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Abstract

The method of dipole orientation of protein complexes using electric fields
plays a key role in the development of single particle imaging, since it enables
orientation of the protein in vacuum. In the orientation process the protein is
exposed to an external electric field along which the dipole axis of the protein
will eventually align. Earlier studies using molecular dynamics simulations
have implemented a constant electric field to examine the dipole orientation
process. However, when injected into the electric field the protein experi-
ences a gradually increasing field strength converging to some terminal field
strength E0 after time t0 rather than a constant one. In order to examine the
effects of the time-dependant nature of the electric field, in comparison to a
constant one, fields with different values of t0 were implemented in molecular
dynamics simulations in vacuum performed with GROMACS. Ubiquitin was
chosen as a model protein.

The results of the study show time-increasing fields tend to result in slower
orientation, but preserve the structure of the protein better than for a con-
stant field. It was also shown that after 10 ns electric field exposure, with
terminal field strengths E0 ≥ 0.6 V

nm
, there was no apparent difference of the

average degree of orientation of proteins within the time-increasing fields and
the constant one. However, for fields of E0 ≥ 1.5 V

nm
the constant field tended

to result in a larger change of the protein structure.

Sammanfattning

Dipolorientering av proteinkomplex spelar en viktig roll för utvecklingen av
single particle imaging, d̊a det möjliggör orientering av enskilda proteiner
i vacuum. För detta används ett externt elektriskt fält som riktar pro-
teinets dipolaxel paralellt med fältlinjerna. Tidigare studier har använt ett
konstant elektriskt fält i molekyldynamiska simuleringar för att undersöka
hur s̊adana orienteringsprocesser kan implemeteras. Eftersom det elektriska
fältet, utifr̊an proteinets referenssystem, gradvis ökar i amplitud i takt med
att proteinet närmar sig det elektriska fältet, vore ett gradvis ökande elek-
triskt fält en mer realistisk beskrivning av orienteringsprocessen, s̊adant att
det efter en tid t0 konvegerar till en slutlig fältstyrka E0.
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För att undersöka de eventuella effekterna av ett tidsberoende fält p̊a ori-
enteringsprocessen, i jämförelse med ett konstant fält, implemeterades fält
med olika värden p̊a t0 i MD-simuleringar av dipolorientering av proteinet
ubiquitin med GROMACS.

Simulationerna visar att det tidsberoende fältet tenderar att ge en l̊angsammare
orientering i jämförelse med ett konstant fält, men bevarar i högre grad
proteinets struktur. Efter 10 ns av orientering med en slutlig fältstyrka
E0 ≥ 0.6 V

nm
, kan ingen märkbar skillnad i orientering p̊avisas mellan ett

ökande och konstant fält. Dock leder ett konstant fält med en magnitud
E0 ≥ 1.5 V

nm
till en större p̊averkan p̊a proteinets struktur i jämförelse med

ett gradvis ökande fält.
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1 Introduction

It is essential to investigate the molecular structure of proteins in order to
understand the properties of bio-molecular systems, for applications in both
research and medicine. Experimental imaging of proteins have traditionally
been done using X-ray crystallography, where the proteins are arranged into
well-ordered lattices within a crystalline material, and then bombarded by
a beam of X-rays. This creates a diffraction pattern reveling information
about the internal structure of the sample. The development of this method
resulted in the 1962 Nobel prize in chemistry.

Although X-ray crystallography has been groundbreaking for our understand-
ing of the structure of proteins, the method has a major disadvantage: one
can not guarantee that the structure of the protein is unchanged by the crys-
tallization process. Finding a way to examine proteins in their natural state
would add reliability to the result. Of particular interest are membrane pro-
teins, since they are often used as drug-targets (the protein which is modified
by a specific drug). Membrane proteins are generally difficult to crystallize,
so investigation of such proteins demand other experimental techniques.

The method of Single Particle Imaging (SPI) has been developed in order
to tackle these difficulties. Instead of using crystallization, the proteins are
separated into a gaseous state, allowing for X-ray spectroscopy of individ-
ual proteins in vacuum. This way we avoid crystallization, but there are
a number of disadvantages of this method. Ideally the protein would be
in a solvated state since that is how proteins exist in nature, rather than
in vacuum. This could also effect the reliability of the imaging. Further,
an isolated protein target would be fragile and an X-ray pulse would cause
ionization and destruction making the imaging non-repetitive[1]. By com-
parison, in crystallography repeated measurements can be made on the same
target. Therefore, the X-ray pulse for imaging of a single protein would have
to be very short, and thereby have a larger intensity than that of a pulse in
crystallography, so that the entire pulse may pass through the protein before
the destruction occurs. This concept is generally called diffraction before
destruction. An X-ray pulse in the femtosecond range can be used for this
purpose.

