemen
tation section are meant for high school or university students, attempting to wrap
their heads around actually building simulation software. Finally we will discuss the
strengths and weaknesses of our model and suggest possible improvements to be
made. At the end of this chapter the reader should feel much more comfortable
about modelling the physical world and its dynamics, albeit in an armchair. For most
readers the first chapter will be the only relevant chapter to read, which is absolutely
fine. To others, this chapter might be unnecessary, nevertheless we hope it will result
in some fresh views on an otherwise well understood topic.

It is only after careful consideration that concepts tend to become trivial.

The author

1.2. An atomistic toy model
As always one should start simple. Let’s assume that atoms are spherical3 and they
possess some mass. Maybe for now we could think of them as marbles. All the
marbles are the same. Meaning none prefer anyone over the other. However, there
is one limitation: No two marbles can be in the same place at the same time. Meaning
they interact as hard objects (exclusions), such as billiard balls, chairs, etc. Since all
our marbles have the same mass, such a property is meaningless to the marbles in
our marble world. Therefore we will exclude mass from consideration4.

Figure 1.2 | No two marbles can be at the same place at the same time.

3Spherical in the sense of spherical symmetry. One could think of a circle as a 2D sphere and two dots on
a line as a 1D sphere, finally a point is a 0D sphere. 4D and higher dimensional spheres are often called
hyper spheres.
4A base property which is always constant is immeasurable and meaningless from the observer’s frame
of reference. E.g. time is pointless if it is always 12.00h, likewise what does distance mean if everything
exists at the same place?
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1.2.1. Start with placing some marbles
We start with putting two of our marbles at any distance on straight smooth rails
and try out all possible distances of placement. Due to the local exclusion of marbles
within their radius, the center points of any two touching marbles are always sep
arated by two times the marble radius (diameter; Fig. 1.3). All distances between
center points further away than the diameter are equally good – if we only consider
two marbles. Once placed, we can move the marbles on the rails by repositioning
them with our fingers. Continuously moving marbles away from each other causes
their relative distance to keep increasing. Where if we move the marbles towards
each other, they get closer and closer, until they are touching. It might be interesting
to notice that when the available space is larger than the total space occupied by the
marbles, we have some choice in designing our system (the total of the marbles,
space and all other things we include in our model). If the space available matches
the total amount of occupied space, there is no freedom in how to build the system.
Finally if less space is available than the total occupied space for the marbles, there
is no way in which the system can be built at all. Such an initial setup is called the
initial state of position. To finalize our initial state we have to add initial velocities as
well. But before we do so we will describe what we mean by movement and velocity.

Figure 1.3 | All possible distances of two marbles on a line. Marbles can be treated as hard
spheres which do not allow for distances smaller than two times the marble radius (its diameter). Since
there are only two particles (blue, green) and there are no other interactions between our marbles, all
distances greater than our diameter are equally likely. A possible distance is represented as a one on the
y axis and a zero is used for an impossible distance.
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1.2.2. Movement
As we have introduced position, positioning, exclusion and repositioning, it is time
to focus on the movement (kinetics) of our marbles (Fig. 1.5 A). Since we are using
the macroscopic concept of marbles, we would do well to inspect how marbles move
in the real world. As position is only defined relative to other marbles or walls so is
movement, for it relies on a change of said distance.

Figure 1.4 | Movement is relative.

Beside the concept of relativity in movement, four important aspects of marble
movement should be considered: i) A marble at rest does not start to move without
an external event. ii) A marble which is moving stays moving, but slows down due
to friction until it is at rest. iii) When a marble bounces at a right angle into a wall,
its velocity is inverted, while its speed is maintained (Fig. 1.5 B). Consequently, since
velocity is relative, a marble shoots off at twice the speed as the wall that hits it.
This under the assumption that the marble was at rest before it collided with the
moving wall.5 Finally, iv) like in billiards, if a marble hits another marble which is at
rest, the moving marble and the marble at rest exchange velocities upon colliding
(Fig. 1.5 C). Meaning the previously moving marble lies still after the collision and
the previously still marble will move at the velocity at which the marble that hit it was
traveling. However, since all marbles are equal there is no way in which you can tell
them apart, therefore one could also envision the instantaneous moment of collision
between marbles as marbles exchanging their position and retaining their velocity.
However, in the implementation we will interpret the collision between marbles as
the exchange of velocities which is more in line with our macroscopic observation.

1.2.3. Heat pressure space and density
Having defined our concepts of position and movement, we are ready to tackle real
world phenomena such as heat, temperature, pressure, space and density. However
to do so we have to leave the macroscopic marbles behind and zoom into the atom
istic scale. We have to do so as the manner in which friction, heat and temperature
manifest is rather different at the size of atoms. At this scale there is no longer any
air in between the marbles, for the air itself is made of marbles. Ground friction dis
appears for the same reason. Any friction that would occur in our system is explicit,

5In soccer this implies that kicking a ball could maximally result in the ball shooting off from your foot
with the velocity at which you were swinging it. I.e. two times the velocity of the swinging foot from the
frame of reference of the ground. Similarly, the minimum velocity at which you have to move your foot
backwards to stop the ball is half the velocity of the ball.
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Figure 1.5 | Positioning, movement and collisions of marbles. The positioning and movement of
a marble in a one dimensional space, the clock in the topleft represents the passing of time in between
the two snapshots (A). The collision between a marble and a wall (B). Marblemarble collision (C). On
the right the same phenomena are displayed using spacetime diagrams. The slopes in the spacetime
diagrams represent the velocity of the marble. In a spacetime diagram the collision between a marble
and a nonmoving wall should always result in equal angles of incidence and reflection (like a mirror).
Similarly the change in the angle of marble movement is identical for marblemarble collisions.
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since the only interactions our marbles can have is collision due to exclusion with
another marble or a wall. For all physical considerations the rails do not exist and
they are just a visual construct to help us think in one dimension of space.

We defined movement as the displacement of marbles relative to other objects
(i.e. marbles or walls). These were all properties of individual objects. If we look at
the whole system we could spot some other properties such as the total amount of
movement and the amount of wall collisions over time. To allow for a more intuitive
reading experience we will give these system properties a name which couples well to
some familiar macroscopic concepts such as temperature and pressure. Temperature
can be thought of as a property which is dependent on the internal motion present
in our system of atomistic marbles, therefore it can only be equal to, or greater
than zero (average velocity). For example, any temperature higher than zero reflects
some form of internal motion of our marbles. Meaning we know for sure that not all
marbles will be lying still.

However, since marbles do not start or stop moving on their own, we have to
add some initial motion to the system to have any movement at all. In the atomistic
marble world, we could apply initial motion with our atomistic fingers by flicking some
of the marbles. After doing so we should prevent our edge marbles from shooting
off, only to be lost to the infinity of space, by holding our fingers on the rails at some
distance around the marbles. To put it another way, we use our fingers to act as walls.
In doing so we define a space where the marbles can be. After placing our fingers
we observe how often and hard our fingers get hit. The frequency and intensity at
which our fingers get hit reflects the internal pressure. In other words, the pressure
reflects the effort it takes to hold our finger in place over a certain amount of time.
After repeating the proposed experiment a few times we would notice that the harder
we initially flick, the harder our fingers get hit by the marbles at the end of the rails.
Another observation we could make, is that as we do slide our fingers to a closer
distance around the center, they are hit more frequently. As it seems, there is an
interesting relationship between movement, pressure and the amount of space our
marble system is allowed to take. However, what is this relationship exactly?

Figure 1.6 | At the scale of atoms friction and collision are one and the same.

1.2.4. Taking a closer look
For now consider a piece of rails with only one marble, confined in its length by
our fingers acting as walls. If we would flick the marble it would start colliding
between our two fingers. After experimenting a bit, we would find that there are
two alterations we could make to our initial state to affect the frequency or intensity
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at which our fingers get hit (i.e. the pressure). One, by initially flicking the marble
more or less, we can change the speed at which the marble moves between our
fingers. Flicking the marble harder would result in our fingers getting hit more often
and intense, and vise versa. Two, by allowing more space on the rails the frequency
would go down due to the fact that it takes the marble longer to travel a greater
distance at equal speed. Using similar reasoning, decreasing the amount of space
would increase the frequency at which our fingers get hit.

A less trivial consequence of sliding our fingers, is that we might change the speed
at which the marble is moving. Depending on when we move our fingers we can
affect the intensity at which our fingers get hit. If we would move our fingers quickly,
in between collisions with the marble, the intensity at which our fingers get hit would
remain unchanged due to the sliding. However, if the marble hits our fingers while
we are sliding them, we do affect the velocity of the marble. If the marble collides
with our finger while we are sliding inwards, we effectively flick the marble at the
velocity at which we are sliding, thus increasing the temperature. On the other hand
if our fingers get hit whilst we are sliding them further apart, we reduce the velocity
of the marble (as taking the ball in soccer stops the ball). A phenomena very similar
to the Doppler effect in which the pitch of a sound wave increases if the sound source
or reflective wall is moving towards the observer and vice versa. As the temperature
of our system is the average speed of marble movement, colliding with walls which
are moving away causes the system to cool down.

Finally, if we consider more than one marble we can also affect the pressure.
Adding more marbles would cause our fingers to get hit more frequent, as decreasing
the amount would have the opposite effect. The fact that decreasing the amount of
marbles from one to zero results in no collisions at all, should obviously result in no
pressure. However, how is it that increasing the amount of marbles results in more
frequent collisions? This has to do with the amount of space available. We already
concluded that every marble excludes some space equal to its diameter. Therefore
adding an extra marble removes its diameter from the total available space to move
through. Meaning less distance needs to be traveled by the marbles to result in
a hit with our fingers, causing an increase in the hit frequency. The temperature,
however, should go down as we add nonmoving marbles to our system. For the
total speed of the system remains unchanged but it needs to be divided over more
marbles. It should be reasonable that the opposite would be true if we would remove
some marbles from our system – if we had more than one to begin with. A nice
example of this reduction of effective space by adding more marbles is Newton’s
Cradle, a common desk toy (Fig. 1.7). By displacing one of the outer metal balls
and releasing it, the displaced ball starts to swing towards the chain of resting balls.
As it hits the closest resting ball it appears as if the ball at the end of the chain
instantaneously starts to move. The movement of the outer balls apparently skips
some of the distance due to the presence of the center metal balls.

Armed with our fresh model of position, movement, space, temperature, pressure
and the amount of marbles, we would do well to make some predictions to evaluate
our atomistic marble model of the world. After which it is time to reflect on the value
of our model and decide if we want to put in more effort.
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Figure 1.7 | Newton’s cradle.

1.2.5. Predictions and validations
As decreasing the amount of available space on the rails containing a certain amount
of marbles causes our fingers to get hit more frequently and potentially even more
intensely. We might predict that compressing air could result in an increase in pres
sure and temperature (Fig. 1.8). We have to state could, for the temperature might
as well stay the same if one is able to change the shape of the container in between
individual collisions. An interesting prediction from our marble world, and one we
can easily validate.

The next time we use a bicycle pump we would do well to appreciate the fact that
the pressure is going up in our pump because we decrease the amount of available
space by compression. The tire increases in pressure because more air (marbles) is
filling roughly the same amount of space. Just as our model predicted! Regarding the
temperature, if we would touch the tubing where the pump connects to the valve
it turns out it always gets hotter during pumping. Pumping in between collisions
appears extremely hard and indeed has been proven impossible without generating
heat itself[9]. In fact, the heating due to compression is the ignition system in a diesel
engine which is considered extremely reliable. An interesting side observation we
could make is that decompressing the tire cools the valve, although this phenomena is
not explicitly addressed in our model. A lot more could be investigated: continuously
beating or heating a tire should cause the inner temperature and pressure to rise to
a point at which the tire explodes. Tires in winter should run flat due to the lower
temperature causing a drop in pressure, we can boil a milkshake by blending it long
enough etc. The consequences are numerous and the effects of them are all around
us, all predicted by an imaginary world filled with tiny marbles on rails (and some
fingers).
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Figure 1.8 | Results from the simulations of constant and dynamic space. The conditions of
constant, decreasing and increasing space were tested in silico. Our thought experiments were spot on!
Again we see a strong coupling between space, pressure and temperature. The time step clearly shows
periodicity in the case of constant space. The velocity of the second wall was zero, negative and positive
for constant, compression and decompression respectively.

For now let us stay focussed on our successes and we will get back to some
drawbacks at the end of this chapter. Our current atomistic marble model might be
considered crude as it only uses simple concepts such as the movement and collision
of equal sized marbles between walls. Yet we find that we have been able to simu
late real world phenomena from a model at the atomistic scale. Such undertakings
fall within the field of molecular dynamics and we have just succeeded in building a
very crude but useful atomistic model. However, our marble on a rail model is only
expressed in a mostly qualitative manner. We did not construct a complete formal
definition of our model. Adding such a description would allow us to make quanti
tative predictions. Predictions such as the exact increase in temperature of the gas
in the bicycle pump due to the act of compressing the air inside. This mathematical
implementation requires a high school level understanding of math, although most
of it should be understandable to anyone with a little bit of help.

1.2.6. Formalizing the marbles on rails model
To formalize our model we have to express it into a mathematical form. This for
malization can then be translated to machine instructions, which would allow us to
run our model on a computer. Potentially saving us a lot of time consuming manual
calculations. To keep track of what needs to be done it would be wise to make a short
list of all the components in our model. Our model contains: space, time, marbles,
positions, velocities, and walls. For our marbles it is important to define how they
move, collide and interact with the walls. This would include what makes marbles
start or stop moving and how to collide with themselves or with the walls. As it turns
out all the other properties (e.g. pressure and temperature) discussed previously will
be dependent on the elementary components mentioned above.

Position
A marble can be placed at any position in the space enclosed by two walls, as long
as its center is at least its diameter away from any other marble’s center or its radius
from the wall (Fig. 1.5). A position is always indicated with respect to something



1.2. An atomistic toy model

1

11

else and is therefore relative. The vertical bars around expressions indicate that the
result should always be expressed as positive (i.e. 1 and 1 both result in 1).

𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛(𝑚) = 𝑚𝑒𝑡𝑒𝑟𝑠 (1.1)

𝑟𝑎𝑑𝑖𝑢𝑠(𝑚) = |𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦(𝑚) − 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑐𝑒𝑛𝑡𝑒𝑟(𝑚)| (1.2)

𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑚𝑎𝑟𝑏𝑙𝑒(𝑚) = 2 ⋅ 𝑟𝑎𝑑𝑖𝑢𝑠(𝑚) (1.3)

𝑠𝑝𝑎𝑐𝑒𝑡𝑜𝑡𝑎𝑙(𝑚) = |𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑤𝑎𝑙𝑙 𝐴 − 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑤𝑎𝑙𝑙 𝐵| (1.4)

𝑠𝑝𝑎𝑐𝑒𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒(𝑚) = 𝑠𝑝𝑎𝑐𝑒𝑡𝑜𝑡𝑎𝑙(𝑚) − 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑚𝑎𝑟𝑏𝑙𝑒(𝑚) ⋅ 𝑎𝑚𝑜𝑢𝑛𝑡𝑚𝑎𝑟𝑏𝑙𝑒𝑠 (1.5)

Movement
Speed is the magnitude of displacement over a time interval (i.e. change in position).
Velocity is the speed multiplied with its direction. Left is negative and right is positive
one. Speed and velocity rely on position and therefore all of these properties are
relative.

𝑡𝑖𝑚𝑒(𝑠) = 𝑠𝑒𝑐𝑜𝑛𝑑𝑠 (1.6)

𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦(𝑚/𝑠) =
𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑓𝑖𝑛𝑎𝑙(𝑚) − 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑖𝑛𝑖𝑡𝑖𝑎𝑙(𝑚)

𝑡𝑖𝑚𝑒𝑓𝑖𝑛𝑎𝑙(𝑠) − 𝑡𝑖𝑚𝑒𝑖𝑛𝑖𝑡𝑖𝑎𝑙(𝑠)
= Δ𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛(𝑚)

Δ𝑡𝑖𝑚𝑒(𝑠) (1.7)

𝑠𝑝𝑒𝑒𝑑(𝑚/𝑠) = |𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦(𝑚/𝑠)| (1.8)

Collisions and the amount of marbles
marblemarble In our marble model, we envisioned marble movement to follow
the rules of our macroscopic reality (i.e. the world at human scale). From some
simple observations we deduced the following truths. When a marble at rest is
hit by another marble, they exchange their velocity. Since movement is relative
between marbles, any collision can be expressed as a collision between a marble
at rest and a marble moving, by subtracting the speed of the first marble from both
marbles. Therefore we can solve any collision using the following expressions setting
the relative velocity of A to zero. A and B represent the two colliding marbles where
the 1 and 2 represent their velocity before and after collision respectively.

𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝐴1 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 = 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝐴1 − 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝐴1 = 0 (1.9)

𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝐵1 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 = 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝐵1 − 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝐴1 (1.10)
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𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝐴2 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 = 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝐵1 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 (1.11)

𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝐵2 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 = 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝐴1 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 (1.12)

marblewall A collision of a marble with a nonmoving wall results in the inversion
of the velocity. Again, movement is relative and we can also solve moving walls with
this equation. As the relative speed decreases when the wall is moving away from
the marble, the speed of the marble will be lower after the collision. If the wall would
move towards the marble, the final speed of the marble is higher. For nonmoving
walls the final speed is equal to the initial speed. Due to the fact that a marble cannot
go through a wall but collides in the opposite directions, marbles can never escape
the defined amount of space. Therefore the amount of marbles is constant.

𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝐴2 = −𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝐴1 (1.13)

𝑎𝑚𝑜𝑢𝑛𝑡𝑚𝑎𝑟𝑏𝑙𝑒𝑠 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (1.14)

Temperature, space and pressure
In our description of temperature we stated that temperature is equal or greater than
zero and is related to the average movement in our system. To satisfy these rules
we could define temperature as the average squared velocity of the marbles in the
system. The square is often used in mathematics to make sure that the final value is
always positive. As the temperature relates to the average movement of our marbles
which we expressed in velocity, we can get rid of the directional character of velocity
by squaring it. In this case the squaring conceptually serves the same role as taking
the absolute value (speed). However, due to historical reasons the square approach
was chosen to use for the definition of temperature.

𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒(𝑚2/𝑠2) =
𝑎𝑚𝑜𝑢𝑛𝑡𝑚𝑎𝑟𝑏𝑙𝑒𝑠

∑
𝑖=1

𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦2𝑖 (𝑚2/𝑠2)
𝑎𝑚𝑜𝑢𝑛𝑡𝑚𝑎𝑟𝑏𝑙𝑒𝑠

(1.15)

Pressure is defined as the product of the hit frequency and hit intensity of the
outer marble with our fingers. The hit frequency is dependent on the effective space
of the system and the temperature, while the average hit intensity is only dependent
on the temperature.

𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦𝑖𝑚𝑝𝑎𝑐𝑡(1/𝑠) =
√𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒(𝑚/𝑠)
𝑠𝑝𝑎𝑐𝑒𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒(𝑚)

(1.16)

𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒(𝑚/𝑠2) = √𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒(𝑚/𝑠) ⋅ 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦𝑖𝑚𝑝𝑎𝑐𝑡(1/𝑠) (1.17)

𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒(𝑚/𝑠2) = 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒(𝑚2/𝑠2)
𝑠𝑝𝑎𝑐𝑒𝑡𝑜𝑡𝑎𝑙(𝑚) − 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑚𝑎𝑟𝑏𝑙𝑒(𝑚) ⋅ 𝑎𝑚𝑜𝑢𝑛𝑡𝑚𝑎𝑟𝑏𝑙𝑒𝑠

(1.18)
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Conditional consequences
A marblemarble collision can only result in exchanging velocities. A marblewall
collision with a non moving wall results in the inversion of the velocity. Thus, the
total and average marble movement must remain constant over time under such
conditions. The amount of space is also constant as long as the walls do not move.

𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (1.19)

𝑠𝑝𝑎𝑐𝑒𝑡𝑜𝑡𝑎𝑙 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (1.20)

To conclude
Having properly expressed position, movement, velocity, space, temperature, pres
sure and the amount of marbles, we are finished with the definitions of all discussed
concepts.

bonus material However, the huge constraint of equal sized marbles and the sep
arate rule for marblewall collisions might leave too many open questions for some.
Therefore a system including the concept of unequal mass will be quickly defined
below for those who cannot resist. This part requires knowledge which is not cov
ered and is meant for the critics reading this chapter. The proper derivation requires
concepts such as the preservation of moment and energy, which are not discussed,
nevertheless we can briefly evaluate the result. In short, one could consider mass as
a weight factor. The magnitude at which a wall’s or marble’s velocity is altered upon
collision is dependent on the relative weight and velocity of the involved objects.

𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝐴2(𝑚/𝑠) = 2 ⋅
𝑚𝑎𝑠𝑠𝐵(𝑘𝑔)

𝑚𝑎𝑠𝑠𝐴(𝑘𝑔) + 𝑚𝑎𝑠𝑠𝐵(𝑘𝑔)
⋅

(𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝐵1(𝑚/𝑠) − 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝐴1(𝑚/𝑠)) + 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝐴1(𝑚/𝑠) (1.21)

𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝐵2(𝑚/𝑠) = 2 ⋅
𝑚𝑎𝑠𝑠𝐴(𝑘𝑔)

𝑚𝑎𝑠𝑠𝐴(𝑘𝑔) + 𝑚𝑎𝑠𝑠𝐵(𝑘𝑔)
⋅

(𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝐴1(𝑚/𝑠) − 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝐵1(𝑚/𝑠)) + 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝐵1(𝑚/𝑠) (1.22)

The apparent advantage of adding mass is that the distinction between a wall
and a marble disappears, a wall is just a very heavy marble. From these equations
it follows that a marble will practically invert its velocity upon collision with a wall,
as long as the wall is standing still and the wall is much heavier than the marble.
However, since no wall is infinitely heavy, it will start moving a tiny amount and
the marble will lose a tiny amount of movement. Effectively causing the system to
start expanding and to cool down. Since the walls will only get hit from the inside,
they will keep increasing their velocity until all marbles are moving away from the
center point at a velocity lower than the wall, preventing any further collisions with
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it. Even though the velocity at which the system expands is fixed from this point,
the system will keep expanding forever. Such drift could be prevented by making the
walls infinitely heavy. However, allowing the walls to be infinitely heavy would defy
Newton’s Second law which states that any interaction between two objects has to
be symmetrical. Meaning the change on one object due to the other, is equal and
opposite to the change on the other object due to the one.

Thus adding mass would bring us no closer to the truth from this perspective.
A proper solution for the wall problem is to remove the concept of walls completely
and work in a periodic space. However, the concept of pressure becomes a lot less
intuitive under such conditions, as well as envisioning the motion. Finally the concept
of mass is not mandatory for the concept of motion per se. It is for these reasons
that we did not include mass in our model and made the walls inert.

1.2.7. Implementation
Using the proper definitions of our model, we can implement our model into code in
three manners. First, we could use an analytic approach in which we always solve all
possible collisions and sort them in time. This is followed by moving all marbles up
to the first collision event6. The simulation is performed by recalculating all collision
paths and executing the first occurring collision in an iterative manner. By doing so we
could simulate the whole system under all conditions at machine precision accuracy,
which is pretty neat. For a one dimensional system with hard interactions such an
approach is actually not bad at all7. This algorithm was implemented in python3 and
was added under an open software license in the supplementary material at the end
of this chapter. The graphs and videos were rendered using this simulation software.

The second manner in which we could perform the simulation, is by looking at
the systems in small time steps. If our timestep times the highest velocity is al
ways smaller than the radius of the marbles, we can detect collision in the form of
overlap. If the displacement of a marble due to its velocity results in overlap with
either another marble or a wall, it is treated as a collision taking the time step into
account. This algorithm obviously starts to fail as the maximum velocity or time step
increases. However, if the interactions are not as hard as we defined them in our
model (proper exclusion), but are of a more soft nature the analytical solution is
no longer trivial. As it becomes unsolvable for most cases involving more than two
interacting objects[10]. Therefore the numeric approach is the approach most often
used in condensed matter physics, such as the physics of life.

Finally we could solve any 1D marble system by hand using a ruler, graphing
paper and some colored pencils. First, for a system of marbles having a certain
position, velocity and radius, we have to shift our marbles from real space to reduced
space (Fig. 1.9 C > A). To do so we make the distance between our marbles with
no radius equal to the distance that was in between our marbles when they had a
radius measured from their outer boundaries. Secondly, we draw our marble velocity

6This would also work for marbles with different masses.
7After writing this chapter and the code we discovered a rather trivial method to solve this system with a
ruler and some colored pencils, which indicates that this algorithm is actually not very efficient. Never
theless it works and the third method is presented below.
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Figure 1.9 | Constructing complex marble movement by hand. A marble density pattern over
time for marbles with no radius (reduced space, A). Annotated marble trajectories with no radius, each
line is given a color at the start and this color is propagated through the pattern by never crossing another
line (reduced space, B). To give the marbles a radius we can pull apart the annotated trajectories, the
amount of displacement represents two times the radius times the order of the marbles (counted from
left to right i.e. 1, 2 and 3 respectively) (real space, C). A system from a resting frame of reference can
be placed in a moving frame of reference by shearing the diagram in the spatial dimension (D). A system
with a changing amount of marbles (E, F). A compressing system (G).

vectors in a spacetime diagram and extend them as if they were light rays bouncing
between two mirrors (Fig. 1.9 A). Since marbles are presumed to collide and not
change places, we can now color all marble traces which do not intersect (Fig. 1.9
B). To get the real marble collision trajectories we have to move from reduced space
to real space again by displacing the traces by the same amount we initially used to
get from the real space to the reduced space (Fig. 1.9 C)8. To change our frame of
reference we can apply a shear transformation to our diagram in the spatial dimension

8Constructing the collision pattern in reduced space also works for marbles with nonequal radii.
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(Fig. 1.9 D). After careful inspection of figure 1.9 D we can conclude that a change in
reference does not affect pressure and temperature, although it does affect individual
marble velocities. This method of marble collision construction can also be used
to describe system which have a changing amount of marbles (Fig. 1.9 E, F). It
makes sense that this should work, for the past is not dependent on the future. An
interesting observation is that that the overall patterns in the spacetime diagram do
not change upon adding or removing a marble, but the individual marble trajectories
do. Finally we can solve for compressing or decompressing systems (Fig. 1.9 G) by
reflecting our lines on the wall as if it was a mirror and then add two times the wall
velocity to the colliding marble. This one is the hardest to draw on paper for you
cannot simply draw reflective lines. The increase or decrease of marble velocity and
pressure can be observed by marble traces becoming more or less flat respectively.

1.2.8. Weaknesses of our current model
The one dimensional atomistic model of marbles appears to be adequate for qualita
tively9 describing concepts such as pressure and temperature, but it seems to have
some downsides. To address some of the shortcomings we will take a look at the
soft interactions, and the concept of molecules and chemistry.

Soft interactions
In our model we explicitly stated there is only one form of interaction which is gov
erned by the marble/wall exclusion principle: ‘No two objects can occupy the same
space.’ To know how such an event is prevented we investigated two rules of collision.
One is the exchange of velocity/position in the event of a marblemarble collision and
the other one is the inversion of the marble velocity upon collision with a wall. In such
a description of interaction you either interact completely and collide, or you do not
interact at all. Another aspect of all these interactions is that they repel. There is no
way in which we can have any attractive interaction in our current model. However,
gravity appears to be both attractive and ‘soft’, soft meaning it can act weaker over
a distance. For gravity prevents you from falling off the earth, even when you are a
considerable distance away from it. It appears we would have to add a whole new
set of rules to define such an interaction. The collection of such rules is called the
force field and it defines all possible interactions in the model. In our simple model
the only interactions in our force field are the simple collisions based on position and
velocity, yet to add gravity we have to add another motion law. This law should
act on our marbles not only depending on position and velocity, but also their mass.
Where mass can be defined as the total amount of marbles grouped together in a
lump, moving collectively.

Gravity is not the only interaction which appears to be soft. When two magnets
are clicked together and separated, you can feel the pull even if the magnets are
partially separated. Another form of soft interaction is the induced magnetic effect
due to electricity passing through a conductive coil (an electromagnet). Again we

9Our model produces quantitative results, but it only correlates qualitatively with reality. Meaning that we
might predict a tire heats up due to compression, which turns out to be true, but we do not accurately
predict the exact amount of increase in temperature.
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can observe a magnetic effect which appears to act soft over distance, not discrete
like our marbles at all.

Molecules and Chemistry
The concept of molecules was briefly discussed when we looked at what it means to
be an atom. In our current model we only handled the nonbonded interactions by
means of the exclusion rule. However, we stated that atoms can also have bonded
interactions, effectively fusing multiple atoms together. To allow for the phenomena
of bonded interactions we would have to add a special potential between two marbles
to prevent them from moving apart too much. Additionally, in our one dimensional
model we would never be able to describe an angle or a dihedral. Such concepts
would require at least two and three dimensions of space respectively. Finally, in real
life molecules can react with one another and change their chemical behaviour due
to those reactions. Obviously such complexity is not covered for our model does not
include molecules in the first place.

1.2.9. To conclude
By building a one dimensional dynamic model of marbles we were capable of deriving
a powerful real world relationship between temperature, pressure, space and the
amount of atoms. The activity of building such a model and using it to simulate
the world is what it entails to perform Molecular Dynamics simulations. However, to
model real life or its components more accurately we require soft interactions both
repulsive and attractive, as well as molecules with angles and dihedrals. Therefore
a one dimensional model without attraction will never be enough to simulate life
(completely).

There are many options available to improve our model in such a manner that it
indeed can handle concepts such as attraction, gravity and electromagnetism. How
ever, it is mainly the lack of attraction which is radiating in absence. Without attrac
tion we can never model anything which has any viscosity and almost everything in
our real world seems to be at least slightly viscous (like honey and water to a lesser
extent). Therefore we think the best way forward with our model is to include attrac
tion. This can even be done separately from ‘softness’ for we could add another rule
which states that whenever a marble’s velocity is lower than the combined attrac
tion between the colliding marbles they remain stuck together and move collectively.
However to solve for collision with a collective lump we have to model how collisions
work between objects with a different mass. Softness could then be added as the
cherry on the 1D marble pie.

We also did not allow marbles to be different from each other, while in nature
there are many atoms and the manner in which they interact and form molecules
can widely vary. Therefore, if we were to be serious about modelling life from an
atomistic point of view we would require a model with at least three dimensions of
space and the capability of having a wide variety of marbles and interactions. In
the following chapter such a complex model (Martini) will be introduced. In essence
Martini is very much like our one dimensional model but the devil is in the detail.

Finally we hope that the iterative nature of science became clear to all, we started
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off with a guess (1D marbles), formalized our idea and compared it to reality. What
are the fruits of our labor? On the one hand we always find that there are things
missing and we are not done, yet in our attempts to model nature by marbles we
learned a great deal about motion, temperature, pressure and space! To all (high
school) students, friends, parents and other families we would like to thank you for
your interest in this topic and we hope dynamic models are a bit less of a mystery
from now on. If you have any questions or remarks, please feel free to contact the
author of this thesis.
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2
A Practical View of the

Martini Force Field
Simulating is believing.

