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Proteins under electrospray conditions: 
a simulation study 

 
 

Erik Marklund 
 
 
 

Sammanfattning 
 
 
Den tredimensionella strukturen hos proteiner och andra stora biomolekyler är 
avgörande för deras funktion. Av den anledningen är stukturbestämning av stor vikt 
för såväl biologisk grundforskning som läkemedelsutveckling. Dessvärre kan 
majoriteten av världens idag kända proteiner strukturbestämmas med existerande 
metoder. En ny metod under utveckling är Single Particle Imaging, där enstaka 
molekyler injiceras in i vakuum framför en s.k. frielektronlaser och beskjuts med en 
oerhört kort och intensiv röntgenpuls. En förutsättning för att metoden ska fungera är 
att molekylstrukturen bevaras under injektionsprocessen. I detta examensarbete 
undersöks i vilken utsträckning elektrosprayjonisering, den i dagsläget mest lovande 
injektionsmetoden för ändamålet, är strukturbevarande. Dessutom undersöks i viss 
utsträckning vilka betingelser som är lämpligast för att göra injektionen skonsam och 
förutsägbar. 
 
Injektionsprocessen simuleras på atomnivå med molekyldynamiska beräkningar. Fyra 
olika proteiner används i beräkningarna och förses med olika tjocka skyddande 
vattenskikt undersöks med avseende på struktur, vätebindningar och 
vattenavdunstning. 
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1 Introduction

1.1 Synchrotron radiation and Free electron lasers

In synchrotrons, bunches of electrons are accelerated to relativistic speeds be-
fore being sent through so called wigglers or undulators, linear arrays of dipole
magnets of alternating polarity that cause the electrons to oscillate perpendic-
ular to their general translational direction. Since all accelerating charges emit
photons, the oscillating electrons create a beam of light as they pass the wig-
gler/undulator (fig 1). Relativistic effects cause the radiation to be sent out
mainly through a narrow cone directed along the electron beam, making the
forward photon beam very intense. The difference between undulators and wig-
glers is that in the former the magnet spacing is matched to the photon energy
in such a way that all emitted photons from one electron are coherent and add
constructively, making the intensity quadratically propotional to the number
of oscillations instead of being directly proportional like in wigglers. Emitted
photons from separate electrons, however, are not coherent in general.

Free electron lasers (FELs), are not lasers in a traditional sense. Instead,
they make use of electrons going through long undulators, where the electric
field of the photon beam cause the highly compressed electron bunch to regroup
into regularly spaced microbunches, which keep emitting radiation that add con-
structively. The intensity of the beam from a FEL is proportional to the number
of electrons squared (I ∝ N 2

el), instead of directly proportional (I ∝ Ne) as is
the case for a synchrotron with an undulator, and is therefore capable of reach-
ing much higher levels. This stems from the fact that electron bunches from
ring shaped accelerators – such as synchrotrons – are too spread out for the
microbunching effect to happen, and linear accelerators must be used in order
to achieve the required bunch compression: your typical synchrotron pulse has
a duration of about 100ps, while the FEL pulse lengths are in the femtosecond
regime [22]. The first FEL (the former VUV-FEL at DESY, Hamburg, now un-
der the name of FLASH, operating on a wavelength of 6nm) is up and running,
and several more will see the light of day in the decade to come.

1.2 New science

The making of the first x-ray Free electron laser (X-FEL) is underway and in
2008 the first pilot X-FEL-experiments will be conducted. Such a device will
produce hard x-ray pulses with a duration of a few femtoseconds, having a
brilliance many orders of magnitude higher than any existing x-ray source on
earth. Obviously, new science will emerge as the X-FEL come into existence.
Pump-probe experiments of unprecedented levels of energy and time resolution,
plasma physics and perhaps even nuclear fusion research are just a few possible
uses of the features of X-FELs.

One of the many possible dazzling applications of X-FELs is Single Par-
ticle Imaging of biomolecules, which will be a way of determining the three-
dimensional structure of, for example, proteins. The fundamental principle is
the same as in x-ray crystallography, which is currently the dominating method
for protein structure determnination. Incoming photons scatter elastically1

1Naturally, inelastic scattering also occurs, which adds to the noise of the recorded signal
and deteriorates the sample as compton electrons are kicked out.
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Figure 1: Schematic picture of an unduator. The incoming beam of electrons
(blue line) enters the undulator from the left and starts oscillating due to the
alternating direction of the magnetic field, as the magnetic force on a charged
particle is perpendicular both to the velocity of the latter and to the magnetic
field. Photons arise through bremsstrahlung and a coherent photon beam (red
line) is built up as the electron move through the undulator. At the end of the
undulator, the electron beam is deflected away from the photon beam. Since
the electron beam is not a continuous flow of particles, but bunches of electrons,
the emitted radiation will be pulsed with a duration similar to the bunch length
and a repetition rate equal to the bunch rate.

when they interact with the electrons in the protein, in such a way that the
diffracted radiation depicts the protein in reciprocal space2 – the molecular
transform. Synchrotrons and other x-ray sources used today do not produce
enough photons per unit time and beam area to make measurable diffraction
patterns of single molecules. Instead, crystallographers rely on the simultane-
ous diffraction from many identical particles arranged in an ordered crystal. An
important feature of the diffraction from a crystal is the so called Bragg peaks,
a regularly spaced grid of points where the molecular transform is amplified
many orders of magnitude due to the periodic nature of crystals. Outside of the
Bragg peaks the scattered radiation is just noise, more or less.

The main drawback of protein crystallography is the general difficulty of
crystallizing proteins. Many proteins require thousands of crystallization at-
tempts before crystals of sufficient quality are obtained, and a large subset of
all known proteins seem impossible to crystallize at all. The radiation from a
X-FEL on the other hand will be so intense that the diffraction image of a sin-
gle protein molecule can be recorded. In single particle imaging, each recorded
diffraction will be a slightly curved slice of the continuous molecular transform,
providing much more information per shot than the Bragg peaks do in x-ray
crystallography.

Since the high energy of the x-ray pulses for sure will turn the subjected
proteins into exploding fiery balls of plasma [21], short pulse duration is crucial
for the imaging experiments. If the pulse is short enough, the diffraction pattern
will be recorded before the protein is destroyed. Calculations [21] show that the
first X-FEL for hard x-rays, LCLS, being built at Stanford Linear Accelerator
Center in California, will initially operate close to the intensities, wavelengths

2Reciprocal space is the amplitude part of Fourier space.
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and pulse durations required for single particle imaging of biomolecules feasible
[20]. If bunch compression is then slightly improved, a revolution of structural
biology may be upon us.

1.3 Particle injection

So, how can a protein molecule be placed in a X-FEL beam? First of all, the
diffraction event will have to take place in vacuum to avoid interfering scattering
from surrounding matter, meaning that proteins in bulk solvent is out of the
question. Furthermore, since vacuum is far from physiological conditions, the
protein is preferably exposed to vacuum for as short periods of time as possible
to avoid severe denaturation. There is one injection technique by which such
requirements might be met: electrospray ionization (ESI). ESI has routinely
and successfully been used in mass spectroscopy alongside MALDI for a few
decades, and is fairly well characterized and quantified in many aspects. It is
probably the method upon which future Single Particle Imaging experiments
will rely [21]. However, it requires that protein structure is preserved during
the ESI process.
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2 Purpose

Even though ESI-MS is used to characterize and measure proteins in a myriad
of ways, the exact three dimensional structure at an atomic level cannot be
directly measured by means of MS. Nobody knows for sure what happens to
protein structure at that level under ESI conditions, although recent experi-
ments have provided evidence for preserved tertiary structure in ESI-MS [23].
This is obviously crucial for the use of ESI in single particle imaging, since
there is little point in only determining the structure of badly deformed pro-
teins. Earlier molecular dynamics simulations (unpublished data), indicate that
protein structure is indeed preserved when the protein is encapsulated in a thin
solvation shell. But those simulations were unstable, with large shifts in the
total energy on a longer timescale (>1 ns)3, thus unreliable. If solvation shells
help maintain protein structure, by cooling down the protein, or through other
mechanisms, the evaporation process needs to be thoroughly investigated, so
that the injection machinery can be optimized for best preservation of struc-
ture.