The orientation of the targets is another disadvantage of the SPI method. In
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crystallography a large number of proteins are arranged in a lattice pattern,
whereas in SPI the target is a single protein with random orientation in space.
Since the orientation of the target is unknown, the analysis of the imaging
become very complicated requiring data from several X-ray pulses from differ-
ent angles. Since the target protein is destroyed by the X-ray, a new sample
must be prepared for each image making the process long and rather expen-
sive. Means of orienting the target proteins in space is therefore of great
importance. Imposing restraints on the possible orientations of the target,
and thereby reducing its degrees of freedom, improves the resolution of the
image. One possible way of orienting individual proteins in a gas phase is the
method of dipole-orientation. To improve the SPI method an international
project called MS SPIDOC (Mass Spectrometry for Single-Particle Imaging
of Dipole Oriented Protein Complexes) has been started, including members
from eight different European countries. Implementing dipole-orientation in
the SPI method is one of the key objectives of MS SPIDOC[2].

The idea of dipole-orientation of protein complexes is to use an external
electric field to orient the proteins along their dipole axis before imaging.
In the presence of an electric field, the protein dipole will oscillate around
its equilibrium and eventually stabilize along the external field lines ideally
reducing two degrees of freedom for the protein. This idea was presented in
2017 by Marklund et al.[3] and was shown to be a workable method using
classical Molecular Dynamics (MD) simulations with an implemented con-
stant electric field. Since bio molecules are not rigid and rather sensitive,
a strong external electric field can cause unfolding and destruction of the
molecular structure. On the other hand, the electric field must be strong
enough to cause sufficient orientation. Using MD simulations a suiting inter-
val of field strengths of ∼0.5-1.5 V

nm
has been suggested[4].

Using a constant electric field in the MD simulations might not be the most
accurate way to mimic how the field is actually applied in the actual dipole-
orientation process. In such an experiment the gas phase proteins are injected
into an apparatus similar to a parallel plate capacitor (see Figure 4a). As
the protein approaches the device it experiences a change of electric field
magnitude increasing from zero to the final, constant magnitude once it is
fully injected into the device.

The aim of this study is to implement a more realistic, time dependent elec-
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tric field in the dipole orientation process and investigate the effects it has
on dipole orientation of proteins in comparison with the effects of a constant
field. Differences when it comes to orientation efficiency, time of orientation
and impact on the structure of the protein will be examined. This will be
done using classical MD simulations, and the protein ubiquitin will serve as
a model protein.

In chapter 2, we begin with an exposition of the main principles of MD
and the implementation of the electric field since these are the crucial tech-
niques used in this project. After this, in chapter 3, follows a description of
how these techniques were implemented in this particular project. The re-
sults are accounted for in chapter 4, followed by a discussion of the possible
implications of the results in chapter 5. Examples of possible improvements
and suggestions for succeeding investigations are given in chapter 6 and a
brief summary of the entire project in chapter 7.

2 Background

2.1 Molecular dynamics

To simulate the behaviour of a protein in a dynamic environment, one can
model it as a system consisting of N spherical atoms in a bound state. A
successful model would be able to predict the time development of every
constituent of the system. To find an exact analytical solution to such a
system one would ideally use Newtons second law and solve the resulting
system of N coupled equations of motions

mi
d2~ri
dt2

= ~Fi i ∈ {1, 2, ..., N}. (1)

Further, the coupling of the constituents of such a system would be quite
complex: for an exact solution, a complete model of all possible forces be-
tween every particle in the system would need to be specified such that the
total force on each particle could be determined.

~Fi =
N∑
j=0

~Fij (2)
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Numerical methods is the only way to approximate the trajectories of such a
complex system, and the computational methods used are commonly known
as Molecular Dynamics (MD). The simulations of this study are conducted
with GROMACS which is one of the most frequently used MD software
packages[5]. Version 4.6.7 was used.

2.1.1 Force field

To find the individual trajectories (namely the time evolution of the coordi-
nates) of each constituent of the system, the forces acting on them must be
specified. These forces in their turn will be the gradient of some potential V

~Fi = − ∂

∂~ri
V (~ri, ~ri+1, ..., ~rN) (3)

which defines the so called force field of the system. The different terms in the
potential function are divided into two categories; bonded and non-bonded
interactions. In the following sections we consider them in more details.

Figure 1: A small section of a larger protein complex.
Carbon atoms are colored cyan, Nitrogen are blue, Oxy-
gen is red and Hydrogen are white. φ is called the dihedral
angle, θ the bond angle and r is the distance between two
atoms.

Bonded interactions

The constituent atoms within a protein structure are in a chemically bound
state with its neighbours. The diatomic vibrations along the symmetry axis
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of two bound particles can be approximated to first order as a bound state in
a harmonic potential. Summing over all such states one obtains the so-called
bond-stretching term

Vb(ri) =
1

2

∑
i

ki(ri − roi)2 (4)

where ri is the magnitude of the separation vector between the bound pair
of particles, r0i is the separation at equilibrium and ki are the individual
coupling strengths Vb[5].