SiewertJan Marrink

M artini is a coarsegrained (CG) force field suitable for molecular dynamics
(MD) simulations of (bio)molecular systems. It is based on the mapping of

two to four heavy atoms to one CG particle. The effective interactions between
the CG particles are parametrized to reproduce partitioning free energies of
small chemical compounds between polar and apolar phases. In this chapter,
a summary of the key elements of this CG force field is presented, followed
by an example of practical application: a lipoplexmembrane fusion experi
ment. Formulated as handson practice, this chapter contains guidelines to
build CG models of important biological systems, such as asymmetric bilayers
and doublestranded DNA. Finally, a series of notes containing useful infor
mation, limitations, and tips are described in the last section.

Keywords: Coarsegrained models, Martini force field, Molecular dynamics simu
lations, Biomolecular systems

This chapter has been published in Biomolecular Simulations: Methods and Protocols, Methods in Molec
ular Biology (2020)[1].
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2.1. Introduction
The initial Martini coarsegrained (CG) force field was developed in 2003 to study lipid
membrane properties[2–4]. It allowed to investigate the behavior of large lipid ag
gregates at spatial and time scales unachievable to atomistic MD simulations, while
retaining enough resolution and chemical specificity to give a microscopic and dy
namic picture still unavailable in experiments. The Martini force field was shown to
be capable to address a wide range of lipidbased processes such as vesicle self
assembly, vesicle fusion, lamellar to inverted hexagonal phase transition, and the
formation of the gel and liquidorder phases[2–7]. Over the years, the applicability
of the force field has expanded to most common biomolecules such as proteins[8, 9],
sugars[10, 11], nucleotides[12, 13], and some important cofactors[14], as well as
many nonbiological molecules including synthetic polymers[15–21] and nanoparticles
[18–20, 22]. Examples of Martini CG models are shown in Fig. 2.1 A. A complete
list can be found under ”downloads” at cgmartini.nl. Noteworthy is the high com
patibility of the individual models with each other. This allows for the modeling of
complex biological environments such as the plasma membrane[23] (shown in Fig.
2.1 b) and photosystem II in a thylakoid membrane[24].

This high compatibility is achieved by a clear modular mapping and parameter
ization scheme based on building blocks, called beads. Martini is a CG force field,
which, in general, maps four non hydrogen atoms to a single CG bead. During the
mapping, chemical groups such as carboxylates or esters are represented by a single
CG bead. This approach makes it easy to build new models based on the already
available ones. The CG beads come in four chemical classes (or ”flavors”): charged
(Q), polar (P), nonpolar(N), and apolar (C). The Q and N classes each have four sub
types that are linked to their capability of participating in hydrogen bonding: donor
and acceptor (da), donor (d), acceptor (a), and none (0). The main difference be
tween these subtypes is their interaction strength with each other, allowing for a
qualitative representation of hydrogen bonding. The P and C beads each have five
subtypes, which represent a gradient from weak to strong polar or apolar properties,
respectively. In total, this gives rise to 18 different bead chemical types. For com
putational efficiency, the mass of all standard beads is set to 72 amu, which equals
the mass off our water molecules (represented by a P4 bead type in Martini).

Martini employs bonded and nonbonded potential forms commonly used in atom
istic force fields, which make the model easy to be implemented in modern molec
ular dynamic programs as GROMACS[4, 6], GROMOS[26], and NAMD[27, 28]. Al
though this choice of potential forms is not the most accurate one for coarsegrained
models (see Notes 2.4.1 and 2.4.2)[25], it enables Martini to take benefit of all
the advances in highperformance parallel algorithms and enhanced sampling tech
niques developed in the past years. For the nonbonded interactions, 12–6 Lennard
Jones and Coulomb potentials are used (as shown in Eq. 2.1). In practice, these
potentials are shifted and truncated for computational speedup. In the current
implementation[6, 29], these potentials are both shifted such that the potentials
reach 0 kJ/mol for any distance greater than 1.1 nm, the cutoff distance. In case of
the LJ potential, ten levels of interaction are defined, differing in the LJ well depth
(epsilon ranging from 5.6 to 2.0 kJ/mol), but with the same bead size (a sigma of
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Figure 2.1 | Martini force field. (a) Some examples of Martini CG models used for lipids (DPPC and
cholesterol), peptide, water, benzene, and some amino acids (adapted from[25]); (b) The idealized asym
metric plasma membrane comprises 63 different lipid types[23]; (c) Workflow for the parameterization of
a new Martini CG model.

0.47 nm is used for the standard beads, except for interaction level IX, which has an
increased sigma of 0.62 nm). For all possible pairs of CG bead types, one of those
ten interaction levels has been assigned. These levels have been chosen based on
the experimental wateroil partitioning of small molecules that are represented by
each of the beads. Only the Qbeads bear an explicit charge and additionally interact
via the Coulomb potential with a relative dielectric constant 𝜀𝑟𝑒𝑙 = 15 for explicit
screening. Together with the use of a shift function, this effectively results in a dis
tance dependent screening. To allow for the mapping of aliphatic and aromatic ring
structures (such as cyclohexane or benzene), a smaller bead (denoted with prefix
”S”) was introduced, mapping two or three nonhydrogen atoms to a single CG bead.
The S beads have a reduced sigma of 0.43 nm and a scaled interaction strength cor
responding to 75 of their standard bead counterpart. In the current model only SS
interactions make use of the reduced interaction scheme, that is, interactions with
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normal (N) particles are treated as NN interactions. For the full parameterization
scheme and interaction table, we would like to refer to the original paper of Marrink
et al.[6] After the release of Martini 2.0 in 2007, an extra bead size has been added to
the collection. The tiny (T) bead was introduced for the mapping of nucleotides and
follows three/twotoone mapping. Such a tiny bead is needed for correct stacking
distance of the nucleobases in the doublestranded helix. The interaction strength of
the T beads is not reduced, but their sigma is 0.32 nm. T beads interact with S and N
beads as SS and NN, respectively (see Note 2.4.3)[12]. Besides the extra bead size,
many new beads were introduced to satisfy the needs of specific models, as nucleic
acids[12, 13], polymers [15–17, 21], nanoparticles[22], and some sugars[11, 30].
Polarizable water models [31, 32] have been designed for modeling of systems where
implicit screening of electrostatic interactions caused by reorienting water dipoles is
necessary (as discussed in Note 2.4.4).

𝑉𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑 = ∑
𝑖𝑗
[(
𝜎𝑖𝑗
𝑟𝑖𝑗
)12 − (

𝜎𝑖𝑗
𝑟𝑖𝑗
)6]

⏝⎵⎵⎵⎵⎵⎵⏟⎵⎵⎵⎵⎵⎵⏝
𝑉𝐿𝐽

+ ∑
𝑖𝑗

𝑞𝑖𝑞𝑗
4𝜋𝜖0𝜖𝑟𝑒𝑙𝑟𝑖𝑗⏝⎵⎵⎵⎵⏟⎵⎵⎵⎵⏝
𝑉𝐶𝑜𝑢𝑙

(2.1)

Where the nonbonded interactions follow a ”topdown” modeling approach (mak
ing use of experimental partitioning data), the bonded interactions are usually ex
tracted via a ”bottomup” approach, based on reference atomistic data. This is
achieved by mapping the heavy atoms of an atomistic simulation to a pseudo CG
trajectory. The CG beads are usually placed at the centers of mass of the atoms they
represent. From these pseudo CG trajectories, the bonded parameters can be ex
tracted and compared to the CG model under development. By changing the bonded
parameters, one should try to maximize the overlap of the conformational distribu
tions of the pseudo CG and real CG models. This is an iterative process that should be
repeated for achieving the best results. However, the philosophy of the Martini force
field is to use(mainly) simple bonded potentials (as shown in Eq. 2.2); therefore,
perfect overlap is not always achieved. Also, be aware that the bonded parameters
might influence the partitioning of your molecule or even other macroscopic proper
ties (e.g., area per lipid for bilayers and radius of gyration for polymers). Therefore,
validation of your CG model against experimental data, after satisfactory bonded pa
rameters have been achieved, is considered good practice. An indepth tutorial of
parameterizing a new molecule can be found under ”Tutorials” at the Martini web
page (cgmartini.nl), which is summarized in Fig. 2.1 c. Automatic parameteriza
tion approaches could be an easier but probably a less accurate option to generate
Martini models[33]. However, they could provide prospects for highthroughput sim
ulation methodologies[34]. Note that, to keep the secondary structure of proteins
and nucleotides close to the target state (e.g., crystal structure), Martini makes use
of additional harmonic bonds that define an elastic network (see Note 2.4.5).

𝑉𝑏𝑜𝑛𝑑𝑒𝑑 = ∑𝑏𝑜𝑛𝑑𝑠 𝐾𝑟(𝑟 − 𝑟0)2⏝⎵⎵⎵⎵⎵⏟⎵⎵⎵⎵⎵⏝
𝑉𝑏𝑜𝑛𝑑

+ ∑𝑎𝑛𝑔𝑙𝑒𝑠 𝐾𝜃(𝑐𝑜𝑠(𝜃) − 𝑐𝑜𝑠(𝜃0))2⏝⎵⎵⎵⎵⎵⎵⎵⎵⎵⏟⎵⎵⎵⎵⎵⎵⎵⎵⎵⏝
𝑉𝑎𝑛𝑔𝑙𝑒

+ ∑𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠 𝐾𝜙(1 + 𝑐𝑜𝑠(𝑛𝜙 − 𝛿))⏝⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⏟⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⏝
𝑉𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙

(2.2)
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In the next subsection of this chapter, we will describe a handson tutorial, which
uses one of our current projects (lipoplexmembrane fusion) as a guide. This prac
tice addresses useful examples of how to build Martini CG models of macromolecules
(doublestranded DNA), (solvated) liquid crystals, and complex asymmetric mem
branes. At the final part, all these CG models are put together for particlemembrane
fusion simulations.

2.2. HandsOn: cationic lipidDNA lipoplexes for
gene transfer

This section will be a guide for setting up a CG simulation of a lipoplexmembrane fu
sion experiment making use of the Martini2.0 force field with the DNA extension[12].
We will start with a small introduction regarding lipoplexes and their biological rel
evance. However, the main objective of this section is to show the construction of
such a complex system using the Martini approach, from A to Z.

Lipoplexes are complexes of genetic material and lipids used for transfection in
gene therapy. Due to the high negative charge of nucleotide polymers (DNA, RNA),
they do not readily cross the hydrophobic core of biological membranes via a pas
sive mechanism. Another downside of using naked DNA for therapeutic purposes
is its low halflife time in the bloodstream][35]. In lipoplexes, the packing archi
tecture is such that, upon fusion with a membrane or vesicle, its content is mainly
released on the side of the membrane opposing the leaflet of initial fusion[36]. This
allows the escape of the genetic material from the endosome in which the lipoplex
is trapped after being taken up by the cell via endocytosis. Transfection of cells uti
lizing depathogenized viral vectors currently has a much higher transfection efficacy
than the lipidbased vectors or any other nonviralbased method[37]. However, de
pathogenized viral vectors still trigger the immune system in humans, causing their
application in medical gene therapy to be limited[38]. Another drawback of viral
vectors compared to their nonviral counterparts is their high preparation cost[38].
Therefore, increasing the efficacy of nonviral vectors for transfection is required for
the development of gene therapy as a safe and affordable medical treatment.

In this handson section, we will build a lipoplex using one of the earlier lipoplex
compositions used[39], in which the DNA is trapped in an inverted hexagonal (H𝐼𝐼)
lipid phase. First, the lipoplex itself will be built using 1,2dioleoylsnglycerolphos
phoethanolamine (DOPE) as the helper lipid and 1,2dioleoyl3trimethylammonio
propane (DOTAP) as the cationic lipid in a 4:1 ratio. In this example, we will use
doublestranded (ds) DNA oligomers, with a length of 24 base pairs (bp), as the
gene carrier. Replacing the DNA with RNA should not change the general procedure
described in this section, though this was not specifically tested. Lastly, the con
structed lipolex will be solvated and fused with an asymmetric bilayer mimicking the
endosomal membrane.

During this section, lines preceded with a ”$” are to be executed in the terminal.
This handson was designed to be used in combination with GROMACS 2016.3[40].
Visual Molecular Dynamics (VMD) version 1.9.3[41] was used for visual inspection,
and Python 2.7 was the default python compiler used for all python scripts, unless
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stated otherwise.

2.2.1. Building a liquid lipoplex crystal
For building the inverted hexagonal phase (H𝐼𝐼), we will make use of the procedures
described in [42, 43]. We start with preparing a Martini CG model for DNA, which is
to be rested on top of a bilayer. Then, we duplicate this DNAmembrane stack and
perform energy minimization, equilibration, and finally a production run to form the
crystal lattice.

Preparing the DNA
First, download the .pdb file from the martini website. This structure corresponds to
a sequence of DNA with 24 bases in each strand ([CGCGAATTCGCG]2).

$ wget http://cgmartini.nl/images/parameters/dna/24bp_AA2CG_stiff
.tar.gz

$ tar xvf 24bp_AA2CG_stiff.tar.gz

To transform an atomistic DNA structure into a CG structure, we will use martinize
dna (cgmartini.nl, under Downloads, Force field parameters, DNA)[12, 13]. Before
running martinizedna,we should remove the ion and water molecules from the .pdb.
Beaware that if you have used a DNA structure builder, to obtain a different length
or sequence of DNA (e.g., using scfbioiitd.res.in), the final atom and residue names
have to follow the default pdb nomenclature.

The ”24bp_cleaned.gro” file is already made compatible with the martinizedna
script and we can perform the allatom (AA) to CG transformation (Fig. 2.2 a). The
output includes a ”CG.pdb” and the ”CG.itp” files. We will use a stiff elastic network
to imply a strict helical structure to our DNA (see Note 2.4.5). Later on, this could
be replaced by a softer elastic network if desired.

$ python martinizedna.py dnatype dsstiff f 24bp_cleaned.gro 
x 24bp_CG.pdb

Always read the output and check, for example, if the number of chains or base
pairs specified matches that what you expect. In our case, this should be two chains
(A and B), each containing 24 nucleotides. We need to rotate the DNA such that it
will lie parallel to the membrane. We will use GROMACS to do so.

$ gmx editconf f 24bp_CG.pdb rotate 0 90 0 o 24bp_CG_rotated.
gro

Creating the DNA bilayer stack
Now, we need to generate a simulation box containing our DNA CG model and a
symmetric bilayer with the desired lipid composition. We will aim at a 4:1 ratio
of DOPE and DOTAP, respectively. To do so, we will use insane[44]. Insane is a
python program, developed inhouse, which generates an initial CG configuration
using a gridbased approach. This procedure makes insane one of the fastest initial
state builders for membranes with or without incorporated protein(s). The latest
stable version of insane can be downloaded from our web page (cgmartini.nl, under
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Figure 2.2 | Building a lipoplex with Martini. (a) The CG mapping of a 24 bp dsDNA; (b1, b2) shows
two views of the initial bilayer with a doublestranded DNA; (c) This system is replicated to form a lamellar
configuration; (d) After running 45 ns of MD simulations, the lamellar phase is converted to an H𝐼𝐼 phase
(liquid lipoplex crystal); (e) The liquid lipoplex crystal is solvated and coated with lipids; (f) An example
of a lipoplexmembrane fusion experiment.
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downloads/tools). We will generate a small piece of membrane with DNA, which will
be used later on to generate the H𝐼𝐼 phase with dsDNA inside its channels.

$ python insane.py l DOPE:4 l DOTAP:1 alname DOTAP alhead ”C”
allink ”G G” altail ”CDCC CDCC” x 11 y 6.5 z 7 f 24
bp_CG_rotated.gro dm 3.5 o bilayer_1DNA.gro sol W salt
0.150 sold 0.87

As DOTAP is not a default lipid, its topology needs to be completely described in
insane using the flags ”alname” (name of the new lipid), ”alhead” (groups in the lipid
head, where ”C” defines the head as choline), ”allink” (groups in the lipid linkers,
with ”G G” defining two ester groups), and ”altail” (define the lipid tails, where
each ”C” indicates four carbon atoms in a linear saturated chain, while ”D” indicates
four linear carbon atoms containing a single unsaturation). This should generate
a box containing roughly 187 DOPE, 44 DOTAP, plus the DNA at physiological salt
concentration (as shown in Fig. 2.2 B1, B2). The target ratio of atomistic water with
respect to the amount of lipids is around 8:1[42, 43]. For Martini water, with one bead
representing four water molecules, the target ratio is thus 2:1. Do remember that the
charge of the DNA is not yet neutralized and this will be 46. Therefore, overshooting
your target amount of water by 46 is recommended, for we will transform those
waters into sodium beads. To generate a bigger complex, we will copy the DNA
membrane configuration along its axis perpendicular to the channel normal (as shown
in Fig. 2.2 c).

$ gmx genconf f bilayer_1DNA.gro o 2bilayer_4DNA.gro nbox 122

Preparingthe topology files
Next, we need to generate a top file which matches the ”2bilayer_4DNA.gro” com
position and order and makes use of the correct topology files. To achieve a charge
neutral system, we will reduce the number of waters in the topology by 46 and add
46 sodium ions right underneath (this will transform 46 water molecules into sodium
ions). The final topology should resemble the example topology below

#include ”martinidna150909/martini_v2.1dna.itp”
#include ”martinidna150909/martini_v2.0_ions.itp”
#include ”martini_v2.0_DOTAP.itp”
#include ”martini_v2.0_DOPE_02.itp”
#define RUBBER_BANDS
#include ”Nucleic_A+Nucleic_B.itp”

[ system ]
; name
Martini system containing 4 dsDNA and 2 bilayers
[ molecules ]
; name number
Nucleic_A+Nucleic_B 1
DOPE 89
DOTAP 22
DOPE 89
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DOTAP 22
W 106
NA 49
CL 47
...another 3 times for the 2bilayer4_DNA.gro

Running EM/EQ and production
Now, we have all the components together, and we can start running an energy
minimization, equilibration, and production run. We will not go into much details,
but the default settings can be found at cgmartini.nl (under Downloads, Force field
parameters, Input parameters). To perform energy minimization, we need to set the
integrator to ”steep” and 1000 steps should suffice.

$ gmx grompp f em.mdp c 2bilayer_4DNA.gro p topol.top o em.
tpr maxwarn 1

$ gmx mdrun deffnm em v

The ”maxwarn” flag is to allow overwriting name mismatches between the .gro
and .top file, caused by the DOTAP and added sodium ions. After running the min
imization, we need to create an index file (”index.ndx”) to use for our temperature
coupling scheme. We will create a group for all lipids, the DNA, and the water
plus ions. For the sake of this tutorial, those groups are called ”Lipids”, ”DNA” and
”W_IONS” respectively. The index groups can be easily generated from the ”em.gro”,
using ”gmx make_ndx”.

$ gmx make_ndx f em.gro o index.ndx

Before we run the equilibration, we need to fix the DNA in the x dimension.
This will help with a smooth conversion from the periodic crystal to the solvated
naked lipoplex. To do so, we need to add a few lines of code to the bottom of our
”Nucleic_A+Nucleic_B.itp”.

#ifdef CONSTRAINED_X
[ position_restraints ]
;ai funct fcx fcy fcz
1 1 500 0 0; restrains to a plane (yzplane)
305 1 500 0 0; restrains to a plane (yzplane)
#endif

For equilibration, 250,000 steps at a 2 fs time step should suffice. We will use
anisotropic pressure coupling, and the berendsen barostat for improved stability. Do
not forget to set the integrator back to ”md” and add ”define DCONSTRAINED_X”.
In the ”mdrun” command we add an ”rdd” of 2 to prevent instabilities due to our
long elastic bonds in the DNA.

$ gmx grompp f eq.mdp c em.gro p topol.top n index.ndx o eq.
tpr

$ gmx mdrun deffnm eq v rdd 2.0

For the production run, we will use roughly the same settings as those for equi
libration. Important is that the pressure coupling will be changed from ”berendsen”
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to ”parrinellorahman”, and the time step for the integrator should be larger. For
systems containing DNA, a time step of 10 fs is the maximum (see Note 2.4.6).

$ gmx grompp f md.mdp c eq.gro p topol.top n index.ndx o md.
tpr

$ gmx mdrun deffnm md v rdd 2.0 nsteps 1

Keep running the simulation until inspection with VMD shows full formation of the
H𝐼𝐼 phase.

While writing this handson section, it took roughly 2,268,000 steps ( 45 ns CG
time, which should correspond to 200 ns realtime, as explained in Note 2.4.7) to
complete the formation of the H𝐼𝐼 phase (as shown in Fig. 2.2 d). The final frame can
be extracted using VMD, and for the sake of this tutorial, we assume it was named
”md.gro”. We are now finished with the construction of the liquid lipoplex crystal.
Do keep in mind that this crystal was made to be solvated, and therefore, its PBC
conditions were not optimized for a perfect hexagonal unit cell.

2.2.2. Solvating a liquid lipoplex crystal
For the second part of this tutorial, we will use the liquid lipoplex crystal we generated
in part 2.1. The goal is to extract the crystal in such a manner that the channel
geometry is not disturbed (naked lipoplex). We will also have to add an extra layer
of lipids around our extracted lipoplex to act as a coat (coated lipoplex, as shown
in Fig. 2.2 e). Once we have added the coating lipids, we can solvate the whole
system. From there on, we energy minimize, equilibrate, and run a production run
in a similar manner as that described in part 2.1.

Extracting the periodic crystal
The liquid lipoplex crystal generated before contains four channels with four strands
of dsDNA in total. This could be considered the smallest possible crystal under cubic
periodic boundary conditions. To generate a larger crystal we use ”gmx genconf”
to copy this box in the desired dimensions. Even though we will stick to the 2x2
geometry for the solvated lipoplex, we will duplicate the box in its y and z dimensions.
By doing so, we can make extraction of a 2x2 lipoplex much easier. This might not
seem logical as of yet, but bear with us, and you will see that this is indeed the
case. To prevent weird indexes after copying the box, we will first make the .gro file
”whole”.

$ gmx trjconv f 2bilayer_4DNA.gro pbc whole o 2
bilayer_4DNA_whole.gro

$ gmx genconf f 2bilayer_4DNA_whole.gro o 4bilayer_16DNA.gro 
nbox 1 2 2

We will use VMD to select the inner four strands of DNA. Then, we will make an
area selection around these strands of DNA to include all their lipids, water, and ions.

$ vmd 4bilayer_16DNA.gro ”same resid as within 20 of index
your_central_4_DNA_strands”

Export the selected structure and name it ”naked_lipoplex.gro”.
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Coating the naked lipoplex
After extracting the naked lipoplex, we will have to add coating lipids. This can be
achieved in many ways. One of the options is to increase the selection range in the
VMD command used above in combination with excluding any DNA beads. However,
the lipids you will have selected in doing so are in a structure that is rather stable.
This would make equilibration of the coat of the lipoplex, potentially, a long and
expensive process. Therefore, we will make use of PACKMOL, another tool for initial
state building[45]. PACKMOL differs from insane, for it uses a packing optimization
in defined regions of space. This makes PACKMOL much slower than insane for
building simple membranes, but it allows for the addition of molecules to an already
complex geometry. PACKMOL can be downloaded free of charge at the web page of
the University of Campinas (www.ime.unicamp.br/ martinez/packmol/).

We need to coat the lipoplex with a nice monolayer, and we will make a rough
initial approximation by regarding each face of the naked lipoplex as an independent
plane. Then we will use the average area per lipid (APL) to calculate the amount
of lipids we would need to cover the total area of our lipoplex. To calculate the
APL of our mixture, we have to set up a symmetrical bilayer containing our lipid
concentrations. A bilayer of 10x10 nm2 will be large enough to get an accurate APL
for the lipids used in this tutorial. This bilayer can be constructed following the same
protocol as that described in part 2.1. To calculate the APL, we need to simulate the
solvated bilayer (under semiisotropic pressure coupling) up to the point that the box
dimensions are stable for a while. Then we can extract the box dimensions over time
using ”gmx energy”.

$ gmx energy f md.edr

Select either the x or y dimension as the preferred output and calculate the av
erage value over the period where it is stable (e.g., the last 10%).

𝐴𝑃𝐿𝐷𝑂𝑃𝐸,𝐷𝑂𝑇𝐴𝑃 =
2𝑥2

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑝𝑖𝑑𝑠 ≈ 0.65 𝑛𝑚
2 (2.3)

To roughly calculate the area the outer monolayer (the coat) has to cover, you
can use VMD. Pressing ”2” in the visualization window will allow you to select two
particles and measure the distance between them. We will add 2 nm to each side
to accommodate for the fact that the outer leaflet has an increased distance to span
with respect to the inner leaflet (which we are measuring).

𝐿𝑖𝑝𝑖𝑑𝑠𝑎𝑑𝑑𝑒𝑑 =
2([(𝑥 + 2)(𝑦 + 2)] + [(𝑥 + 2)(𝑧 + 2)] + [(𝑦 + 2)(𝑧 + 2)])

𝐴𝐿𝑃𝐷𝑂𝑃𝐸,𝐷𝑂𝑇𝐴𝑃
≈ 1800 → 1440 𝐷𝑂𝑃𝐸, 360 𝐷𝑂𝑇𝐴𝑃 (2.4)

After estimating the amount of lipids we need, we will use PACKMOL to configure
them around our lipoplex. Extensive tutorials for using PACKMOL can be found at
their web page (m3g.iqm.unicamp.br/packmol/). As PACKMOL makes use of .pdb
files, we will have to convert our individual files to .pdb.
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$ gmx editconf f your_file.gro o your_file.pdb

Use VMD to obtain a .pdb file for each of the lipids using the export coordinates
function, with a single lipid selected. After generating the correct PACKMOL input file
we can run it.

$ packmol < coating_lipoplex.inp

Running PACKMOL can take up quite some time and sometimes no correct pack
ing can be found, even upon running for multiple hours. Try playing around with
the excluded and included volume which are defined in the input file (outside and
inside box), until a satisfactory packing has been achieved. The output structure is
presumed to be named ”coated_lipoplex.pdb”. Convert the .pdb to a .gro in the same
manner as was demonstrated in part 1.

Tidying up the GRO and topology files
To tidy things up, you need to sort the ”coated_lipoplex.gro” and make sure that the
topology has the same order and number of molecules as your sorted .gro. After
sorting and updating our topology, we will solvate the lipoplex using insane.

$ python insane.py f coated_lipoplex.pdb o solvated_lipoplex.
gro sol W salt 0.15 pbc cubic

Add the amount of waters and ions insane added to your sorted topology. During
the PACKMOL step, we also added more DOTAP, which causes our system to have
a nonzero net charge. Therefore, we will replace some of the added water in the
insane step with CL to obtain a net charge of zero. To prevent freezing of water (see
Note 2.4.1), we will also replace 10% of the waters in our last entry with antifreeze
water (WF).

Running EM/EQ and production
To finish, we need to energy minimize and equilibrate our system before we can
start the production run. To do so, we can use the same procedure as before, but
we will now use the ”DCONSTRAINED_XYZ” flag (constructed in the same manner
as before, but now in XYZ) until large deformations are resolved, and we will use
isotropic pressure coupling. It will take roughly 10 µs for the solvated lipoplex to
equilibrate its outer coat. You can use ”gmx gyrate” to inspect if the lipoplex’ shape
has stabilized. If the outer coat is too loose, or tight, try adding more or less coating
lipids with PACKMOL, or change the included and excluded volume. We are now
done with solvating a liquid lipoplex crystal.

2.2.3. Lipoplex fusion with an asymmetric complex mem
brane

For the lipoplex fusion with an asymmetric complex bilayer, we will use the solvated
and equilibrated lipoplex generated in part 2.2 of this handson section, in combina
tion with a generated asymmetric bilayer.
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Creating an asymmetric bilayer
By now, we are able to generate complex bilayers; however, we never attempted to
generate an asymmetric one. Here, we want to model an endosomal type membrane
containing a 1:1 DPPC/DOPC mixture in the upper leaflet and a 2:2:1 DPPC/DOPC/
DOPS mixture in the bottom one. To do so, we will use insane again. However, first
we generate each leaflet of our asymmetric bilayer as a symmetrical bilayer. Thus,
for each asymmetric bilayer,you need to run two symmetric simulations. From those
simulations, we can obtain the complex APL for each of the leaflets. We can use the
same protocol as described in part 2.1. After obtaining the complex APL for each of
the leaflets, we will use insane to generate the complex bilayer using the obtained
APL of each leaflet. This will make sure that the final tension in the two leaflets is
equal. An example is given below:

$ python insane.py u DPPC:1 u DOPC:1 ua APL_{DPPCDOPC} l
DPPC:2 l DOPC:2 l DOPS:1 a APL_{DPPCDOPCDOPS} x 10 y
10 z 10 sol W salt 0.150 o complex_asymmetrical_bilayer.
gro

The topology files for a wide range of lipids can be found at our web page (cg
martini.nl, under Downloads). Make the corresponding topology using the output
of insane and equilibrate the membrane. This will take roughly 500 ns, though the
amount of time equilibration will take increases with the complexity of the membrane.
Equilibration of the membrane can be done as before in parts 2.1 and 2.2; do make
sure that you use semiisotropic pressure coupling and that your membrane lies in
the XY plane.

Combining the asymmetric bilayer and the lipoplex
After obtaining an equilibrated membrane, we will remove the waters and ions. We
now have an equilibrated membrane in vacuum and a solvated lipoplex. To be able
to combine the lipoplex and the membrane, we will also extract the solvated lipoplex
from its environment. We will use VMD for this extraction.

$ vmd solvated_lipoplex_equilibrated.gro

To extract the lipoplex from its environment, we will use the following selection
and export it, as described in part 2.1. ‘pbwithin 15 of (resname DOPE DOTAP or
name ”SC.*” ”BB.*”)‘. We will save it as ”extracted_lipoplex.gro”.

To combine our extracted lipoplex with the equilibrated asymmetric complex mem
brane, we create a combined .gro file. To do so, we copy the content of the mem
brane into the new .gro file (”lipoplexmembrane.gro”). Remove the final line (the
box description). Add the content of the ”extracted_lipoplex.gro” but remove the
header line, atom count, and box description.

If the lipoplex and membrane overlap, you can use ”gmx editconf translate x y z”
to shift your lipoplex. Solvate the system as before using insane. Generate a topology
file that matches the .gro one. Energy minimize and equilibrate (as before in part 1)
using ”semiisotropic” pressure coupling. The equilibrated system should resemble
Fig. 2.2 F. To perform an unbiased fusion experiment, you have to simulate for a
long time to observe adhesion, stalk formation, and transfection. However, such a
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simulation would take up a large amount of computational time; therefore, you could
add biasing forces to drive membrane adhesion and initiate stalk formation. From
there on, you could remove all biasing forces to observe the fusion process after
initial stalk formation [2].

Alternative methods and tools
We suggest to the reader as possible followup steps for this handson section, the
building of even more complex CG systems. For example, a lipoplex fusion experi
ment within a vesicle (a process that could mimic the DNA transfection event in the
early endosome). However, the current implementation of insane does not allow us
to build such lipid structures yet. A userfriendly option for this problem could be
the usage of a graphical user interface as CHARMMGUI Martini Maker[46, 47]. In
the current implementation, this program can build Martini models of micelles, nan
odiscs, bilayers, and vesicles. We hope that the tools and tips presented above will
help you on your way with your own implementations of the Martini force field. If you
would like to learn more about Martini, you can visit our web page for other tutorials
(cgmartini.nl). For any questions regarding the implementation of the Martini force
field for your project(s), we would like to direct you to the forum at our web page.