The aim of this study was to describe what happens to protein structure under
electrospray conditions and to what extent water shells preserve protein struc-
ture during the time of the ESI-injection. Specifically, the following questions
were adressed:

• Is protein structure preserved in ESI?

• If not, do the proteins adapt a vacuum structure similar to the solvated
structure or the crystalline structure?

• Can thin water shells help preserving the structure?

Furthermore, the study aims to find out whether the evaporation of a thin
solvation shell can be described in the same way as evaporation of larger droplets.

By answering the questions above, this thesis will assess the feasibility of using
ESI in conjunction with X-FEL radiation for protein structure determination.

3Problems with drift in energy is discussed in section 3 starting on page 6.
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3 Theoretical background and methods

Parts of this section serve merely as an introduction to the computational meth-
ods used for this study, but are not necessary for the understanding of the results
and the discussion. However, they increase the completeness of the thesis and,
hopefully, its enjoyability. Other parts describe various measures and meth-
ods used throughout the thesis and should be read more carefully to facilitate
understanding and interpretations of the results.

3.1 The electrospray ionization process

Electrospray ionization is a technique for the production of gas phase ions,
commonly used in the field of mass spectrometry. The basic setup for ESI is in
principle not very complicated. The analyte, dissolved in some suitable solvent,
is kept in a small container connected to one end of a small capillary. The
capillary ends with a nozzle, which actually is an electrode whose counterpart is
located at some distance from the nozzle, the two separated by vacuum4. When
a voltage is applied over the two electrodes, charged particles are accelerated
from one electrode towards the other. In the capillary, analyte molecules are
continuously ionized by one electrode and migrate in the direction of the counter
electrode. Note that this phenomenon is in principle independent of the polarity
of the electrodes: if the nozzle is a cathode it will strip electrons from the analyte,
thus creating anions heading for the anode. Should the polarity be switched,
production of cations and analyte migration towards the counter electrode –
now being a cathode – would follow. The required magnitude of the electrode
potential may depend on the polarity and the analyte though, since the energies
required for oxidization and reduction may indeed be different. By raising the
magnitude of the electrode potential beyond the oxidization/reduction energy,
the analyte can be shifted towards higher charge states.

As the analyte ions reach the end of the nozzle they experience an opposing
force: the surface tension of the solvent. Provided that the gradient of the
electric field is high enough, the charge building up at the surface of the solvent
will eventually cause small charged droplets to emerge and fly across the void
separating the electrodes. Solvent molecules will inevitably evaporate from the
droplets as they move through the emptiness of the vacuum chamber, until the
electrostatic repulsions between ions trapped in the droplet exceed the force of
the surface tension and the droplet splits into smaller ones – droplet fission. The
exact mechanism for that event is under constant debate and little experimental
evidence has been reported to determine exactly what is happening, and to what
extent [5, 6].

3.1.1 Two models

According to theory, the charges in the droplets are distributed near the droplet
surface to minimize coulomb repulsions. Droplet fission occurs when the surface
charge density reaches the so called Rayleigh limit:

qR = 8π(e0γR3)1/2, (1)

4This is not always the case. Sometimes a neutral and inert gas is present at low pressures.
For further information see [5].
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where qR is the charge on the droplet surface, R is the droplet radius, γ is the
surface tension and e0 is the permittivity in vacuum. As solvent evaporation
continues from the resulting droplets, the droplets shrink until they eventually
reach the Rayleigh limit and the droplets divide again. The fission event is
known to be asymmetrical in the sense that it does not produce two droplets of
similar size and charge. Instead, a whole jet comprising several small droplets
is expelled from a larger droplet, the small droplets have much higher charge to
mass ratio than their “parent droplet” . Because of this feature, the division is
termed droplet-jet fission[5].

The first model to describe the formation of gas phase ions is the Charged
Residue Model (CRM). It states that after a few droplet-jet fission events only
tiny droplets remain, each containing a single charged particle – assuming suf-
ficiently low analyte concentrations to begin with. Subsequent solvent evapora-
tion leads to free gas-phase ions.

The second model is called Ion Evaporation Model (IEM). It differs from
CRM in that it predicts that ions emerge from the droplets, wrapped in a thin
solvation shell, before the droplets reach the Rayleigh limit.

The distinction between the mechanisms of the two models is in some ways
fuzzy [6]. What exactly is the demarcation criterion separating a single, mini-
mally solvated, escaping ion and an emerging small droplet containing one lone
ion? There is, however, a consensus that CRM is a better description of droplet
fission for large ionic species, such as proteins [5, 6].

3.2 Molecular Dynamics

3.2.1 The basics

In order to simulate atomic or molecular processes on a sub-atomic level, over
time and in 3D-space, using quantum mechanical descriptions of the entities in
the system, one would have to solve the time dependent Schrödinger equation
of the system for all time steps comprised by the simulation. Needless to say,
such a strategy is destined to fail – even when implemented on the latest, state
of the art supercomputers – because of its horrendously high computational
demands. Someday quantum computers, or other powerful devices available
in the future, may allow that kind of extremely demanding calculations, but
for the time being we will all have to settle for other, more feasible methods
for molecular simulation. Luckily, a sub-atomic understanding of chemical or
physical phenomena is not needed, and an atomic view can suffice. The common
way of simulating a system on an atomic level is to treat it classically; no
Schrödinger equations need to be solved. Instead forces, velocities and positions
are calculated in a simpler and much faster way.

The basic principle of Molecular Dynamics (MD) in its classical form, is that
a potential V is generated, from which the forces and accelerations acting on the
individual atoms then are calculated. The potential consists of several terms,
each modeling different effects, such as coulomb and van der Waals interaction,
bond angles and bond lengths. The potential function is commonly referred to as
the force field. The actual simulation can be thought of as a numerically solved
system of differential equations, which is done by integrating the expressions
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relating force (F), potential (V ), mass (m) and acceleration:

F = −
∂V

∂x
(2)

ẍ =
F

m
=

1

m

∂V

∂x
(3)

and from the very definitions of velocities and acceleration, a system of differ-
ential equations emerges:















ẍ =
1

m

dV

dx

ẍ =
dẋ

dt

(4)

When forces and accelerations have been calculated, velocities and positions
of individual atoms are updated accordingly. When provided initial coordinates
and velocities, such a simulation is in principle deterministic, but the choice of
time step, computational precision and even the specific computer on which the
calculations are performed may introduce/affect errors, and the exact way that
that V is calculated will of course also influence the result.

A typical MD simulation of a protein makes use of a reduced system con-
taining a single protein molecule in a small box of water, a few ions and perhaps
some ligand. Using such a small system saves a whole lot of computational time,
but it is not very realistic. There is a way, however, to make a small system
behave more like a macroscopic solution of the solutes: If periodic boundary
conditions (PBC) are applied to the system, molecules drifting out through the
borders of the system simply re-enter at the opposite side. One way of looking
at it is to imagine the system being surrounded by identical systems on all sides,
and that each atom gliding out of the system is compensated for by an identical
atom entering the system from a neighboring system. Mathematically this can
be regarded as:

V (x) = V (x + xp) (5)

where xp is a vector that relates a point in a system with the corresponding
point in a neighbouring system, and where V in principle can be replaced by
other quantities.5 This of course places demands on the size of the system to
avoid strange artefacts arising from the periodicity. The system must also be
shaped in such a way that periodic boundary conditions can be applied at all
times. For example, a conical system can not be used since there is no way of
placing the adjacent systems so that all edges of the system is completely shared
with the neighbours, the consequence being that it is possible for particles to
completely move out of the system without entering a neighbour.

