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Abstract

Proteins are one of the most important molecules in biology. The wide range of functions of
different proteins is also important for medical physics. Proteins are assembled by amino acids.
These amino acids are connected by peptide bonds to form a protein. The function of a protein is
decided by the composition and configuration of peptides, amino acids and their peptide bonds.
Successful experiments with Xray Free-electron laser has lead to progress in structural biology,
however there is still a need to crystallized samples in these experiments. In this project we have
investigated three amino acids. These three amino acids are included in several protein that are
hard to crystallize, glycine, valine and alanine. We have investigated their separate interatomic

bonds by performing density functional calculations and evaluating the susceptibility of the bonds
breaking in a typical time range of Xray Free-electron laser pulses. The results shows the fast

dissipation of hydrogen atoms, bond shifting within the molecules during certain ionization degrees
and the dissociation of the protein backbone after 20 fs.   
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Introduction

Proteins  consists  of  a  combination  of  amino  acids  chained  together  by  peptide  bonds.  Within
organisms, proteins have a vast array of tasks, such as DNA-replication, transportation of molecules
and catalysing metabolic reactions. The unique task of the protein is decided by the composition of
amino acids and their structure. Proteins are widely used in medical science and medical physics,
both for targeting medical drugs and radionuclide therapy. The key to knowing the function of a
protein  is  knowledge  of  the  atomic  structure  of  the  protein.  X-ray  crystallography  and  NMR-
spectroscopy are methods that can provide an image at molecular resolution.  Both methods are
expensive and time consuming. In Xray crystallography we can only retrieve well sorted diffraction
patterns when the protein is crystallized. Some proteins, like the ones often used as drug targets, are
very hard to crystallize[3]. There is however a more promising research of how to retrieve these
diffraction  images,  X-ray free-electron  lasers(XFEL).  By sending light  pulses  with  a  length  of
several femtoseconds, it is possible to get diffraction patterns of crystals of nano meter size due to
the  much  higher  fluency  of  photons  compared  to  traditional  X-ray  radiation.  This  method  is
however fairly new and not yet fully optimized. One of the problems is the heavy ionization of the
protein sample. When ionized by XFEL, the sample turns in to a plasma like state in a matter of
femtoseconds. This makes it difficult to retrieve a high resolution of the molecular structure. In this
project we focused on the critical part of determining the radiation induced damage, ionization from
scattering.  The  effects  where  studied  by  increasing  the  ionization  stepwise,  focusing  on  the
foundations of protein, amino acids. Since bond-breaking of an organic molecule is dictated by
inherently  quantum  mechanical  phenomena  we  will  resort  to  first-principles  modelling  of  the
process.  By making  an  amino  acid  the  object  of  a  DFT[4]  calculation,  we could  simulate  the
interaction  of  a  XFEL beam on  an  amino  acid  molecule.  When  hit  by  photons,  electrons  are
scattered and the molecule is ionized to some degree. We investigated the amino acids for different
degrees of ionization, simulating on a time lapse of 50 fs, and analysed the susceptibility of the
interatomic bonds breaking. By doing so, we have a chance of understanding the specific sample’s
unique,  or  not  unique dynamics  towards  dissociation.  This  procedure was done for three small
amino acids, glycine, alanine and valine. In all three cases we do expect that all hydrogen bonds
will dissolve rapidly due to the ionization. The stronger bonds, like carbon-nitrogen should have
higher susceptibility of breaking. The carbon-carbon bond would have lower susceptibility than
carbon-nitrogen and can sometimes form double bonds. The carbon-oxygen bond is a carboxylic
formation in these amino acids. This means then that one of the oxygen atoms will have a double
bond with the carbon atom. This is strong and will most likely hold through more ionizations than
any other bond in these molecules. 
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Glycine and Alanine are the two smallest amino acids that are used to form proteins. Glycine has a
structure  of  two carbon atoms(dark grey),  two oxygen atoms(red),  one  nitrogen(blue)  and five
hydrogen  atoms(light  grey).  When  forming  a  peptide  bond,  one  of  the  two  oxygen  atoms  is
removed together with the hydrogen. The carbon(C3) bonds with the nitrogen atom of the next
amino acid. The nitrogen releases one hydrogen atom. The rest product of the peptide bond forming

is then H 2O . Alanine is the second smallest amino acid and is neutral and hydrophobic. Valine is

slightly larger and is also essential in the human body. This is since the body is not capable of
producing valine. It is a neutral, hydrophobe amino acid. 
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structure

Figure 2: Alanine molecular structure

Figure 3: Valine molecular structure



Theory

Structure Determination with XFEL
Many  protein  have  had  their  structure
determined  with  NMR  and  synchrotron
Xray methods. When looking att nanometer-
sized  proteins,  the  resolution  of  these
methods is not sufficient. The development
of  a  machine  able  to  produce  extremely
short  pulses  of  photons  enable  structure
determination  of  proteins  that  are  hard  or
impossible  to  do  using  conventional
methods,  such  as  NMR  or  synchrotron
based Xray methods. The photon pulses are
in  the  length  of  femtoseconds  and  high
energy. The length of these highly energetic
pulses enables resolution of atomic scale. 