2.3. Outlook
Since its initial publications, the Martini force field has been developed and tested in
a broad range of applications, from simple lipid bilayers to complex fusion processes
as detailed here for the lipoplex handson. Despite the huge success of the model,
certain problems have been reported as excessive protein and sugar aggregation
(see Note 2.4.4), and water freezing (also described in Note 2.4.1). Along with the
modeling demand of new and challenging systems, these limitations pushed the MD
group of Groningen to improve the CG beads — the fundamental building blocks of
Martini — until now largely untouched since version 2. One of the main features of
the forthcoming version, entitled Martini 3, is the reparameterization of small (S) and
tiny (T) beads, designed to be fully balanced with the normal (N) size beads. New
chemicaltype beads were also tuned to model systems not included in the current
version. For instance, we will have more beads with hydrogenbonding capabilities
(including all polar and nonpolar beads) and charged beads dedicated for modeling
divalent ions. Water has also its own special bead, parameterized to improve its
miscibility with other beads and also avoid freezing problems. The interaction matrix
was modified, including more interaction levels and smoother transitions between
the beads. In this aspect, special attention was taken regarding charged beads,
with trends in solvent polarization and ionpi interactions implicitly included in the
LennardJones potential with neutral beads. Together with other new features of
the model, preliminary tests indicate a significant improvement of proteins, sugars,
and nucleic acids in Martini 3. Besides, exciting new systems seem to nicely behave,
including MD simulations of ionic liquids, and coacervates, as well as proteinligand
binding. We conclude that a promising new era of Martini CG simulations is coming.
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2.4. Notes
This last section of the chapter contains a series of notes, which include useful in
formation, limitations, and tips for problems that can arise using the Martini force
field.

2.4.1. Limited stability of fluid phase and water freezing
problem

This is a known consequence of the use of the LJ 12–6 potential for the nonbonded
interactions. The thermodynamic behavior of solidfluid and gasfluid interfaces
should therefore be interpreted with care, at least at the quantitative level. In appli
cations where such interfaces are formed (especially watervapor), these limitations
have to be kept in mind. In biomolecular simulations, a related problem is the poten
tial freezing of the Martini water model. The LJ parameters for water (5.0 kJ/moland
0.47 nm) put the model into the solidstate region of the LJ phase diagram. How
ever, the use of a shifted and truncated potential reduces the longrange attractive
part and the CG water is more fluid compared to the standard LJ particle. While the
freezing temperature is higher than it should be (around 290 K[4–6, 48]), in most
applications, freezing is not observed as long as no nucleation site is formed. At
lower temperatures, rapid freezing is a potential problem in systems where a nucle
ation site is already present (such as an ordered bilayer surface) or when periodicity
enhances the longrange ordering. In these cases, a simple pragmatic solution is the
addition of 10% antifreeze particles into the bulk water[6].

2.4.2. Entropyenthalpy compensation
Martini parameterization is based on partition free energies. The inherent entropy
loss on coarsegraining is necessarily compensated for by a reduced enthalpy term[26].
The enthalpy/entropy balance of many processes may therefore be biased when
modeled at the CG level and affect its temperature dependence, although not neces
sarily weakening it. For instance, the temperaturedependent hydration free energy
for linear alkanes was found to be more pronounced in the CG representation com
pared to an AA representation[26]. As is true for any force field, applications outside
the temperature range used for parameterization (270–330 K) have to be considered
with care. Although absolute entropies are clearly underestimated due to the loss of
atomistic degrees of freedom, entropy differences can still be accurate[49].

2.4.3. ”Sticky problem” in sugars and proteins
In the past years, the Martini force field has showed some specific limitations involving
excessive interactions between certain classes of molecules. For example, protein
protein interactions in water solution seem to be overestimated[50]. To a lesser
extent, this effect was also demonstrated for some transmembrane proteins[51]. Re
cently, mono, oligo and polysaccharides were found to aggregate in simulations even
at moderate concentrations, below their solubility limit[52]. These similar problems
(called together here as ”sticky problems”) could be attenuate for pragmatic solu
tions, as downscaling of the LennardJones parameters between the solutes[50–52].
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Another option is to increase the interactions with the solvent, which was success
fully applied to study proteincrowded environments[53]. The usage of Sbeads for
the modeling of carbohydrate rings seems to reduce their aggregation propensity,
as shown in the reparametrization of gangliosides[54]. All these possible procedures
are not ideal solutions, as they are applied without a deeper understanding of the
reasons behind the sticky problem. Besides, scaling factors are specific for classes
of molecules and could potentially change important properties of the systems, as
the correct binding mode of proteins dimers[51]. New rules for the usage of S and
Tbeads together with reparameterization of Martini (e.g., including specific cross
interactions between standard and S/T bead sizes) showed to be crucial to reduce
the excessive interactions (results not published yet). In the near future, all these
features will be released as new version of the Martini force field (coined as version
3.0).

2.4.4. Electrostatic interactions and implicit screening
Another difficulty encountered in our CG model, and perhaps in most coarsegraining
approaches, is the correct modeling of the partitioning of polar and charged com
pounds into a low dielectric medium. Because of the implicit screening, the inter
action strength of polar substances is underestimated in nonpolarizable solvents.
Applications involving the formation of polar/charged complexes in a nonpolar envi
ronment are especially prone to be affected. The inability to form a transmembrane
water pore upon dragging a lipid across the membrane is an example[6, 55]. The
development of a Martini water model that includes orientational polarization by the
means of a dipole represented by two drude charges attached to each water bead
allows to correct for some of these effects[31]. Apart from the implicit screening in
the CG model, the neglect of longrange electrostatic forces poses a further limita
tion. Pairwise interactions beyond 1.1 nm (between 2 and 3 CG beads away) are
not taken into account. In principle, longrange electrostatic interactions could be
added to the CG model, in ways similar to those used in atomistic simulations[32].
In particular, PME in combination with the polarizable Martini water model is often
used.

2.4.5. Fixed structure for proteins and nucleic acids
In applications of peptides, proteins, and nucleic acids, one has to be aware that
structure transformations are not modeled in the current parameterization. For pro
teins, the secondary structure(SS) is essentially fixed by the use of bond angle and
dihedral angle potential energy functions. The backbone bead type is also a function
of the SS, to take into account the fact that when involved in interactions stabilizing
a given element, the backbone is less prompted to engage in other interactions.
The backbone interaction strength is therefore decreased when involved in a SS el
ement. This approach allows discrimination between various secondary structure
elements but prevents realistic transitions between them. Processes in which folding
and unfolding are playing a substantial role are therefore not suitable for modeling
with the current Martini force field. However, movements of SS elements with re
spect to each other are possible and were shown to be quite realistic, for instance,
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in modeling the gating of a membraneembedded mechanosensitive channel[56].
In cases where the specificity of the local deformations of the protein backbone is
important, the use of other approaches are necessary, as combining Martini with
an elastic network[57, 58] or with structurebased CG models[59]. In the case of
peripheral membrane proteins, further corrections in the sidechain dihedral angles
could also be necessary[60]. Martini DNA and RNA can be used to model both single
and doublestranded structures. For the singlestranded settings, the structure is
considered flexible, while doublestranded could be modeled with two different elas
tic networks: a soft model which has a cutoff of 1.2 nm and a force constant of 13
kJ/mol/nm2, and the stiff model which has a cutoff of 1.0 nm and a 500 kJ/mol/nm2
force constant[12, 13].

2.4.6. Time step
Martini has been parameterized using time steps in the range of 10–40 fs. Whether
you can use 40 fs or have to settle for a somewhat smaller time step depends on
your system, and on your attitude toward coarsegrained modeling, as explained
below. First, the Martini force field is not an atomistically detailed force field. Many
assumptions underlie the model, the major one being the neglect of some of the
atomistic degrees of freedom. As a result, the interactions between particles are
effective ones and the energy landscape is highly simplified. This simplified energy
landscape allows for a greatly increased sampling speed at the cost of a loss of detail.
This makes CG models in general so powerful. The emphasis, therefore, should not
be to sample the energy landscape as accurately as possible, but rather, as effectively
as possible. This is in contrast to traditional allatom models, for which the energy
landscape is more realistic and an accurate integration scheme is more important. In
practice, the inherent ”fuzziness” of the Martini model makes the presence of small
energy sinks or sources a less critical problem than in accurate atomistic simulations.
Second and most importantly, structural properties are rather robust with respect to
the time step; for a time step up to 40 fs, there are no noticeable effects on structural
properties of the systems investigated. Moreover, thermodynamic properties such as
the free energy of solvation also appear insensitive to the size of the time step.
Thus, if the goal is to generate representative ensembles quickly, large time steps
seem acceptable. Whereas one can debate the first argument (i.e., the ”idealist”
vs. ”pragmatic” view of the power of CG simulations), the second argument (i.e.,
the insensitivity of both structural and thermodynamic properties to the magnitude
of the time step) implies that a reduction of the time step to 10 fs or below, as
has been suggested[61], is a waste of computer time[48]. Nevertheless, time steps
of 40 fs and beyond may be pushing the limits too far for certain systems. For
some systems, as nucleic acids, time steps higher than 10 fs promote simulation
instability[12, 13]. We therefore recommend a timestep of 10–20 fs to be on the
safe side. Of course, one should always check whether or not results are biased by
the choices made. Given that the largest simplifications are made at the level of the
interaction potentials, this can best be done by comparing to results obtained using
more detailed models.
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2.4.7. Effective timescale
The CG dynamics are faster than the AA dynamics, because the CG interactions are
much smoother compared to atomistic interactions. The effective friction caused by
the finegrained degrees of freedom is missing. Based on comparison of diffusion
constants for a range of systems (including simple solvents and lipids) in the CGmodel
versus experimental data, the effective time sampled using CG interactions is three
to eightfold larger. When interpreting the simulation results with the CG model, a
standard conversion factor of 4 has been used, which is the effective speedup fac
tor in the diffusion dynamics of CG water compared to real water. The same order
of acceleration of the overall dynamics is also observed for a number of other pro
cesses, including the permeation rate of water across a membrane[4], the sampling
of the local configurational space of a lipid[62], the aggregation rate of lipids into
bilayers[4], and the selfdiffusion of lipids[4, 6], transmembrane peptides[63], and
proteins[64]. However, the speedup factor can be quite different in other systems
or for other processes, and in general no simple conversion of the time axis can be
performed. Particularly for protein and nucleic acid systems, no extensive testing of
the actual speedup due to the CG dynamics has been performed, although protein
translational and rotational diffusion was found to be in good agreement with exper
imental data in simulations of CG rhodopsin[64]. In general, the timescale of the
simulations has to be interpreted with care.
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CHARMMGUI Martini

Maker for modeling and
simulation of complex

bacterial membranes with
lipopolysaccharides

I truly believe truth does not exist.

Albert Bruininks

A complex cell envelope, composed of a mixture of lipid types including com
plex lipopolysaccharides, protects bacteria from the external environment.

Clearly, the proteins embedded within the various components of the cell enve
lope have an intricate relationship with their local environment. Therefore, to
obtainmeaningful results, molecular simulations need tomimic as far as possi
ble this chemically heterogeneous system. However, setting up such systems
for computational studies is far from trivial, and consequently the vast major
ity of simulations of outer membrane proteins still rely on oversimplified phos
pholipid membrane models. This work presents an update of CHARMMGUI
Martini Maker for coarsegrained modeling and simulation of complex bacte
rial membranes with lipopolysaccharides. The qualities of the outer membrane
systems generated by Martini Maker are validated by simulating them in bi
layer, vesicle, nanodisc, and micelle environments (with and without outer
membrane proteins) using the Martini force field. We expect this new feature

This chapter has been published in the Journal of Computational Chemistry (2017)[1].
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in Martini Maker to be a useful tool for modeling large, complicated bacterial
outer membrane systems in a userfriendly manner.

Keywords: Coarsegrained simulation, Outer membrane vesicles, Bilayers, Nan
odiscs, Micelles
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3.1. Introduction
Computational studies and in particular molecular dynamics (MD) simulations are now
a firmly established technique for the study of biological membranes. At the allatom
or unitedatom level, molecular simulations have been successfully used to study var
ious membrane properties, the permeation of small molecules directly through model
membranes, transport of ions and small molecules through specific channels, and the
dynamics of membrane protein structures solved in different environments[2–5].

Over the past decade, the biological simulation community has seen a widespread
embracing of coarsegrained (CG) models and methods, which have widened the
scope of simulations by allowing access to longer time and length scales. The Mar
tini force field developed by Marrink and coworkers[6, 7] is perhaps the most widely
used model for CG simulations of biological membranes. Some examples of recent
successes are combination of the force field with the metadynamics method of en
hanced sampling to study the energetics of conformational rearrangements in the
epidermal growth factor receptor[8]; high throughput simulations showing the ef
fects of alcohol on a mechanosensitive protein[9]; studies of local phase transitions
in bacterial membranes induced by an antimicrobial peptide[4], and unraveling of the
plastoquinone exchange pathways of the photosystem II complex[10]. A key advan
tage of CG models is the ability to selfassemble the lipid component whether this be
a flat bilayer, a micelle, or a small spherical vesicle in the presence or absence of the
proteins of interest, thereby eliminating the initial ‘guesswork’ of determining how
proteins are oriented and packed by the lipids and/or detergents in each environ
ment. However, such a spontaneous selfassembly becomes rather more complex
and questionable when the membranes are asymmetric or composed of lipids with
large, complex carbohydrate components such as lipopolysaccharides (LPS) as in the
case of bacterial membranes[11].

Bacterial membranes are complex in terms of their chemical composition. In
particular, the cell envelope surrounding the cytoplasm of Gramnegative bacteria is
composed of the inner membrane, the periplasm, and the outer membrane (OM). The
OM is a unique asymmetrical bilayer composed of LPS molecules in the outer leaflet
and a mixture of zwitterionic and anionic phospholipids in the inner leaflet[12, 13].
The inner membrane is more or less symmetric, and both leaflets closely resem
ble the inner leaflet of the OM in terms of the phospholipid composition[14]. Given
that modification of these membranes is one of the ways that bacteria achieve resis
tance to our current arsenal of antibiotics[15, 16], studying the relationship between
the membrane/membrane proteins and drugs is imperative for the rational design
of novel antibiotics[5, 17–19]. However, simulation studies of biologically relevant
bacterial OM models are complicated by the chemical complexity of the membrane
constituents, in particular, the LPS molecules[14, 20–23]. Detailed atomistic simula
tions of the OM have only recently become widespread[24–28], and consequently the
first CG models of these membranes are only just being reported in the last couple
of years[29, 30].

CHARMMGUI1 is a webbased graphical user interface (GUI) to prepare complex

1http://www.charmmgui.or
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molecular simulation systems and input files to facilitate the usage of common and
advanced simulation techniques[31]. Recently, taking advantage of the frameworks
in allatom CHARMMGUI modules[32–34], CHARMMGUI Martini Maker2 was devel
oped to prepare various CG simulation systems in solution, bilayer, micelle, nanodisc,
and vesicle environments using the Martini force field[35]. Although more than 200
lipid types are available in Martini Maker, incorporating the CG LPS molecules in the
system building process poses new challenges and thus requires specific methods
for system size determination and counterion placement. To address the practical
difficulties of setting up simulation systems with LPS molecules, we have updated
Martini Maker to automate the building process of LPScontaining complex bilayer,
micelle, nanodisc, and vesicle systems, as well as systems with randomly distributed
LPS molecules. In this work, the update in Martini Maker is described and its robust
ness is tested by building and simulating various LPScontaining systems to illustrate
the simulation contents that one can perform with Martini Maker.

3.2. Methods
3.2.1. CHARMMGUI implementation
Martini models of two different LPS, Ra LPS (RAMP) and Re LPS (REMP), were added
in CHARMMGUI Martini Maker (Fig. 3.1). The LPS models follow a 4to1 mapping
scheme of the Martini force field and the parameters were optimized based on united
atom LPS simulations to improve accuracy[36, 37].

The overall building procedures of all LPScontaining Martini Maker modules (Bi
layer/Nanodisc/Vesicle/Micelle/Random Builders) are identical to the original imple
mentation[35]. Briefly, in STEP 1, a userspecified protein structure is readin through
PDB Reader. In STEP 2, the protein orientation is changed based on the userspecific
input; by definition, the Z axis is the membrane normal and Z = 0 is the membrane
center. In STEP 3, the system size is determined, and the pseudo spheres are placed
for assigning lipid head group positions. Note that this is the first step when the
membraneonly generation option is selected. In STEP 4, the system components
(lipids, water, and ions) are generated. Finally, all the components are assembled in
STEP 5. During STEP 5, the CHARMM structure (PSF) and coordinate (CRD/PDB) files
of each component generated in STEP 4 are merged into single PSF and CRD/PDB
files, and water beads in close proximity to the solutes are removed.

Some LPSspecific changes were introduced in the system size calculation and ion
placement steps. As described above, the system size was previously determined in
STEP 3. However, as the LPS molecule has a long carbohydrate chain, a portion of
the LPS molecule can be stretched out beyond the system box determined in STEP 3
based on phospholipids. To resolve this issue, if the system contains LPS, the system
size is recalculated by taking the LPS height into account in STEP 4, and the updated
system size information is used for further steps (building water box and placing
ions).

As divalent cations play an important role in stabilizing the bacterial OM by inter
acting with the LPS[23, 38–41], the ion placement procedure in STEP 4 was modified

2http://www.charmmgui.org/input/martini
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Figure 3.1 | Atomistic and coarse LPS. Structural comparison between (A) E. coli R3core type LPS
and corresponding Martini (B) Ra and (C) Re LPS models. The carbohydrate names are: Kdo for 2keto
3deoxyoctulosonate, Hep for LglyceroDmanno heptose, Glc for Dglucose, Gal for Dgalactose, and
GalNAc for NacetylDgalactosamine. The lipid A molecule in this study consists of two Dglucosamine
(GlcN) residues joined by a β(16)linkage, two monophosphoester groups at O1 and O4’, and six
amide/esterlinked fatty acids. Lipid A head and tail groups are colored in red and light blue, respec
tively. Two Kdo (Re glycans) are colored in dark gray, and the rest (Ra) glycans are colored in light gray.
Phosphates and Kdo carboxyl groups are colored in tan and dark blue, respectively.

to use Ca2+ as the counterions for LPS lipid A and core oligosaccharides. By default,
CHARMMGUI adds Ca2+ ions to neutralize lipid A, but for the LPS core, CHARMMGUI
provides an option to select an ion type (Na+ or Ca2+).

3.2.2. Martini force fields used in this study
The standard lipid parameters for palmitoyloleoylphosphatidylethanolamine (POPE)
and palmitoyloleoylphosphatidylglycerol (POPG) were taken from Wassenaar et
al.[42] and those for CDL2 (a cardiolipin with a net charge of −2e) from Dahlberg and
Maliniak[43]. The parameters for Na+ and Cl– were taken from Marrink et al.[6, 7] For
Ca2+, a welltested Martini model is not available yet. Here, Ca2+ was simply mod
eled as Na+ with +2e, as this has been used before in other published studies[44].
As in most applications, the standard water model was taken from Marrink et al.[45]
The parameters for LPS are those defined in Hsu et al.[36] Note that a few bonds
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with large force constants in the original LPS models were replaced with constraints to
improve stability and allow larger integration time steps[7]. For the proteins, the Mar
tini 2.1 protein force field was used[46] in combination with an elastic network[47].
The common settings associated with the Martini model were used to perform the
simulations, including a 12 Å cutoff for the nonbonded interactions using shifted
potentials[48]. In this study, unless specified explicitly, all NPT (constant particle
number, pressure and temperature) simulations were performed at 310 K, atmo
spheric pressure of 1 bar, and physiological salt concentration (150 mM NaCl for bulk
solution with additional Na+ or Ca2+ ions to neutralize the LPS core and Lipid A, re
spectively). The systems generated by Martini Maker using default options (unless
specified explicitly) were energyminimized and equilibrated using the default settings
of the README output file and the GROMACS 5.1 molecular dynamics package[49].

3.2.3. Bilayer systems
Three CG OM systems were constructed to test Bilayer Builder in Martini Maker; Ta
ble S3.1 provides a summary of the system information. The membrane composition
mimics the E. coli OM and contains Ra LPS in the outer leaflet and a composition of
POPE, POPG, and CDL2 at a ratio of 18:1:1 at the inner leaflet[18, 42, 43, 50]. Two of
the OM systems contained an inserted βbarrel outer membrane protein (OMP), the
monomeric OmpA (PDB:1QJP)[51] or the trimeric OmpF (PDB:3POX)[52]; see Fig.
3.2 for their structures. Both are major OMPs in E. coli as identified by proteomics
studies[53, 54]. The proteins were inserted into the OM using the orientation prede
fined in the OPM database[55]. The OMonly and the OMOmpA systems were set
to be 100 × 100 Å2 in XY, the OMOmpF system was bigger (150 × 150 Å2) due to
the relatively large size of the OmpF trimer. All systems initially had a layer of 45
Å of Martini water between the periodic images of the OM. After equilibration, each
system was simulated for 5 to 9μs production with a time step of 20 fs.

In this work, the membrane thickness was defined as the distance between
the average Z positions of phosphate atoms in each leaflet and calculated using
MDAnalysis[56]. For Ra LPS (containing phosphates in Hep sugars), only the Lipid
A phosphates were used for the thickness calculation. The area per lipid of each
lipid type was determined by twodimensional Voronoi analysis using the phosphate
group of each lipid and an inhouse adaptation of the pyvoro library (created by Joe
Jordan) and MDAnalysis; for LPS, PO1 and PO2 in lipid A were used. All protein beads
within a distance of 10 Å from any selected phosphate groups of neighboring lipids
were used for the proteinlipid interface. Only the last microsecond of the production
run was used to measure this value. In all cases the leaflets were analyzed sepa
rately. All means and standard deviations were calculated using GROMACS 5.1 gmx
analyze[49]. Visual inspection, image rendering, and calculation of the rootmean
square deviation (RMSD) of the protein from their initial structure were performed
with VMD[57], and in case of the RMSD, the full production run of 5μs was used.

3.2.4. Nanodisc systems
Two symmetric discoidal LPS nanodiscs with neutralizing Na+ or Ca2+ ions were con
structed with Nanodisc Builder in Martini Maker; see Table S3.2 for the system infor
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Figure 3.2 | Outer membrane protein A and F. Top view structures of outer membrane proteins
OmpA (PDB ID: 1QJP) and trimeric OmpF porins (PDB ID: 3POX). Four and Eight loops of OmpA and
OmpF are also depicted in different colors. Red and blue spheres in the OmpF porins are acidic and basic
residues in the constriction zone.
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mation. In each system, the discoidal LPS bilayers were encased by two membrane
scaffold protein MSP1D1. Given the nanodisc area by MSP1D1 (a diameter of 95
Å), the first system was made with 37 Re LPS molecules per leaflet, and the second
system was built with 33 Ra LPS molecules per leaflet. After the equilibration, we
performed 1μs production runs with a time step of 20 fs. The membrane thickness
analysis was done on a perphosphate basis through the use of twodimensional
Voronoi diagrams and Delaunay triangulations as a function of distance from the
nanodisc center.

3.2.5. Vesicle systems
Two outer membrane vesicle (OMV)only and two OMVOmpF systems of different
diameters (150 Å or 100 Å) were constructed with Vesicle Builder in Martini Maker;
see Table S3.3 for the system information. The outer leaflet of the vesicles contained
either Re or Ra LPS molecules, while the inner leaflets contained POPE, POPG, and
CDL2 lipids at a ratio of 18:1:1. Following energy minimization and NPT equilibration,
each vesicle system was simulated for several μs with a time step of 20 fs (Table S3.3).
Before the production run, the vesicle was built with two pores on the surface to allow
free movement of water particles to equilibrate the interior and exterior water[58].
The vesicle properties were determined using the last 500 ns of simulation time.
The bilayer thickness was interpreted using radial distribution function (RDF) of the
selected phosphate groups in the inner and outer leaflets of the OMV with respect
to the center of mass of vesicle, and the area per lipid was estimated by calculating
Voronoi cells for each of these isolated lipid phosphate groups[59]. Vesicle radii were
estimated using an inhouse script by calculating the distance between the center of
mass of the OM and the vesicle center[60]. The membrane density profiles were
measured as the position of the lipid phosphate groups along the bilayer normal
using a bin width of 1 Å.

3.2.6. Micelle and random systems
To demonstrate the robustness and flexibility of Micelle and Random Builders with
LPS CG models, we constructed and simulated various systems with different num
bers of Ra or Re LPS molecules and with/without OmpF; see Table S3.4 for the system
information. The LPSonly systems contained 5, 10, 15, and 20 LPS molecules in a
micelle form or randomly distributed in 0.15 M NaCl solution with neutralizing Ca2+

ions added near to the Lipid A phosphate groups. The OmpF micelle and random
systems were composed of a monomer of OmpF and 40 Ra LPS molecules at the
same salt concentration. After the conventional CHARMMGUI protocol for minimiza
tion and equilibration of the systems, we performed 10 μs production runs with a
time step of 20 fs. As simulations with 20 Ra LPS (starting from a preformed micelle
or a random distribution) showed some discrepancies regarding the shape of aggre
gates formed, we also performed additional simulations: i) simulations without Ca2+

ions, but replaced by Na+; ii) simulations with polarizable Martini water model[61];
iii) simulations at higher temperature (400 K) and NVT (constant particle number,
volume, and temperature) ensemble (with the volume equal to the average values
obtained in the NPT simulations at 310 K and 1 bar). All average properties were
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calculated over the last 2 μs of the simulations.

3.3. Results and discussion
Martini (Re and Ra) LPS models (Fig. 3.1) have been added to the following Martini
Maker modules: Bilayer, Nanodisc, Vesicle, Micelle, and Random Builder. In this
section, the robustness and applications of these modules are tested and illustrated
by a wide content of practical simulation studies and their analyses.

3.3.1. Bilayer systems
Martini Maker has shown its capability to construct complex plasma membranes (with
or without a membrane protein) using Bilayer Builder[35]. Here, to illustrate its ability
to build complex, asymmetric OMs, three representations of the E. coli OMs were
constructed, constituted of pure Ra LPS in the outer leaflet and a mixture of POPE,
POPG, and CDL2 in the inner leaflet (see Methods). The OMonly, OMOmpA, and
OMOmpF systems (Fig. 3.3 A, B) contained a total of 216, 205, and 402 lipids fully
hydrated in 150 mM NaCl solution. The negative charges of Ra LPS were neutralized
by a mixture of Ca2+ and Na+. All bilayers were rather rigid in the outer leaflet, with
little to no diffusion of Ra LPS, in the course of the entire simulation. This caused
the inserted protein to stay trapped between its initial neighboring Ra LPS molecules
throughout the production run. In the lower leaflet, lipids diffuse freely and do not
phase separate. None of the proteins left the OM during any of the runs.

Figure 3.3 | Outer membrane with and without protein. (A, B) The side and top view of the final
snapshot of 5 μs simulations (at 310 K and 1 bar) of different Ra LPS systems. The unit cells are depicted
by a blue dotted wireframe. (C) The OM thickness varied only little over the span of the simulation for
each system (the red line shows the running average; n=20).
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The objective of the LPS Bilayer Builder extension was to generate an initial struc
ture that is close to an equilibrated state of an LPScontaining bilayer. Therefore, we
investigated three bilayer properties. First, the OM thickness was defined as the dis
tance between the phosphate groups of the inner leaflet and the phosphate groups of
the lipid A in the outer leaflet. The average bilayer thickness and standard error over
the last μs of each system are 37.61 ± 0.15 (OMonly), 37.25 ± 0.20 (OMOmpA),
and 37.18 ± 0.12 Å (OMOmpF). For all three systems, the change in bilayer thick
ness over 5 μs is very small (less than 1 %). Interestingly, even though the change
is less than 0.5 Å compared to the OMonly simulation, the insertion of OmpA and
OmpF appears to slightly reduce the overall bilayer thickness. This is probably due
to hydrophobic mismatch at the proteinlipid interface.

The second property we tested is the area per lipid (APL). The change in APL is
slightly positive (<5%) for all lipids in all systems over 5 μs. POPG and CDL2 show
the highest change probably due to their low copy number (Fig. S3.1). A table
containing the average APL over the last μs for each lipid in each system can be
found in Table S3.5. The slight increase in APL corresponds well with the observed
slight decrease in the OM thickness. As for the OM thickness, the initial APL appears
to be close to its equilibrium value.

The third property is the protein integrity. Since the Martini ElNeDyn elastic net
work used for OmpA and OmpF should preserve the global protein structure, the
protein integrity was examined by calculating the backbone RMSD with respect to
the CG crystal structure. The calculated RMSD for OmpA (1.60 ± 0.05 Å) and OmpF
(1.88 ± 0.07 Å) was in the same order of magnitude reported in the original CG
Martini ElNeDyn publication[47]. Therefore, the insertion process of the protein in
Bilayer Builder does not alter the protein to any relevant extent.

All of the bilayers tested are stable. The membrane thickness and APL after 5
μs are close to their initial values, which normally indicates that the generated initial
configuration is close to an equilibrium state of an LPScontaining bilayer. However,
due to the extremely slow dynamics of Ra LPS and the measured small drift in the
bilayer thickness and APL, it is difficult to prove that we are indeed close to equilib
rium. This is a general difficulty of working with Ra LPS or any model with extremely
slow dynamics and has little to do with the capacities of Bilayer Builder. In addi
tion, through Bilayer Builder, users can change the number of lipids or each lipid’s
initial area in each leaflet, so that one can examine various properties of asymmetric
bilayers of their own interest.

3.3.2. Nanodisc systems
Discoidal lipid/protein particles, termed nanodiscs, are synthetic model membrane
systems which are useful in the study of membrane proteins and native membrane
environments[62, 63]. Each nanodisc generally contains two amphipathic membrane
scaffold proteins (MSPs) that encase and thereby support a cylindrical lipid bilayer.
Nanodiscs are increasingly being used as platforms for investigating integral mem
brane proteins such as bacteriorhodopsin, cytochrome P450, and Gprotein coupled
receptors[64]. While the application of these discoidal lipid/protein particles is largely
limited to simple phospholipids, the incorporation of LPS molecules into nanodiscs
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would enable the fabrication and investigation of more realistic Gramnegative OM
environments. To provide insight into the dynamic properties of LPS nanodiscs, and
to test the capabilities of Nanodisc Builder in Martini Maker, we constructed nanodiscs
of Re or Ra LPS that were encased in two MPS1D1 proteins (see Methods).