As can be seen in Figure 1, a second harmonic potential term need to be
considered, namely the interactions between two particles connected via a
third and separated by an angle θi. This can be modelled as two bodies
connected with a spring

Va(θi) =
1

2

∑
i

ki(θi − θ0i)2 (5)

where θ0i is the equilibrium angle and ki is the coupling strengths of the
individual harmonic angles. Rotation along the dihedral angle φ (see figure 1)
concerns the interaction of four atoms connected in a chain of three bonds.
φ is defined as the angle between two planes: one spanned by the positions
of the three first atoms in the chain and another spanned by the three last
atoms in the chain. This addition to the potential is not of harmonic nature,
instead the potential itself is periodic and the resulting motion is a rotation
over all possible angles that give rise to oscillatory movement[6].

Vd(φi) =
∑
i

kφi(1 + cos(φi − Φi)) (6)

where n is a frequency parameter, Φi is a phase factor and kφ is a parameter
determining the coupling strength.

Non-bonded interactions

We call all pairs of particles i, j non-bonded if they are separated by more
than three covalent bonds, and bonded otherwise. The Coulomb interaction
between bonded charged particles does not need to be considered, since this
effect is already taken into account in the harmonic potential coupling in
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equations (4) and (5). Therefore the Coulomb term only include the non-
bonded atoms

VC(rij) =
∑

ij, non−bonded

qiqj
4πεrij

(7)

where rij is the distance between particles i,j and qi, qj are the charges of
those particles. ε is the permittivity of the simulation solvent[6]. For this
study, simulations are made in vacuum, so ε = ε0.

The second non-bonded interaction that need to be included is the van der
Waals interaction. This is a correction term to the potential taking an ap-
proximation of the dipole interaction and the Pauli exclusion principle into
account. For MD simulations, the Lennard-Jones approximation of this in-
teraction is used

∑
ij,non−bonded

(
Cij
rij

)12

−
(
Cij
rij

)6

(8)

where rij is the separation distance between particles i and j, and Cij is a
constant which depends on what kind of particles are interacting.
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Figure 2: General shape of the Lennard-Jones potential
as a function of the distance between two particles. This
potential represent the the van der Waals interaction be-
tween two particles.

The full potential V is the sum of the terms in equations (4) - (8)

V =
1

2

∑
i

ki(ri − roi)2 +
1

2

∑
j

kj(θj − θ0j)2

+
∑
i

kφi(1 + cos(φi − Φi)) +
∑

ij,non−bonded

qiqj
4πεrij

+
∑

ij,non−bonded

(
Cij
rij

)12 − (
Cij
rij

)6

(9)

and the force field of the system is specified by the values of the parameters
in V . If an external electric field is implemented in the simulations, this also
effects the potential energy of the protein and thereby also V . This causes
the orientation effects we want to investigate.

2.1.2 Leap-frog algorithm

The potential from equation (9) is used to evaluate the acceleration of every
particle at each time step in order to calculate the trajectory numerically.
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There are plenty of discretization algorithms that can be used stemming from
the kinematic equation

~ri(t) = ~r0i + ~v0it+
1

2
~ait

2 (10)

neglecting higher order terms. The software in this study uses the leap-frog
integrator

~vi(t+
1

2
∆t) = ~vi(t−

1

2
∆t) + ~ai(t)∆t (11)

~ri(t+
1

2
∆t) = ~ri(t) + ~vi(t+

1

2
∆t)∆t (12)

where ∆t is a suitable step length. For this algorithm a complete set of initial
positions ~r0i and initial velocities ~v0i need to be stated. Using equation (1)
we can express the accelerations in terms of the forces acting on each particle,
which in its turn are obtained through the potential V , see equation (9).

~ai =
~Fi
mi

= − 1

mi

∂

∂~ri
V (~ri, ~ri+1, ..., ~rn). (13)

The initial positions are provided as described in section 2.7 and the initial ve-
locities are taken from a Boltzmann distribution for the specific temperature
in which the simulation takes place, with the respective directions distributed
so that the total linear momentum of the system is zero.

2.2 Ubiquitin

The model protein chosen in this study is ubiquitin, which is a small reg-
ulatory protein frequently used in MD simulations. It is suitable to use
ubiquitin in this project since it is a well-known protein previously used in
many experimental studies. Its small size also makes it suitable for MD
simulations, reducing the complexity of the simulations. The protein struc-
ture in a solvated state was mapped using X-ray diffraction and its structure
data can be downloaded from the RCSB Protein Data Bank website rcsb.org
with pdb-ID: 1UBQ. The structure contains 660 atoms distributed over 76
residues[7].
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Figure 3: 3D model of the protein ubiquitin with high-
lighted secondary structures[7]. The β-sheets are repre-
sented by the yellow arrow-shapes and the α-helix by the
purple helix.

The secondary structures as seen in the cartoon-representation of the
protein in Figure 3 must be preserved in the orientation process.