The  protein  is  purified  and  has  to  be
crystallized  before  it  can  be  used  as  a
sample. The sample is exposed to the laser
pulses  while  in  a  liquid  jet.  The  detector
registers  the  photons  scattered  from  the
sample.  Since  the  scattering  angle  can  be
related  to  the  energy  by  Bragg’s  law,  an
electron density map can be produced.  As
the sample is crystallized it is now possible
to  work  out  the  atomic  structure  of  the
sample.  The  Principle  work  scheme  of
structure determination with XFEL is shown
in figure XX.  

Density functional theory 
Simulations of particle dynamics can be performed by using density functional theory, DFT. [4] In 
this way, a description of purely quantum mechanical phenomena is enabled. This involves finding 
a wave function for the quantum state of a set of particles in an isolated system and by solving the 
Schrödinger equation we can find the ground state of such set of particles. This is done by first 
addressing the many body problem: 
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Ĥ ψ(r i , R I)=E ψ(r i , R I)

Equation 1: Many body problem

By applying the Born Oppenheimer approximation[5] we assume that electrons will be able to find
their respective ground state position much faster than the time scales involved in nucleus motion.
This enables the decoupling of the wave equation for electrons from the wave equation for nucleus,
resulting in:

ψ(r i ,R I)=ψe(r i)+ψN (R I)

Equation 2: Decoupled wave equation

The main objective now is to solve the Schrödinger equation for only electrons. The Hamiltonian
will then consist of three terms. The first term is the kinetic energy, the second is potential energy
from external fields due to positively charged nuclei. The third term is the energy from the electron-
electron interaction. The three terms of the Hamiltonian can then be written as:

Ĥ=−ℏ2

2 me
∑

i

N e

∇ i
2+∑

i

N e

V ext(ri)+∑
i=1

N e

∑
j>1

U (ri , r j)

Equation 3: Hamiltonian for electrons

    

To solve this for N electrons and 3 spatial dimensions means solving a 3*N-dimensional problem.
This is where the electron density functional theory is applied. By defining electron density there
will be only the 3 spatial dimensions. Normalized electron density can described as in equation 4.

n(r )=ψ ' (r1 , r2 , .... , rN)ψ(r1 , r2 , .... , rN)

Equation 4: Electron density definition

 

By treating the j:th electron as a single quasi-particle in a field of such quasi-particles enables the
use of the generalized Hartree product[4] in equation 5.

ψ(r1 ,r2 , ... , rN)=ψ(r1)∗ψ(r2)∗.....ψN (r N)

Equation 5: Hartree product

The electron density is then defined as in equation 6 with r defining both space and spin.
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n(r )=2∑
i

ψ ' (r )ψ(r )

Equation 6: Electron density from Hartree product

The core of DFT is  formed by the theorem that  the ground state energy is  a  functional of the

electron density,  E=E [n(r)] , together with the assumption that the energy that minimizes the

functional is the ground state electron density.

E [n(r)]>E0[n0(r)]

Equation 7: Energy functional minimization

The  energy  functional  has  several  contributions  and  can  be  expressed  as  in  equation  8.  A
fundamental  part  described in equation 9 and the second part  describing the electron exchange
correlation. 

E [ψi]=Eknown[ψi ]+EXC [ψi]

Equation 8: Energy functional: known + approximation

The known part of the energy functional is described by.

Eknown[ψi]=− ℏ
me

∑
i
∫ψi ' ∇

2 ψi d
3 r+∫V (r )n(r )d3 r+ e2

2 ∫∫ n(r)n(r ')
r−r '

d3 r d3 r+Eion

Equation 9: Known part of the energy functional

The electron exchange correlation functional is not known and has to be approximated. This is done
with the Kohn Sham scheme[6]. It is an iterative fixed point process to find the ground state energy
in a non-interacting system. By doing this we obtain the basis set. 