The RMSD of the MSPs reached asymptotic values within the simulation time,
indicating that the nanodisc properties had converged (Fig. S3.2). The equilibrium
RMSD values are similar in the Ra LPS nanodisc systems; 4.3 ± 0.2 and 4.3 ± 0.3
Å (for each MSP with neutralizing Ca2+ ions) and 4.6 ± 0.2 and 4.1 ± 0.2 Å (with
neutralizing Na+ ions) over the last 100 ns of simulation time. For comparison, the
RMSD values in the Re LPS nanodisc systems are 4.7 ± 0.3 and 4.2 ± 0.4 Å (Ca2+

ions) and 5.2 ± 0.4 and 5.0 ± 0.3 Å (Na+ ions). The data reveal a slight reduction
in the MSP stability when they encase LPS molecules of smaller head groups, and
likewise reveal a slight decrease in protein stability when divalent cations are not
present to stabilize the repulsive electrostatic interactions between LPS phosphate
and carboxylate groups.

Fig. 3.4 shows the bilayer thickness as a function of radial distance (R) from the
nanodisc center for each nanodisc system. While the Ra LPS nanodisc bilayers gen
erally preserve their thickness as a function of R, the Re LPS nanodisc bilayers taper
towards the nanodisc edge. This deformation of lamellar structure is rationalized in
terms of the incomplete coverage afforded by the MSPs that encase LPS acyl tails,
and the relatively small size of the Re LPS lipid head groups. The Re LPS lipid head
groups are able to perforate small gaps in the amphipathic protein belts leading to
deformation of bilayer structure and reduction of the membrane thickness towards
the disc edge (Fig. 3.4 E, F). This insight has important implications for experiments
involving LPS nanodiscs, as it is evident that realistic Gramnegative OM environ
ments are more easily achieved using LPS variants with bulkier core oligosaccharide
sections, which are less able to perforate small holes in the encasing protein belts.
Note that the symmetric LPS nanodisc bilayers are thinner than the planar OM thick
ness (Fig. 3.3) because the OM contains phospholipids with longer acyl chains in the
inner leaflet. The average thickness of the nanodisc bilayers within R = 20 Å are
28.46 ± 0.74 Å (Ra LPS with Ca2+), 28.32 ± 0.82 Å (Ra LPS with Na+), 34.65 ± 0.34
Å (Re LPS with Ca2+), and 35.89 ± 1.32 Å (Re LPS with Na+).

3.3.3. Vesicle systems
Martini Maker has previously been used to manufacture multifaceted membrane sys
tems that incorporate different membrane proteins[35]. Here, we built outer mem
brane vesicles (OMVs) that were made of lipids alone (OMVonly), and complex vesi
cles that incorporate lipids and embedded OmpF (OMVOmpF). Vesicle radii of 100
and 150 Å were studied for each OMV composition (Fig. 3.5 A, B). The outer leaflet of
the vesicles contained Re or Ra LPS lipids, and the inner leaflet contained a combina
tion of POPE, POPG, and CDL2 (see Methods). To assess simulation convergence, we
monitored the radius of each OMV (R𝑂𝑀𝑉), which was defined as the radial distance
between the OMV center and the center of mass of the encapsulating membranes.
The R𝑂𝑀𝑉 from the last 500 ns simulations are 142.36 ± 0.31 (150 Å Re OMVonly),
141.96 ± 0.03 (150 Å Re OMVOmpF), 140.07 ± 0.02 (150 Å Ra OMVonly), and
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Figure 3.4 | LPS nanodiscs. Nanodisc bilayer thickness as a function of radial distance from the
nanodisc center for the Ra LPS systems with (A) Na+ or (B) Ca2+ neutralizing ions and for the Re LPS
systems with (C) Na+ or (D) Ca2+ neutralizing ions. The thickness values are calculated for the last 100
ns of the simulations. The error bars represent one standard deviation. (E) Side view of the symmetric
Re LPS nanodisc after 1 μs of simulation time. The component Re LPS molecules are colored white, and
the encasing MSP1D1 helices are represented as red and green isosurfaces, extracted from a volumetric
Gaussian density map. (F) The symmetric Ra LPS nanodisc with the MSPs omitted to accentuate the Re
LPS molecules that have perforated gaps in the encasing MSP helices. These perforating Re LPS lipids are
colored yellow, grey, mauve and purple.

96.93 ± 0.04 Å (100 Å Ra OMVOmpF), respectively (Fig. S3.3).

To investigate if the embedded protein influenced vesicle morphology, we mea
sured the positions of the lipid phosphate groups relative to R𝑂𝑀𝑉 (Fig. 3.5 C, D).
The incorporation of the OmpF protein does not significantly affect the distribution
of LPS phosphate groups in either Re or Ra OMV. The OMV thickness was measured
using the RDF of the outer and inner leaflets with respect to the center of mass of
the vesicles. The OMV thicknesses from the last 500 ns are 35.88 ± 2.51 (150 Å
Re OMVonly), 36.18 ± 2.15 (150 Å Re OMVOmpF), 34.97 ± 4.16 (150 Å Ra OMV
only), and 34.45 ± 6.26 Å (100 Å Ra OMVOmpF), respectively. The average LPS
APL in the OMV systems over the last 500 ns simulations were 179.2 ± 0.014 (150
Å Re OMVonly), 179.4 ± 0.015 (150 Å Re OMVOmpF), 200.5 ± 0.018 (150 Å Ra
OMVonly), and 200.8 ± 0.029 Å2 (100 Å Ra OMVOmpF), respectively, while the
APL for the phospholipids in the OMV systems can be found in Table S3.6. The OMV
thickness was smaller than the bilayer system (Fig. 3.3) and the area per lipid of
LPS was larger than the bilayer system (Table S3.5), indicating that our OMVs were
less packed. Given the complexity of the system building and simulation, this could
be acceptable, but also suggest that users may need to try a few different set of the
number of LPS in the outer leaflet, as it would be difficult for us to come up with a
set of general parameters applicable to various systems.
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Figure 3.5 | LPS vesicles with and without protein. (A, B) OMVs structures and (C, D) Re and Ra
LPS phosphate particle positions. The color scheme in (A) and (B) is the same as in Fig. 3.3, and water
beads are omitted for clarity. The phosphate particle positions are shown relative to the center of mass
of the vesicle bilayers, and the average R𝑂𝑀𝑉 is at position 0. The black line shows data for (C) 150 Å Re
OMVonly and (D) 150 Å Ra OMVonly, while the magenta line shows data for (C) 150 Å Re OMVOmpF
and (D) 100 Å Ra OMVOmpF. Note that there are two phosphate density profiles in (D) Ra OMVs in the
outer leaflet, one from lipid A and the other from the core region.

3.3.4. Micelle and random systems
Regarding their immune response, LPS aggregates are considered to be biologically
active as monomers[65, 66]. However, little is known about their supramolecular
organization. Experimental evidences indicate that LPS molecules can form micelles,
lamellar, tubular or even cubic assemblies[66–69]. In this section, we tested Ran
dom Builder and Micelle Builder as tools to get the first estimates of how the LPS
Martini CG models predict the type of aggregates formed by small numbers of Re
and Ra LPS molecules. MD simulations of 5 to 20 LPS molecules at 310 K and 1
bar were performed in order to predict their selfassemblies (see Methods). The
results are presented in Fig. 3.6, giving emphasis to the systems containing 20 Ra
LPS molecules. Other results, including those obtained with Re LPS molecules, are
detailed in Fig. S3.4S3.6.

The 10 μs simulations of 20 Ra LPS molecules randomly placed in a water cubic
box at 310 K did not yield any form of micelle structure or small bilayer patches.
Instead, after 6 μs, Ra LPS aggregates appear to be trapped in stable elongated
structures with an average radius of gyration (Rg) of 30.73 ± 0.03 Å (Fig. 3.6 A, D).
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Figure 3.6 | LPS micelles with and without protein. (A–C) Initial structure and last snapshot of
10 μs MD simulations (at 310 K and 1 bar) performed with different Ra LPS systems. (A) 20 Ra LPS
molecules were randomly placed and selfassembled during the simulations. In this case, an auxiliary 5
μs MD simulation was also performed at higher temperature (400 K) and fixed density (NVT ensemble).
(B) 20 Ra LPS molecules were preassembled in a micelle configuration. (C) 40 Ra LPS molecules and one
monomer of OmpF in a micelle configuration. For sake of clarity, only half of the LPS molecules are shown.
(D) Timeseries of the radius of gyration (Rg) of 20 Ra LPS systems. (E) Timeseries of the tailtail/core
core contacts ratio of 20 Ra LPS systems. Tailtail and corecore contacts were defined using a distance
cutoff of 6 Å between the beads. (F) Average radius of gyration of 20 Ra LPS molecules in four different
conditions: (i) with Ca2+ ions added near to the phosphate groups of lipid A; (ii) with Na+ ions replacing
Ca2+ ions; (iii) with Ca2+ ions and polarizable water model; (iv) with Ca2+ ions and higher temperature
(400K). (G) Average radius of gyration of 5, 10, 15, and 20 Ra and Re LPS molecules in MD simulations
performed with random and micelle initial configurations.

This unusual aggregate indicates more favorable interactions between the oligosac
charide cores than the aliphatic tails (as indicated by the tailtail/corecore contacts
ratio in Fig. 6E). Different counterions (Na+ or Ca2+) or improvements in the elec
trostatic interactions (through the usage of polarizable models) were also not able
to produce micelle or bilayerlike structures (Fig. 3.6 F). Only an auxiliary 5 μs MD
simulation performed at higher temperature (400 K but the same density of systems
simulated at 310 K) was converged to bilayerlike aggregates with an average Rg
of 25.60 ± 0.01 Å (Fig. 3.6 A), showing a highly compact sugar head, as already
exemplified in the previous bilayer sections.

The usage of Micelle Builder clearly showed the importance of the initial configu
ration for MD simulations with LPS molecules. The preassembled micelle structures
at physiological conditions (310 K and 1 bar) and with less simulation time (Fig. 3.6
B) allowed the formation of aggregates similar to those predicted by MD simulations
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of random Ra LPS initial configuration at high temperatures. About 1 μs was suffi
cient for the convergence of the bilayerlike structure. For MD simulations performed
with less than 15 LPS molecules, the aggregates obtained from the simulations of
Ra and Re LPS systems from both Micelle and Random Builders are structurally very
similar with similar Rg, as shown in Fig. 3.6 G (and also in snapshots of Figures S3.5
and S3.6). For the creation of aggregates with 15 to 44 LPS molecules, we do not
recommend the usage of Random Builder. In these cases, Micelle builder proved to
be a more suitable tool, including its application for MD simulations of LPSprotein
aggregates, as exemplified by the preassembled Ra LPS–OmpF micelle (Fig. 3.6 C).
In pure LPS systems containing 44 or more LPS molecules, Vesicle Builder or Bilayers
Builder should be a reasonable choice, depending on the application. It should be
stressed that the LPS aggregates presented here are not necessarily the supramolec
ular structures expected for specific LPS:water ratio, but an easy route to generate
aggregates in specific sizes. Further MD simulations are necessary to understand if
the current CG model is able to predict the most thermodynamically stable structure
in specific LPS concentration.

3.4. Conclusions
In conclusion, we have demonstrated the utility of the CHARMM GUI MartiniMaker
for the automated construction of systems that are of relevance to bacterial mem
branes containing LPS that are much more complex than the typical phospholipids.
While phospholipids are often used to mimic bacterial membranes in computational
studies, for molecular dynamics simulations of bacterial membranes to be biologically
relevant, models should incorporate the diverse chemical moieties that are present
in the native bacterial membranes, as well as accessing timescales that are longer
than those practically possible using atomisticlevel models. This argues for CG sys
tems that can be easily set up. To this end, webbased userfriendly MartiniMaker
is developed to construct flat bilayers, vesicles, micelles and nanodiscs with mini
mal user inputs. We have shown that the resulting structures are robust and similar
compared to their atomistic counterparts, although there is room for improvement (i)
by optimizing the Martini parameters for Ca2+ and by reducing the overall stickiness
of sugarbased molecules as was recently performed for gangliosides[70] and (ii)
the MartiniMaker system building parameters to better estimate the number of lipid
molecules in Vesicle Builder. MartiniMaker is expected to replace the laborious pro
cess of manual system setup of these complex LPScontaining systems, with an easy
to use, freely available, online procedure that requires minimal manual intervention.
Finally, the current work provides a framework to include all LPS molecules (including
Oantigen polysaccharides) available in LPS Modeler in CHARMMGUI3[71].
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3.6. Supplementary Information
Table S3.1 | The composition of the bilayer systems.

Table S3.2 | The composition of the nanodisc systems.
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Table S3.3 | The composition of the vesicle systems.

Figure S3.1 | APL profiles for the bilayer systems. Timeseries of area per lipid (APL) of the OM
systems. A larger deviation is observed for OMOmpF due to instability in the analysis program with regard
to Voronoi tessellation on frames with multiple beads on the similar x,y coordinates (z is dumped). A skip
of 10 was used to reduce the chance of hitting such a frame. Even in this case the average could be
defined with a good certainty.
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Table S3.4 | The composition of micelle and random systems using standard (W) or polariz
able (PW) water models.
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Table S3.5 | APL and thickness for the bilayer systems. The average and standard error of mean
(SEM) of the APL and bilayer thickness over the last microsecond of the 5 μs Bilayer Builder production
runs. Even though the SEM is pretty low for all systems and lipids, the insertion of a protein causes a
systematic error in the Voronoi procedure at the protein lipid interphase.

Table S3.6 | The average and the standard error of mean (SEM) of OMV area per lipid over
the last 500 ns of total simulation time.
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Figure S3.2 | RMSD of nanodisc systems. Timeseries of the rootmeansquare deviation(RMSD) of
MSP1D1 proteins in the Ra LPS nanodiscs neutralized with (A) Na+ or (B) Ca2+ ions and Re LPS nanodiscs
neutralized with (C) Na+ or (D) Ca2+ ions.
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Figure S3.3 | Radii for vesicle systems. Timeseries of the OMV radii calculated as the radial distance
between the OMV center of and the center of mass of the encapsulating membranes for (A) the total
simulation time and (B)the last 500 ns simulation time
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Figure S3.4 | Timeseries of the radius of gyration of the LPS molecules in various micelle
and random systems.
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Figure S3.5 | Initial structure and the last snapshot of MD simulations performed with Ra
LPS micelle and random systems (5, 10, and 15 LPS molecules).
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Figure S3.6 | Initial structure and the last snapshot of MD simulations performed with Re
LPS micelle and random systems (5, 10, 15, and 20 LPS molecules.



3

70 3. CHARMMGUI LPS Martini Maker

3.7. References
[1] P.C. Hsu, B. M. H. Bruininks, D. Jefferies, P. C. T. de Souza, J. Lee, D. S. Patel,

S. J. Marrink, Y. Qi, S. Khalid, and W. Im, CHARMMGUI martini maker for mod
eling and simulation of complex bacterial membranes with lipopolysaccharides,
Journal of Computational Chemistry 38, 2354 (2017).

[2] T. Mori, N. Miyashita, W. Im, M. Feig, and Y. Sugita, Molecular dynamics simula
tions of biological membranes and membrane proteins using enhanced confor
mational sampling algorithms, Biochimica et Biophysica Acta (BBA)  Biomem
branes 1858, 1635 (2016).

[3] H. I. Ingólfsson, C. Arnarez, X. Periole, and S. J. Marrink, Computational ‘mi
croscopy’ of cellular membranes, Journal of Cell Science 129, 257 (2016).

[4] D. Jefferies, P.C. Hsu, and S. Khalid, Through the lipopolysaccharide glass: A
potent antimicrobial peptide induces phase changes in membranes, Biochem
istry 56, 1672 (2017).

[5] K. R. Pothula, C. J. Solano, and U. Kleinekathöfer, Simulations of outer mem
brane channels and their permeability, Biochimica et Biophysica Acta (BBA) 
Biomembranes 1858, 1760 (2016).

[6] S. J. Marrink and D. P. Tieleman, Perspective on the martini model, Chemical
Society Reviews 42, 6801 (2013).

[7] S. J. Marrink, H. J. Risselada, S. Yefimov, D. P. Tieleman, and A. H. de Vries,
The MARTINI force field: coarse grained model for biomolecular simulations,
The Journal of Physical Chemistry B 111, 7812 (2007).

[8] M. Lelimousin, V. Limongelli, and M. S. P. Sansom, Conformational changes
in the epidermal growth factor receptor: Role of the transmembrane domain
investigated by coarsegrained MetaDynamics free energy calculations, Journal
of the American Chemical Society 138, 10611 (2016).

[9] M. N. Melo, C. Arnarez, H. Sikkema, N. Kumar, M. Walko, H. J. C. Berendsen,
A. Kocer, S. J. Marrink, and H. I. Ingólfsson, Highthroughput simulations reveal
membranemediated effects of alcohols on MscL gating, Journal of the American
Chemical Society 139, 2664 (2017).

[10] F. J. V. Eerden, M. N. Melo, P. W. J. M. Frederix, X. Periole, and S. J. Marrink,
Exchange pathways of plastoquinone and plastoquinol in the photosystem II
complex, Nature Communications 8 (2017), 10.1038/ncomms15214.

[11] Y. Knirel, Bacterial lipopolysaccharides : structure, chemical synthesis, biogen
esis and interaction with host cells (SpringerVerlag, Wien, 2011).

[12] M. P. Bos, V. Robert, and J. Tommassen, Biogenesis of the gramnegative
bacterial outer membrane, Annual Review of Microbiology 61, 191 (2007).

http://dx.doi.org/ 10.1002/jcc.24895
http://dx.doi.org/10.1016/j.bbamem.2015.12.032
http://dx.doi.org/10.1016/j.bbamem.2015.12.032
http://dx.doi.org/10.1242/jcs.176040
http://dx.doi.org/10.1021/acs.biochem.6b01063
http://dx.doi.org/10.1021/acs.biochem.6b01063
http://dx.doi.org/10.1016/j.bbamem.2015.12.020
http://dx.doi.org/10.1016/j.bbamem.2015.12.020
http://dx.doi.org/10.1039/c3cs60093a
http://dx.doi.org/10.1039/c3cs60093a
http://dx.doi.org/ 10.1021/jp071097f
http://dx.doi.org/10.1021/jacs.6b05602
http://dx.doi.org/10.1021/jacs.6b05602
http://dx.doi.org/10.1021/jacs.6b11091
http://dx.doi.org/10.1021/jacs.6b11091
http://dx.doi.org/10.1038/ncomms15214
http://dx.doi.org/10.1146/annurev.micro.61.080706.093245


3.7. References

3

71

[13] N. Ruiz, D. Kahne, and T. J. Silhavy, Advances in understanding bacterial outer
membrane biogenesis, Nature Reviews Microbiology 4, 57 (2006).

[14] J. Parkin, M. Chavent, and S. Khalid, Molecular simulations of gramnegative
bacterial membranes: A vignette of some recent successes, Biophysical Journal
109, 461 (2015).

[15] H. Nikaido, Role of permeability barriers in resistance to βlactam antibiotics,
Pharmacology & Therapeutics 27, 197 (1985).

[16] H. Nikaido, Molecular basis of bacterial outer membrane permeability revisited,
Microbiology and Molecular Biology Reviews 67, 593 (2003).

[17] D. S. Patel, S. Re, E. L. Wu, Y. Qi, P. E. Klebba, G. Widmalm, M. S. Yeom,
Y. Sugita, and W. Im, Dynamics and interactions of OmpF and LPS: Influence
on pore accessibility and ion permeability, Biophysical Journal 110, 930 (2016).

[18] T. J. Piggot, D. A. Holdbrook, and S. Khalid, Electroporation of the e. coli and
s. aureus membranes: Molecular dynamics simulations of complex bacterial
membranes, The Journal of Physical Chemistry B 115, 13381 (2011).

[19] E. L. Wu, P. J. Fleming, M. S. Yeom, G. Widmalm, J. B. Klauda, K. G. Fleming,
and W. Im, E. coli outer membrane and interactions with OmpLA, Biophysical
Journal 106, 2493 (2014).

[20] S. Khalid, N. A. Berglund, D. A. Holdbrook, Y. M. Leung, and J. Parkin, The
membranes of gramnegative bacteria: progress in molecular modelling and
simulation, Biochemical Society Transactions 43, 162 (2015).

[21] D. S. Patel, Y. Qi, and W. Im, Modeling and simulation of bacterial outer mem
branes and interactions with membrane proteins, Current Opinion in Structural
Biology 43, 131 (2017).

[22] A. Pavlova, H. Hwang, K. Lundquist, C. Balusek, and J. C. Gumbart, Living
on the edge: Simulations of bacterial outermembrane proteins, Biochimica et
Biophysica Acta (BBA)  Biomembranes 1858, 1753 (2016).

[23] S. Kim, D. S. Patel, S. Park, J. Slusky, J. B. Klauda, G. Widmalm, and W. Im,
Bilayer properties of lipid a from various gramnegative bacteria, Biophysical
Journal 111, 1750 (2016).

[24] P. J. Fleming, D. S. Patel, E. L. Wu, Y. Qi, M. S. Yeom, M. C. Sousa, K. G. Fleming,
and W. Im, BamA POTRA domain interacts with a native lipid membrane surface,
Biophysical Journal 110, 2698 (2016).

[25] D. A. Holdbrook, T. J. Piggot, M. S. Sansom, and S. Khalid, Stability and
membrane interactions of an autotransport protein: MD simulations of the hia
translocator domain in a complex membrane environment, Biochimica et Bio
physica Acta (BBA)  Biomembranes 1828, 715 (2013).

http://dx.doi.org/10.1038/nrmicro1322
http://dx.doi.org/10.1016/j.bpj.2015.06.050
http://dx.doi.org/10.1016/j.bpj.2015.06.050
http://dx.doi.org/10.1016/0163-7258(85)90069-5
http://dx.doi.org/ 10.1128/mmbr.67.4.593-656.2003
http://dx.doi.org/10.1016/j.bpj.2016.01.002
http://dx.doi.org/10.1021/jp207013v
http://dx.doi.org/10.1016/j.bpj.2014.04.024
http://dx.doi.org/10.1016/j.bpj.2014.04.024
http://dx.doi.org/10.1042/bst20140262
http://dx.doi.org/ 10.1016/j.sbi.2017.01.003
http://dx.doi.org/ 10.1016/j.sbi.2017.01.003
http://dx.doi.org/ 10.1016/j.bbamem.2016.01.020
http://dx.doi.org/ 10.1016/j.bbamem.2016.01.020
http://dx.doi.org/10.1016/j.bpj.2016.09.001
http://dx.doi.org/10.1016/j.bpj.2016.09.001
http://dx.doi.org/10.1016/j.bpj.2016.05.010
http://dx.doi.org/ 10.1016/j.bbamem.2012.09.002
http://dx.doi.org/ 10.1016/j.bbamem.2012.09.002


3

72 3. CHARMMGUI LPS Martini Maker

[26] J. Lee, D. S. Patel, I. Kucharska, L. K. Tamm, and W. Im, Refinement of OprH
LPS interactions by molecular simulations, Biophysical Journal 112, 346 (2017).

[27] T. J. Piggot, D. A. Holdbrook, and S. Khalid, Conformational dynamics and mem
brane interactions of the e. coli outer membrane protein FecA: A molecular dy
namics simulation study, Biochimica et Biophysica Acta (BBA)  Biomembranes
1828, 284 (2013).

[28] S. Jo, E. L. Wu, D. Stuhlsatz, J. B. Klauda, A. D. MacKerell, G. Widmalm, and
W. Im, Lipopolysaccharide membrane building and simulation, in Methods in
Molecular Biology (Springer New York, 2015) pp. 391–406.

[29] H. Ma, F. J. Irudayanathan, W. Jiang, and S. Nangia, Simulating gramnegative
bacterial outer membrane: A coarse grain model, The Journal of Physical Chem
istry B 119, 14668 (2015).

[30] B. V. Oosten and T. A. Harroun, A MARTINI extension for pseudomonas aerugi
nosa PAO1 lipopolysaccharide, Journal of Molecular Graphics and Modelling 63,
125 (2016).

[31] S. Jo, T. Kim, V. G. Iyer, and W. Im, CHARMMGUI: A webbased graphical user
interface for CHARMM, Journal of Computational Chemistry 29, 1859 (2008).

[32] E. L. Wu, X. Cheng, S. Jo, H. Rui, K. C. Song, E. M. DávilaContreras, Y. Qi,
J. Lee, V. MonjeGalvan, R. M. Venable, J. B. Klauda, and W. Im, CHARMM
GUIMembrane buildertoward realistic biological membrane simulations, Journal
of Computational Chemistry 35, 1997 (2014).

[33] S. Jo, J. B. Lim, J. B. Klauda, and W. Im, CHARMMGUI membrane builder for
mixed bilayers and its application to yeast membranes, Biophysical Journal 97,
50 (2009).

[34] X. Cheng, S. Jo, H. S. Lee, J. B. Klauda, and W. Im, CHARMMGUI micelle
builder for pure/mixed micelle and protein/micelle complex systems, Journal of
Chemical Information and Modeling 53, 2171 (2013).

[35] Y. Qi, H. I. Ingólfsson, X. Cheng, J. Lee, S. J. Marrink, and W. Im, CHARMM
GUI martini maker for coarsegrained simulations with the martini force field,
Journal of Chemical Theory and Computation 11, 4486 (2015).

[36] P.C. Hsu, D. Jefferies, and S. Khalid, Molecular dynamics simulations predict
the pathways via which pristine fullerenes penetrate bacterial membranes, The
Journal of Physical Chemistry B 120, 11170 (2016).

[37] J. A. Graham, J. W. Essex, and S. Khalid, PyCGTOOL: Automated generation of
coarsegrained molecular dynamics models from atomistic trajectories, Journal
of Chemical Information and Modeling 57, 650 (2017).

http://dx.doi.org/10.1016/j.bpj.2016.12.006
http://dx.doi.org/ 10.1016/j.bbamem.2012.08.021
http://dx.doi.org/ 10.1016/j.bbamem.2012.08.021
http://dx.doi.org/10.1007/978-1-4939-2343-4_24
http://dx.doi.org/10.1007/978-1-4939-2343-4_24
http://dx.doi.org/10.1021/acs.jpcb.5b07122
http://dx.doi.org/10.1021/acs.jpcb.5b07122
http://dx.doi.org/10.1016/j.jmgm.2015.12.002
http://dx.doi.org/10.1016/j.jmgm.2015.12.002
http://dx.doi.org/10.1002/jcc.20945
http://dx.doi.org/10.1002/jcc.23702
http://dx.doi.org/10.1002/jcc.23702
http://dx.doi.org/ 10.1016/j.bpj.2009.04.013
http://dx.doi.org/ 10.1016/j.bpj.2009.04.013
http://dx.doi.org/10.1021/ci4002684
http://dx.doi.org/10.1021/ci4002684
http://dx.doi.org/ 10.1021/acs.jctc.5b00513
http://dx.doi.org/10.1021/acs.jpcb.6b06615
http://dx.doi.org/10.1021/acs.jpcb.6b06615
http://dx.doi.org/10.1021/acs.jcim.7b00096
http://dx.doi.org/10.1021/acs.jcim.7b00096


3.7. References

3

73

[38] R. T. Coughlin, S. Tonsager, and E. J. McGroarty, Quantitation of metal cations
bound to membranes and extracted lipopolysaccharide of escherichia coli, Bio
chemistry 22, 2002 (1983).

[39] M. Schindler and M. J. Osborn, Interaction of divalent cations and polymyxin b
with lipopolysaccharide, Biochemistry 18, 4425 (1979).

[40] L. van Alphen, A. Verkleij, J. LeunissenBijvelt, and B. Lugtenberg, Architec
ture of the outer membrane of escherichia coli III. proteinlipopolysaccharide
complexes in intramembraneous particles, Journal of Bacteriology 134, 1089
(1978).

[41] E. L. Wu, O. Engström, S. Jo, D. Stuhlsatz, M. S. Yeom, J. B. Klauda, G. Wid
malm, and W. Im, Molecular dynamics and NMR spectroscopy studies of
e. coli lipopolysaccharide structure and dynamics, Biophysical Journal 105,
1444 (2013).

[42] T. A. Wassenaar, H. I. Ingólfsson, R. A. Böckmann, D. P. Tieleman, and S. J.
Marrink, Computational lipidomics with insane: A versatile tool for generating
custom membranes for molecular simulations, Journal of Chemical Theory and
Computation 11, 2144 (2015).

[43] M. Dahlberg and A. Maliniak, Mechanical properties of coarsegrained bilayers
formed by cardiolipin and zwitterionic lipids, Journal of Chemical Theory and
Computation 6, 1638 (2010).

[44] M. Pannuzzo, D. H. D. Jong, A. Raudino, and S. J. Marrink, Simulation of
polyethylene glycol and calciummediated membrane fusion, The Journal of
Chemical Physics 140, 124905 (2014).

[45] S. J. Marrink, A. H. de Vries, and A. E. Mark, Coarse grained model for semi
quantitative lipid simulations, The Journal of Physical Chemistry B 108, 750
(2004).

[46] L. Monticelli, S. K. Kandasamy, X. Periole, R. G. Larson, D. P. Tieleman, and
S. J. Marrink, The MARTINI coarsegrained force field: Extension to proteins,
Journal of Chemical Theory and Computation 4, 819 (2008).

[47] X. Periole, M. Cavalli, S. J. Marrink, and M. A. Ceruso, Combining an elas
tic network with a coarsegrained molecular force field: Structure, dynamics,
and intermolecular recognition, Journal of Chemical Theory and Computation
5, 2531 (2009).

[48] D. H. de Jong, S. Baoukina, H. I. Ingólfsson, and S. J. Marrink, Martini straight:
Boosting performance using a shorter cutoff and GPUs, Computer Physics Com
munications 199, 1 (2016).

[49] M. J. Abraham, T. Murtola, R. Schulz, S. Páll, J. C. Smith, B. Hess, and E. Lin
dahl, GROMACS: High performance molecular simulations through multilevel
parallelism from laptops to supercomputers, SoftwareX 12, 19 (2015).

http://dx.doi.org/10.1021/bi00277a041
http://dx.doi.org/10.1021/bi00277a041
http://dx.doi.org/ 10.1021/bi00587a024
http://dx.doi.org/ 10.1128/jb.134.3.1089-1098.1978
http://dx.doi.org/ 10.1128/jb.134.3.1089-1098.1978
http://dx.doi.org/ 10.1016/j.bpj.2013.08.002
http://dx.doi.org/ 10.1016/j.bpj.2013.08.002
http://dx.doi.org/10.1021/acs.jctc.5b00209
http://dx.doi.org/10.1021/acs.jctc.5b00209
http://dx.doi.org/10.1021/ct900654e
http://dx.doi.org/10.1021/ct900654e
http://dx.doi.org/ 10.1063/1.4869176
http://dx.doi.org/ 10.1063/1.4869176
http://dx.doi.org/ 10.1021/jp036508g
http://dx.doi.org/ 10.1021/jp036508g
http://dx.doi.org/10.1021/ct700324x
http://dx.doi.org/10.1021/ct9002114
http://dx.doi.org/10.1021/ct9002114
http://dx.doi.org/ 10.1016/j.cpc.2015.09.014
http://dx.doi.org/ 10.1016/j.cpc.2015.09.014
http://dx.doi.org/ 10.1016/j.softx.2015.06.001


3

74 3. CHARMMGUI LPS Martini Maker

[50] E. Lugtenberg and R. Peters, Distribution of lipids in cytoplasmic and outer
membranes of escherichia coli k12, Biochimica et Biophysica Acta (BBA)  Lipids
and Lipid Metabolism 441, 38 (1976).