2.3 Electric field composition

The main idea behind dipole orientation of a protein in gas phase is to expose
the protein to an external electric field in order to align its dipole axis along
the electric field lines. The experimental technique of electrospray ionisation
(ESI) is used to release free protein structures from a solution[8], which are
then transferred into an apparatus similar to a parallel plate capacitor inside
of which they are subject to a constant electric field. Ideally, between the
plates of the capacitor the proteins would orient and then be exposed to X-
rays for imaging. In order to simulate this procedure using MD the electric
field must be implemented from the protein point of view: the field has a
constant amplitude when the protein is inside the capacitor, however this is
not the case when the protein is approaching it (see Figure 4a).
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(a) (b)

Figure 4: a) 2D representation of the electric vector field
experienced by a protein injected into a paralell plate
capacitor. Field magnitude increases as the protein ap-
proaches the space between the plates. b) Electric field to
be implemented in the simulations shown as a function of
time. This field is a model of the time dependence of the
electric field strength experienced by a protein injected
into a paralell plate capacitor.

We will consider the case when the protein is approaching along the sym-
metry axis of the field sketch in Figure 4a, when the electric field in the
protein reference frame changes only in magnitude and not direction as a
function of time. In order to mimic this shape, the electric field implemented
in the MD simulation should be of a constant direction with an increasing
amplitude as time increases, and stabilizing to a constant amplitude as the
protein has fully entered the apparatus (see Figure 4b).

The value of t0 (a measure of how rapidly the field increases) depends on
how fast the injected protein is traveling; faster protein experiences a larger
rate of field magnitude change. It may also depend on the dimensions of the
apparatus, mainly the separation distance of the plates of the capacitor.
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2.4 Dipole orientation

The method of dipole orientation utilizes an external electric field to orient a
protein along its dipole axis. A dipole with dipole moment ~p in the presence
of an electric field of magnitude ~E will be subject to a torque of magnitude

τ = | ~E × ~p | = Ep sin(θ) (14)

where θ is the angle between ~p and ~E. Using τ = −Iα, where α = d2θ
dt2

and I
is the moment of inertia of the dipole, we obtain the 1D equation of motion

d2θ

dt2
= −Ep

I
sin(θ) (15)

which for small angles θ reduces to the equation of a harmonic oscillator.
In the context of this project, the resulting oscillations will be damped since
a protein is not a rigid perfect dipole. Thus, the dipole axis of the protein
eventually aligns with the direction of the external electric field.

2.5 Structural stability of proteins

For a successful orientation process, the final structure of the protein should
be similar to the original structure. We use two different quantities to inves-
tigate the structural changes of the protein during the orientation.

2.5.1 Root Mean Square Deviation, RMSD

The non-rigid structure of the protein has a different effect besides the damp-
ing. A strong electric field would cause unfolding of the protein structure,
and can therefore not be chosen arbitrarily. This must be taken into con-
sideration when using this method to orient the protein. A common way
to detect unfolding or damage to the molecular structure is by investigating
potential effects on the Root Mean Square Deviation (RMSD) of the protein
complex during the orientation. After a least-square fit of the structure with
respect to the original state, the RMSD is defined as

RMSD(t) =

√√√√ 1

M

N∑
i=1

mi ‖~ri(t)− ~ri(t0)‖2 (16)
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where M is the total mass of the structure, ~ri is the position of atom i, and
N is the total number of atoms. The RMSD is a measure of how much the
structure of the system changes between times t and t0[9].

2.5.2 Root Mean Square Fluctuation, RMSF

The Root Mean Square Fluctuation RMSF is a measure of how much an atom
within the protein structure fluctuates around its mean position. It is defined
as the standard deviation of the position of the atom and is calculated over
a given time interval[9].

RMSF =

√∑n
i=1(ri − r)2
n− 1

(17)

ri is the position at the i:th time step in the time interval, n is the number
of time steps in the interval and r is the average position during the entire
time interval.

Thus the RMSD tells us how much on average an atomic position in the
final state deviates from its original position. The RMSF instead is a mea-
sure of how much the atomic position fluctuates around its mean position
evaluated for a particular atom over a given time interval. Comparing the
RMSF of all atoms in the structure would then show if certain parts of the
protein is affected more than others, which could not be revealed by observing
the RMSD.

2.6 Simulations

The simulations in this project was performed using the MD simulation pack-
age GROMACS Version 4.6.7 available for download at
www.gromacs.org/Downloads. To calculate the trajectory of a system, GRO-
MACS need a starting structure of a protein. This is provided in a .pdb
file that contains a description of positions of the constituent atoms, which
can be downloaded from the RCSB Protein Data Bank website[10]. Using
the information in the .pdb file, a .top file containing information about the
topology of the protein is created. This contains a complete description of
which atoms interact with each other, in what way, and how strongly. A .gro
file to be used as a starting structure of the simulations is also generated
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from the .pdb file. At this point the choice of force field discussed in section
2.1.1 is specified. In this project the simulations are made in vacuum but
the .pdb files from the Protein Data Bank website describe the composition
of a solvated protein. Therefore the charge distribution of the structure and
topology files had to be modified. In particular the protonation state of the
amino acids were modified according to Marklund et. al, 2009[11].