A MD simulation of a system provides more information about the system
than its final state at the last time step. Temperatures, several energy com-
ponents, the number of hydrogen bonds and many other quantities are easily
obtained as functions of time, but more complicated properties, such as reaction
rates, entropy and free energies can also be extracted from the different outputs
of a simulation, depending on how the calculations are set up.

5This is virtually the same thing as P1-symmetry in crystallography. In MD however, the
system is like a unit cell surrounded by images of itself in an infinite solution rather than in
a fixed crystal [11].
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3.2.2 Reliability of MD

Some things need to be mentioned concerning the reliability of MD simulations.
As for any numerical solving of differential equations the size of the time step (in
the case of time dependent equations) will influence the error at a time t > t0.
Choosing time steps sufficiently smaller than the fastest oscillations of the sys-
tem (usually oscillating hydrogen atoms) makes sure that the “time resolution”
of the simulation captures the details of all significant motions in the system
[25]. Many different algorithms of various complexity can be used for solving
equation 3.2.1. As is often the case when computers are emplyed in solving
complex computational problems, accuracy comes at the cost of speed. For
that reason the coordinates as functions of time are often taylor expanded and
truncated after the first, second or third order terms to reduce computational
costs. Simple Euler integration is an example of this, but other algorithms offer
better integration stability at the same expense. Commonly used algorithms for
MD are the Verlet algorithm or derivations thereof:

x(t + ∆t) = 2x(t) − r(t − ∆t) + a(t)∆t2v(t) =
x(t + ∆t) − x(t − ∆t)

2∆t
, (6)

where v and a are velocities and accelerations, respectively. For a derivation of
the Verlet algorithm see e.g. [9, 11, 18]. GROMACS – the MD suite used in
this study – uses the Leap-frog algorithm [13]:

v(t +
∆t

2
) = v(t −

∆t

2
) +

F(t)

m
∆t (7)

x(t + ∆t) = x(t) + v(t +
∆t

2
)∆t, (8)

which can be shown to be mathematically equivalent to the Verlet algorithm.
Even when the different parameters of a simulation is carefully chosen it

may behave unrealistically, and key observables should be monitored to make
sure that the simulation is running smoothly. For example, the total energy
of an isolated system shall always be constant, within numerical error. If a
MD simulation of such a system show large fluctuations or drift in its total
energy, any results from the simulation should certainly not be trusted and the
simulation should be restarted using a different parameter setup and/or different
algorithms.

Of course, a classical approach to MD do not take into account different
quantum mechanical events that may arise in the system. Luckily, most such
events, like tunnelling, are very rare for particles like water molecules and pro-
teins.6 Also, a moderate temperature keep higher electronic states virtually
unoccupied, which allows the use of a relatively simple electrostatic contribu-
tion to the potential function, based solely on ground state electrons, when
simulating systems not reaching extremely high energies. If, on the other hand,
bonds are to be broken or made between atoms, high temperatures, or ionization
events are to be part of the simulation, some quantum mechanical modelling of
(parts of) the system is indeed required 7. Several such approaches exist, and go
under the common name QM/MM (Quantum Mechanics/Molecular Mechanics)
[25].

6Tunneling of hydrogens does in fact occur in everyday chemical systems and algorithms
taking such events into account do exist but are not used in this thesis.

7QM does not necessarily need to be incorporated explicitly, but its effects must be carefully
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3.2.3 Force fields

The force fields used for MD simulations rely on molecular mechanics (MM)
and usually have the form

V = El + Eθ + Eω + Enb, (9)

where l, θ, ω and nb dentotes bond stretch, angle, dihedral and non-bonded
interactions respectively. The bond stretch energy term is best described by a
Morse potential:

El =
∑

bonds

De

(

1− e−α(l−l0)
)2

, (10)

where De is the dissociation energy and α is a force constant. l and l0 are bond
lengths and equilibrium bond lengths respectively. At moderate temperatures
however, a harmonic potential is a good approximation that is less computa-
tionally demanding:

El =
∑

bonds

kl(l − l0)
2, (11)

where kl is a force constant. The bond angle term is calculated in a similar
manner, also through the use of a harmonic potential:

Eθ =
∑

angles

kθ(θ − θ0)
2, (12)

where kθ is a force constant for the angular motion and θ is the angle between
two adjacent bonds.

The dihedral term is sometimes a bit different from the other terms, having
the form of a truncated Fourier series:

Eω =
∑

dihedrals

Bn(1 + s cosnω). (13)

Bn is the rotational barrier height, n is the periodicity of the rotation8, s = 1 for
staggered minima and s = −1 for eclipsed minima. Since this simple treatment
of the dihedral energy term cannot handle more complex bond (a)symmetries
and periodicities, additional Fourier terms are sometimes included in the Fourier
series.

Non-bonded interactions are usually modelled as an electrostatic term and
a van der Waals term. The electrostatic term is pretty straightforward and
nothing more than Coulombs law:

Eel =
∑ qiqj

4πε0rij
, (14)

where qi and qj denotes the charges of the atoms involved, ε0 is the permittivity
in vacuum, and rij is the distance between atoms i and j. The van der Waals

modelled in some way for chemical reactions to be properly represented in the simulation. This
is not done readily for complicated reactions. Several reactive force fields do exist, but they
all come with a high prize to pay in terms of speed.

8For example, the dihedral angle for the C-C bond in ethane has a periodicity of three,
while the C=C bond in ethane has a periodicity of two.
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term is a bit more tricky, but a commonly used model exists that is called the
6-12 Lennard-Jones potential :

EvdW =
∑

4εij

[

(

σij

rij

)12

−

(

σij

rij

)6
]

. (15)

σ is the distance for which the potential is zero and r to the actual inter-atomic
distance, while ε is the depth of the energy minimum. The two non-bonded
interaction terms can be weighted and added into one non-bonded term:

Enb = welEel + wvdW EvdW . (16)

wel and wvdW are weights determining how much impact the two terms will
have on V . In GROMACS wel = wvdW = 1.

More terms may be added to the total potential function V , such as applied
electric or gravitational fields, but equations (11)–(16) above make up the core of
most force fields. Since the non-bonded interactions are decreasing quickly with
inter-atomic distance, cut-off radii are usually defined, outside which Eel and
EvdW are never evaluated or replaced by rough approximations - simplifications
that significantly decreases computational costs9 The OPLS-AA10 force field
is almost identical to equations (11)-(16), the main exception being that the
dihedral energy terms include as many as three Fourier terms. The different
parameters in the OPLS-AA force field were obtained by fitting to energy profiles
from a large number of ab initio Monte Carlo simulations of organic molecules
and ions11. OPLS-AA energy predictions are in very good agreement with
empirical data for organic substances [17].

GROMOS96 is a force field resembling OPLS-AA, but with slightly more
complicated bonded terms. The GROMACS implementation of GROMOS96
was optimized to employ computationally faster approximations [25, 27] for
mentioned terms. GROMOS96 comes with force field parameters for several
non-organic compounds, such as heme-groups, and is therefore to prefer over
OPLS-AA when such entities are part of the system and one lacks the time,
patience or skill to derive new parameters for the compound in question. OPLS-
AA is on the other hand compatible with the Tip4p water model described in
the next section. GROMOS96 is not an all-atom force field, since aliphatic CH2

groups are treated as single particles.

3.2.4 Water models

SPC [3] and Tip4p [16] are two water models commonly used for MD simula-
tions. They reproduce many empirical quantities very well and provide a good
environment for biomolecules in silico [29].

The beauty of SPC, or simple point charge, is its combination of simpleness
and good reproduction of empirically determined properties of water. It is

9Using cut-offs for non-bonded interactions may introduce problematic artefacts. There
are, however, more elaborate models for long-range interactions. For more information on the
effects of cut-off radius see [26, 13].