In this project we are investigating ionized molecules. The ionic forces are thereby central. These
can be calculated by

 F I=− dE
dr I

=−⟨ψi|∂ Ĥ
∂ r I

|ψi⟩
Equation 10: Ionic forces

,
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 and by displacement of ions from the ground state we can determine interatomic force constants
and vibrational frequencies. To make these calculations more manageable for real systems, we are
able to use an approximation when solving the wave equation of the electron density. This is called
“Frozen core approximation”.  It  means that inner electrons of an atom are not considered.  The
approximation of electron density of the “frozen core” is called a pseudopotential. This is legitimate
since  mainly  the  valence  electrons  of  an  atom  decide  the  bonding  characteristics.  The  most
important thing to consider when solving for the electron density is that we need to converge the
numerical algorithms used. This means, for example, that we must define a cut-off energy, where
we don’t consider energies above a certain value.  Pseudopotentials needs to be accurate for the
respective element and thereby tested thoroughly before using in a calculation. In this case, for
ionization,  the pseudopotentials  of higher ionization degree needs to be harder.  This  means the
pseudo wave function should match the true wave function at a lower radius than the one for lower
ionized elements.

Method

Figure 5: Workflow scheme for setting up a simulation with SIESTA and most common software that
uses DFT

To set up a density function calculation on a system of particles with most common software we can
follow the scheme in figure 5 to specify what is needed as input.

The calculation was performed on a high-performance computer in a UNIX environment at the
institution for physics at Uppsala University. It was executed by feeding SIESTA[1] with an input
file  containing  information  about  the  system  of  atoms  that  will  be  simulated  and  parameters
effecting  the  accuracy  and  speed  of  the  calculation.  These  parameters  had  to  be  thoroughly
considered to get a well converging calculation. They would have to be optimized for the unique
system in hand. The calculation was set up like in the figure 4. To define what was the object of the
calculation  we  needed  the  structure  files,  containing  atomic  coordinates  for  all  atoms  in  the
molecules. The structure files that we have used are generated from previous simulations in water at
Uppsala University. 

After  having  done  the  first  three  steps  we  executed  the  calculation  according  to  generated
parameters. In this research we wanted to look at how the molecule behaves during ionization. The
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simulation was generating data for 50 femtoseconds per degree of ionization for every structure file.
In this project we limited the degree of ionization to +10. We focused on what bonds that were
breaking in the initial ionization. The degree of ionization was increased with the NetCharge[1]
parameter. When the calculations were complete we started the analyses. We then considered the
change in distance between every atom. Siesta would calculate the new coordinates of all atoms for
every time step. We then used the distances to evaluate the bond integrity. The physical meaning
was to evaluate the susceptibility of a chemical bond braking. This was done with equation 11.

βI(atom1 , atom2 , t)= 1
N MD

∑
i=1

N MD

(1+e(λ (|d i [atom1 ,atom2](t)−d i[atom 1 ,atom2](0)|−0.5)))−1

Equation 11: Bond integrity approximation                                  [2]

In equation 11, λ=10 , which is a smearing parameter which is affecting the sensitivity of the

bond integrity function. di [atom 1,atom2](t) is the distance between atom1 and atom2 at time t

of  the  i:th  MD-simulation.  N MD is  the  total  number  of  MD-simulations(different  atomic

coordinate structure files considered). The equation has a maximum of 1 and a minimum of 0. By
subtraction of 0.5Å in the exponent we consider also the probability of the atomic vibrations. When
the bond integrity is close to 1 the bond has a great resistance of breaking and when closer to 0 the
bond is likely to break. A script and a set of templates was developed being able to handle all steps
from figure 5, including analyses of the interatomic bond integrity. The script was customized for
this task. The workflow of this automation was as follows:

The user defines what amino acid/acids that will be included in the calculation.

Creating a structure for saving results for further analyses.

This step is according to the workflow in figure 4. From given input the script starts to
compile the .fdf - file. This includes writing all amino acid specific information(coordinates,
atomic species, ….) to the input file. Retrieving appropriate parameters, writing to input file.

Executing SIESTA DFT calculation with the first ionization step.

Analysing atomic bonds. We use the distances of all combinations of atoms in every time
step to calculate the mean value of the susceptibility of the bond breaking. 

When  all  iterations  were  done  we  had  a  selection  of  output  files.  The  one  containing  the
intermolecular bonds was then used to analyse how the bonds change over the entire ionization
process. The templates, from where the script read coordinates and parameters, was compiled with
atomic coordinates generated by previous molecular dynamics simulations based on classical force
fields. The output contained the atomic coordinates of every atom for the respective time step and
ionization degree during each simulation run. These coordinates was presented in the composite
output file. From this file we could extract the coordinates, from which we determine the bond
integrity  from  equation  11.  This  was  done  by  importing  the  data  into  MATLAB  and  using
appropriate tools for visualization.
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Results

Glycine

Glycine  is  a  small  amino  acid  with  only  10  atoms.  The  chemical  formula  for  glycine  is

C2 H 5 NO2 and a visualization of the molecule is available in figure 1, where the light grey atoms

are the hydrogen, the red ones are oxygen, the blue one is nitrogen and the dark grey ones are
carbon

10 degrees of ionization was simulated, each with a time-lapse of 50 fs. The evaluation of the bond
integrity is represented in the following figures.