Simulations in GROMACS normally follow a standard procedure which we
will now take a closer look at. There are three different runs in each MD
simulation. Before each run input .tpr files need to be created with the com-
mand grompp. This is a binary file containing information about the starting
structure, topology and simulation parameters of the protein. The simula-
tion strategy we used (identical for all simulations) is given by the work flow
in Figure 5.
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Figure 5: The standard work flow of MD simulation in
GROMACS.

The first MD run is a so called energy minimization run. This step is
necessary to relax the system before the simulation. The total force of the
system is calculated, and the atoms are gradually displaced so that the total
energy of the system is minimized. Effectively the final state of this process
simulates how the protein would behave at T = 0K. The information about
which algorithms should be used in the energy minimization is provided in a
input .mdp file.

After the energy minimization, a pre-run is made, to insure that the sys-
tem is in equilibrium before the simulation. This is done using a thermostat
at a given temperature, which in principle means that the system is put in
thermal equilibrium with a heat bath of that temperature.
Finally, the simulation is run, generating a .gro file containing the final struc-
ture and a .trr file containing the time development of the system. Again,
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a .mdp file needs to be provided as input, containing the information about
how the simulation should be conducted. The values of the maximum elec-
tric field strength E0 and the time t0 needed to reach it (see figure 4b) are
specified at this stage. these values were varied for the different simulations
according to section 3.3. The electric field was set parallel to the x-axis in
all simulations.

3 Method

3.1 Electric field implementation

The electric field in GROMACS can be implemented as a Gaussian envelope
function

E(t) =E0 exp

(
−(t− t0)2

2σ2

)
cos (ω(t− t0)) (18)

where parameters E0, t0, ω and σ can be varied. See Figure 6. In order for
the implemented field to have the desired form (see Figure 4b) we will choose
ω = σ−1, which results in the field presented in Figure 6b where t0 = πσ

2
.

(a) (b)

Figure 6: The shape of the electric field as it is imple-
mented in GROMACS. The frequency of oscillations is
governed by the choice of parameter ω. The width of the
envelope is governed by parameter σ. The field pulse in
figure 6b is obtained by letting ω = σ−1
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To obtain the appropriate field image, the simulations was divided into
two steps: the first simulation from t = 0 to t = t0 (see Figure 4b), using
the electric field in Figure 6b with final field magnitude E0, and the second
with a constant field magnitude E0 starting at t = t0. A constant amplitude
is implemented by letting limω→0 and limσ→∞ . If we also let t = 0 occur
when E = 0, we get the following field

E(t) =

{
E0 exp

(
− (t−t0)2

2σ2

)
cos(ω(t− t0)) t ∈ [0, t0], ω = σ−1, t0 = π

2ω

E0 t > t0
(19)

which is exactly the field shown in Figure 4b.

3.2 Degree of orientation D

The polar angle θ between the external electric field direction and the dipole
moment of the protein can be used to describe how oriented the protein is,
approaching zero at total orientation. We define 1−cos(θ) := D as the degree
of orientation of the protein. D = 0 means total orientation, whereas D = 2
means the protein is anti-parallel to the electric field direction. The general
behaviour of θ and D as functions of time are given in Figure 7.
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(a) (b)

Figure 7: a) Angle of deflection of damped oscillator as a
function of time. b) Degree of orientation 1− cos(θ) = D
of harmonic oscillator as a function of time. We use D as
a measure of how well-oriented the protein is, such that
D = 0 means completely oriented along x-direction and
D = 2 means anti-parallel to the x-direction.

3.3 Simulation setup

The two independent parameters E0 and t0 (see Figure 4b) will be varied in
order to investigate their effect on the behaviour of the protein. Testing for
different values of E0 will determine how strong the electric field could be
without damaging the structure of the protein. Testing for different values of
t0 is also necessary since the injected proteins will enter the apparatus with
different velocities and thus experience the increase of the field magnitude
differently. The simulation setup was similar to that of Marklund et. al,
2017[3].

We will conduct the simulations using the OPLS-AA force field, and the
Berendsen thermostat at 300K will be used in the pre-run[9]. The different
values of E0 will be chosen as

E0 ∈ {0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, 3.0} V
nm

which are similar to those used by Abrikossov in 2011[4], and t0 according to

20



Figure 8

Figure 8: The shapes of the three different fields imple-
mented in the simulations.

namely t0 = 5 ns, t0 = 2 ns and t0 = 0 ns which results in a constant field.
The t0 values for the increasing field was chosen somewhat arbitrarily since
there is no specific documentation of the dimensions of the orientation device.
The initial orientation of the total dipole moment of the ubiquitin will be
set parallel to the the y-axis, in other words 90◦ off the electric field direction.