10Optimized Potentials for Liquid Simulations - All-Atom, as opposed to OPLS-UA
(United-Atom) where certain groups of atoms are treated as single particles.

11Charges and Lennard-Jones parameters are to some extent adjusted to better fit experi-
mental data. Some constants were also taken from the AMBER-AA and CHARMM/22 force
fields.
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composed of one oxygen atom, having a charge of −2q and two hydrogen atoms,
each having a charge of +q. Atomic distances and the size of q have been
carefully optimized to make SPC water behave like real world water as much as
such a simple model permits.

Tip4p differs from SPC in details such as geometry and the values of the
partial charges assigned to its atoms. But more importantly, it differs in that its
molecules are made of 4(!) atoms: one oxygen and two hydrogens of course, but
also a special charged particle, having zero mass, located on the HOH bisector.
This represents one way of giving a water model a realistic dipole moment
without sacrificing its geometry.

3.2.5 Opting for speed in MD

As a rule of thumb, the leap-frog algorithm requires a time step that allows
a minimum of five integration steps within the period of the fastest harmonic
oscillations in the system for it to be stable [13]. In other words: the time step
must be shorter than the period of the fastest oscillations divided by five. If
hydrogens are present in the system, their bond stretching will be the fastest
motions in the system, with a period of about 10fs, limiting the time step to
2fs. If the hydrogens are kept at a fixed distance from the heavy atoms to
which they are bonded, the time step can be increased, thus allowing for longer
simulations to be run within a certain amont of time. If such an approach is
employed one is applying constraints to the system. Several algorithms exist
for applying the constraints. SHAKE[24] and LINCS[12] are commonly used
for e.g. biomolecules, while SETTLE[19] is designed for rigid water models (see
[13] for a short description of the algorithms).

To further increase the timestep the second fastest oscillations must be ellim-
inated, namely the bond angle bending of hydrogens and the bond stretching of
heavier atoms which have a period of approximately 30fs. One way of removing
aforementioned motions is by the construction of virtual sites ; that is to make
the position of every hydrogen functions of the positions of neighboring heavy
atoms and add their masses to the atom to which they are bonded to, at the
same time making the hydrogen particles massless. If the hydrogens are part of
a group of atoms with internal rotational degrees of freedom, such as a methyl
group12, the whole group can be treated as a massless rigid body, with an ori-
entation and position governed by two dummy masses with the same center of
mass and moment of inertia as the group in question. It is important to point
out that the particles interact with their surroundings via the potential function
as would be the case without virtual sites, but that the forces are redistributed
to bonded heavy atoms or to the dummy masses when applicable. It is also
important to point out that constraints and virtual sites adds another level of
approximations to the calculations. However, the hydrogens are in fact quan-
tum oscillators, and they are in many ways better represented by particles that
do not oscillate in the classical sense [13]. Constraining all bond lengths and
employing virtual sites allow for a time step of about 5fs. For more informaion
about virtual sites see [8, 13].

12A methyl group can rotate around the bond which connects the carbon atom to whatever
it is attached to.
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3.3 The proteins

The structure models for all proteins were all x-ray crystallography models
downloaded from the RSCB Protein Data Bank [15] with pdb-codes and reso-
lutions shown in table 1. The choice of specific proteins were based on a several
criteria. They should. . .

• be relatively small to keep simulation time down,

• be reasonably well characterized,

• have a structure model of good resolution,

• preferrably be cheap and easily obtainable, to facilitate experiments based
upon the results of this study,

• not be too stable, since that would automatically indicate preserved struc-
ture in vacuo,

• not have unusual cofactors for which no force field parameters exists.

Protein pdb–code resolutionÅ Refernece
Insulin 4INS 1.50 [2]
Ubiquitin 1UBQ 1.80 [28]
Cytochrome C 1HRC 1.90 [4]
Lysozyme 1AKI 1.50 [1]

Table 1: The four proteins, their pdb–codes and the resolution of the structures

Insulin is a small peptide hormone, mainly regulating the glucose metabolism
in mammals. Insulin is well characterized in most aspects, including physiolog-
ical roles, synthesis and structure. Because of its importance in diabetes treat-
ment, human insulin is synthesized as a recombinant protein in vast amounts
for therapeutic purposes. Historically, however, pig insulin was the protein of
choice for treatment of diabetes. Pig and human insulin only differ at one amino
acid position and either one of them functions in both organisms. Insulin has a
molecular weight of 5807 and consists of two chains, one having 21 amino acid
residues, the other having 30 residues, making a total of 51 residues comprising
521 atoms. The two chains are covalently bonded by three disulfide bridges. In
the presence of Zn2+ insulin easily forms biologically inactive hexamers which
are used by crystallographers when making structure models of insulin. Mon-
meric insulin, which is the biologically active form, is known to have a fairly
flexible structure [30].

Ubiquitin is a highly conserved protein found only in eukaryotes. It is part
of a complicated system called the ubiquitin system, involved in many different
processes. Ubiquitin can for example be covalently linked to other proteins,
acting as a tag for proteasome degradation. Ubiquitin is a single chain protein
weighing 8565Da. It consists of 76 amino acids with a total of 1347 atoms.
Ubiquitin folds into a compact globular structure [28]

Even though ubiquitin is considered a structurally stable protein, its four
most C-terminal residues are very flexible, and protrude like a tail from the rest
of the protein. This tail does not interact hydrophobically nor through hydrogen
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bonds with other residues in crystallographic structure models of ubiquitin. In
such models, residues 72 − 76 often have large temperature factors or partial
occupancies, reflecting the structural variance of the C-terminus. In addition,
these residues are sometimes cleaved off from the protein, making them even
less well-defined in crystal structure models. [28]

Cytochrome C is a small mitochondrial protein acting as an electron carrier
in the respiratory chain of aerobic eukaryotes. It has a mass of 12360Da and
consists of 104 amino acid residues and one heme group, having 1155 atoms
altogether. Cytochrome C has a globular overall structure, with the heme group
embedded in one side of the protein. There are no internal disulfide bonds
in cytochrome C except for the connection between the heme group to the
peptide.[4]

Lysozyme is a protein that has been studied by nearly every x-ray crystal-
lographer on earth as a part of their early training, making it unusually well
characterized from a structural perspective. It is an antibiotic enzyme, abun-
dantly present in egg white, which degrades the polysaccharide walls of many
bacteria. Its structure is slightly cylindrical, with a cleft on one side of the pro-
tein, which is where the carbohydrate substrate is broken down. The mass of
lysozyme is 14305Da and it is made up of 129 amino acids, adding up to a total
of 2096 atoms. Four internal disulfide bonds adds to the stability of lysozyme.
[1]

3.4 Measuring structural dynamics and evaporation

Protein structure can be studied on many levels, ranging from the tertiary
structure of a large protein complex, to the conformation of a few side chains
under certain conditions. In this thesis, protein structure will mostly be studied
on a backbone level, since the shape of the backbone define the fold of the
protein.

3.4.1 RMSD, Rg, SASA

RMSD, or root mean square deviation, is similar to a standard deviation and
is defined in the following way:

RMSD =

√

∑

i (ai − ai,ref )2

N
, (17)

where a is the quantity of interest and aref is the reference value of the quantity
a. N is the number of entities studied and the subscript i denotes the identity
of the specific entity. RMSD can in principle be calculated for any quantity
a, but in this study only positions will be analyzed by means of RMSD after
the the coordinates have been fitted to a reference structure by least square
minimization: The N entities i will denote the N Cα atoms of the protein, ai

the position x of Cα atom i at time t, and ai,ref will be the position of that
atom in the reference structure. The value of RMSD will reflect the overall
deviation from the reference backbone structure.