[51] A. Pautsch and G. E. Schulz, Highresolution structure of the OmpA membrane
domain, Journal of Molecular Biology 298, 273 (2000).

[52] R. G. Efremov and L. A. Sazanov, Structure of escherichia coli OmpF porin from
lipidic mesophase, Journal of Structural Biology 178, 311 (2012).

[53] M. P. Molloy, B. R. Herbert, M. B. Slade, T. Rabilloud, A. S. Nouwens, K. L.
Williams, and A. A. Gooley, Proteomic analysis of the escherichia coli outer
membrane, European Journal of Biochemistry 267, 2871 (2000).

[54] J. Murrell, Physiology of the bacterial cell — a molecular approach, Trends in
Genetics 7, 341 (1991).

[55] M. A. Lomize, A. L. Lomize, I. D. Pogozheva, and H. I. Mosberg, OPM: Orien
tations of proteins in membranes database, Bioinformatics 22, 623 (2006).

[56] N. MichaudAgrawal, E. J. Denning, T. B. Woolf, and O. Beckstein, MDAnal
ysis: A toolkit for the analysis of molecular dynamics simulations, Journal of
Computational Chemistry 32, 2319 (2011).

[57] W. Humphrey, A. Dalke, and K. Schulten, VMD: Visual molecular dynamics,
Journal of Molecular Graphics 14, 33 (1996).

[58] H. J. Risselada, A. E. Mark, and S. J. Marrink, Application of mean field boundary
potentials in simulations of lipid vesicles, The Journal of Physical Chemistry B
112, 7438 (2008).

[59] S. Buchoux, FATSLiM: a fast and robust software to analyze MD simulations of
membranes, Bioinformatics 33, 133 (2016).

[60] D. A. Holdbrook, R. G. Huber, T. J. Piggot, P. J. Bond, and S. Khalid, Dynamics of
crowded vesicles: Local and global responses to membrane composition, PLOS
ONE 11, e0156963 (2016).

[61] S. O. Yesylevskyy, L. V. Schäfer, D. Sengupta, and S. J. Marrink, Polarizable
water model for the coarsegrained MARTINI force field, PLoS Computational
Biology 6, e1000810 (2010).

[62] S. Bibow, Y. Polyhach, C. Eichmann, C. N. Chi, J. Kowal, S. Albiez, R. A. McLeod,
H. Stahlberg, G. Jeschke, P. Güntert, and R. Riek, Solution structure of discoidal
highdensity lipoprotein particles with a shortened apolipoprotein ai, Nature
Structural & Molecular Biology 24, 187 (2016).

[63] I. G. Denisov and S. G. Sligar, Nanodiscs in membrane biochemistry and bio
physics, Chemical Reviews 117, 4669 (2017).

http://dx.doi.org/10.1016/0005-2760(76)90279-4
http://dx.doi.org/10.1016/0005-2760(76)90279-4
http://dx.doi.org/ 10.1006/jmbi.2000.3671
http://dx.doi.org/ 10.1016/j.jsb.2012.03.005
http://dx.doi.org/10.1046/j.1432-1327.2000.01296.x
http://dx.doi.org/ 10.1016/0168-9525(91)90427-r
http://dx.doi.org/ 10.1016/0168-9525(91)90427-r
http://dx.doi.org/ 10.1093/bioinformatics/btk023
http://dx.doi.org/ 10.1002/jcc.21787
http://dx.doi.org/ 10.1002/jcc.21787
http://dx.doi.org/10.1016/0263-7855(96)00018-5
http://dx.doi.org/ 10.1021/jp0758519
http://dx.doi.org/ 10.1021/jp0758519
http://dx.doi.org/10.1093/bioinformatics/btw563
http://dx.doi.org/ 10.1371/journal.pone.0156963
http://dx.doi.org/ 10.1371/journal.pone.0156963
http://dx.doi.org/ 10.1371/journal.pcbi.1000810
http://dx.doi.org/ 10.1371/journal.pcbi.1000810
http://dx.doi.org/10.1038/nsmb.3345
http://dx.doi.org/10.1038/nsmb.3345
http://dx.doi.org/ 10.1021/acs.chemrev.6b00690


3.7. References

3

75

[64] I. G. Denisov and S. G. Sligar, Nanodiscs for structural and functional studies of
membrane proteins, Nature Structural & Molecular Biology 23, 481 (2016).

[65] M. Mueller, B. Lindner, S. Kusumoto, K. Fukase, A. B. Schromm, and U. Seydel,
Aggregates are the biologically active units of endotoxin, Journal of Biological
Chemistry 279, 26307 (2004).

[66] H. Sasaki and S. H. White, Aggregation behavior of an ultrapure lipopolysac
charide that stimulates TLR4 receptors, Biophysical Journal 95, 986 (2008).

[67] K. BRANDENBURG and U. SEYDEL, Investigation into the fluidity of lipopolysac
charide and free lipid a membrane systems by fouriertransform infrared spec
troscopy and differential scanning calorimetry, European Journal of Biochem
istry 191, 229 (1990).

[68] N. C. Santos, A. C. Silva, M. A. R. B. Castanho, J. MartinsSilva, and C. Saldanha,
Evaluation of lipopolysaccharide aggregation by light scattering spectroscopy,
ChemBioChem 4, 96 (2003).

[69] S. G. Wilkinson, Bacterial lipopolysaccharides – themes and variations, Progress
in Lipid Research 35, 283 (1996).

[70] R.X. Gu, H. I. Ingólfsson, A. H. de Vries, S. J. Marrink, and D. P. Tiele
man, Gangliosidelipid and gangliosideprotein interactions revealed by coarse
grained and atomistic molecular dynamics simulations, The Journal of Physical
Chemistry B 121, 3262 (2016).

[71] S. Jo, X. Cheng, J. Lee, S. Kim, S.J. Park, D. S. Patel, A. H. Beaven, K. I.
Lee, H. Rui, S. Park, H. S. Lee, B. Roux, A. D. MacKerell, J. B. Klauda, Y. Qi,
and W. Im, CHARMMGUI 10 years for biomolecular modeling and simulation,
Journal of Computational Chemistry 38, 1114 (2016).

http://dx.doi.org/ 10.1038/nsmb.3195
http://dx.doi.org/10.1074/jbc.m401231200
http://dx.doi.org/10.1074/jbc.m401231200
http://dx.doi.org/10.1529/biophysj.108.129197
http://dx.doi.org/10.1111/j.1432-1033.1990.tb19114.x
http://dx.doi.org/10.1111/j.1432-1033.1990.tb19114.x
http://dx.doi.org/ 10.1002/cbic.200390020
http://dx.doi.org/ 10.1016/s0163-7827(96)00004-5
http://dx.doi.org/ 10.1016/s0163-7827(96)00004-5
http://dx.doi.org/10.1021/acs.jpcb.6b07142
http://dx.doi.org/10.1021/acs.jpcb.6b07142
http://dx.doi.org/10.1002/jcc.24660




4
A molecular view on the
escape of lipoplexed DNA

from the endosome
Problems are solved by the people closest to a solution.

Paulo C.T. de Souza

T he use of nonviral vectors for in vivo gene therapy could drastically in
crease safety, whilst reducing the cost of preparing the vectors. A promis

ing approach to nonviral vectors makes use of DNA/cationic liposome com
plexes (lipoplexes) to deliver the genetic material. Here we use coarsegrained
molecular dynamics simulations to investigate the molecular mechanism un
derlying efficient DNA transfer from lipoplexes. Our computational fusion ex
periments of lipoplexes with endosomal membrane models show two distinct
modes of transfection: parallel and perpendicular. In the parallel fusion path
way, DNA aligns with the membrane surface, showing very quick release of
genetic material shortly after the initial fusion pore is formed. The perpendicu
lar pathway also leads to transfection, but release is slower. We further show
that the composition and size of the lipoplex, as well as the lipid composition
of the endosomal membrane, have a significant impact on fusion efficiency in
our models.

This chapter has been published in eLife (2020)[1].
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4.1. Introduction
Gene therapy is a promising technique with a wide applicability. The first clinical
trials with gene therapy started in the early 90’s, and the first approved therapy
being introduced in Europe in 2012[2–4]. Even though the concept of gene therapy
has been around for a while, the problem remains to target and enter the right cells,
without being toxic to the rest of the organism.

Most higher organisms have evolved quite stringent measures to block uptake
of DNA from their surroundings, preventing excessive genetic instability. Naked DNA
gets quickly degraded in our body by exonucleases, whereas using viruses as vectors
can lead to a strong acquired immune response[5]. Therefore, ‘new’ nonviral based
vectors are being developed. Nonviral vectors have two advantages, first, they
do not trigger a specific immune response, and second, they are potentially much
cheaper than viral vectors. Most nonviral vectors use cationic lipids or polymers
for complexation with the negatively charged DNA, concealing the genetic material
from degradation. The major downside to many of these nonviral based methods,
is that their transfection rates in vivo are rather low[6–8]. Moreover, lipoplexes are
potentially toxic especially if they are highly positively charged[9].

In this work we focus on cationic lipidDNA based vectors, called lipoplexes.
Lipoplexes consist of (cationic) lipids whose role is twofold. One, they shield the
genetic material from degradation, and two, the lipids support transfection[10–12].
Upon exposure of the vector to cells, the cells incorporate the lipoplex by means of
endocytosis, causing the complex to subsequently reside in the early and late endo
some, and finally to be degraded in the lysosome. It is therefore important for the
genetic material to escape the endosome before it gets degraded[13–15]. This es
cape from the endosome is one of the least understood and inefficient steps in current
lipoplex or polymer mediated gene therapy and improving endosomal escape might
improve transfection efficiency drastically[16].

Due to the microscopic scale and dynamic nature of lipoplexmembrane fusion, it
has proven very difficult by experimental means to relate physicochemical properties
of the vector to transfection efficiency. Molecular dynamics (MD) simulations provide
an alternative tool to study molecular processes in atomic, or near atomic detail[17].
In particular coarsegrained (CG) models such as Martini[18, 19] have proven pop
ular, trading some of the atomic detail for a computational speedup and enabling
direct simulation of membrane fusion[20–22]. Here we use the Martini model to
simulate the fusion between nanoscale lipoplexes and endosomal model membranes
and vesicles. We are able to resolve the molecular details of the fusion process,
including the full release of the lipoplex cargo, short fragments of doublestranded
DNA (dsDNA), across the endosomal membrane.

4.2. Results and discussion
4.2.1. Construction and validation of the lipoplex model
To investigate the escape of genetic material from a lipoplex inside a model endo
some, we first constructed and validated a small lipoplex ( 18 nm in diameter, 4 frag
ments of 24 bp dsDNA; Fig. 2.2). Our lipoplex formulation consists of 1,2dioleoyl
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3trimethylammoniumpropane (DOTAP) as the cationic lipid to bind the dsDNA, and
1,2dioleoylsnglycero3 phosphoethanolamine (DOPE) as the helper lipid, at a 1:4
DOTAP/DOPE ratio. This complex is known to form the inverted hexagonal phase
(H𝐼𝐼) in complex with dsDNA at this ratio[10, 23, 24]. Starting from a multilamellar
initial configuration, with the dsDNA sandwiched in between the lamella, we observe
spontaneous formation of the H𝐼𝐼 phase (Fig. 2.2 1), consistent with the experimen
tal behavior. After removing periodic boundary conditions and coating the aggregate
with an additional layer of DOTAP and DOPE, we arrive at our small lipoplex model
which proves stable during a 10 μs simulation (Fig. 4.1 I; Fig. 2.2; Fig. S4.1). To
validate our model, we compared the dsDNA spacing inside the solvated lipoplex with
the available SAXS data from literature. This showed that the liquid crystal lattice
of the inverted hexagonal phase in our solvated CG lipoplex was very close to the
experimental data (6.0 ± 0.1 nm compared to 6.1 nm for SAXS)[23].

For the endosome we made a crude symmetrical membrane model containing a
mixture of PC and PS lipids at a 4:1 ratio. Clearly, real endosomal membranes are
much more complex concerning lipid composition[25]. However, to a large extent,
the exact composition is unknown (especially concerning asymmetry) and varies be
tween endosomal stage and cell type. Given the large complexity of the simulated
systems, we decided to keep the endosomal membrane composition as simple as
possible, with PC as main phospholipid. PS was added as it was hypothesized before
that anionic lipids could play an important role in the transfection mechanism[26].
Both PC and PS lipids had a mixture of diC14:0 (dimyristoyl), diC14:1,9 c (dimyris
toleoyl) and C14:0C14:1,9 c (myristoylmyristoleoyl) tails at a 1:1:2 ratio (Fig. 4.2).
The relatively short lipid tails were chosen because pore formation for longer tailed
lipids have been shown to be too energetically unfavourable for the CG Martini lipids
compared to their allatom counterparts[27, 28].

4.2.2. Two distinct mechanisms leading to gene transfec
tion

We first performed completely unbiased fusion experiments by placing the solvated
lipoplex in solution above a hydrated bilayer. To monitor fusion we used: (i) lipid
mixing, (ii) DNAwater contacts, and (iii) visual inspection. At the 10 µs time scale
using unbiased simulations, we did not obtain sufficient dehydration of the lipoplex
membrane interface for fusion to proceed (data not shown). Dehydration of the
membranemembrane interface is a known kinetic barrier for membrane fusion[30],
therefore we changed the initial setup of the fusion experiment and started from
a dehydrated state, with one of the corners of the lipoplex pointing toward the en
dosomal membrane. The dehydrated systems either remained in their dehydrated
state, resulting eventually in the formation of a fusion stalk, or the membrane would
rehydrate – from which dehydration was never observed. Since the formation of
the fusion stalk has been described at many levels of detail[31, 32], and is widely
accepted as an essential step in any fusion pathway, we decided to start our further
transfection experiments from the stalk state (4.1 II), allowing for a more systematic
approach.

We then performed five replica simulations, each ten microseconds long, starting
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Figure 4.1 | Schematic view of the lipoplexmembrane transfection pathways. Unadhered
lipoplex containing four dsDNAs sits above the endosomal bilayer (I). After initial stalk formation (II), a
wide hemifusion diaphragm is formed (III). A pore is formed in one of the channels containing the DNA
(IVa, IVb). The angle of the DNA with respect to the average bilayer normal can be either perpendicular
or parallel, resulting in subsequently zipper (IVa) or ejection (IVb) like release of the DNA (V). The path
ways indicated are based on 25 independent fusion experiments, each 10 µs long, leading to 34 dsDNA
transfection events. The time scales indicated are typical for successful transfection events.
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Figure 4.2 | Membrane and lipoplex compositions. The membrane compositions for the fusion
experiments, and the lipoplex formulations are indicated in molar ratios. All PC/PS heads were combined
with all tails, resulting in six different lipids per membrane composition (first 3). For the lipoplex formu
lations all PE was linked to DO and all TAP to either DP/DO/DLi (last 3). The nomenclature follows the
default Martini lipids abbreviations as described by T.A. Wassenaar et al.[29]. An example of each tail and
headgroup is displayed under the table (the tails are in the order of occurrence in their name).

from the stalk state. In each case, the system evolved to fusion of the lipoplex with
the endosomal membrane, with the cargo being delivered across the target mem
brane (Fig. 4.1; Video 1[1]). The initial stalk rapidly decays (on a time scale of
10–100 ns), expanding radially, leading to a socalled hemifusion diaphragm (HD)
state[33] in which the inner lipoplex coat and the external endosomal membrane
are in direct contact, exchanging lipids (Fig. 4.1 III; Figure 3—figure supplements
1–5[1])1. Transfection subsequently proceeds via two different pathways, depend
ing on the orientation of dsDNA either parallel or perpendicular with respect to the
membrane normal (Fig. 4.1 IV; Figure 3—figure supplements 1–5[1]). For perpen
dicular transfection to the bilayer normal, an initial pore is formed at the rim of the
hemifusion diaphragm, this causes rapid unzipping of lipids away from one dsDNA
fragment. This unzipping results in a pore as large as the dsDNA fragment effectively

1The obtained graphs were added to the original publication but were meant for digitial display. Therefore
they are not included in this thesis.
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transfecting the DNA by moving the lipids (Fig. 4.1 IVa), indicated by a rapid increase
in hydration of the dsDNA (Figure 3—figure supplements 1–5[1]). For parallel trans
fection, a pore is formed at the place where the nearest dsDNA fragment is pointing
at the HD. Pore formation is then followed by ‘ejection’ of this dsDNA fragment, re
sembling the unloading of a syringe, by moving both the dsDNA and lipids (Fig. 4.1
IVb). Visual inspection of the unloading process (Video 1[1]) reveals that the dsDNA
moves out of the channel concomitantly to the merging of the surrounding lipids with
the endosomal membrane. This suggests that the release of curvature stress of the
lipoplex (as the lipoplex channel lipid composition gets mixed with the endosomal
lipids, the H𝐼𝐼 phase becomes destabilized) acts as the driving force pushing the DNA
into the cytosol.

In both pathways, after transfection of one dsDNA fragment, fusion can continue
with another pore formation step to release the next fragment. At this point, either
the lipoplex is already fully destabilized and the remaining cargo gets quickly trans
fected as well, or fusion halts in a prolonged hemifused state and some of the dsDNA
remains trapped. In total 16 of the possible 20 dsDNA fragments (four fragments,
five replicates) were successfully transfected in this setup. If complete fusion was
achieved (Fig. 4.1 V), all dsDNA were at the opposing side of the bilayer. No leakage
of dsDNA at the endosomal lumen was ever observed. Once transfected, although
most of the dsDNA fragments still associated with the membrane (potentially stabi
lized by some of the cationic lipids from the lipoplex that come along), they were no
longer enveloped by lipoplex components. The decomplexation of the dsDNA corre
lates well with the behaviour of lipoplex fusion in vitro by Rehman et al.[13], where
they describe that the DNA after transfection is no longer associated with lipoplex
components.

To quantify the overall transfection events further, we monitored the relative angle
of the dsDNA fragments with respect to the membrane normal (Figure 3—figure
supplements 1–5[1]). In all cases, the first transfected fragment of dsDNA was either
perpendicular to the bilayer normal, or close to the starting orientation (90° and 45°
respectively). Remarkably, in some of the simulations the lipoplex reoriented itself
such that the following transfection event(s) took place with the dsDNA in the parallel
orientation, that is switching between the perpendicular and parallel pathway. This
remarkable rearrangement might find its origin in the fact that the lipoplex core is
suspended similar to a ball bearing, characterized by a low friction of the DNA/lipid
core with respect to the coating layer. The removal of lipoplex material during fusion,
which typically takes place on one side of the hemifusion diaphragm, might result in
a torque causing the observed reorientation.

4.2.3. DxTAP unsaturation is mandatory for efficient trans
fection

Having established two major fusion pathways leading to successful DNA transfec
tion, next we consider the role of lipid composition in this process. Experimental
studies reveal that lipid tail saturation and length, as well as the chemical composi
tion of the headgroup of the lipoplex play an important role[34–36]. In this paragraph
we aim to unravel the molecular influence of lipid tail saturation on lipoplex fusion
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and transfection efficiency. To this end, we constructed two additional versions of
our lipoplex, replacing the monounsaturated DOTAP either by its fully saturated
counterpart DPTAP (i.e., replacing the oleoyl tails by palmitoyl tails), or by a double
unsaturated analogue DLiTAP (linoleoyl tails), whilst maintaining the same 1:4 Dx
TAP:DOPE ratio and target endosomal membrane composition (Fig. 4.2, short lipids).
The fusion experiments were set up in the same manner as before with five repeats
per condition, each spanning ten microseconds.

For the DPTAP based lipoplex we never observed transfection, even though the
stalk was maintained. The internal structure of the lipoplex was found to be some
what unstable, with some of the channels fusing with each other and losing their
classical H𝐼𝐼 hexagonal packing. Nevertheless, no DNA was lost from the complex.
The orientation of the dsDNA was mainly parallel with respect to the bilayer, ex
cept for short periods of internal reconfiguration upon loss of the hexagonal unit
cell (Figure 3—figure supplements 1–5[1]). The DLiTAP lipoplex, on the other hand,
underwent fusion and showed cargo transfection in four out of five replicate simu
lations. The total amount of dsDNA fragments translocated amounted to 10 out of
20, somewhat less compared to the DOTAP lipoplex (Fig. 4.3). Similar to DOTAP,
both parallel and perpendicular fusion pathways were observed, as quantified by the
dsDNA orientation analysis (Figure 3—figure supplements 1–5[1]). Based on these
results, it appears that unsaturated lipids complexing the dsDNA are required for
successful fusion and transfection. This agrees with fusion experiments between bi
layers/vesicles, from which it has been suggested that more negatively curved lipids
and or lipids with a decreased bending modulus favor formation of the fusion stalk
and subsequent hemifusion diaphragm[20, 32, 37–39]. Since the bending modulus
tends to decrease with the amount of unsaturations in the tails[40, 41], one could
naively anticipate an even further increased fusion efficiency for DLiTAP compared to
DOTAP, contrary to our findings. In our understanding, this can be explained by the
fact that unsaturation in the lipid tails does not only stabilize the stalk and other fu
sion intermediates, but also the H𝐼𝐼 phase itself (i.e. stabilize the lipoplex, preventing
the release of cargo).

4.2.4. Target membrane composition severely affects fusion
rate

Our results point to a clear role for the composition of the lipoplex, raising the ques
tion whether the target membrane composition has a similar effect. To this end, we
investigated the role of lipid composition of the endosomal membrane on the fusion
efficiency of our lipoplex models. The precise lipid composition of the endosomal
membrane is not known, and varies between cell types and level of maturation. Fo
cusing on the role of lipid tails, we considered two additional endosomal membrane
models, including some longer tailed lipids (diC16:0, dipalmitoyl, DP) and lipids with
an increasing amount of unsaturation (diC18:2, dilinoleoyl, DLi and diC20:4, diarachi
donyl, DA; Fig. 4.2). We selected the most fusogenic lipoplex containing the DOTAP
lipids, and performed again five repeats lasting ten microseconds each. Compared
to the endosomal membrane model consisting of shorter lipids, described above, the
fusion efficiency drops. In case of the endosomal membrane containing DLi lipids,
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Figure 4.3 | Effect of lipid composition on transfection efficiency. The number of successful
transfections and amount of transfected DNA considering different lipid compositions. Each composition
had 5 repeats with four dsDNA fragments each. Therefore the maximum number of transfections is
five and the maximum amount of transfected fragments is 20 per condition. Left of the dotted line are
the fusion results for varying lipoplex formulations on a short lipid membrane. For these formulations
the lipoplex formulation was 4:1 DOPE/DxTAP. On the right of the dotted line the results for varying
endosomal membrane compositions with constant lipoplex formulation (4:1 DOPE/DOTAP) are displayed.
The alternative endosomal membrane models are enriched in polyunsaturated DA or diunsaturated DLi
lipids (Fig. 4.2).

no fusion events were observed at all, and the initial stalk state remained stable. For
the endosomal membrane containing DA lipids, successful fusion and translocation
of dsDNA was observed, but at a lower efficiency (Figure 3). When transfection oc
cured, the mechanism was similar as described before as judged from the analysis of
lipid mixing and dsDNA orientation (Figure 3—figure supplements 1–5[1]). A possible
explanation for the reduced fusion rates with the alternative endosomal membrane
models is the increased stability of the bilayer by the longer lipid tails.

4.2.5. Larger lipoplexes are more stable
After performing the fusion experiments with the small lipoplex (4 × 24 bp) and
membrane, we expanded to a larger lipoplex (12 × 48 bp) and target membrane to
investigate the effect of size on the fusion process (Fig. 4.4 and Fig. S4.4). For the
membrane conditions we selected the most reactive lipoplex formulation (DOTAP)
and membrane composition (Fig. 4.2, short lipids). The large solvated lipoplex was,
like the smaller lipoplex, stable over a period of 10 μs and adopted an H𝐼𝐼 crystal
lattice (Fig. 4.4 A). A difference compared to the smaller lipoplex, is that the large
lipoplex contained a mixture of open and closed channels, with two of the twelve
channels being continuous with the solvent on one end and one of them being open
on both ends. The large lipoplex also contained additional channels connecting the
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H𝐼𝐼channels, somewhat resembling a cubic phase. These connecting channels were
large enough for ions, water and lipids to flow through, but the dsDNA remained
strictly in the H𝐼𝐼 packing. We found that these connecting channels can have dif
ferent origins. Some channels can occur when the equilibration of the H𝐼𝐼 phase is
too short (50 ns); slightly elongating the preparation time removed such channels
in the final periodic lipoplex (Fig. S4.4 C). However, increasing lipoplex hydration
(lipids:watersAA 1:12) resulted in stabilization of the connecting channels (Fig. S4.4
C). In addition, connecting channels in the coated lipoplex appeared to be stable
for at least 10 µs, and the coating process itself introduced new channels. Therefore
our data suggest that these channels could be kinetically trapped structures, but also
represent thermodynamic equilibrium structures depending on the exact state con
ditions. This is not unexpected if you consider the phase diagrams of lipid mixtures,
which show a rich variety of inverted, cubic, and sponge phases that can interconvert
as a function of temperature, hydration and other conditions.

Figure 4.4 | Transfection of large lipoplexes. The large lipoplex (A) showed the same stable H𝐼𝐼
structure as the small lipoplex with dsDNA inside the aqueous channels. Small additional connecting
channels are also present, as indicated. Transfection was performed on top of a large endosomal model
bilayer patch (B) and from within a model endosomal vesicle (C). In contrast to the small lipoplex, fusion
did not spontaneously occur and had to be initiated using a biasing potential on one of the channels. After
release of the biasing potential the dsDNA inside the pulled channel, and all dsDNA connected through
connecting channels, transfected (3 DNA fragments transfected in both lamellar and vesicular system upon
pulling of the same initial channel).

Fusion was, as for the small complexes, initiated from a preformed stalk with five
repeats each spanning ten microseconds. In contrast to the transfection behaviour
on small scale, the larger lipoplex did not show any transfection events during this
time period. We did observe a reorientation of the lipoplex from an initial parallel
state to a state in which the dsDNA is oriented perpendicular to the membrane sur
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face, whilst increasing the contact area (Fig. S4.5). The lack of transfection for large
lipoplexes raised the question whether this inhibition was of thermodynamic or kinetic
nature. Therefore we performed five extra repeats of 10 µs, adding another biasing
potential after formation of the stable hemifused complex to initiate the release of
the first dsDNA fragment (see Materials and methods). The biasing potential was
released after the first fusion event, that is opening of the channel. This resulted in
transfection of the dsDNA inside the channel which was opened and all the dsDNA
fragments in channels which shared a connection with it (Fig. 4.4 B). In total, 15
fragments were transfected (3 DNA fragments for each of the five repeats). In gen
eral, decomplexation of the dsDNA was much slower compared to the small lipoplex
case, and mainly proceeded by the unzipping pathway (Figure 1IVa). Thus it appears
that cargo delivery can also take place with larger lipoplexes, but that kinetic trapping
is more likely to occur in either a surface contact or hemifused state.

To explain the difference in reactivity of the large lipoplex with respect to the
smaller one, it seems plausible that the curvature of the lipoplex plays an impor
tant role in fusion efficiency. The same is observed in case of fusion between small
liposomes and membranes[42]. However, there is a second issue that should be
considered, namely the overall stability of the lipoplex. This stability is affected by
the geometric discrepancy between the optimal configuration for the lipoplex coat
ing and the inner core. Whereas the optimal configuration of the coating would be
a sphere, satisfying minimal curvature constraints, the optimal configuration of the
core is an H𝐼𝐼 phase which does not have uniform curvature on its circumference.
From these two requirements it follows that there will be an interfacial tension be
tween the coating and the core, in addition to the interfacial tension of the coating
with the surrounding solvent. If we compare the geometry of the small lipoplex
to that of the large one there is a clear difference in the outer angles of the core.
Considering a 2D projection along the channel axis, the small lipoplex has two 60°
and two 120° angles. The large lipoplex has six 120° angles. The bimodal angle
distribution of the small lipoplex is further away from the preferred constant curva
ture of the coating than the larger one, resulting in a higher interfacial tension per
lipid. Together, the lipoplex curvature stress and the interfacial tension between the
core and coating layer explain the observed trend in reduced fusion efficiency upon
increase in lipoplex size.

4.2.6. Escape from the endosome
Finally, to study lipoplex fusion with endosomal membranes in a more realistic setting,
we embedded a large lipoplex inside a small vesicle representing the endosome (Fig.
4.4 C). In principle, the curvature present in the endosomal membrane could further
modulate the fusion pathway and efficiency. The lipid composition of the vesicular
endosome consisted again of the short lipid variant (Fig. 4.2). The vesicle measured
50 nm in diameter and the total system size exceeded 3 million CG beads (repre
senting roughly 30 million atoms). To allow simulation of this large system size, the
duration of the production run was reduced to 5 µs and only a single simulation was
performed. As for the large bilayer system, no spontaneous fusion occurred, and a
dsDNA fragment was pulled for initiation of transfection. Once the channel opened,
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dsDNA was transfected, followed by another two fragments that shared the same
aqueous space via the connecting channels (Fig. 4.4 C). Opposed to the zipperlike
fusion observed in the large bilayer experiment, this time fusion occurred in a mixed
manner, combining the vertical alignment with the unzipping between neighbouring
channels, resulting in a slow release (Videos 2 and 3[1]). Although we can not ex
tract generic behavior from this single experiment, the observed pathway points to
a possible role of curvature on the preferred orientation of the lipoplex with respect
to the endosomal membrane, with possible consequences for transfection efficiency.

4.2.7. Conclusion
We were able to successfully simulate the lipoplex mediated transfection of dsDNA
over a model endosomal membrane and observed two profoundly different fusion
pathways. Release of the dsDNA by rapid unzipping of the H𝐼𝐼 phase occurs when
the dsDNA lies perpendicular to the membrane normal, whilst an ejectionlike or
slow unzipping release of dsDNA is observed when the dsDNA is oriented parallel
to the bilayer normal. Transitions between these states are also possible along the
entire fusion pathway. Interestingly, our results for the small lipoplex indicate that
transfection of the first dsDNA fragment triggers the release of a substantial amount,
if not all, of the remaining genetic material likely caused by further destabilization of
the lipoplex once cargo gets released.