We will perform simulations for all possible parameter combinations. Since
the initial velocities of the individual atoms are taken randomly from a Boltz-
mann distribution, we will make ten independent simulations for every pa-
rameter combination for statistical reasons. Both the RMSD and RMSF
will be calculated for only the α-carbons of the protein.
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4 Results

4.1 Alignment of protein

As time progresses we expect the dipole axis of the protein (initially oriented
along the y-axis) to align parallel to the x-axis since this is the direction of
the implemented electric field. An example of this can be seen in Figure 9.

Figure 9: Snapshots of the orienting process of ubiquitin
for t0 = 5 ns and E0 = 1.0 V

nm
. Electric field is im-

plemented parallel to the x-axis. As time increases the
dipole moment of the protein aligns with the x-axis.

Depending on the values of E0 and t0 used in the simulation, the final state
of the protein after 10 ns was variously well oriented. This can be visualized
by plotting the time development of the dipole moment components Mi like
presented in Figure 10.
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(a) (b)

(c) (d)

Figure 10: Dipole moment components and total dipole
moment as function of time, where t0 = 5 ns and
a) E0 = 0.1 V

nm
, b) E0 = 0.2 V

nm
, c) E0 = 0.4 V

nm
,

d) E0 = 1.0 V
nm
. Convergence of Mx with Mtot implies that

the protein is well-oriented.

For increasing E0 we see a better convergence of Mx with Mtot implying an
orientation of the dipole moment in the x-direction since ~M is then almost
parallel with the electric field. The corresponding plots for the degree of
orientation D (see section 3.2) are
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(a) (b)

(c) (d)

Figure 11: Time development of degree of orientation D
(see section 3.2) for t0 = 5 ns and a) E0 = 0.1 V

nm
, b)

E0 = 0.2 V
nm

, c) E0 = 0.4 V
nm

, d) E0 = 1.0 V
nm
. Larger E0

give better alignment as time progresses.

which also suggests both a faster and better final orientation for increasing
E0. We now consider only the final part of the simulations, and compare the
final value of D for different E0 and t0.

4.1.1 Average final degree of orientation, Df

We want to compare the value of D towards the end of the simulation since
that is when the imaging would be conducted on a real protein. As a measure
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of this we use the average D over the last 2 ns of the simulations as a final
degree of orientation Df which would be zero for a completely oriented pro-
tein. We define the average of this quantity over all the repeated simulations
as Df . The value of Df for different choices of parameters is presented in
Figure 12.

Figure 12: Average final degree of orientation Df evalu-
ated for all values of E0 and t0. This is the average of
Df which is the mean degree of orientation D of the last
two ns of a simulation. The different colors represent the
different kinds of implemented fields seen in Figure 8.

For fields larger than ∼0.6 V
nm

, the final degree of orientation is rather the
same for all three different fields, and does not improve notably for higher
field strengths. For lower field strengths however, t0 = 5 ns on average results
in a less oriented protein after 10 ns of simulaion, whereas there is no notable
difference between the constant and the t0 = 2 ns fields.

4.1.2 Time of orientation

Since the protein exhibits damped oscillatory motion, we expect the magni-
tude of the oscillations to follow a exponentially decaying function as time
progresses. The same goes for the deflection angle θ and thereby also also
for D (see section 3.2). Through an exponential fit of the peaks in the sim-
ulation data of D , we can obtain an estimated decay constant k, and use it
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as a measure of the rate of orientation. A smoothing algorithm was used to
reduce the influence of noise in the data.

Figure 13: An example of an exponential fit to the peaks
of the degree of orientation D , for E0 = 1.0 V

nm
and t0 = 5

ns. The peaks of the data represent turning points in the
protein oscillations, so that the decaying nature of the
data reflect the decreasing amplitude of oscillations.

Repeating the fitting for all 10 simulations for every parameter combina-
tion we can calculate a mean value of the decay constant k. Comparing ekt

for different E0 values, we get the results presented in Figure 14.
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(a) (b)

(c)

Figure 14: Comparison of magnitude decay of degree of
orientation D for a) t0 = 5 ns, b) t0 = 2 ns, c) Constant
field. All decay constants are the mean value of 10 decay
constants extracted from exponential fitting of different
simulations.

We now define the protein to be oriented when its D value reaches 10%
of its initial value, and thus the time of orientation t 1

10
is the time needed to

reach this value. Solving for t 1
10

in 1
10

= e
−kt 1

10 , we obtain

t 1
10

=
ln(10)

k
. (20)
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Thus, we can compare the time of orientation for different E0 and t0 and get
the plots shown in Figure 15.

Figure 15: Comparing the time of orientation t 1
10

for dif-

ferent E0. For fields ≤ 0.6 V
nm

the constant field (t0 = 0
ns) tends to give faster orientation than increasing fields.
The different colors represent the different kinds of imple-
mented fields seen in Figure 8.