The radius of gyration, Rgyr, of an object is defined as

Rgyr =

√

I

m
, (18)
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I being the moment of inertia and m being the total mass of the object. If the
mass distribution of the object was to be concentrated on a sphere with a radius
of exactly Rgyr centered on the center of mass, the object would maintain its
moment of inertia. When Rgyr for a protein is plotted as a function of time,
structural changes often appear as distinct features of the plot. Plotting Rgyr

for revolution about the x, y and z axes specifically, provides complementary
information to the overall Rgyr plot, revealing whether the protein structure is
collapsing, being elongated or flattened, etc.

How can you define the surface or the surface area of a collection of point
masses? Isolated points do not have areas, strictly speaking, nor can they be
added up into any kind of surface. There are however, depending on what the
points represent, numerous ways of constructing meaningful surfaces around
such objects, one being the solvent accessible surface (SAS) of a molecule, the
area of which is simply called the solvent accessible surface area (SASA). The
SAS of a protein is generated by letting a small imaginary sphere roll around
over the protein, its minimum distance to the point masses determined by their
van der Waals radii plus the radius of the sphere. If the protein structure
changes somehow, e.g. an α-helix starting to protrude from a globular protein,
the SASA will change accordingly. Even though they do not tell exactly what
is happening to the protein structure, RMSD, Rgyr and SASA all serve as
detectors of structural changes, RMSD being the most sensitive one.

3.4.2 Sticky residues analysis

Whenever an amino acid residue remains hydrogen bonded to a specific water
molecule for at least 90% of the last ns of a simulation, the residue-water pair
is defined as a “sticky pair” in that simulation. If the same residue is part of a
sticky pair in at least half of all related simulations, it is considered a “sticky
residue”. This measure and its definitions were invented for this thesis. Thus,
it is a far from widespread method for analyzing protein-water interactions.

3.4.3 Solvent evaporation

When the droplet size is down to a few µm or less in diameter [5], the evaporation
rate is described by the expression:

dr

dt
= −

αv̄p◦M

4ρRgT
, (19)

where
r = droplet radius
T = droplet temperature
v̄ = average thermal velocity of the solvent vapour

p◦ = saturation vapour pressure of solvent at temperature T
α = condensation coefficient of solvent (αH2O ≈ 0.04)
ρ = solvent density

M = molar mass of the solvent
Rg = gas constant

Assuming that v̄ and ρ are constant throughout the simulation13, (19) can

13A reasonable assumption. It holds for tiny droplets of water carrying small ions (Carl
Caleman, ICM, Uppsala Universitet, unpublished results).
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be significantly simplified through the introduction of the constant C:

dr

dt
= C

p◦

T
, (20)

C = −
αv̄M

4ρRg
. (21)

So, if r, p◦ and T could all be measured, the validity of equation (19) for
proteins with a thin solvation shell could easily be assessed. Assuming that the
droplets are roughly spherical, the surface area can be used to calculate r. For
water, p◦ at a certain temperature can be parameterized from data found in
literature (Carl Caleman, ICM Uppsala Universitet, unpublished results) and
the droplet temperature can be obtained from the simulation trajectories. Note
that even though SASA is not a smooth surface, but a dented one, it can still
be used to calculate the droplet radius, assuming that it is proportional to its
imagined smooth counterpart A:

SASA = kA, (22)

A = 4πr2, (23)

(22) ∧ (23) ⇒ r =

√

SASA

k4π
. (24)

3.5 Methods

Since the ESI process can not be studied directly at the intended structural level,
MD simulations will be used to simulate the last few nanoseconds of droplet
evaporation. Specifically, four proteins will be simulated 10ns in vacuo, both
as completely dry systems, and encapsulated in water shells of 3Å and 6Å. To
assess the structural changes of the simulated proteins, RMSD, Rgyr and SASA
will be calculated from the trajectories. Thermodynamic properties, namely
potential, kinetic and total energy as well as temperature, will be monitored as
well. This is not just to study the proteins, but for the purpose of evaluating
the quality of the simulations. The MD simulations will be performed using
GROMACS 3.3[25], as will the analysis of trajectories and the computation
of RMSD. Rgyr and SASA. Visual inspection of the systems will be done
regularly using Pymol[14].

For the simulation of insulin, ubiquitin and lysozyme, the Tip4p water model
and the OPLS-AA force field will be used. Cytochrome C has a heme-group,
and its simulations will use the GROMOS96 force field, since OPLS-AA lacks
parameters for such entities. GROMOS96 is not to be used in conjunction with
Tip4p water, which is why the SPC water model will be used for the simulations
of cytochrome C.

To examine the evaporation process, SASA and temperatures will be im-
ported to MATLAB 7 in order to enable testing the validity of equation (20)
for the systems under study: if it holds, the plot of dr/dt versus p◦/T will have
a linear shape, and the constant C will be obtainable through linear regression.
Implementation of the sticky residues analysis will also be done mainly with the
use of MATLAB 7 and the output from g hbond , the latter being a part of
GROMACS.

Extensive cshell scripting will be used to automatize both simulation and
analysis. The use of scripts not only saves time, but also ensures that no errors

16



are introduced because of mistyping, provided that the scripts are correctly
written of course.
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4 Experimental procedures

This section describes the various simulation, processing and analysis steps that
was performed throughout the study.

4.1 Editing insulin

The downloaded structures of ubiquitin, cytochrome C and lysozyme did not
require any further editing, and could be used as they were for all simulations.
The insuline structure file, however, contained multiple instances for several
residues, parts of residues and water molecules, and hence required some edit-
ing to avoid several occurrences of the same atoms. The instances having the
lowest overall occupancy were deleted. In the case of equal or similar occu-
pancy, the instances having the highest temperature factors were removed. The
occupancies of all remaining atoms were adjusted to 1.00. The remaining part
of the pdb file was thoroughly gone through to make sure that the protein was
still intact.

4.2 Simulation procedures

Note: All proteins were processed and simulated in the same way during the ex-
periment. For the sake of simplicity, in this section “the protein”, “the system”,
“the trajectory” and similar terms are often used instead of all the individual
proteins (insulin, cytochrome C, ubiquitin and lysozyme) when giving account
for what was done to them.

All simulations were performed on AMD Opteron dual core processors.

4.2.1 Water simulation

Using the crystal structures as starting structures for the vacuum simulations,
without prior modification, would certainly be possible, but since such structures
may be strained from the special crystal environment, solvated structures seem
like a better choice. Solving the crystal also allows picking several starting
structures for the protein instead of just one. To enable a longer time step for
the simulations of the solvated proteins virtual site constructions were generated
for all proteins.

The protein was soaked in a box of water. Since the protein had nonzero net
charge, Na+ or Cl− ions were added to make the system neutral. The system
was then subjected to energy minimization followed by a short MD simulation
using position restraints on the protein to allow solvent relaxation. The solvated
and relaxed system was simulated with PBC at 300K and atmospheric pressure
for 10ns using a time step of 4fs and constrained bond lengths for the proteins
and rigid water molecules.Constraints were solved using the LINCS algorithm
for the proteins and the SETTLE algorithm for the water molecules. Insulin
and lysozyme needed more time in order to adopt stable conformations (figure
3) and their simulations were extended to 20ns.

4.2.2 Simulation in vacuo

Three time frames were selected from the trajectory, where the protein had
attained a fairly stable solvated conformation, thought to be a representative
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structure for the solvated protein. The selected time frames were used as starting
structures for the vacuum simulations (table 2, p. 19). Three copies of each
starting structure was created, of which one was left bare, the remaining two
having water shells of 3Å and 6Å thickness, respectively. The remaining bulk
water and ions were removed from each system. In the end, the protein had nine
starting structures: three slightly different protein structures, each embedded
in water shells of two different thicknesses and with one copy having no water
at all. An example is shown in figure 2 on page 19. A set of systems having
the same water shell thickness, but originating from different time frames, is
referred to as a set of replicas from here on (e.g., the three ubiquitin systems
having 3Å water shells). Similarly, a set of systems with different water shells,
but being generated from the same time frames, are henceforth referred to as a
starting conformation. RMSD between the chosen time frames was calculated
to further evaluate the stability of the solvated structures in general, and the
starting structures in particular (section 5.1).