Considering that the lipid composition of the endosomal membrane is not up for
control, the differences between the lipoplex formulations appear to be most interest
ing from a rational design point of view. However, the endosomal bilayer composition
varies per species and cell type, therefore understanding lipoplexendosome interac
tions are of equal importance. We found that the transfection efficiency is sensitive
to minor changes in both lipoplex and endosomal membrane composition, which is
in line with experiments[9]. The highest amount of transfection was observed for
the DOTAP:DOPE lipoplex. No transfection was observed for the DPTAP:DOPE com
plex, and DLiTAP:DOPE showed intermediate fusogenicity. Interestingly, the same
lipid type modifications (e.g., presence of polyunsaturated tails) can have both sta
bilizing and destabilizing effects on fusion efficiency, making rational predictions for
optimal delivery vehicles difficult. Moreover, our results point to an important role
of lipoplex size, with the larger lipoplex being less fusogenic. This we attribute to an
increase of lipoplex stability causing slower lipid mixing of the lipoplex and the target
membrane. In addition, the size and shape of the lipoplex affect the way the complex
orients itself and interacts with the (curved) endosomal membrane. In this study we
focused our efforts on exploring the effect of varying lipid tails, keeping many other
parameters of the lipoplex constant. Future endeavors could investigate the role of
lipid headgroups and charge ratios, which are known to affect transfection[35, 43].
In addition, the DNA/lipid ratio and size of the DNA fragments could play a role. It
would be interesting to see to what extent changing such parameters alters the ob
served fusion pathways and kinetics. To provide further insights into the process, the
observed mechanisms need to be cast into a continuum type of description[44, 45]
from which the competing energetic driving forces can be more straightforwardly
extracted.
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Eventually, our insilico predictions need experimental validation, although resolv
ing fusion pathways at the molecular level remains highly challenging. Time resolved
SAXS in combination with singlemolecule fluorescence microscopy could be used to
probe the relative orientation of the lipoplex and embedded genetic material dur
ing the transfection process. Furthermore, leakiness assays could be used to test
whether or not endosomal material leaks out concomitantly, for example via tran
sient pore formation. Although the lipoplex fusion process described here does not
involve such transient pores, we note that the presence of open channels in the
lipoplex (Fig. S4.4) implies that endosomal material can become transfected along
with the dsDNA even if the fusion itself is nonleaky. Besides, leaky fusion pathways
have been observed in previous simulation studies between lipid membranes, and
appear highly dependent on both lipid compositions and local stress conditions[20].
Therefore, it seems plausible that such transient pores could also form during lipoplex
fusion.

To conclude, we demonstrated that detailed computer simulations of the fusion
between a lipoplex and model endosomal membranes is nowadays possible, opening
the way for systematic studies using the more advanced lipoplex formulations cur
rently available[46–49]. Besides, the observed fusion pathways could be of generic
importance for uptake of lipidcomplexed nanoparticles into cells following endocy
tosis.

4.3. Materials and methods
4.3.1. Building the small periodic lipoplex
We followed a three step procedure for setting up the lipoplexmembrane fusion
experiment. First we constructed the allatom (AA) structure of the 24 base pairs ds
DNA sequence ([CGCGAATTCGCG]2) using the BDNA sequence to structure builder
at the website of IIT Dehli2[50]. We utilized Martinize to coarsegrain (CG) the AA
structure to a Martini stiffdsDNA force field and structure (Fig. 2.2 A)[19]. To build
the periodic inverted hexagonal phase we roughly used the procedure described by
Corsi et al.[23]. The CG DNA was placed on top of a bilayer constructed with the
bilayer builder insane which contained DOTAP and DOPE at a 1:4 ratio (Fig. 2.2 B1;
4.2; Supplementary files 1, 2[1]; [18, 29]. This system was duplicated in its x dimen
sion, yielding a single membrane with two dsDNA fragments stacked on top of it with
a spacing of 6 nm with respect to each other, using GROMACS gmx editconf[51].
The system was hydrated to achieve a hydration of two atomistic waters per lipid
and a salinity of 150 mM NaCl. In addition, each system was charge neutralized
by exchanging random water beads for the appropriate counterion (Na+/Cl−). To
prevent freezing of the water we added 10% antifreeze particles[18]. The bilayer
system was stacked on top of itself in the z dimension to obtain system of two
bilayers and four dsDNA fragments (Fig. 2.2 C). The stacked system was energy
minimized and equilibrated using GROMACS 5.1.5. For energy minimization we used
the steepest descent algorithm and for the equilibration we used the default Martini
settings making use of a two fs time step up to the point that numerical stability

2http://www.scfbioiitd.res.in/software/drugdesign/bdna.jsp
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was achieved[52]. The Verlet cutoff scheme was used with a 1.1 cutoff for both
the coulombic (reactionfield) and van der Waals interactions. We used vrescale for
the thermostat at 310 K, coupling the DNA, lipids and solvent in separate groups.
Pressure coupling was performed using the Berendsen barostat[53] for anisotropic
systems. The production run made use of a 10 fs time step and the pressure cou
pling was switched to ParrinelloRahman[54]. Within 50 ns the system changed from
a stacked bilayer assembly into a stable inverted hexagonal phase (H𝐼𝐼). This gen
eral procedure was used for all lipoplex formulations. However, in the presence of
a stable lamellar bilayer the pressure coupling was set to semiisotropic, and in the
case of a free particle in solution the pressure coupling was handled isotropically. A
detailed description including a step by step tutorial is described in chapter 2 of this
thesis.

4.3.2. Building the small solvated lipoplex
Once a stable periodic H𝐼𝐼 phase was obtained, we put the complex in a bigger box to
add another layer of lipids around it. The surface of the lipoplex was approximated to
be a parallelepiped to simplify geometric calculations. We used a symmetrical bilayer
system to calculate the area per lipid (APL) of the DOPE, DOTAP mixture (Supplemen
tary file 2[1]). The approximated area of the lipoplex was divided by the APL of the
lipid mixture. The calculated amount of lipids were added in a hollow cube around
the naked lipoplex using PACKMOL[55]. Water and ions were added as before. To
test for the accuracy of this method, we also tried half and double the calculated
amount and investigated lipoplex stability (Fig. S4.2). The system was solvated,
energy minimized and equilibrated using the same settings as before except for the
pressure coupling which was set to isotropic. The production run spanned 10 µs.
The radius of gyration (gmx gyration) and hydration (inhouse VMD based selection
counter) of the lipoplex were analyzed over time, to evaluate the equilibrated state
(Fig. S4.1). This general procedure was used for all lipoplex formulations. The DP
TAP and DLiTAP containing lipoplexes were generated from the DOTAP lipoplex by
exchanging the DOTAP lipid force field with either DPTAP or DLiTAP plus an extra
step of equilibration (5 μs). The small lipoplex had a diameter of 20 nm and the box
dimensions were 28.1 28.1 19.8 nm for xyz respectively resulting in a total of 118,718
beads. The periodic boundaries were set to dodecahedron. A detailed description
including a step by step tutorial is described in chapter 2 of this thesis.

4.3.3. Building the large lipoplex
The same procedure to build the small lipoplexes was used to construct the large
lipoplex. However, instead of four dsDNA fragments these lipoplexes contained
twelve dsDNAs which had a length of 48 base pairs ([CGCGAATTCGCG]4) each. The
final lipoplex had a diameter of 30 nm.

4.3.4. Building the lipoplexbilayer system (small)
To investigate the fusion behaviour of lipoplexes with membranes, we built several
lipoplexes with varying composition. We prepared a system which has long polyun
saturated tails (DAPC), medium unsaturated tails (DLiPC) and short single unsatu
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rated tails (DYPC) in the bilayer as its unsaturated component (Figure 2). In the case
of the short lipid bilayer, all the lipids were shorter. The solvated lipoplex was placed
on top of the appropriate bilayer using insane[29]. The systems were solvated and
salinized, energy minimized and equilibrated as before, but the pressure coupling
was set to semiisotropic in the xy and z dimensions (with the membrane normal in
z). After the system was equilibrated and the lipoplex adhered to the membrane, a
pulling potential was added between 10 lipids of the outer leaflet of the lipoplex in
the proximity of the bilayer and vice versa. The initial center of geometry distance
between the pulling groups was less than 3 nm and the pulling lasted for less than
5 ns (harmonic biasing force; constant velocity 1 m/s). After the initial stalk was
formed, the biasing potential was removed. The system was equilibrated and a 10
µs transfection experiment was performed five times with random starting velocities
for each membrane and lipoplex formulation. Again the pressure coupling was set
to semiisotropic. The small lipoplex bilayer box dimensions were 27.5 27.2 31.6 nm
in xyz respectively with a total of 193,083 beads. A detailed description including a
step by step tutorial is described in chapter 2 of this thesis.

4.3.5. Building the lipoplexbilayer system (large)
Using the optimal performing bilayer and lipoplex from the small lipoplexbilayer ex
periments, we set up a system with a large lipoplex (DOPE:DOTAP; 12*48 bp) and the
short lipids bilayer (Fig. 4.2). Adhesion and stalk formation was performed identical
to the small version of the experiment. However, after stalk formation two flavors
of the experiment were conducted. In the first variant the experiment was left un
touched after stalk formation for 10 μs. In the second variant of the experiment, we
simulated until a stable fusion intermediate (no transfection) was obtained and then
we initiated another pull. However, this time not pulling the tails of lipids in opposing
leaflets together, but the heads of the lipids directly above and under the stalk/di
aphragm. Thus pulling headgroups of lipids from inside one of the channels in the
lipoplex, towards the headgroups of the opposing side of the bilayer. The initial cen
tre of geometry distance between the two pulling groups was 5 nm and lasted up to
five ns (harmonic biasing force; constant velocity 1 m/s). This initiated a fusion pore
from which transfection followed. After instantiation of the fusion pore the biasing
potential was removed, allowing for unbiased transfection of the following fusion and
transfection events. After the biasing potential was released five simulations were
started from this point with random initial velocities, each running for 10 μs. The
large lipoplexbilayer box dimensions were 45.8 45.8 44.5 nm in xyz respectively,
with a total of 749,538 beads.

4.3.6. Building the lipolexvesicle system (large)
As for the large lipolexbilayer system, the best performing lipoplex and bilayer com
position in the small experiments were used. The initial state of the vesicle was
constructed using an inhouse Python three script based on a spherical fibonacci spi
ral (available on request). The amount of lipids placed on the inside was corrected
for the area difference between the inner and outer leaflet, and the APL of DLPC
was used to calculate the amount of lipids needed. After placement of the DLPC,



4.4. Acknowledgments

4

91

the system was solvated and salted using insane and the appropriate lipid force
fields we added in the topology file. The same protocol used in Qi et al.[56], and
Risselada et al.[57] to equilibrate a vesicle was used, relaxing the leaflet asymmetry
through pores. After equilibration of the interleaflet tension (100 ns; productionmd
settings with isotropic pressure coupling) the vesicle was dehydrated and desalted.
The lipoplex plus its surrounding ions, waters and DNA were placed at the center
of the porated vesicle and the system was rehydrated and salted using insane. This
system was equilibrated for 800 ns, allowing for the ion content to equilibrate as well,
tension release due to leaflet asymmetry occured in a few ns. The biasing potential
for the pore was removed, which rapidly caused closing of the pores (<10 ns). The
whole complex was then simulated for 1 µs during which the lipoplex adhered to
the inside of the vesicle. From here the stalk was initiated as before for the small
and large lipolex bilayer simulations. As for the large lipoplexbilayer simulations, the
experiment was split in two, one being the unbiased simulation of the stalk and pos
sible transfection (1 μs). The second experiment included another biasing potential
to initiate channelvesicle fusion. The pulling procedures used were exactly the same
as for the large lipolexbilayer systems and after release the unbiased lipoplexvesicle
simulation spanned 5 μs. The large lipoplexvesicle box dimensions were 72.8 72.8
72.8 nm in xyz respectively, with a total of 2,994,561 beads.

4.3.7. Analysis
The dsDNA spacing in the small solvated lipoplex was calculated using the center
of mass (COM) distance between the first neighbours of each dsDNA over the last
2 μs of the solvated lipoplex (n = 5). We made a Python3 script to analyze the
angle of the dsDNA with respect to the z unit vector (normal to the average bilayer
plane), using the COM of the first and last base pairs to construct the dsDNA orien
tational vector. The script treats the dsDNA termini as equals, therefore no higher
angle with the membrane normal than 90° can be obtained. The same VMD based
counting script used for the calculation of hydration was used to calculate the lipid
contacts and dsDNAwater contacts (cutoff 1.2 nm). The dsDNAwater contacts were
used for the automated transfection detection script, which reported a transfection
event whenever dsDNA hydration rapidly increased (more than 200 CG waters in
less than 400 ns). The automated transfection detection was manually checked on
five simulations, both with and without fusion, and was always correct. We used all
the information above to investigate the angle with respect to transfection, as well
as the importance of lipid mixing. VMD 1.9.3 was used to render the images and
videos[58]. The Tcl script used in combination with VMD to perform fast selection
counting, and the Python script to perform the angle analysis and fusion detection
are available in the repository. In general Python three and MDAnalysis were used
extensively in the analysis and visualization[59, 60].
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4.5. Supplementary Information

Figure S4.1 | Radius of gyration for the solvated lipoplex. The radius of gyration for the solvated
small lipoplex over time. Over the last 2 µs of the simulation the radius of gyration increases less than
a quarter of an Ångstrom. We therefore concluded that the lipoplex complexes are close enough to
equilibrium to use for transfection experiments. The water contacts (<1.5 nm) with the lipoplex were
calculated using the inhouse VMD counting script. The solvation of the lipoplex shows the same trend as
the radius of gyration also confirming that the lipoplex is stable and can be used for transfection. Since
the hydration and gyration show the same (minor) growth, we think that the observed growth in size of
the lipoplex is due to a minor underhydration upon construction of the periodic lipoplex.
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Figure S4.2 | Coating the lipoplex. Upon solvating the periodic lipoplex an extra layer of coating
lipids was added. We used the approximate surface area of the lipoplex and divided it by the APL of
the DOTAP:DOPE mixture (1:4; 0.63 nm2). From left to right we have 1/2, 1/1, 2/1 times the calculated
amount. It is clear that underestimating the amount of coating lipids leads to loss of core lipids resulting in
the loss of the internal structure and internalized dsDNA (left image). Oversaturating the core with coating
lipids results in internalization of coating lipids, resulting in a new channel within the crystal lattice (right
image). The expected amount results in no loss of internal structure of dsDNA, and no extra channels are
formed (central image). Each condition was simulated for 10 µs after adding the coating.

Figure S4.3 | Lipid mixing in all endosome bilayer compositions. Snapshots of endosome bilay
ers after 1 µs of equilibration after being generated by insane. From left to right we show the most,
more unsaturated and short lipids bilayer respectively (see Figure 2). In purple the unsaturated carbons
are displayed. Teal represents the saturated carbons. Only the most unsaturated bilayer shows phase
separation (left, DA).
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Figure S4.4 | Large lipoplex channel structures with dsDNA inside. The solvated large lipoplex
contained channels: regular dsDNA/aqueous channels are indicated in peach (A); an open channel is
depicted with a magenta circle (B); and aqueous connecting channels are indicated with red arrows (A/B).
The water is drawn in iceblue (A) and the lipid density in grey (B). The connecting channels were mainly
perpendicular to the H𝐼𝐼 channels and positioned at the end point(s) of the dsDNA (A). All H𝐼𝐼 channels
but two were closed on both ends by lipid density. One channel remained open on both sides over a
period of 10 µs, with the dsDNA in the open channel positioned in the lipoplex in the same manner as the
dsDNA in the closed channels. Apparently opening a channel is not enough for dsDNA release from the
complex. The bottom panel shows, from left to right, the channel connectivity for the large periodic phase
under standard, elongated, and extra hydrated conditions (C). The spacing of the H𝐼𝐼 phase is already
finished at 180 ns (the used equilibration time), however, some connective channels still exist, indicated by
neighboring channels having the same color. These connections could be closed by equilibrating slightly
longer (230 ns in total). To inspect if these channels could be stabilized, we increased the hydration
(lipids:watersAA 1:12). This indeed resulted in connective channels being present until the end of the
simulation.
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Figure S4.5 | Reorientation of the large lipoplex in the endosome. The graph shows the lipoplex
endosome lipid contacts (<1.2 nm) over time. Within 0.5 µs the lipoplex reorients itself such that its
H𝐼𝐼channels are roughly aligned with the membrane normal in the contact region. Components of the
lipoplex closer than 4 nm to the endosome are colored blue (a longer cutoff was used to help with
perception of orientation), the endosomal lipids are grey and the dsDNA inside the lipoplex is yellow/pink.
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5
Characterization and skin
cell membrane penetration
of a multicomponent lipid
nanodroplet loaded with

vitamins
If science is to progress, what we need is the ability to experiment,

honesty in reporting results, and finally – an important thing –
the intelligence to interpret the results.

Richard P. Feynman

L ipid nanoemulsions are promising nanomaterials for drug delivery appli
cations in food, pharmaceutical and cosmetic industries. Despite the note

worthy commercial interest, little is known about their supramolecular organi
zation, especially about how such multicomponent formulations interact with
cell membranes. In the present work, coarsegrained molecular dynamics sim
ulations have been employed to study the selfassembly of a 15component
lipid nanoemulsion droplet containing vitamins A and E for skin delivery. Our
results display aspects of the unique “onionlike” agglomeration between the
chemical constituents in the different layers of the lipid nanodroplet. Vitamin
E molecules are more concentrated in the center of the droplet together with

This chapter has been made in collaboration with Neila Machado, Priyanka Singh, Laurita dos Santos,
Carine Dal Pizzol, Gustavo de C. Dieamant, Odivania Kruge, Airton A. Martin, Siewert J. Marrink, Paulo, C.
T Souza and Priscila P. Favero
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other hydrophobic constituents such as the triglycerides with long tails. On the
other hand, vitamin A occupies an intermediate layer between the core and
the coemulsifier surface of the nanodroplet, together with lecithin phospho
lipids. Coarsegrained molecular dynamics simulations were also performed
to provide insight into the first steps involved in absorption and penetration
of the nanodroplet through skin membrane models, representing an intracel
lular (hair follicle infundibulum) and intercellular pathway (stratum corneum)
through the skin. Our data provide a first view on the complex organization of
commercial nanoemulsion and its interaction with skin membranes. We expect
our results to open the way towards the rational design of such nanomaterials.

Keywords: lipid nanoemulsion (LNE), vitamin A, vitamin E, infundibulum (INF),
stratum corneum (SC), coarsegrained (CG), molecular dynamics (MD), Martini force
field

5.1. Introduction
A nanoemulsion is a colloidal particle system with a droplet size in the range of
20 to 500 nm. Immiscible liquids are mixed to form a liquidinliquid dispersion, by
means of an emulsifying agent like surfactants and cosurfactants[1, 2]. These kineti
cally stable systems appear to be promising for efficient delivery of active molecules.
The range of nanoemulsion applications spans diverse fields including drug deliv
ery, as formulations for transdermal delivery of celecoxib[3]; the food industry,
where bioaccessibility of long chain triglyceride nanoemulsions with βcarotene have
been investigated[4]; and in the cosmetic industry where nanoemulsions have been
tested for skin hydration and ease of application[5, 6]. The main advantages of na
noemulsions over other drug delivery vectors are their capability to: (i) encapsulate
both hydrophilic and hydrophobic molecules; (ii) improve the bioavailability of such
molecules; (iii) deliver selectively at a target site; (iv) and finally, they have reduced
toxicity[7, 8].

Although a great variety of nanoemulsion formulations have been synthetized and
tested, only limited highresolution data exist regarding supramolecular organization
of such materials. Relevant efforts have been made using a multitude of experimen
tal techniques (e.g. solidstate NMR, AFM) to investigate, for instance: nanopar
ticle selfassembly from amphiphilic peptides[9]; complexes of cationic lipids and
oligonucleotides[10]; and direct and reverse nanodroplets of water, oil and dioctyl
sodium sulfosuccinate[11] as well as the interactions of such nanodroplet with mem
branes. However, the inherently small size of nanodroplets and the often short life
times of transition states makes simulation an important complementary approach
to experiment[12, 13]. Allatom (AA) and coarsegrained (CG) molecular dynamics
(MD) simulations have been used for studies of simple binary and ternary mixtures,
representative of nanoemulsion formulations[14–17], and have steadily increased in
complexity and scale. Computational and experimental studies involving the interac
tion of nanocapsules with lipid bilayers have been performed in the last years[18–20].
Most of these simulations involved hard solidlike nanoparticles as the ones composed
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by fullerene[21, 22] or gold coated nanoparticles with polymers or surfactants[23,
24]. The wrapping process of softer dendrimer nanoparticles by membrane mod
els has been investigated using dissipative particle dynamics[25] and CG simulations
were used to study the fusion of perfluorocarbonbased nanodroplets with phospho
lipid vesicles[26]. Except for recent efforts investigating lipoplex fusion with endo
somal bilayer models[27, 28], most of the computational studies used rather simple
bilayer models, and they were focused on understanding how the nanoparticle can
penetrate or change the bilayer properties[29]. Recently, much effort has been de
voted to model more complex membranes, including skin membranes[30–32], which
open the possibility to simulate the uptake of nanodroplets more realistically.

In the current work, we performed CG MD simulations to study the complex or
ganization of nanodroplets from a commercial nanoemulsion formulation. Such na
noemulsions are used as a cosmetic for the delivery of hydrophobic vitamins A and
E through the skin. We show that a nanodroplet of given composition presents an
onionlike organization, with vitamins A and E differently distributed in different layers
of the droplet. Besides, we investigate the onset of the fusion of the multicomponent
nanodroplet with two complex bilayer models, mimicking the hair follicle (infundibu
lum, INF) and stratum corneum (SC) of human skin. To do so we utilized the CG
Martini force field for it provides a wide range of compatible molecules allowing for
simulation of complex mixtures, with only limited additional parametrization[33, 34].
Another important aspect of CG is that the potentials are smoother and the simu
lations contain less particles, offering a 3order speedup compared to AA models.
This allows for equilibrating the structural organization of the multicomponent nan
odroplets near to their real size, and to simulate the initial stages of the fusion of the
nanodroplet with skin membranes.

5.2. Methods
5.2.1. Building the lipid nanodroplet
The chemical composition of the lipid nanoemulsion was provided by O. Boticário’s
company, which is involved in the production and marketing of this formulation. A
complete overview of the composition can be found in Table 1. The molar percentage
of components of the same type were equally distributed.

The major carrier components of the formulation are triglycerides, which are often
used as carriers of fatsoluble vitamins and other bioactives. The ST21 (polymer
based polyethylene glycol with a 16C acyl terminal) is added to enhance emulsion
stability.

In order to produce the lipid nanodroplet model for the nanoemulsion, we first as
sembled the hydrophobic compounds. Then we added the amphiphilic constituents
to form the final nanodroplet. These stages correspond to the experimental process
of forming the lipid nanoemulsion (personal communication)[35]. In the first phase,
vitamins A and E were mixed with triglycerides (capric and caprylic). The remaining
excipients were added in phase two. For the first stage of lipid nanoemulsion forma
tion, we used a box of 26⋅26⋅26 nm3 with 123,938 CG water beads (corresponding
to 495,752 water molecules). After 1,000 steps of minimization, stage 1 was equili
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Table 5.1 | Components of the lipid nanoemulsion by type and molar percentage. The name
of the components follows the INCI nomenclature for cosmectic ingredients.

Component Abbreviation Type Molar Percentage %
Retinol VITA vitamin A 20.06

Tocopherol VITE vitamin E 20.03
Caprylic/Capric triglyceride CPLC/CPRC triglyceride 28.79

Cetyl palmitate CPAL lipid 7.21
Glyceryl Stearate
Cetyl Alcohol
Lauryl Alcohol
Behenyl Alcohol
Myristyl Alcohol
Palmitic Acid
Stearic Acid

GLST
LAAL
BHAL
MYAL
PALAC
STAC

blend lipids 4.27

Glycerin GLC humectant 4.80
Hydrogenated Lecithin 90G HLEC phospholipid 4.80

Lecithin 80H LEC phospholipid 3.02
Steareth21 ST21 coemulsifier 7.02

brated for 400 ns at an elevated temperature of 353 K to speed up the equilibration.
In the second stage, we used a slightly smaller box of 26 ⋅ 26 ⋅ 26 nm with 103,193
CG water beads. The equilibration of stage 2 covered 1,000 ns. A final step was per
formed for additional 1,000 ns to equilibrate the nanodroplet at 310 K. In all steps,
the pressure was controlled with an isotropic coupling scheme.

5.2.2. Building the skin bilayer models
The biochemical composition of the skin is strongly dependent on both extrinsic
and intrinsic factors (such as sun exposure, diet, and daily habits; chronological
aging)[36–38], thus, the models that we intend to use to mimic the composition of
the skin must contain information that particularizes the case to be studied. Our
studies were based on the construction of skin models of healthy people[39]. Fig.
S5.1 and S5.2 illustrate the INF and SC membranes and the possible permeation
pathways in which the nanodroplet interacts with the respective membrane. Bilayer
compositions are based on Machado et al. 2016[40]. The INF bilayer includes 14
different types of compounds, among them cholesterol, ceramide, sphingomyelins
and various types of phospholipids. This membrane shows similar characteristics
to the plasma membrane model of Ingólfsson et al. 2015[41]. The SC was com
posed of a mixture of ceramides, cholesterol and fatty acids. As low pH conditions
could be important for the permeability and phase state of SC bilayers[42, 43], we
built two models in this case: neutral (low pH, with fatty acids fully protonated) and
charged (neutral pH, with fatty acids deprotonated). All simulation boxes were built
with insane.py[34], with the bilayers placed in a box of around 35⋅35⋅35 nm3 in size,
which was solvated with ~300,000 CG water beads and 0.15 M of NaCl. After 1,000
steps of minimization, the systems were equilibrated at 310 K for 1,000 ns. Pres
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sure was controlled semiisotropically. The temperatures of the membrane, and the
solvent were maintained separately at 310 K.

5.2.3. Fusion simulations
The equilibrated nanodroplet and membranes generated in the previous steps were
used as initial conditions for the fusion simulations. We placed the nanodroplet on top
of each bilayer at around 9.7 nm distance between their centers of geometry. At this
distance, the nanodroplet starts with one to two water solvent shells between its sur
face and the bilayer headgroups. The standard sized fusion experiments (43⋅43⋅29
nm3) contained ~33,451 CG water beads and 0.15 M NaCl. Production simulations
were performed at 310 K and 1 bar during at least 1,000 ns. As the bilayers could
show great deformations during the fusion, three procedures were used to investi
gate the process: (i) “free” bilayer (semiisotropic pressure coupling), (ii) flat bilayer
(surface tension coupling); and (iii) constrained bilayer (semiisotropic pressure cou
pling in combination with flatbottom potentials applied to certain phospholipids). In
the case of INF bilayers, a box with lateral dimensions four times larger was also
tested.

5.2.4. CG models
The Martini force field was used for all CG simulations[33, 44]. Concerning the nan
odroplet, topologies of standard lipids were taken from the work of Wassenaar et
al. 2014[34]. Topologies for a number of less standard components were opti
mized to improve their mapping and wateroctanol partitioning, including capric and
caprilic triglycerides, hydrogenated lecithin cetyl palmitate, glyceryl stearate, cetyl
alcohol, lauryl alcohol, behenyl alcohol, myristyl alcohol, palmitic acid, stearic acid,
the mapping for these molecules can be found in table S5.1. The topology for the
coemulsifier Steareth 21 was based on the work of Rossi G. et al. 2012[45]. Vitamin
A (Retinol), vitamin E (Tocopherol) and humectant (Glycerin) were parameterized de
novo, following the standard procedure as described by Marrink et al.[33, 44, 45].
For the nonbonded parameters, the wateroctanol partitioning free energy of the CG
model was compared to the experimental value for each molecule (Table S5.2). To
calculate these free energies of transfer we used the same methodology as was used
in[46]. For the bonded parameters, the suggested default values were used (Table
S5.3). For the skin bilayer lipids, the current Martini models were used [33, 34, 47].

5.2.5. Simulation parameters
All simulations were performed using GROMACS 5.x/2016[48–52]. The parameters
were accordingly taken from the Martini default settings[53]. Each CG production
run was preceded by an initial energy minimization of the system using the steepest
descent algorithm. The integrator used for equilibration and production runs was the
leapfrog algorithm[54], with an integration time step of 20 fs. Neighbour searching
was calculated using the Verlet scheme[55] at a 20 step interval. Electrostatic inter
actions were calculated using the ReactionField algorithm with a dielectric constant
of 15. The cutoff for van der Waals and electrostatic interactions were set at 1.1
nm, furthermore, the van der Waals and Coulombic interactions were shifted be
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tween 0.91.1 and 0.01.1 nm respectively using PotentialshiftVerlet. Temperature
was set using Vrescale[56, 57], with each phase coupled separately to the thermo
stat with a coupling time constant of 1.0 ps. Pressure control was performed with
the ParrinelloRahman barostat[58] with a reference pressure of 1 bar, a coupling
time constant of 12 ps and an isothermal compressibility of 3⋅10−4 bar−1. The pres
sure coupling was set to semiisotropic and isotropic for systems with and without a
bilayer respectively, unless specifically stated otherwise. Cuboid periodic boundary
conditions were used in all cases.

5.2.6. Analysis of nanodroplet and fusion simulations
The radius of gyration (Rg) over time of the nanodroplet was determined using the
default GROMACS 2016 gyrate tool. Besides looking at the nanodroplet as a whole
we used the radial distribution function (RDF) to study the spherical organization
of the individual components and their internal chemical groups with respect to the
center of mass of the nanodroplet. The RDF was calculated using the GROMACS rdf
tool. The chemical groups were specified based on their CG bead types, separating
the hydrophobic (tails; C type) and hydrophilic regions (heads, linkers; N, P, Q types).

Mixing of components during fusion was analyzed using a custom VMD script writ
ten partially in TCL and python3. First we determined the distances of all components
with respect to all the other components (taking into account periodic boundary con
ditions). All query molecules within 0.8 nm of a target molecule were considered in
contact. The contacts were split into two groups: nanodroplet and bilayer. Contacts
within one group were normalized by the initial contacts value, where contacts be
tween the droplet and the bilayer were normalized based on their final amount of
contacts. The contacts were calculated for the first 1,000 ns of the fusion process.

Visual inspection and image rendering was performed using VMD[59] and graphs
were generated using XMGRACE and the python3[60] matplotlib library[61].

5.3. Results
5.3.1. Assembling the nanodroplet
The nanodroplet was assembled in two stages (Fig. 5.1), which mimics the experi
mental procedure used to produce the lipid nanoemulsion. In stage 1, at an elevated
temperature of 350 K, only the vitamins (A/E) and the capric/caprylic acids were
added in a dispersed fashion. The components immediately started to aggregate
and within 250 ns a stable spherical assembly was formed with a diameter of 5.47
nm (Fig. 5.1 stage 1 Rg). After obtaining a stable stage 1 complex, the other com
ponents were added in the same dispersed fashion (Table 5.1, excluding the stage 1
components). The simulation ran until the radius of gyration was stable for at least
100 ns (Fig. 5.1 stage 2 Rg), which took roughly 650 ns resulting in a nanoparticle
size of 6.60 nm. After the assembly was completed the whole system was cooled
down to 310 K, in line with the manufacturing protocol. Resulting in a slightly smaller
final particle with an Rg of 6.50 nm.
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Figure 5.1 | Stage 1 and 2 of the nanodroplet selfassembly. The change of the Rg of the nan
odroplet components over time for stage 1 and 2 respectively (first row). The self assembly of stage 1
and 2 indicating the final Rg (second and third row respectively).

5.3.2. Characterization of the nanodroplet
To obtain a deeper understanding of the structure of the cooled stage 2 complex,
we looked at the relative position of all the components (Fig. 5.2, left graph). In
addition, we labeled the hydrophilic and hydrophobic parts of the components (Fig.
5.2, bottom left graph ). We reduced the complexity of the figure by splitting the
components based on their relative general position separating the core, intermediate
and external layer (Fig. 5.2, layers). This splitting was based on the intersections
of the hydrophilic heads and the hydrophobic tails curves observed in the headtail
graph (Fig. 5.2).