For lower field strengths the results are very uncertain, while for E0 ≥ 0.6
V
nm

the trend is that a higher t0 give a longer time of orientation.

Averaging D over all repeated runs at every 0.25 ns of the simulations we
can compare the time development of the degree of orientation for different
choices of parameters as seen in Figure 16.
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(a) (b)

(c) (d)

Figure 16: Average time development of the degree of
orientation D where a) E = 0.1 V

nm
, b) E = 0.3 V

nm
, c)

E = 0.8 V
nm

, d) E = 1.5 V
nm

. The different colors represent
the different kinds of implemented fields seen in Figure 8.

From Figure 16 we see the same pattern that emerged when comparing the
time of orientation for the different parameters, see Figure 15, namely that
for fields ≥0.6 V

nm
the orientation is slower for increasing t0, and faster if the

electric field is constant. It is also apparent that for higher field strengths the
degree of orientation reaches a final value close to zero after ∼3 ns regardless
of the type of field.
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4.2 Unfolding and structural damage

4.2.1 RMSD

We need the structure of the protein to be unaffected by the orientation
process, so that the diffraction imaging is done on a target that is similar
to the original state. We therefore need to examine if the protein unfolds
for certain values of E0. We also want to find out if different t0 results in
varying effects on the structural changes throughout the orientation process.
By viewing the final frame of the simulations we can get an overview of how
different choices of the parameters affect the final structure of the protein.
Examples are shown in Figure 17.

Figure 17: Final frames of simulations for different choices
of parameters. The scale of the molecule is not the same
in all frames. Larger E0 result in better final orientation
but also cause changes in the structure of the protein.
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As suggested by Figure 17 there are some visually apparent structural
changes for E0 = 2.0 V

nm
and complete unfolding for E0 = 3.0 V

nm
. We

consider RMSD = 0.5 nm to be the breaking point for which the protein
unfolds[3].

To observe what possible effects the different parameters have on the RMSD
of the system, we average the final RMSD of all 10 repeated and compare
the result in Figure 18.

Figure 18: Average final RMSD for all combinations of
parameters. RMSD is a measure of how much the final
structure deviates from the original.

Figure 18 shows that the threshold at RMSD = 0.5 nm is surpassed
at field strengths of ∼1.5 V

nm
for a constant field, and ∼ 2.0 V

nm
for the

increasing fields. In the same manner as was made in section 4.1.2 for D ,
we calculate the average RMSD at even time steps of 0.25 ns throughout the
10 ns simulations. This gives the average RMSD as a function of time in
Figure 19, for some choices of E0.
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(a) (b)

(c) (d)

Figure 19: Average RMSD as function of time where a)
E0 = 0.1 V

nm
, b) E0 = 0.3 V

nm
, c) E0 = 0.8 V

nm
, d) E0 = 1.5

V
nm

. The different colors represent the different kinds of
implemented fields seen in Figure 8.

4.2.2 RMSF

Figure 20 shows the average RMSF for all of the α-carbons in the structure
for some choices of E0.
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(a) (b)

(c) (d)

Figure 20: Average RMSF between 8-10 ns for α-carbons,
for a) E0 = 0.1 V

nm
, b) E0 = 0.8 V

nm
, c) E0 = 1.5 V

nm
, d)

E0 = 2.0 V
nm

. The different colors represent the different
kinds of implemented fields seen in Figure 8.

As can be seen in Figure 20, the RMSF is more or less the same for all
atoms for lower field strengths. The slightly larger fluctuations at the end
of the spectra describe the motion of the C-terminal of the protein (see Fig-
ure 17), which is very mobile compared to the rest of the structure. For
larger field strengths we see larger fluctuations, suggesting a change in the
structure of certain parts of the protein. For these field strengths (see for
example Figure 20d) we also see a notable difference when comparing the
different t0.
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Another way of visualizing the RMSF is by presenting the entire distribution
of all simulated values in a histogram without any averaging. A few examples
of such histograms are given in Figure 21.

(a) (b)

(c) (d)

Figure 21: Distribution of the RMSF for different t0,
where a) E0 = 0.1 V

nm
, b) E0 = 0.8 V

nm
, c) E0 = 1.5

V
nm

, d) E0 = 2.0 V
nm

. The different colors represent the
different kinds of implemented fields seen in Figure 8.

For the RMSF distribution in Figure 21, we see that for increasing field
strength the peak of the blue distribution (constant field implementation) is
shifted towards larger RMSF values. This distribution also broadens when E0
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is increased. The effect on the orange and green distribution (increasing field
implementation) is not quite as apparent. This suggest that using a constant
field causes larger RMSF of the α-carbons on average and thus a higher
mobility of the atoms resulting in a modification of the overall structure.
This is the same pattern seen from Figure 20.

4.2.3 Temperature

The total energy of the system is proportional to the temperature. Higher
temperature means more energy absorbed in the orientation process and
thereby larger risk of deformation. In Figure 22 we average the final temper-
ature of the system over all 10 repeated runs and compare this value T f for
different choices of parameters.