Protein Time 1 Time 2 Time 3
Insulin 15ns 16ns 17ns
Cytochrome C 8ns 9ns 10ns
Ubiquitin 8ns 9ns 10ns
Lysozyme 10ns 18ns 19ns

Table 2: The time frames of the water simulations from which the starting
structures for the vacuum simulation were taken. Three starting structures were
generated from each time frame: one without any water, one with a 3Å water
shell and one with a 6Å water shell.

Figure 2: Cartoon representation of cytochrome C surrounded by a 6Å water
shell. The image was rendered in Pymol.

Before the final vacuum simulation, all replicates, were simulated for 50ps
with a constant temperature of 300K in order to allow some relaxation and
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equilibration. Had this not been done, the system would have suffered from
strain induced by the sudden removal of bulk water. All replicates were finally
simulated for 10ns without PBC, using a time step of 0.5fs, SHAKE constraints
on the hydrogen atoms and virtual site contructions, no cut-offs for non-bonded
interactions and double precision. Initial temperature was 300K. In principle,
such a short time step would not require any constraints (see section 3.2.5, p.
12) nor virtual sites, but problems with integration stability called for a cautious
protocol.

Even though most simulations were run on two parallel processors, the com-
putational times for the larger systems were still very long. The lysozyme 6
Å-replicates needed 10 weeks to generate a trajectory of a full 10ns. This illus-
trates the point of using small proteins for this study14.

4.3 Analysis of the trajectories

4.3.1 Protein structure

Rgyr, SASA and RMSD – using the first frame of the simulation as reference
structure – were calculated from the trajectories. Representative structures
from the last ns of simulation were obtained through the use of a clustering
algorithm, which clusters the frames by using the coordinates of the protein
atoms, and identifies the largest cluster, in which the cluster center is located
[7]. That cluster center is thought to represent the predominant conformation
of the time interval under study. The structures representative of the last ns
of each simulation will henceforth be referred to as end structures. Structures
obtained through averaging over time would certainly have been possible to
create instead of using clustering methods. However, such average structures
tend to have peculiar bond lengths and bond angles, which is why a clustering
approach was chosen in this study.

RMSD between the different representative structures were calculated, as
well as between the representative structures and their corresponding starting
structures. For ubiquitin, the four C-terminal residues were omitted in the
RMSD calculations, because of their poor structural stability (section 3.3, p.
13).

4.3.2 Evaporation

The sticky residues analysis was conducted on the 3Å and 6Å water shell sys-
tems only, since the bare proteins can not make hydrogen bonds to any water
molecules.

The largest cluster of molecules - being the droplet containing the protein
and the remaining water shell, but not evaporated solvent molecules - was saved
every 100:th ps to an index file. The number of molecules and the temperature
of the droplet were saved as functions of time too. From the SASA, the droplet
radius could be obtained. From a running average of the radius (to smoothen
out the large fluctuations, enabling numerical differentiation) was used along
with the temperature data, and equation (20), C could be obtained through
linear regression.

14Simulations of αβαβ hemoglobin were also started, but quickly aborted since the estimated
computational time was about two years. And those were run on four parallel processors!
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5 Results

In this section, the results of various calculations and analysis are presented.
Since the number of systems simulated and the amount of properties monitored
are quite large, illustrative examples are in some cases presented rather than
the complete sets of data. For more information on RMSD and Rgyr for all
simulated systems, see appendices A B.

5.1 Water simulations

All proteins, except for insulin, were quite stable throughout solvation, display-
ing RMSD values of approximately 0.15nm at the end of simulation (figure 3).
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Figure 3: RMSD of Cα for the water simulations. First frame was used as
reference structure. a Insulin. b Cytochrome C. c Ubiquitin. d Lysozyme. Note
that insulin and lysozyme needed longer simulation time to reach a sufficiently
stable conformation.
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The Rgyr plots (figure 4) confirms the structural instability of insulin. Monomeric
insulin is known to be very flexible, and the magnitude of the deviations from
the initial structure is well in agreement with what is reported in the literature
[30]. Lysozyme, however seems to maintain its overall shape.
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Figure 4: Rgyr of entire protein from the water simulations. a Insulin. b Cy-
tochrome C. c Ubiquitin. d Lysozyme. Note the instability of insulin compared
to the other proteins.
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The solvent accessible surface areas of the proteins remained at roughly the
same levels throughout the water simulations, insulin included, with standard
deviations very small in comparison with corresponding averages (table 3, p.
23).

Protein 〈SASA〉 /nm2 σSASA/nm2 σSASA/ 〈SASA〉
Insulin 38.83 1.30 0.033
Cytochrome C 63.03 1.70 0.025
Ubiquitin 48.88 1.04 0.021
Lysozyme 73.08 1.27 0.017

Table 3: Time-averages and standard deviations of solvent accessible surface
areas, as well as their quotient σ/ 〈SASA〉, taken from the the water simulations.

For all proteins, the chosen starting structures were more similar to each
other than to the first frame of the water simulations. RMSD values are pre-
sented in table 4 on page 24. Once again, the insulin monomer seems to be the
most unstable among the proteins. Even though its starting structures were
much more similar to each other than to the first frame of the trajectory, the
structure has changed quite a lot in the relatively short time separating the
chosen time frames. In fact, the selected insulin structures differed more among
each other than any selected structure from the the other proteins differed from
its corresponding first frame.
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Figure 5: Energies and temperatures of ubiquitin during the vacuum simula-
tions. The scale obscures small fluctuations in temperature, but the important
feature is really the constant total energy. a Starting structure 8ns - no water.
b Starting structure 8ns - 6Å water shell
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Insulin
0ns 15ns 16ns 17ns

15ns 0.338 - 0.169 0.160
16ns 0.438 0.169 - 0.228
17ns 0.412 0.160 0.228 -

Cytochrome C
0ns 8ns 9ns 10ns

8ns 0.131 - 0.115 0.123
9ns 0.137 0.115 - 0.079
10ns 0.136 0.123 0.079 -

Ubiquitin
0ns 8ns 9ns 10ns

8ns 0.147 - 0.106 0.082
9ns 0.121 0.106 - 0.080
10ns 0.123 0.082 0.080 -

Lysozyme
0ns 10ns 18ns 19ns

10ns 0.146 - 0.110 0.104
18ns 0.144 0.110 - 0.092
19ns 0.125 0.104 0.092 -

Table 4: RMSD between the first frame of water simulation and the different
time frames from which the starting structures were generated. RMSD values
were calculated using Cα atoms, except for cytochrome C, where Cα and heme
group atoms was used.
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5.2 Vacuum simulations

The total energies and temperatures of all systems simulated in vacuo remained
at constant levels from the very beginning to the very end. Potential and ki-
netic energies changed slightly, but there is nothing troubling about that. Au
contraire, some amount of redistribution of energies is expected, as phase tran-
sitions occur. Energies and temperatures of two ubiquitin systems are shown in
figure 5, page 23. The energy plots of all systems show the same features. For
all systems, the temperature of the droplet decreased as time passed (figure 6,
p. 25).
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Figure 6: Temperature of droplets starting out as an ubiquitin molecule with
3Å or 6Å water shells.

For each of the simulations the temperature of the droplet was averaged over
the last ns and the results are presented in table 5. The 3Å system had in all
cases lower temperature at the end of the simulations than their 6Å counter-
parts. Surprisingly, the temperatures insulin simulations were higher than the
intended starting temperature of 300 K. Normally one would suspect something
to be wrong with the simulation itself. However, the temperatures of the entire
systems start off at 300 K while the droplet temperature start at roughly 400
K for insulin according to the analysis program, so the problem is more likely
due to a bug in the analysis program or erroneous input.