Based on the radial distributions, vitamin E (more hydrophobic than vitamin A)
shows to be highly enriched in the inner core together with the triglycerides (long
chain) and cetyl palmitate, whereas vitamin A was distributed both in the core and
intermediate layer. The intermediate layer is formed by the phospholipids (in green),
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providing support to both the core and the formed layer of vitamin A (in red) and
shorttailed triglycerides (in cyan; Fig. 5.2). The surface of the lipid nanoemulsion
was coated by the emulsifier steareth 21, with its hydrophilic polyethylene glycol tail
mainly lying on the complex surface and its 16C acyl chain anchored in the outer
layer of the nanodroplet. All components show a strong preferred orientation as
indicated by the large difference between the solid and dashed curves in the RDF
graphs, representing the head and tail parts of the constituents, respectively (Fig.
5.2; all graphs on the right).

Figure 5.2 | Nanodroplet structure. The complete stage 2 nanodroplet (first column). The spatial
distribution of all components in the nanodroplet, zero indicates the center of mass (top, first column). A
snapshot of the final nanodroplet (middle, first column). The spatial distribution of the heads and tails as
defined by their CG bead type (bottom, first column). A snapshot of the individual layers (second column).
Specification of the specific distribution of heads and tails for each indicated layer (third column).

5.3.3. Fusion with skin membrane models
After obtaining a stable nanodroplet, we constructed two bilayers to model the skin
membrane – SC and INF. Both the SC and INF model might be relevant for delivery of
active components such as vitamin A/E over the skin barrier. The SC model represents
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the rather saturated and rigid membrane of cells in the outer layer of the skin[40,
62]. As the real protonation state of the fatty acids is unknown, we created both a
protonated and deprotonated version of the SC model to at least cover the extremes.
The INF model mimics the membrane conditions inside a hair follicle and is known
to be more soft and flexible in nature due to its higher unsaturation compared to
the SC[63, 64]. Equilibrated snapshots for both INF and SC membranes are shown
in Fig. S5.1 and S5.2. To simulate fusion, in both models the full nanodroplet was
placed in close proximity of the target bilayer (~1 nm). The simulation parameters
were chosen such that they mimic biological conditions with respect to salt, pressure
and temperature (0.15 M NaCl; 1 bar; and 310 K respectively). All fusion simulations
spanned 1 μs and were performed three times except for the large INF system which
was only simulated once.

The charged SC fusion experiments ran stable in all cases and no major mem
brane deformations were observed. Over a period of 1 μs the nanodroplet adsorbed
onto the membrane and the exchange of components between the membrane and
nanodroplet was visible by eye (Fig. 5.3). To quantify this mixing we used the change
of molecular contacts over the simulation. From the reduction in nanodroplet self
contacts it is clear that steareth 21 mixed the most. Interestingly the other compo
nents of the outer layer (lecithin species) did mix less than almost all components
in the intermediate layer. Finally the components dominantly present in the core
show an extremely low change in contacts. From the decay in bilayer selfcontacts
we conclude that it is mostly cholesterol which is moving from the bilayer into the
nanodroplet. The other components in the bilayer show only very little change (~10x
less than cholesterol; Fig. 5.3). The neutral SC membrane showed a near identical
fusion profile, with respect to both the membrane curvature and mixing. Details of
said system can be found in the SI.

In contrast to the SC simulations, the INF membranes showed heavy undulation in
our fusion experiments. As for the SC membrane models, steareth 21 and cholesterol
were the components mixing the most in the nanodroplet and bilayer respectively.
In general the INFnanodroplet mixes more (~1.5x) than the SCnanodroplet did.
However, not all components are mixing more in case of the INF membrane. Cetyl
palmitate mixes less, and capric and caprylic acid mix roughly equally. The INF bilayer
itself mixed only very little with the nanodroplet except for the cholesterol, showing
a similar pattern as the SC membranes.

Due to the fact that the INF membrane showed to be mixing more with the
nanodroplet than the SC membrane did, we built larger membrane models of the INF
to investigate the effects of size (Fig. 5.4. The large membrane systems behaved
very much similar to the smaller patches with respect to the mixing and undulation.
Nevertheless, some components do behave differently in the large system. Especially
the bilayer selfcontacts show a different amount of mixing of the phosphatidylinositol
(3,4,5)triphosphate−7 (POP3), which mixes about as much as the cholesterol in the
large bilayer. In the selfcontacts profile for the nanodroplet it appears that GLST
is not mixing at all. Inspection of the complete GLST shows that it is mixing but
happens to be exactly at the same value at the end as it was at the start of the
simulation. However, due to the relatively low occurrence of these components and
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the fact that we only ran the large system once, it is difficult to say how significant
these changes are. With respect to the mixing kinetics of the nanodroplet we can
conclude that the mixing occurs as fast in the large system as in the small system.
This indicates that for the initial 1 μs of fusion the small bilayer is large enough.
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Figure 5.3 | Nanodroplet fusion with skin membranes. The fusion of the nanodroplet with the
stratum corneum and infundibulum membrane model (first and second column respectively). Snapshots of
unbiased fusion at successive moments in time (first row). The change in selfcontacts of the nanodroplet
between the initial (0 ns) and final frame (1000 ns). The components are sorted by the distance of their
peak in the RDF from the COM of the nanodroplet (second row). The change in selfcontacts of the bilayer
between the initial (0 ns) and final (1000 ns) frame (third row).
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Figure 5.4 | Nanodroplet fusion with a large infundibulum membrane. Snapshots of the nan
odroplet with the infundibulum membrane model at different points in time during fusion (left). The zoom
boxes show the fusion state at 1000ns, illustrating the relatively high amount of cholesterol compared
to the other components. The change in selfcontacts in the droplet (topright) and bilayer (bottomright)
between the initial (0 ns) and final (1000 ns) frame.
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5.4. Discussion and Conclusion
Using the same components and procedures described by the nanoemulsion manu
facturer we were able to obtain a stable nanodroplet. The nanodroplet contained a
fuzzylayered onion like internal organization, with the vitamins enriched at its core.
Most components showed a strong preferred orientation although the inner core was
less ordered than the outer layers. To obtain a better understanding of the possi
ble delivery of active components, the nanodroplet was placed on a variety of skin
membrane models. On average the nanodroplet components mixed fifty percent
more with the INF than the SC bilayers (neutral/charged). However, the increase
in mixing showed to be more complex than a single scaling factor. For example,
cetyl palmitate actually mixed less with the INF than with the SC. In general the
nanodroplet mainly extracted cholesterol from the membranes and only little vitamin
A/E entered the target bilayers in the simulated amount of time (1 μs).

A downside to investigating dropletmembrane fusion in the manner presented in
this manuscript is the fact that we only placed one droplet on a periodic bilayer. As the
real product is a macroscopic emulsion smeared on top of the skin, it is hard to say
what would be the relevant concentration of emulsion per area skin, thus we might
be considerably off. Another issue of only simulating one droplet is that we do not
know if macroscopic properties such as the critical micelle concentration are actually
modelled correctly. In other words adding more droplets into one simulation might
cause them to aggregate too much, not forming an emulsion at all, indicating that
our model does not behave correctly. Such underestimation of the droplet solvability
could very well have a relevant effect on the fusion dynamics. However, to accurately
investigate such phenomena as the critical micelle concentration we would have had
to simulate spatial and temporal scales not in reach with our computational resources.

As fusion is an out of equilibrium event, it is useful to obtain a better insight into
the role of thermodynamic and kinetic effects. We stated that within our time window
of simulation little to no vitamins escape the nanodroplet complexation. However,
due to the layered organization and the fact that most vitamins are at the core of
the droplet, this could be a mere kinetic effect. Diffusion is expected to take place
in an inverted radial manner and the vitamins mixing last is to be expected, as they
reside at the core of the nanodroplet. Nevertheless, we think there is more than
just a kinetic effect which causes the slow exchange of vitamins. The cetyl palmitate
partitions similar to the vitamins in the complex and has roughly the same size, nev
ertheless its diffusion into the bilayer is significant, in particular for SC membranes.
Considering capric and caprylic acid, mixing appears to be unaffected by the type
of membrane. Such observations indicate that the lack of diffusion of the vitamins
into the bilayer might be due to more than just kinetic effects, as such observations
clearly do not obey a simple radial distance rule.

Besides a difference in mixing of nanodroplet components between the INF and
SC bilayer models, there was a clear difference in membrane undulation. The SC
showed little to none bilayer curvature, where the INF showed heavy undulation.
This curvature might induce lipid triggered endocytosis by the target cells, allowing
the nanodroplet components to enter the cell by other means than passive diffusion.
Although our experiments show curvature in a random direction, the asymmetry in
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the plasma membrane has been shown to cause such curvature to bend inwards and
is strongly dependent on cholesterol depletion[65, 66]. Other means of endocytosis
such as clathrin or caveolin dependent pathways are an option as well for the INF[67].
Therefore it seems likely that more active components would cross over the INF than
the SC membrane. However, the hairsacks only take up roughly 0.1 % of the surface
of the exposed skin, making this path entropically unfavorable[68].

Therefore most of the components will most likely end up in the membranes/ex
tracellular matrix of the SC. In the SC endocytosis is highly unlikely and pointless,
for the corneocytes in the SC lack a nucleus, a mitochondria and are regarded dead
with respect to most cellular processes[69]. Thus after entering the SC two opposing
fluxes are competing with each other. On the one side, passive diffusion will tend to
spread out components down the concentration gradient deeper into the skin. Where
on the other side, the SC itself is continuously shed and renewed from the base of
the epidermis, causing an outward flow. Therefore we think for any component to
reach the deeper layers of the skin, the first flux has to be bigger than the second.
From our current study we cannot extract the diffusions rates of active components
through the extracellular matrix in the SC and therefore no conclusive answer can be
given regarding this aspect of uptake.
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5.6. Supplementary Information

Table S5.1 | Mappings and bead types of nanodroplet components. List of components of the
nanodroplet, including molecule name, molecular formula and CG model, including mapping and bead
types.

Molecule name Molecular formula Mapping in CG representation

Capric acid (short tail) 𝐶30𝐻56𝑂6

Caprilic acid (long tail) 𝐶24𝐻44𝑂6

Hidrogenated Lecithin 𝐶44𝐻86[𝑁𝑂]8𝑃

Cetyl palmitate 𝐶32𝐻64𝑂2
Gliceryl steareth 𝐶21𝐻42𝑂4

Cetyl alcohol 𝐶16𝐻34𝑂

Lauryl alcohol 𝐶12𝐻26𝑂

Behenyl alcohol 𝐶22𝐻46𝑂

Miristyl 𝐶14𝐻30𝑂

Palmitic acid 𝐶16𝐻32𝑂2

Stearic acid 𝐶18𝐻36𝑂2
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Table S5.2 | Model validation for vitamins and Glycerin. The results of the computational parti
tioning free energy are compared to experimental values.

Molecule Chemical structure CG representation
Experimental

ΔGpart octanol/water
CG MD

ΔGpart octanol/water

Vitamin A (retinol) 𝐶20𝐻30𝑂 32 kJ/mol 39 kJ/mol

Vitamin E (tocopherol) 𝐶29𝐻50𝑂2 71kJ/mol[70] 70 kJ/mol

Glycerin 𝐶3𝐻8𝑂3 10 kJ/mol[71] 10 kJ/mol

Table S5.3 | Bonded parameters for glycerin and vitamin A/E.

Molecule Bead ID Bead type Bond Value Constant Angle Value Constant
Glycerin 1 P3 12 0.260 1250 .

. 2 P3 . .
Vitamin A 1 SC2 12 0.289 5000 134 103 25.0

. 2 SC2 13 0.339 5000 234 145 25.0

. 3 SC4 23 0.338 5000 345 093 25.0

. 4 SC4 34 0.304 1250 456 115 25.0

. 5 SC4 45 0.403 1250 .

. 6 P2 56 0.316 1250 .
Vitamin E 1 SP1 12 0.330 5000 123 052 25.0

. 2 SC4 13 0.270 5000 134 115 25.0

. 3 SC4 23 0.270 5000 135 171 25.0

. 4 SC2 34 0.210 5000 234 168 25.0

. 5 SN0 35 0.270 5000 245 111 25.0

. 6 C1 45 0.240 5000 345 071 25.0

. 7 C1 56 0.310 1250 356 103 25.0

. 8 C1 67 0.350 1250 456 078 25.0

. 9 C1 78 0.420 1250 567 162 25.0

. . . 89 0.460 1250 678 157 25.0

. . . . 789 162 25.0
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Figure S5.1 | Hair follicle infundibulum membrane composition. The inf membrane based on
Machado et al. 2016[40] with the lipids and the permeation pathways. The composition includes 14
different types of compounds (cholesterols, ceramide II NS, sphingomyelins and 9 different types of phos
pholipids). This membrane is similar to the plasma membrane model made by Ingólfsson et al. 2015[41]
and preserves similar characteristics. (a) frontal view of the infundibulum model with the 14 components,
among them cholesterol, ceramide, sphingomyelins and various types of phospholipids. (b) Legend of
panel a. (c) The possible permeation pathways. The red circle indicates the pathway in which the inf
membrane is involved.

Figure S5.2 | Stratum corneum membrane composition. The structure of the stratum corneum
based on Machado et al. 2016[40] and the lipid models were taken from Ingólfsson et al. 2015[41].
(a) frontal view of the straum corneum model with 3 components (cholesterol, fatty acid, ceramide). (b)
Legend of panel a. (c) The possible permeation pathwas. This membrane represents the “mortar way in
a model brick and mortar”, as indicated by the red circle.
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6
Sequential voxelbased
leaflet segmentation of

complex lipid morphologies
The computing scientist’s main challenge is not to get confused by the

complexities of his own making.

Edsger W. Dijkstra

A s molecular dynamics simulations increase in complexity, new analysis
tools are necessary to facilitate interpreting the results. Moving from a few

particles to billions, results in many emerging properties. Lipids, for instance,
are known to form many complicated morphologies due to their amphipathic
nature, becoming more intricate as particle count goes up. A few lipids might
form amicelle, where aggregation of tens of thousands could lead to vesicle for
mation. Millions of lipids make up a cell and its organelle membranes, and are
involved in processes such as neurotransmission and transfection. To study
such phenomena, it is useful to have analysis tools which understand what
is meant by emerging entities such as micelles and vesicles. Studying such
systems at the particle level only, becomes extremely tedious, counterintuitive
and computationally expensive. To address this issue we developed a method
to track all the individual lipid leaflets, allowing for easy and quick detection
of topological changes at the meso scale. By using a voxelbased approach
and focussing on locality, we forgo costly geometrical operations without los
ing important details and chronologically identify the lipid segments using the
Jaccard Index. Thus we achieve a consistent sequential segmentation on a

This chapter has been made in collaboration with Albert Thie, Paulo C. T. de Souza, Tsjerk A. Wassenaar,
Shirin Faraji and Siewert J. Marrink
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wide variety of (lipid) systems, including monolayers, bilayers, vesicles, in
verted hexagonal phases, etc. It also discriminates between adhesion and fu
sion of leaflets. We show that our method produces consistent results without
the need for pre fitting parameters, and segmentation of millions of particles
can be achieved on a desktop machine.

Keywords: molecular dynamics (MD), consistent sequential segmentation, visual
ization, leaflet identification, membranes, Martini

6.1. Introduction
The increase in complexity of molecular dynamics (MD) simulations poses challenges
for current analysis software. This is well illustrated in the field of biological ap
plications. Such simulations changed from a single protein in vacuum[1] in the late
1970s to complex membrane based systems containing millions of molecules such as
(phospho)lipids, cholesterol, proteins, DNA, drugs, water, etc[2–7]. The number of
molecular aggregates in simulations has also increased, and nowadays it is not rare
to see a mixture of micelles, bilayers and vesicles in a single simulation[4, 8–11]. This
increase in complexity of both composition and aggregation state requires a higher
level of abstraction in analysis than typically offered. During analysis we would like to
work with concepts such as bilayers, vesicles, leaflets, protein aggregates, phases,
etc. on top of simple identifiers such as molecule names and indices, often used in
current tools. This would dramatically reduce the complexity of coding the analysis
software and would allow for a more user friendly interface with data. Current MD
analysis software, such as MDAnalysis[12], Pytim[13], FATSLIM[14] and VMD[15],
come with builtin functions or have packages to detect e.g. bilayer leaflets and ag
gregates, and offer some of the desired level of abstraction. However, these tools
were developed to deal with relatively simple compositions and topologies, and may
fail as systems contain more than one or two segments. On top of this, they rely heav
ily on expensive geometrical operations, resulting in intrinsically slower execution. To
avoid these problems and develop a fast and robust method for consistent sequential
segmentation, we explore a voxel oriented analysis paradigm. No assumptions are
required regarding the number of segments or molecules. Furthermore, voxelbased
methods offer very good scaling with the increase of particles and are excellent for
locality queries[16–19].

To guide the reader through this work we will first present pseudo code to il
lustrate the general implementation of our leaflet segmentation algorithm, which is
implemented in a tool coined MDVoxelSegmentation. We then show a wide range of
examples, and we end with a discussion of the limitations and further prospects of
the tool.
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6.2. Design and implementation
In the following sections, we describe the complete algorithm in two sections of
pseudo code. We start with considering a single frame and perform our multistep
connective components analysis for lipidbased systems. Then we describe how we
add the extra layer of chronological consistency on top.

6.2.1. Pseudo code for spatial segmentation of leaflets
To successfully segment lipid densities into leaflets we require three things, a refer
ence, a trajectory and a selection file. The reference file should contain information
regarding atoms and their naming (e.g. GRO, PDB). The trajectory file should contain
coordinates for each point in the reference file in every frame (e.g. GRO, XTC, TRR).
Finally, the selection file should contain the selections (lipid heads, lipid tails, lipid
linkers and exclusions). By default most CG Martini lipids are supported][20], mean
ing no selection has to be specified for the leaflet segmentation of those systems.
However, if you are working on a custom lipid, it can easily be added to the default
selections file. After segmentation each lipid is assigned a segment identity which
is a residue level property. To make MDVoxelSegmentation a complete segmenta
tion tool, we also support basic connected components analysis on nonamphipathic
systems.

Read input
The leaflet segmentation starts with mapping all the lipid tail, lipid head, and ex
clusion beads to a boolean voxel matrix (usually 0.5 nm binning for Martini lipid
systems; Fig. 6.1 1). This results in three 3D boolean matrices: tails, heads and
exclusions. The exclusions are used as local stops during segmentation. For CG
systems hyperresolution is often advised, which places virtual densities around the
point positions to allow more smooth mapping and preventing empty voxels to be
present in a continuous density.

Connected components for tails
The tails matrix is segmented using the adapted connected components algorithm,
subtracting the heads and using the exclusions for halting (Fig. 6.1 3). Usually
the exclusions are grown once, which guarantees the exclusions act up to at least
one time the binning distance (Fig. 6.1 2). We found that using exclusions can be
beneficial when working with proteins, since the protein boundaries are prone to be
edge cases.

Connected components for heads of each tail segment
Roughly the same procedure is followed for segmenting the heads as was done for
the tails. However, instead of using the complete heads matrix at once, it is first
deconstructed by the tail segments. Each tail segment is individually processed.
Only the headgroups which have a lipid residue index which is also in the active tail
segment are considered (Fig. 6.1 4 and 5). The connected components segmentation
is performed for each of the resulting selections (Fig. 6.1 6 and 7). For the heads
segmentation, all tails are used as a subtraction mask and exclusions are used for
halting.
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Figure 6.1 | Spatial leaflet segmentation. (1) Input data. Unsegmented lipid headgroups, water
and protein are purple, blue and pink respectively. (2) Lipid tail density (green) and headgroup occlusion
masking (red). A white block indicates the exclusions zone around the protein. (3) Lipid tail segmentation
of the upper and lower bilayer (orange and grey). (4) Headgroups density (green) with tail occlusion
(red) of tails segment I. (5) Headgroups masking of tails segment II. (6) Headgroups segmentation of
tails segment I (orange and navy blue). (7) Headgroups segmentation of tails segment II (light yellow,
grey). (8) Backmapping to point cloud labels. (9) Polishing of the result using iterative forcesegmentation,
no unsegmented lipids remain in this example.

Forced iterative segmentation
Although the result at this point is good (Fig. 6.1 8), there are some lipids which still
have no segment assigned. For every lipid which does not have a segment assigned,
all neighbouring lipids are checked within a certain cutoff distance (Fig. 6.1 9). If
the dominant segment in that search is not 0 (unsegmented), the lipid is appointed
to that dominant segment. Our implementation performs this operation in an itera
tive manner always trying to satisfy small distances first. The iterations halts if the
forcesegmentation returns a stable output (i.e. no further changes occur). Splitting
the segmentation in two steps, using forcesegmentation as a post processing step,
means that simple cases are handled in a relatively lowcost manner where hard
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cases might use a different approach altogether. This mixed use of a lowcost al
gorithm with more precise and expensive algorithms reduces the total complexity of
the calculation drastically, whilst at the same time hardly affecting the segmentation
quality.

Spatial segmentation output
The result after spatial leaflet segmentation is a trajectory.npy which contains a seg
mentation entry for each index in each frame. These indexes correspond to the
atom indices in the original structure file. Atoms which have no segmentation are
assigned to 0. However, due to the arbitrary picking of our initial voxels for segmen
tation, the segmentation labels miss sensible consistency over time for all the other
labels. To solve this lack of chronological consistency, we need to perform temporal
segmentation.

6.2.2. Pseudo code for temporal segmentation
All that is required as input for the temporal segmentation is the spatial segmentation
output.

Matching
To perform temporal segmentation, we need to find the identity of segments for each
frame sequentially. When comparing a new frame with a current frame, the algo
rithm first considers the identities of segments of the current frame. The identified
segments of the current frame are then matched to the segments in the new frame
(Fig. 6.2 A). The atoms within a segment are used as the basis for the identity of the
segment. Segments are treated as sets containing unique elements. The identity of
a segment in the new frame is the segment in the current frame with which it shares
the most atoms. In this way segments can be matched across frames, even if due
to shrinking or growth their atom contents are not identical. Consider frame N which
contains two segments N1 = a1,a2,a3,a4 and N2 = b1,b2,b3,b4 and frame M which
contains M1 = a1,a2,a3,b4 and M2 = b1,b2,b3,a4,c1. When we compare frame N
with frame M, we see that the elements b4 and a4 have swapped places and c1 is
introduced to M2. However we still want to assign N1 to M1 and N2 to M2, to allow
for the growing and shrinking of segments. We therefore need a way to identify the
amount of shared elements between two segments.

𝐽(𝐴, 𝐵) = 𝐴 ∩ 𝐵
𝐴 ∪ 𝐵 (6.1)

To identify how many atoms are shared between two segments across frames
the Jaccard index is used (eq. 6.1). This index is defined as the intersection of
two sets divided by the union of two sets. This provides a ratio between 0 and
1, where 1 is complete similarity and 0 means no shared atoms. The parameter
identity threshold defines the minimum score on the Jaccard index that is required
for two sets to have the same identity For example a minimum Jaccard score of
0.75 means that only if two segments have a score higher than 0.75 together, they
have the same identity. This allows for consistency while also identifying large shifts
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between frames in the simulation. Because of the possibility of these large shifts the
algorithm does not assume that the amount of segments between frames remains
the same. It therefore allows for the disappearance of identified segments and the
appearance of new identities. Identified segments can disappear when no match in
the new frame can be made that exceeds the minimum Jaccard score. An identified
segment disappearing is considered to have merged with another segment. A new
identity can be created when in the new frame a segment exists to which no old
identified segment has matched. This new segment then receives a new identity. A
newly created identified segment is considered to have split from a previously existing
identified segment.

Figure 6.2 | Finding the identity of the segments in the new frame. (A) The ordered 1 segment
has a best match with unordered 2. (B) The ordered 1 and 2 are merged into one segment, with ordered
2 providing the identity for unordered 1. (C) The ordered 2 is split into two new labels, unordered 1
and 2. Ordered 0 is always matched as the new segment zero, as this is the segment which contains all
nonsegmented particles. Capital N indicates the total number of segments in each frame.

Merge
In the case of a merge (Fig. 6.2 B), two or more identified segments in the current
frame are merged into an unidentified segment in the new frame. Two distinct cases
are possible in the new frame. Either one of the identities of the merging segments
is inherited by the new segment or a new identity is created. If one of the identities
is maintained, the Jaccard index score between one of the identified segments and
the unidentified segment has exceeded the minimum score. This indicates a large
segment is merging with one or more smaller segments. If a new identity is created,
this means none of the previous segments contained enough atoms to attain a Jac
card score higher than the minimum when compared to the unidentified segment.
In this case all previous identified segments are merged into a new segment with a
new identity.

To allow for the reappearance of identities, the disappeared identities are stored
in a database. This database contains the identity and the atoms present in the
identified segment at the current frame. It also logs where into which segment the
disappeared segment has merged. The segment into which the disappeared segment
has merged is the segment for which it had the highest Jaccard index score. This
score will always be below the Jaccard minimum, as otherwise the identity would be
inherited. This information can be used to restore identities when splitting events
take place.
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Split
In a split, two or more unidentified segments in the new frame have the highest
Jaccard index score with the same identified segment in the current frame (Fig. 6.2
C). In such a split there are also two distinct cases. In one case a small part splits off
from an existing identified segment. However one of the unidentified segments still
has a high enough Jaccard score to match with the identified segment. This means
that one of the unidentified segments inherits the identity of the identified segment.
The other unidentified segments will then either gain a new identity or take the
identity of an old segment from the database. New segments are compared with
the database. The new segment takes the identity of the segment with the highest
Jaccard index score in the database, but only if the score exceeds the minimum
Jaccard score. If the minimum is not exceeded, the segment is assigned a new
identity.

In the other case the identified segment could not match with one of the unidenti
fied segments. This will lead to the disappearance of the identified segment. The dis
appearing segment will be stored in the database, while the new segments will each
be compared to the database. Each segment which has a match with the database
will continue with the identity of this match, while the unmatched segments continue
with new unique identities.

Temporal segmentation output
The result after temporal segmentation is a consistent sequential segmentation over
the trajectory, both spatially and over time. Identities between time frames are
consistent, based on the atoms within each segment. Merging segments are detected
and identified in a size dependent way. Splitting segments are detected as well. The
database of previous segments allows identities to persist over a longer time frame.

6.3. Results
To validate the leaflet segmentation algorithm, we prepared a wide range of lipid
systems using the Martini CG force field[21]. The same default input was used for all
segmentation unless specifically stated otherwise. We start with simple lipid bilayer
systems in varying topologies (Fig. 6.3). Then we add proteins and a high variety of
compositional complexity (Fig. 6.4). This is followed by a complex phase transition
and fusion of DNAlipid complexes (lipoplexes) with endosome membrane models to
illustrate segmentation quality in the presence of tight, curved and complex dynamic
geometry (Fig. 6.5). We end with some more general real world examples (Fig. 6.6).

Pure bilayer systems
Leaflet assignment for a simple bilayer containing 270 DOPC and 66 cholesterol
(4:1) without forcesegmentation resulted in good segmentation, but some lipids,
in particular cholesterol, are unlabeled (Fig. 6.3 A, C orange. By turning on force
segmentation all lipids including the cholesterol could be assigned successfully to a
leaflet (Fig. 6.3 B, C green).

A common lipid property to investigate is the flipflop rate. We compared the
assigned flipflopping of our leaflet segmentation to a common procedure. This
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common analysis would assign a lipid flipflop based on the zcoordinate of a lipid
headgroup with respect to the average zposition of the bilayer. The downside is that
this can only be performed for small patches of a relatively flat bilayer with its nor
mal pointing along the z dimension. Our method takes a rather different approach.
We check for changes in leaflet membership for each lipid. To reduce noise, a lipid
which is not segmented is assigned to its previous valid leaflet. The advantage of
our segmentation based method over the conventional approach is that it still works
if the membranes/leaflets are curved, or if they are not a well defined bilayer at all.
In our comparison of cholesterol flipflopping, our algorithm performs well which is
indicated by the close relation between the segmentation labels and the discretiza
tion of the lipid zheight (Fig. 6.3 C). Segmentation without forcesegmentation is
good enough for lipid flipflop calculations. The segmentation based flipflop anal
ysis compares well with the zheight approach if a deadzone of ±0.6 nm is used in
the latter (Fig. 6.3 D). Although the flipflop patterns for both methods are highly
similar, they are not the same, therefore, direct quantitative comparison between
both methods should be performed with care. However, if a zheight deadzone of
±0.3 nm is used, all flipflops indicated by the segmentation analysis are in the set of
the zheight approach. In other words it appears that the flipflops indicated by the
segmentation are a subset of the zheight approach with a relatively small deadzone.

Since stacked bilayers are notoriously hard to label correctly in other methods,
we designed a test system containing two closely stacked and intercalating bilayers
of POPC (13 CG water beads, Fig. 6.3 E). The close proximity and or intercalation
of the bilayers did not hinder correct leaflet segmentation at all over a trajectory
spanning 10 μs (Fig. 6.3 F).

The final pure bilayer system tested is a bilayer in which we artificially opened
and closed a pore using a biasing potential. We used the leaflet segmentation to
detect the instances of pore opening and closing (Fig. 6.3 G and H).

Consistent leaflet segmentation was successfully obtained using the default set
tings for all pure bilayer systems even in the presence of cholesterol or intercalating
headgroups. The leaflet segmentation can also be used for flipflop analysis and the
detection of a toroidal pore with high accuracy.

Complex bilayers with proteins
After confirming that our leaflet segmentation performs well on simple lipidonly
bilayer systems, we went one step further and considered systems of higher com
positional complexity. As for the lipid only segmentation, segmentation of a simple
bilayer containing POPC lipids and a single protein is perfect using the default set
tings (Fig. 6.4 A). Next, we tested a crowded plasma membrane model. This model
contains a high variety of lipids (>60) and a wide range of proteins in a planar mem
brane. Segmentation resulted in a nearly perfect assignment (Fig. 6.4 B). However
there are 12 lipids which remain unlabeled (Fig. 6.4 B zoom box), caused by an ex
clusion region. Setting the forcesegmentation cutoff radius slightly higher resolved
the issue, but the current result is shown to demonstrate the quality of the default
settings. Missing 12 lipids out of tens of thousands of lipids would probably not affect
the analysis to any serious degree. However, if perfection is required some tweaking
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Figure 6.3 | Leaflet segmentation and analysis for pure bilayer systems. (A, B) Snapshots of
a DOPC/CHOL(4:1) bilayer with and without forcesegmentation. Some lipids were unassigned without
forcesegmentation due to diving/occlusion (A, yellow). Using forcesegmentation nonsegmented lipids
are assigned to a segment as a postprocessing step (B). (C) The flipflop traces of a single cholesterol
in the DOPC/CHOL bilayer, comparing the zheight and segmentation flipflop approaches. Whenever
the orange line is not visible it lies perfectly behind the green line. (D) A comparison of the up and
downward cholesterol flipflop events between the zheight and segmentation based flipflop analyses.
A more intense single dot represents more than one cholesterol flipflopping at that given instant. The
deadzone for the zheight analysis was ±0.6nm. (E) A snapshot of closely stacked and intercalating
bilayers of DLPC. (F) Leaflet segmentation of the intercalating bilayers over 10 μs. The width of a segment
represents its relative size (G) A snapshot of a DLPC bilayer with a toroidal pore (frame 750 of H). (H)
Leaflet segmentation of pore formation. The pore forming biasing potential was turned on between frame
500 and 1000. The width of a segment represents its relative size.
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might be needed. For example the forcesegmentation range or the binning distance
could be altered as well as the minimum cluster size.