Figure 22: Average final temperature for all combinations
of parameters. The different colors represent the different
kinds of implemented fields seen in Figure 8.

Figure 22 supports the results from sections 4.2.1, 4.2.2, showing the
average final temperature is higher for the constant field. After the ther-
malization at 300K in the pre-run, the temperature increases due to internal
friction within the protein.
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5 Discussion

The simulations made revealed some differences in the resulting orientation
when using a time-increasing electric field instead of a time-constant electric
field. The RMSD, RMSF and temperature data show that there is a larger
risk of damaging the structure of the protein when using a constant field,
most apparent for final field strengths ≥1.5 V

nm
.

On the other hand, based on analysis of the dipole moment orientation, a
constant electric field orients the protein faster than the two increasing fields.
For field strengths around ∼1.0 V

nm
, which is within the range suggested by

Abrikossov in 2011[4], this difference is in the range of nanoseconds, see
Figure 15. For fields ∼0.6 V

nm
the final degree of orientation after 10 ns of

simulations approaches complete orientation and does not improve notably
for increasing field strength.

For statistical reasons 10 independent simulations were performed for every
combination of parameters. However, to obtain better statistical reliability
more simulations are needed.

The simulations were all made using the same force field in GROMACS,
namely OPLS-AA. For further reliability one would try the same simula-
tions using other force fields.

The external electric field in GROMACS is implemented as a gausian enve-
lope function, see section 3.1. Even though this is a suitable representation
of the time dependence of the field as the protein is injected into the orienta-
tion apparatus, this model is not ideal. Most concerning is the non-smooth
nature of the field at t = 0 ns, see Figure 4b. A completely symmetric S-
shaped field might have been an even better choice. As for now, such a field
cannot be implemented in GROMACS with the methods used in this project.

Since previous calculations were done for a constant field only[3], the results
of this project could give further knowledge about a more realistic orienta-
tion process. These results could be useful when developing the apparatus
responsible for applying the electric field during the dipole-orientation of
protein complexes. Such an apparatus is currently under development at
Fasmatech[2].
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6 Recommendations

To invesigate whether the RMSD reaches a final value within the electric field,
or if it continues to unfold as it is completely oriented, it would be useful to
conduct longer simulations. This would give insight to whether the change
of the protein structure stems from the oscillatory movement of the protein
or rather as a stretching effect of the electric field itself. Further one could
examine if the protein stays oriented if the electric field is gradually ramped
down after the orientation is complete. This would be of great interest in
the development of the orientation apparatus. Also, the dipole orientation
process of a protein within a solvent instead of vacuum could be examined in
GROMACS and could potentially enable development of imaging of proteins
in their natural state.

All the simulations in this project were 10 ns long, and we showed that
for high enough electric fields this time was enough to orient the protein.
However there are two aspects regarding the stability of the system that
were not examined. The first one is how long can the ubiquitin stay in the
constant electric field without significant change in the conformation. Look-
ing at Figure 19 we cannot say for sure whether the d(RMSD)

dt
vanishes in

the final parts of the simulations, i.e. if the system has reached the equilib-
rium state after 10 ns or not. Longer simulation could reveal more about this.

The second aspect is more interesting from a practical point of view, namely
how long does the protein stay oriented if the electric field is gradually de-
creased in the simulations? This would represent the protein exiting on the
other side of capacitor into which it is injected (see Figure 4a). This is one
possible way to construct the apparatus that applies the electric field, if MD
simulations can show that the protein keeps its orientation after the field is
ramped down.

One detail that would give the results of this project further reliability is
to test the effects of different choices of the initial configuration of the pro-
tein. We used the same starting orientation of the dipole moment for all
simulations in this project to reduce the number of simulations needed to
get the results. A more credible approach would be to vary the starting
orientations as well.
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7 Conclusions

Simulations of dipole-orientation of ubiquitin was performed with GRO-
MACS where the implemented electric field gradually increased until it
reached its final value E0

V
nm

after t0 ns. The total simulation time was
10 ns. Using the simulation data, we were able to compare how the orien-
tation process differs between a constant and an increasing electric field. t0
was chosen to take on values of 2 and 5 ns (See Figure 8) and E0 was varied
according to

E0 ∈ {0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, 3.0}
V

nm

We found that for final field strengths E0 ≥ 0.6 V
nm

a constant field orients
the protein along its dipole axis faster than the time-dependent ones (see
Figure 15). However, the structure of the protein was better preserved when
using a time-increasing field, especially for E0 ≥ 1.5 V

nm
(see Figure 18).

Using RMSD (Root Mean Square Deviation) as a measure of the change of
protein structure during orientation and D (see section 3.2) as a measure
of the degree of orientation we constructed an average time development of
unfolding and orientation. Examples of this are given in Figures 19 and 16.
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