RMSD between the end structures are shown in table 7, p. 27. The table
does not cover all possible combinations of end structures. It shows, however,
the (dis)similarities between:

• end structure from different starting conformations with the same water
shell thickness,

• end structures with different water shells, but from the same starting
conformation,

• all end structures and their corresponding starting structures.
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Protein Layer T1 T2 T3 Average

Insulin
3Å 330 323 333 329
6Å 361 350 356 356

Cytochrome C
3Å 269 259 274 267
6Å 278 290 284 284

Ubiquitin
3Å 230 215 236 227
6Å 236 245 244 242

Lysozyme
3Å 230 236 239 235
6Å 265 259 270 267

Table 5: Final temperatures of the vacuum simulations in K. Temperatures were
averaged over the last ns of each simulation. Fluctuations were in the order of
40 K for some 3Å systems to 10 K for some 6Å systems. T1, T2 and T3 are
used to denote the three different replicas of each protein. Note the erroneous
temperatures reported for insulin.

Structural differences between end structures having different water shells and
different starting conformations could of course have been investigated, but
would have required a much more spacious or complex presentation than table
7, and would most likely add very little to our understanding of the structural
dynamics going on.

Protein Sticky residues
Insulin 9
Cytochrome C 4
Ubiquitin 12
Lysozyme 12

Table 6: Number of sticky residues for each protein. For definitions of the
concepts, see section 3.4.2, p. 15.

Insulin shows large RMSD values, regardless of which structures are being
compared. For cytochrome C, ubiquitin and lysozyme, the differences between
0Å end structures are larger than between 3Å and 6Å end structures, the latter
being quite similar over all replicas. The 3Å and 6Å structures of the same
starting conformation are also similar to each other, for all proteins except
insulin.

For cytochrome C, the RMSD between an end structure and the other
end structures, its starting structure, and the crystal structure, are all of the
same magnitude. For ubiquitin and lysozyme, however, the deviation of the end
structures from the crystal structure are larger than from their stating structures
and from each other. The difference between the starting structures and the
end structures also reflects the difference among the different end structures.

The sticky residue analysis is summarized in table 6, page 26. All but two
of the residues classified as sticky were acidic, of which most were glutamic acid
residues. One of the non-acidic residues was a C-terminal alanine, the other was
arginine. All sticky residues were located on the protein surface.

The dr/dt vs p◦/T plots were all similar in that they all consisted mainly of
points having low p◦/T values. An example is shown in figure 7, p. 28. After
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15ns 16ns 17ns Ss pdb

Insulin

15ns
0Å ∼0.4a 0.328 0.344 0.250 0.449
3Å 0.431b 0.335 0.394 0.425 0.546
6Å 0.431b 0.218 0.228 0.288 0.461

16ns
0Å 0.328 ∼0.3a 0.443 0.174 0.512
3Å 0.335 0.237b 0.253 0.296 0.435
6Å 0.218 0.237b 0.263 0.296 0.424

17ns
0Å 0.344 0.443 ∼0.4a 0.249 0.546
3Å 0.394 0.253 0.233b 0.213 0.409
6Å 0.228 0.263 0.233b 0.247 0.422

8ns 9ns 10ns ss pdb

Cytochrome C

8ns
0Å ∼0.3a 0.311 0.334 0.223 0.324
3Å 0.164b 0.108 0.108 0.148 0.127
6Å 0.164b 0.148 0.152 0.142 0.143

9ns
0Å 0.311 ∼0.3a 0.302 0.241 0.266
3Å 0.108 0.091b 0.106 0.114 0.098
6Å 0.148 0.091b 0.097 0.123 0.100

10ns
0Å 0.334 0.302 ∼0.3a 0.235 0.271
3Å 0.108 0.106 0.132b 0.143 0.109
6Å 0.152 0.097 0.132b 0.103 0.113

8ns 9ns 10ns ss pdb

Ubiquitin

8ns
0Å ∼0.2a 0.148 0.152 0.139 0.212
3Å 0.040b 0.108 0.044 0.083 0.099
6Å 0.040b 0.046 0.044 0.070 0.099

9ns
0Å 0.148 ∼0.2a 0.141 0.081 0.180
3Å 0.108 0.109b 0.120 0.105 0.119
6Å 0.046 0.109b 0.048 0.068 0.089

10ns
0Å 0.152 0.141 ∼0.2a 0.117 0.193
3Å 0.044 0.120 0.062b 0.074 0.104
6Å 0.044 0.048 0.062b 0.074 0.093

10ns 18ns 19ns ss pdb

Lysozyme

10ns
0Å ∼0.3a 0.405 0.306 0.267 0.331
3Å 0.112b 0.115 0.109 0.101 0.131
6Å 0.112b 0.095 0.100 0.087 0.132

18ns
0Å 0.405 ∼0.3a 0.267 0.270 0.302
3Å 0.115 0.111b 0.091 0.102 0.150
6Å 0.095 0.111b 0.082 0.107 0.124

19ns
0Å 0.306 0.267 ∼0.3a 0.184 0.272
3Å 0.109 0.091 0.094b 0.090 0.145
6Å 0.100 0.082 0.094b 0.087 0.141

Table 7: Vacuum simulations. RMSD between different end structures, their
starting structures and crystal structures. RMSD was calculated beween struc-
tures with the same water shell, except for two cases: aRMSD calculated using
3Å and 6Å as reference structure, the given value being an approximate average.
b3Å structure compared with 6Å structure. Ss denotes the starting structure
and pdb denotes the crystal structure.
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Figure 7: A plot of dr/dt vs p◦/T , calculated from the ubiquitin 8ns6Å simu-
lations, after removal of a few severe outliers. The data set is spread out quite
a lot, only vaguely resembling a straight line.

removing a few outliers, attempts of finding the constant C through linear
regression yielded values of R2 roughly between 0.5 and 0.1. The quotient
between the values of dr/dt and the root mean square error was between 0.2
and 0.8, indicating a very poor fit. The mean value of C was 383 m·K ·bar−1 ·s−1

with a standard deviation σC of 222 m · K · bar−1 · s−1, giving a ratio σC/C of
0.58, which obviously is, again, very poor.

28



6 Conclusions and discussion

This thesis aimed to assess the structural changes in proteins under electro-
spray conditions, and the evaporation of thin water shells around the proteins.
Backbone structure was studied in most detail, the idea being that the back-
bone reflects the important features of any structural changes. Evaporation
was investigated by measuring the radial change of the droplet over time and
by identifying strong interactions between protein and solvent molecules. What
follows in this section are interpretations of the results, and perspectives for the
future.

The water simulations appeared to have run smoothly. However, not all pro-
teins converged to a stable structure readily, and insulin does not seem to have
attained a stable conformation at all. The Rgyr plots and SASA fluctuations
confirms this (figure 4, p. 22 and table 3, p. 23). As mentioned, insulin is known
to be flexible, and the RMSD values (appendix A) are very close to ones found
in the literature [30], which indicates that the simulations in water behaved
realistically, or at least in agreement with other, similar, simulations. The fact
that the starting structures of the other proteins differ with a RMSD in the
order of 1.2Å (table 4, p. 24), is quite reassuring, once again an indication that
the proteins had attained fairly stable conformations.

All systems maintained their total energy throughout their respective simu-
lations in vacuo (examples are found in figure 5, p. 23), which is expected for
isolated systems such as the ones in this study. The conservation of energy in
every vacuum simulation indicates that the parameter setting were chosen in a
way that does not give any reason to mistrust the trajectories.

Because of the poorly defined structure of insulin even before the vacuum
simulation, it is very hard to draw any conclusions from its large structural
fluctuations in vacuum. It seems, that insulin is very flexible, regardless of its
environment (with the exception of its Zn+2–bound hexameric crystalline form).
Even though this depends on the intrinsic properties of one specific protein, it is
a problem that adresses the generalizability of the results presented in this thesis:
As marvellous as it would be to map out structure–preserving ESI–conditions
that hold for all proteins out there, there will always be protein specific details
that make a protein more or less susceptible to denaturation in vacuo. This
does in no way diminish the relevance or importance of the results, but reminds
us about the limit to their generality.