Based on these results we conclude that MDVoxelSegmentation works well on
systems with a complex composition even in the presence of protein(s).

Figure 6.4 | Leaflet segmentation in the presence of protein. (A) Adding protein (lime) to a
bilayer does not interfere with the leaflet assignment of a CG POPC bilayer (red/blue). A video of the
bilayer protein system can be found in section 6.7.2. (B) The bottom and top leaflet of the plasma
membrane. Even extremely complex bilayers such as the plasma membrane including many different
proteins (transparent/lime) and lipids (red/blue) do not hinder leaflet assignment. However, there is a
small cluster of nonassigned lipids (yellow) around one of the proteins (zoom box).
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Complex, curved and tight geometry
Up to now all our test systems were relatively flat, therefore as our final test set, we
introduce heavy curvature as well as closely packed segmentation. In our previous
work we showed the phase transition of a stacked bilayer system to an inverted
hexagonal phase (H𝐼𝐼)[4, 22], which was used as a system which should push the
time consistency part of our algorithm, as well as the agonistic behaviour with respect
to the amount of segments. A snapshot of the first intermediate and last frame
of the trajectory is shown in Fig. 6.5 A. The corresponding graph shows that the
segmentation is extremely stable over time. A video of the full phase transition is
available in section 6.7.3. During transition the following happens: First the leaflets
which share a common water reservoir (Fig. 6.5 A I) fuse together by multiple
stalk formation (Fig. 6.5 A II). The leaflets are then split into smaller segments,
more closely resembling the classic view of the H𝐼𝐼 phase. However, due to the high
concentration of water in this system not all aquatic channels are singular and some
remain connected through water pores perpendicular to the view normal (Fig. 6.5
A III). The final result is a stable H𝐼𝐼 phase of channels with a varying degree of
interconnection. Note that the visualization of the segments immediately makes it
clear which channels are connected and which not.

In our previous work we showed how transfection with lipoplexes can be simu
lated using the Martini force field[4]. Such lipoplexes are complexes of lipids and
dsDNA. The dsDNA resides inside the inverted hexagonal phase of the lipoplex lipids.
Upon fusion with a membrane the dsDNA is released into the cytosol. The tight
packing of the lipids with the dsDNA in combination with the change in topology dur
ing transfection, makes this another challenging system to analyse. A render of the
leaflet segmentation is shown in Fig. 6.5 B. A video of the complete transfection pro
cess is available in section 6.7.4. Although the segmentation is pretty good, it does
contain some noise, illustrated by minor flickering in the video. This noise could be
removed with a noise filter, but we left it in for fair comparison and to create a realis
tic reference for the quality of the output under comparable conditions. As for pores
in the bilayer, we can use the amount of leaflet segments identified in the simulation
as a reliable metric for fusion events (Fig. 6.5 B, graph). We did find that decreasing
the resolution of the leaflet segmentation for complex geometry resulted in a steep
decrease in quality of segmentation. For more simple geometry 1 nm voxels without
hyperresolution resulted in acceptable segmentation. However, for these systems
0.5 nm voxels with hyperresolution is required.

The presence of (high) curvature does not hinder correct leaflet segmentation,
even if the lipid arrangement does not follow a strict bilayer definition or if the amount
of segments is highly dynamic.

Further tests
The leaflet segmentation was tested on three additional complex systems to obtain
familiarity with the quality. The first system contains a small fatty acid vesicle (Fig.
6.4 and section 6.7.5). Around the vesicle fatty acids are suspended in a water buffer.
The goal was to measure the imbalance of molecules in the inner and outer leaflet of
the vesicle as it absorbs the surrounding fatty acids in solution. As the outer leaflet
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Figure 6.5 | Leaflet segmentation and analysis for both tight and curved complex geometry.
(A) The phase transition from a multilamellar bilayer system to an H𝐼𝐼 phase. Snapshots of the first,
intermediate and last segmented frame of a 1 μs trajectory. The accessory video is available in section
6.7.3. The corresponding graph shows all segments formed in chronological order with the snapshots
indicated with the dotted lines. The width of a segment indicates its relative size. (B) Snapshots of a
lipoplex transfecting dsDNA over a bilayer (first, intermediate and last segmented frame). The inner core
(orange, yellow, green, gray) is an intact H𝐼𝐼 phase containing the dsDNA (not visible), whereas the upper
bilayer leaflet (red) has already fused to the outer leaflet of the lipoplex by means of a fusion stalk (I).
During transfection the inner core segments fuse with the bottom leaflet of the bilayer (II), resulting in
a single flat bilayer with all the dsDNA on the other side (III). The transfection can be tracked in detail
using the segmentation graph. The width of a segment indicates its relative size.
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of the vesicle merges with more and more small micelles in solution the imbalance
increases, potentially resulting in division. Some flipflopping occurs to release the
tension due to the imbalance between the inner and outer leaflet. However, there
are two moments at which the inner and outer leaflet of the vesicle temporarily fuse
by means of a toroidal pore. These pores quickly cause a significant amount of acyl
chains to migrate from the outer to the inner leaflet, indicated by a jump in the inner
leaflet’s size (Fig. 6.6 A). Passive flipflop occurs all the time and is indicated by the
more continuous increase in size of the inner leaflet. For division to occur, the rate
of absorption of fatty acids from solution has to be increased to outcompete the flip
flop. This example furthermore illustrates the use of our segmentation tool to track
flipflop and pore formation events with high resolution.

The second test was to assign the leaflets in the showcase mitochondrion model
presented in the work by Pezeshkian et al.[10]. For the mitochondrion we expected
to observe four separated leaflets, namely the separate leaflets of both the inner
and outer membrane. However, after leaflet segmentation of the complete mito
chondrion we only observed three segments. To further investigate this issue we cut
the mitochondria in twenty slices. Each piece was segmented individually (Fig. 6.6
B). This revealed that there are issues in two of the twenty slices. When these two
problematic slices are excluded the expected four leaflets were found by segmen
tation analysis. This indicates unexpected overlap is occurring in those two slices,
likely as a result of stalk formation between closely apposed membrane segments.
Further subdivision could be utilized to pinpoint the exact location, although doing so
by hand becomes rather cumbersome. Nevertheless this example shows that large
structures can be successfully handled by our algorithm and the results can be used
for quality control of systems too large for visual inspection by traditional means.

Finally, in our previous publication on lipoplexes we described the existence of
connective channels in an overly hydrated inverted hexagonal lipid phase, shown in
the example above on formation of an H𝐼𝐼 phase(Fig. 6.5 A)[4]. These channels
probably have huge effects on the fusion kinetics of such phases. Related work was
performed at atomistic scale by Ramezanpur et al., in which they did not describe
any of such channels[8]. After contacting the group and confronting them with this
paradox, we were kindly allowed access to their data. We used MDVoxelSegmen
tation to find any possible unexpected and undescribed connective channels. The
channels were confirmed to also exist in the atomistic simulations, mostly forming at
the mid to end of their highly hydrated systems (Fig. 6.6 C). The channel was stable,
but difficult to spot using the conventional tools available. This due to the fact that it
spanned over the PBC, a common problem in periodic systems. Checking the marked
frames by eye confirmed that the results of MDVoxelSegmentation were correct, the
authors agreed after reevaluating their data. The formation of these pores was not
observed at lower temperatures, suggesting that there is a kinetic factor and that
their simulations might benefit from extension.

Together, these examples show that MDVoxelSegmentation is a fast and useful
tool for spotting complex segmentation properties, otherwise easily missed or ex
tremely cumbersome to analyse.
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Figure 6.6 | Additional systems. (A) A snapshot of a fatty acid vesicle (red/grey), surrounded by
individual fatty acids in the medium (green). The amount of fatty acids in the inner and outer leaflet of
the vesicle over time (graph). A video of the fatty acid dinner is available in section 6.7.5. (B) A snapshot
of the segmented mitochondrion (~83 million beads). Four distinct leaflets can be traced (green, yellow,
purple, red) if the intersection zones are not included in segmentation (white). If the white zones are
included in the segmentation, the pink and red leaflets are fused together. (C) Snapshots of the atomistic
POPC system in the H𝐼𝐼 phase as published in [8]. Segmentation analysis reveals previously unnoticed
connections between the initial four channels at the end of the simulation. The width of a segment in the
graph indicates its relative size.
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6.3.1. Performance
To get some insight in the performance of the current MDVoxelSegmentation tool
we timed the segmentation for some of the test systems using a varying amount of
threads. In all these tests we turned off forcesegmentation, for it can have a large
impact on performance based on the exact system (especially at higher maximum
recursion depth). The results are summarized in Fig. 6.7. From the single thread
values we can deduce that our algorithm indeed scales pretty much linearly with some
variance due to packing and complexity (table 6.1). Systems containing thousands
to millions of particles of interest will roughly take between less than seconds to
minutes per frame respectively. The biggest system we timed was the 83 million
particle model of a mitochondrion 10, which took over 4 hours for a single frame on
a single thread. The system of the mitochondrion was the only system which could
not be handled with 16GB of RAM and needed a specialized node to run. Its memory
consumption peaked at 150GB.

Figure 6.7 | Single frame scalability. The time it takes to segment a single frame with increasing
particle count. Exact data is represented in table 6.1. Some variation from linearity is expected due to the
fact that the specific geometry of a system can have an impact on the complexity.
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Table 6.1 | Performance of MDVoxelSegmentation. All systems were run on the same Ubuntu
desktop except for the mitochondrion. The test machine contained a Ryzen 1600 (6 cores, hyper thread
ing 3.8 GHz) CPU and 16GB of DDR4 memory (2x 8GB 2.133 MHz). No GPU acceleration is currently
implemented. The MDVoxelSegmentation parameters were the same as stated in the examples above
except for forcesegmentation, which was turned off (fs 0). Timing was performed using the default
Ubuntu time functionality. The CPU for the mitochondrion system ran at 2.4 GHz for a single thread.

System Particles Frames Threads Real time User time Sec/Frame
Bilayer pore 10,436 1,500 12 2m25s 21m41s 0.096

Fatty acid growth 66,278 1,000 12 3m35s 27m37s 0.215
Bilayer pore 10,436 1,500 1 13m13s 15m23s 0.529

Fatty acid growth 66,278 1,000 1 16m20s 18m30s 0.980
Plasma membrane 1,343,450 1 1 4m35s 4m36s 275
Mitochondrion 83,288,300 1 1 260m18s  15,618

6.4. Discussion
6.4.1. Future development of MDVoxelSegmentation
In this manuscript we show the use of voxel based approaches for analysis of lipid and
surfactant based systems. However, our implementation is not optimal yet. What we
hope to achieve is to stimulate developers of MD software which have a large user
base (MDAnalysis[12], VMD[15], Pymol[23], UnityMol[24]) to embrace voxels and
add user intuitive voxel APIs with common components analysis to their packages.
VMD already has a well optimized grid density function, which could be made more
accessible for users, or even contain some GUI. The VMD code could probably per
form all operations in this manuscript at runtime for systems of considerable size due
to their efficient usage of GPU(s). How the segmentation API could best be merged
into the current selection syntax is not trivial, and will require careful consideration.

6.4.2. Potential extra features
As shown here, leaflet segmentation can be solved with high fidelity, using only local
checks, and chronological segmentation. We showed accurate segmentation of a
wide range of lipid systems with or without the presence of cholesterol, protein and or
(extreme) curvature. Although the focus of this manuscript was lipid leaflet detection,
we would like to point at some possible additional features that further broaden the
scope of the applications. One of those features is the tracking of membrane pores
and stalks. This should use the same basic voxel operations such as erosion, growth
and common neighbor segmentation, but results in tracking abstract segments such
as pores. This would allow us to treat pores as segments, propagating them through
the trajectory using the same selection syntax and data structures. Current attempts
show to be promising, although this pore segmentation appears to rely on a good
understanding of subdividing the segmentation results. Some preliminary attempts
of the porefinding can be found in the MDVoxelSegmentation github pore branches.

Another possible application is in the analysis of interfaces and the manner in
which they percolate between set targets. In this case the interphase itself might be
the entity tracked over time using a distance query on multiple segments.

Detecting lipid lateral phase separation is another problem which we think could
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be potentially tackled with our tool. In this case we should not map lipid densities
to voxels, but lipid compositions. In the voxeled compositions a 3D edge detection
algorithm could be used to find transitions in local composition. Since we know that
a phase its composition should be constant in the bulk region, we can start with
finding volumes which are constant in composition by taking the derivative. This
would work similar to the work of Sodt et al. where they demonstrate such approach
on a 2D grid[25]. Probably some form of compositional smoothing or dimensionality
reduction would be required to reduce noise in the spatial composition of complex
systems.

Finally, the analysis is generic enough to be used practically without adaptations
on lipid related systems such as amphipathic proteins or fatty acids (section 6.7.6,
6.7.5), thus showing promise to be used as a more general procedure for amphipathic
systems.

6.4.3. How to contribute
The MDVoxelSegmentation package will be expanded by our own attempts to tackle
problems within this framework. We do invite interested researchers to contribute to
the further development of the tool. To add your own segmentation routines to the
package, simply open a ticket at our github and indicate your interest.

(https://github.com/marrinklab/MDVoxelSegmentation)

6.4.4. To conclude
We showed that consistent and accurate leaflet segmentation can be obtained with
our sequential segmentation algorithm. The algorithm proved to be successful on
a wide range of lipid and lipid related systems. These systems contained both high
compositional and topological complexity which are not analysable with the currently
available methods. To achieve this we used a voxel data structure, which allows
for fast local queries, segmenting each frame individually. To achieve consistent
segmentation over multiple frames, this was followed by set theory, making use of
the Jaccard index. In our tests we show many examples of CG Martini lipid systems,
mostly performed with the same parameter settings. These settings show very few
artefacts indicating that in many cases no time needs to be spent on parameter
tweaking. Besides CG systems we also looked at an atomistic system for which
segmentation showed to be of high quality with only minor changes needed to the
default settings.

Our algorithm practically scales linearly with the increase in particles and is able
to handle millions of particles in minutes on a desktop machine. However, perfor
mance gains of orders of magnitude could probably be achieved by proper SIMD/GPU
implementation[26] and careful memory management using more advanced voxel
data structures16–18. The resulting segmentation is easy to work with in python
or VMD and can directly be used for visualization due to its supported segmentation
data format.
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6.5. Methods
6.5.1. Molecular dynamics simulations
To simulate the lipid only systems we made use of GROMACS 2019.1[27]. Martini
2 was used as the force field[21]. All lipid parameters were taken from cgmartini.nl
(2019) and initial configurations were generated using insane[20]. Each simulation
contained 0.15 M NaCl and 10% antifreeze (WF) to prevent unnatural freezing of the
water as described in the original Martini paper[21]. Rectangular periodic boundary
conditions were employed to prevent artificial wall effects (xy 10 nm). The steepest
descent algorithm was used for energy minimization (1,000 steps) and equilibration
was performed using the default Martini settings with a time step of 2 fs for 25.000
steps[21, 28]. The Verlet cutoff scheme was used with a 1.1 cutoff for both the
coulombic (reactionfield) and van der Waals interactions. The vrescale scheme (tau
p=1 ps) was used for the thermostat at 310 K, coupling the lipids and solvent/ions in
two separate groups. Pressure coupling during equilibration was performed using the
Berendsen barostat for semianisotropic systems (taup=3 ps, compressibility=3e4
bar1, refp=1.0 bar in each dimension)[29]. The production run made use of a
20 fs time step and the pressure coupling was switched to ParrinelloRahman (tau
p=12)[30].

To simulate pores in the DLPC bilayer, positional restraints were used in the form
of a cylindrical biasing potential acting on the C1A and C1B tail beads (GROMACS
potential function 2, shape 8, hole radius 1.2 nm, force constant 1000 kJ mol1). The
negative sign in front of the hole radius indicates an inversion of the biasing potential
in GROMACS. A reference file was created with all beads at the same position, acting
as the pore center reference position (r flag in GROMACS). The pore formation was
simulated by running a production run for 10 ns without the biasing potential, then
the potential was turned on for another 10 ns and turned off again for the final 10
ns.

6.5.2. Leaflet segmentation
We used the same default settings for all the presented segmentation unless speci
fied differently. These settings used a binning resolution of 0.5 nm and made use of
hyperresolution of 0.5. The headgroups, linkers, tails and exclusions were as spec
ified in the default selection input. The minimum size of a segment was 50 particles
and iterative forcesegmentation was turned on with a maximum distance of 20 Å.
An identity threshold of 0.75 was used for the Jaccard index. All keyword arguments
represent default values which do not need to be specified except for the reference
frame and trajectory file (any MDAnalysis supported MD format).

mdvseg f start.gro x trajectory.xtc
resolution 0.5 hyper_resolution 0.5 recursion_depth 10
force_segmentation 20 force_information False
minimum_size 50 begin 0 end None stride 1 threads 12
bit_size 32 output clusters verbose False

For the segmentation of the atomistic H𝐼𝐼 system hyperresolution was turned off
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(–force_segmentation 0). In general hyperresolution is not required for atomistic
systems. The respective headgroup tails and linkers selection were:

”name N P C12 C11 O11 O12 O13 O14” (heads)
”name C1 C2 O21 C21 C3 O31 C31” (tails)
”name C22 C23 C24 C25 C26 C27 C28 C29 C210 C211 C212 C213
C214 C215 C216 C217 C218 C32 C33 C34 C35 C36 C37 C38 C39
C310 C311 C312 C313 C314 C315 C316 C317 C318” (linkers)

6.5.3. Lipid flipflop
The average zheight of the cholesterol headgroups was subtracted from the head
group zposition. This resulted in headgroups lying either above or below zero. Head
groups with a normalized zposition less than 0.6 nm away from 0 were labeled either
up or down (discretization of the zheight). Differentiating the individual lipid traces
results in peaks at flipflop events. These peaks were counted, registering if the
flip occurred up or downwards. This calculation was repeated for all cholesterols in
all frames and a graph was made using python3 matplotlib[31]. The zheight and
flipflop analysis is available at the MDVoxelSegmentation github.

To show the flipflopping of cholesterol using our leaflet segmentation we used
the default settings except for the forcesegmentation which was turned off. Lipids
which were not assigned to segment 0 were assigned to their previous segment. A
graph was made using matplotlib and the plotting script included with mdvseg. The
leaflet flipflop analysis is available at the MDVoxelSegmentation github.

6.5.4. Visualization
All figures and videos were rendered using VMD and a little TCL script of MDVox
elSegmentation to load the segmentation array. Examples of TCL scripts are provided
together with the code at:

https://github.com/marrinklab/MDVoxelSegmentation
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6.7. Supplementary Information
6.7.1. Bilayer pore
bilayer_pore The opening and closing of an artificial pore in a DLPC bilayer. Right
before the stable toroidal pore is formed, a short lived water pore spans the bilayer.
This pore was visualized using the following selection syntax in VMD: ‘(name W) and
(within 20 of name PO4 and user 1) and (within 20 name PO4 and user 2)’. User 1
and 2 are the respective leaflets. This selection syntax could be used for the input
of connected neighbours segmentation on its own. This brings the advantage that
we can check if any of such water densities bridges the two leaflets. Thus we can
visualize water pores connecting two leaflets and segment them. However, we lose
all information of the pore as soon as the leaflets become continuous (as illustrated
in the video).

6.7.2. Protein bilayer
protein_bilayer Stable segmentation of a bilayer in the presence of a protein. Close
to the protein some lipids can be observed which are diving relatively deep under the
surface, however, this diving is handled without missegmentation.

6.7.3. Lipid phase transition
phase_transition Lipid segmentation of a phase transition from dehydrated stacked
bilayers to inverted hexagonal (left). Water densities (right).

6.7.4. Lipoplex transfection
transfection A lipoplex was placed on top of a model endosomal membrane. The
simulation was started in the presence of a fusion stalk, connecting the outer leaflet
of the lipoplex coat with the upper leaflet of the endosomal membrane (red, trans
parent). Over time the internal compartments of the lipoplex (orange, yellow, pink,
green) fuse with the bottom endosomal leaflet (red, transparent). At the end of the
simulation all dsDNA from inside the lipoplex was transfected over the endosomal
membrane. Some flickering is observed, but overall the segmentation is very stable
and flickering could easily be removed with a noise filter.

6.7.5. Acyl chain dinner
acyl_chains, acyl_chains_dof In an attempt to understand early life ‘cell’ division
we placed a small vesicle (acyl chains) in the presence of food (also acyl chains).
The vesicle adds the food from its surroundings to its own composition, but without
internal reorganization the food is only added to the outer leaflet. With a large enough
leaflet disbalance three things can happen to restore the balance. The acyl chains
flipflop from the outside to the inside. The leaflets temporarily fuse to balance the
amount of acyl chains in the inner and outer leaflet, or the disbalance causes the
vesicle to divide. MDVoxelSegmentation was used to analyse the imbalance as well
as to monitor the feeding rate. Both flipflopping and toroidal pore formation takes
place. No divisions occur.

https://drive.google.com/file/d/1DlgLSPsK_P5IpRz-weQEjk1SLPVDR78Y/view?usp=sharing
https://drive.google.com/open?id=1rriLU6YdTaXc_qN2voX6QqmBiEoIAnXb
https://drive.google.com/file/d/1s7HlrGs4d64YWitW6ulE47FjrtsSLQWv/view?usp=sharing
https://drive.google.com/file/d/1pfVbZtDA0zAaH5aC0sMNfqW-YZNn3f9q/view?usp=sharing
https://drive.google.com/file/d/1jXeHn86OGBd_6sdSXOH3EtJCww3WGjHF/view?usp=sharing
https://drive.google.com/file/d/1CXS1XD3DQmKiq2DKLWzZJfUALrfCijkb/view?usp=sharing
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6.7.6. Segmentation of other amphipathic systems
amphipathic_peptides With trivial adaptations of the input GRO file we used our
method to perform segmentation of amphipathic peptides. Due to their amphipathic
nature, micelles from such peptides can touch but not fuse (like lipid leaflets). MD
VoxelSegmentation shows to be suited to be used for such systems.

6.7.7. Self assembly of a DPPC bilayer
bilayer_selfassembly For the selfassembly of this bilayer only the linkers were se
lected in the headgroups. This has to be done due to the toxic PBC conditions and
its effect on the topology of the system. This is illustrated by the fact that the in
termediate cubic phase is only one continuous leaflet. Something which would not
have been the case if it was built in a PBC with an even number of bilayers.

https://drive.google.com/open?id=1ea8wJOtPulWXKzj-1R1IbbZfk2Q9ZZDD
https://drive.google.com/file/d/1wIaeppsZH09e_vdMuEpnAm4gB-lP6bHC/view?usp=sharing
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7
Summary and Outlook

7.1. What has been done
We started with a description of the Martini force field and presented a handson
section to allow anyone with a desktop to perform molecular dynamics simulations.
This is important for the force field will dictate how our system evolves over time.
In our brief review on the Martini force field we explain how Martini can be used
to access timescales and systems sizes out of reach for all atom force fields such
as CHARMM. We also reflected on the high variety of biologically relevant molecules
which are available in Martini. This allows for biological systems of high compositional
complexity to be modelled. However, Martini 2 is not perfect and it comes with
some fundamental flaws which were discussed in the special notes section. Some
molecules, like proteins, are too sticky and special beads are required to prevent
water from freezing above its physical freezing point. Other flaws, more general in
coarsegrained systems, are the (over)simplification of electrostatic interactions and
the loss of entropy due to the reduced particle count. Nevertheless, Martini shows to
be capable to produce molecular dynamics models of high quality and is one of the
most used coarsegrained force fields. As a matter of fact, more and more scientific
work is published using Martini. Therefore if we want to simulate parts off, or a
complete minimal cell, with molecular detail Martini seems to be a suited force field.

Besides from being able to propagate our molecular models, we need to have
an initial state to start from. As described in the preface, cells consist of trillions of
atoms. Since the molecular models presented in this thesis require a position and
velocity for all these atoms (or groups of atoms in the case of the Martini force field),
constructing the initial state by hand would be near impossible and a huge waste of
human resources. Therefore an automated procedure for building biological systems
is required. Part of this issue of creating the initial state has been addressed in
chapter 2 where we presented a method for building basic lipid bilayer geometries
of heterogeneous composition. Our work is not the first to focus on tackling this
issue and certainly will not be the last. Bilayers are but one macroscopic assembly
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present in cells and we need to be able to build them all (e.g. scaffolding proteins,
DNA packing, the cytoplasma, etc.).

To explore what will be possible and what will be the new problems we might
encounter as we scale up our molecular models, two studies were performed . First
we presented the construction and simulation of lipoplexes which we fused with
endosomal bilayers. These systems were stable and showed fusion under the by ex
periments described conditions. Giving a first insight into the molecular mechanisms
involved in transfection, an important step in gene therapy. The Martini force field
showed to be sensitive to the subtle difference in both the lipoplex and endosome
formulations, as is also indicated by literature. Second, we used the Martini force
field to simulate the delivery of insoluble compounds to the skin through the means
of nanodroplets. We succeeded in constructing nanodroplets of high compositional
complexity and fused them with two different skin membranes. In the case of the
stratum corneum the lipiddroplet is absorbed without much disturbance of the mem
brane geometry. In the contrary, fusion of the nanodroplet with the infundibulum
membrane resulted in heavy membrane undulation. Cholesterol also appears to be
have rather different than any other component in both skin bilayer models. Both
these studies show that the Martini force field can be utilized to model systems of
complex composition whilst still being computable within a reasonable amount of
time. During these two studies we found that both constructing the initial states,
and the analysis of said systems becomes much more challenging as the systems
tend to become bigger and more complex in composition.

In the last part of this thesis we presented a tool for the analysis of complex lipid
systems. By using macroscopic labels such as bilayers and leaflets, the analysis of a
wide variety of lipid systems is made considerably less time consuming. The labels are
created using a topological description, using connectivity, instead of geometry. This
causes the analysis to be rotation and translation invariant making it rather robust.
The tool presented showed to be able to correctly label lipid assemblies of complex
morphology and composition and track those labels over time. The performance
is reasonable well and analysis results can be expected at near real time for many
systems currently investigated. The algorithm scales well within the range of tested
systems, but further optimization in both the memory consumption and utilization of
accelerating hardware will be required for it to be used on simulations at the scale of
cells.

7.2. What is to come
In this thesis we started with a quick consideration of the (im)possible with respect to
modeling nature with molecular precision. We concluded that simulating a full human
is out of scope, however, parts of life such as cells and their organelles are within
reach. Nevertheless, one should keep in mind that there is a substantial difference
between the theoretically possible and practically achievable. Therefore we will give
our view on what is to come in the next years with respect to simulating the minimal
cell.

If we want to model a (minimal) cell we will have have to be careful with the details
included in our model. If we make it too detailed we might end up with a model that
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is exact but incomputable. In the contrary, if we make our model to coarse we might
be able to compute it, but the results could have lost their physical meaning. As of yet
we are not aware of any theory which can predict the level of detail required to study a
phenomenon. This means that we cannot be certain that the resolution we choose for
our model of the cell will be the minimum resolution required for useful results. Even
worse, depending on the phenomena we will probably have to change the amount
of detail in our models. Therefore we think it will be paramount to be able to easily
change the resolution of our models. By easily we mean that a coherent framework is
required to use an existing model and its results, and convert it into a best first guess
of a model with a different resolution. For example, a complete systems at atomistic
detail has to be convertible to a complete systems at coarsegrained resolution and
coarsegrained models need to be convertible into continuum models. The other way
around should also be possible, although there is a fundamental lack of degrees of
freedom which will probably have to be estimated. Besides being able to change
resolution, it will be important to change model at the same resolution. Most force
fields excel at a specific task and it would be very useful to be able to use the best
force field for the task. Although this is currently mostly possible for force fields of
atomistic resolution, the same can not be said for coarsegrained models, even if the
resolution of the coarse graining is very comparable. If conversion of resolution and
model can be achieved at a whim, we can start building a model of the cell using a
continuum/coarsegrained approach and swap to a higher resolution, or a different
model, depending on the question at hand. In our opinion Martini could play an
important role in being an intermediate force field which preserves molecular detail
whilst being much more robust than their atomistic counterparts.

The collaboration between experimental and theoretical structural microbiologists
needs to be fostered. In the past decades many molecular dynamics simulations
made use of the steadily growing databases of (bio)molecular structures such as
the protein data bank. In many cases starting from a configuration close to the
biologically relevant configuration saves a considerable amount of computational re
sources. This allows to push our models to go beyond what is achievable by using
theory and predictions only. The same will be true when we will work on modeling
cellular structures. High resolution 3D scans of different complete microorganisms
will be required to serve as the blueprint. These scans can be converted into con
tinuum models which should be convertible all the way down to the required level of
accuracy. We will not only require information on the composition of certain cellular
compartments such as the different bilayers and their subleaflets, but also positional
information on where those compositions occur in these cellular structures. For a cell
is not in equilibrium and for our results, of the minimal cell, to be useful it will become
more and more important to understand where and how much the cell deviates from
equilibrium properties.

Chemistry and nonequilibrium physics have to be added to our models at all
resolutions. Most molecular dynamics simulations are performed under equilibrium
conditions without chemistry or flux in composition. This is partially because many
of the studied phenomena are at, or close, to equilibrium. However, we also study
such phenomena because our theoretical framework of phenomena close to equi
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librium is most developed. Especially the grand canonical ensemble in which the
amount of matter is not constant is notoriously hard to sample/calculate efficiently.
This is partially a (bio)informatics problem, but also due to a more fundamental lack
of understanding of out of equilibrium systems. Still, at the atomistic and coarse
grained level chemistry will probably be very similar to grand canonical simulations
as a reaction can be considered a function which removes the reactants and adds
the products. As the product and their amount does not have to mach the reactants,
a varying amount of particles has to be allowed (albeit of the same total mass).
Therefore fast and accurate simulation and analysis software has to be developed to
handle the grand canonical ensemble which we could use to simulate chemistry.

Handling and understanding large amounts of data will be fundamental in our
effort of simulating a minimal cell. We already reached a point where the raw amount
of data easily surpasses the amount of data a human can understand and work with.
Therefore dimensionality reduction will probably become one of the most important
and challenging parts of simulating and understanding our models of the minimal
cell. Nowadays the field of artificial intelligence appears to be the way to go if one
wants to convert bits into the objects we all love and appreciate. And, maybe even
more important, we have a huge amount of knowledge at the level of objects which
we could use to make our models at the molecular level even better (topdown
information).

All in all we think that simulations of eukaryotic organelles or simple prokaryotes
should not only be theoretically possible, but also achievable in the coming decade
and we cannot wait to contribute to, and appreciate the wondrous models of the
microscopic that are yet to come.
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