The other systems showed much more structural rigidity. The end structures
of ubiquitin and lysozyme differ more from their crystal structures than from
their starting structures (table 7). It means that the proteins do not adopt the
exact same conformations as they would in a crystal. Whether this is also the
case for Cytochrome C is not totally clear, and more elaborate analysis of the
structural details is probably needed to definitely tell.

From table 7 on page 27, another pattern emerges for the three stable pro-
teins: the naked proteins loose part of their structure, while the proteins with
thin water shells are more protected from denaturation. Whether this protec-
tion comes from the cooling effect, where the lowered temperature reduces the
thermal motion within the proteins, or from stabilizing interactions with the wa-
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(a) All 10ns (b) Last ns

Figure 8: Superimposed backbone structures sampled each 100ps of the trajec-
tory. a All 10ns of simulation. b The last ns of simulation. The secondary
structure elements are all well preserved. The flexibility of the C-terminus is
obvious, especially from a.

ter molecules is not obvious from the data presented in this thesis.15 However,
the thickness of the water shell does not seem to influence the stability of the
structure directly. The simulations with 3Å and 6Å water layers yielded simi-
lar RMSD values between the replica end structures, and between the 3Å and
6Å end structures of the same starting configuration. It implies that neither the
starting configuration, nor the water shell thickness (as long as there is a shell)
influence the structure after 10ns. The fact that the existence of a water shell,
rather than its thickness, seems to be what stabilizes a protein structure under
these conditions, does suggest that the interaction with water is the stabiliz-
ing mechanism and not the cooling effect. Had the cooling been the dominant
mechanism one would have expected a larger difference between the 3Å and the
6Å systems, since the droplet temperatures of the former decrease more (see
table 5, p. 26 and example in fig 6, p. 25). The two effects are not mutually
exclusive, however, and it is indeed possible that a combination of the two is
what holds the structures together.

All different end structures having solvation shells are slightly more similar
to each other than to their respective starting structures. From this it seems
that proteins surrounded by a thin solvation shell adopt a special conformation,
not very different from the solvated structure. Once again, the cytochrome C
simulations are a bit inconclusive on this point. It should be noted, however,
that the 8ns6Å cytochrome C simulation seems to be structurally different
from the other simulations (table 7). More such simulations are needed to tell
whether this is because of some low probability event, or because of instability of
cytochrome C structure. Or perhaps there are two competing stable structures?
Excluding residues 73–76 in ubiquitin reduced the RMSD values by more than

15This could be further investigated by using a different solvent, e.g. methanol. Such an
extention of this study had unfortunately to be left undone due to lack of time.
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a factor of two for some entries in table 7. This is apparent from figure 8, and
the motivation for doing so can be found in section 3.3 on page 13. Identification
and exclusion of overly flexible loops for the other proteins may very well refine
the analysis significantly, providing stronger evidence for preserved backbone
structure in vacuo, and perhaps better distinguish the vacuum conformation
from solvated structure. Also, it may reveal differences between the structures
from the 3Å and 6Å simulations.

Overall it seems that, depending on the protein, structure is preserved in
vacuo, if water shells initially surround the protein. If, on the other hand,
the proteins are placed in vacuum without protective water shells, they adopt
ill-defined conformations, differing between individual molecules.

The evaporation of water turned out to be much more elusive than the sta-
bility of protein structure. The data collected was much too noisy to allow
proper testing of whether equation (20), describing evaporation of small wa-
ter droplets, also holds for the solvation shell around a protein in vacuo. Or
maybe (20) should be reformulated. Longer simulations, and a large number of
them, may provide better information. The sticky residue analysis revealed that
some, predominantly charged, parts of the protein interacted strongly with the
solvent. This is not a big surprise, since charged residues can have attractive
charge-dipole interactions with water, but it does suggest that there may be
two evaporation rates: one for evaporation of bulk water and another one for
evaporation from the sticky residues. Furthermore, there is a chance that the
interaction between the sticky residues and water molecules help stabilize the
protein. Interestingly, no sticky residues were found close to the heme group in
cytochrome C, even though there has been reports of water molecules residing
for relatively long periods of time inside the protein next to it[10]. However,
just because the water is in there, it does not mean that it is hydrogen bonded
to one particular residue for long periods of time.

A summary of the conclusions in this thesis:

• A thin water shell does in fact protect the protein from denaturation in
vacuum, for at least 10ns.

• The exact thickness of the shell is not very important for its protective
properties on a 10ns timescale.

• The protein backbone adopts a conformation in vacuum similar to the
solvated structure.

• The vacuum structure is less similar to the crystal structure than to the
solvated structure.

• Some, predominatly acidic, amino acid residues interact more strongly
with the surrounding water shell, suggesting that there might be two sep-
arate evaporation rates for the bulk water and for the water molecules
bound to such residues.

As always in science, attempts to answer one question lead to a myriad of
new ones. The stability of the backbone has been studied in this thesis, and the
obvious follow up question is whether the side chains of the protein move around
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or are restrained by intramolecular interactions, or perhaps by interactions with
the solvation shell. RMSD analysis could be used to determine the magnitude
of side chain fluctuations. Mapping of hydrogen bond patterns, and calculation
of interaction energies, are other ways of investigating this matter.

The preservation of protein structure in vacuo under ESI conditions means
that ESI indeed is a principle upon which protein injection into X-FEL beams
for single particle imaging purposes can be based, provided that the droplet
size can be sufficiently well controlled. Sadly, the fine details of the evaporation
process, when the droplet has shrunk into a thin solvation layer around the
protein, eluded the investigations conducted in this thesis.
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Appendix A RMSD for vacuum simulations
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Figure 9: RMSD for insulin in vacuo. a naked protein, b with a 3Å water
shell, c with a 3Å water shell.
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Figure 10: RMSD for cytochrome C in vacuo. a naked protein, b with a
3Å water shell, c with a 3Å water shell.

34



0 2000 4000 6000 8000 10000

Time (ps)
0

0.05

0.1

0.15

0.2

RM
SD

 (n
m

)

8ns
9ns
10ns

Ubiquitin, 0A shell

(a) No water shell

0 2000 4000 6000 8000 10000

Time (ps)
0

0.05

0.1

0.15

0.2

RM
SD

 (n
m

)

8ns
9ns
10ns

Ubiquitin, 3A shell
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Figure 11: RMSD for ubiquitin in vacuo. a naked protein, b with a 3Å water
shell, c with a 3Å water shell.
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(c) 6Å water shell

Figure 12: RMSD for lysozyme in vacuo. a naked protein, b with a 3Å water
shell, c with a 3Å water shell.
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Appendix B Rgyr for vacuum simulations
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Figure 13: RMSD for insulin in vacuo. a naked protein, b with a 3Å water
shell, c with a 3Å water shell.
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Figure 14: Rgyr for cytochrome C in vacuo. a naked protein, b with a 3Å water
shell, c with a 3Å water shell.
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Figure 15: Rgyr for ubiquitin in vacuo. a naked protein, b with a 3Å water
shell, c with a 3Å water shell.

39



0 2000 4000 6000 8000 10000

Time (ps)
0.8

1

1.2

R gy
r (n

m
)

Rg
RgX
RgY
RgZ

Lysozyme, 0A shell

(a) No water shell

0 5000 10000

Time (ps)
0.8

1

1.2

R gy
r (n

m
)

Rg
RgX
RgY
RgZ

Lysozyme, 3A shell
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Figure 16: Rgyr for lysozyme in vacuo. a naked protein, b with a 3Å water
shell, c with a 3Å water shell.
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