The bond of C2-C3 connects the carboxylic group to the molecule. At ionization +7 the bond breaks
at around 30 fs.

12

Figure 6: Bond Integrity of C-C bond of glycine. Initial ionization from +1 to +10 during 50 fs. See
figure 1 for atom configuration.



The bond between C3-O4 is a double bond and from higher ionization it will quickly dissociate
while being stable during lower ionizations.
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Figure 7: Bond Integrity of C3-O4 bond of glycine. Initial ionization from +1 to +10 during 50 fs. 
See figure 1 for atom configuration.

Figure 8: Bond Integrity of C2-N1 bond of glycine. Initial ionization from +1 to +10 during 50 fs. 
See figure 1 for atom configuration.



In figure 8, the nitrogen atom dissipates only at ionization +10, and at +5 the bond integrity is
weakened.

The process can be visualized during the time lapse. The following process is during ionization
degree +9.
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Figure 10: glycine ionization +9 at time 0 fs. Figure 11: glycine ionization +9 at time 4 fs.

Figure 9: Bond Integrity of C3-O9 bond of glycine. Initial ionization from +1 to +10 during 50 fs. 
See figure 1 for atom configuration.



During the ionization process, visualized with Avogadro, it is shown that all hydrogen atoms are
dissociated already at t=4 fs. At t=15 fs the first oxygen escapes and the remaining atoms form a

linear C2 O N molecule.

Alanine

Alanine  is  a  small  amino  acid  with  only  13  atoms.  The  chemical  formula  for  alanine  is

C3 H 7 NO2 and a visualization of the molecule is available in figure 2. The simulation was for 10

degrees  of ionization,  each with a time-lapse of 50 fs.  The evaluation of the bond integrity  is
represented in the following figures.
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Figure 12: glycine ionization +9 at time 50 fs.Figure 13: glycine ionization +9 at time 15 fs.



The bond C2-C3, that holds the carboxylic group to the molecule, breaks at all ionization degrees. 
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figure 14: Bond Integrity of C2-N1 bond of alanine. Initial ionization from +1 to +10 during 50 fs. 
see figure 3 for atom config.
Figure 14: Bond Integrity of C2-C3 bond of alanine. Initial ionization from +1 to +10 during 50 fs. 
See figure 3 for atom configuration.

Figure 15: Bond Integrity of C3-O4 bond of alanine. Initial ionization from +1 to +10 during 50 fs.
See figure 3 for atom configuration.
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Figure 16: Bond Integrity of C2-C5 bond of alanine. Initial ionization from +1 to +10 during 50 fs. 
See figure 3 for atom configuration.

Figure 17: Bond Integrity of C3-O6 bond of alanine. Initial ionization from +1 to +10 during 50 fs.
See figure 3 for atom configuration.



The process can be visualized using Avogadro. The following figures captures the most important
moments of the time lapse of an initial ionization of +9.

Valine

Valine  is  an  amino acid  of  19  atoms.  The chemical  formula  for  valine  is C5 H 11 NO2 and a

visualization of the molecule is available in figure 3. The simulation holds 10 degrees of ionization,
each with a time-lapse of 50 fs. The evaluation of the bond integrity is represented in the following
figures.
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Figure 18: Alanine ionization +9 at 
time 0 fs

Figure 19: Alanine ionization +9 at time 
7 fs

Figure 20: Alanine ionization +9 at time 14 fs Figure 21: Alanine ionization +9 at time 
50 fs



In figure 23, the C2-C5 bond is weaker during ionization degrees 5, 7 and 8.
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Figure 22: Bond Integrity of C2-N1 bond of valine. Initial ionization from +1 to +10 during 50 fs.
See figure 3 for atom configuration.

Figure 23: Bond Integrity of C2-C5 bond of valine. Initial ionization from +1 to +10 during 50 
fs. See figure 3 for atom configuration.



In figure 24 it is shown that the carboxylic group dissipates from the rest of the molecule at most
ionization degrees.
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Figure 25: Bond Integrity of C3-O4 bond of valine. Initial ionization from +1 to +10 during 50 fs. 
See figure 3 for atom configuration.

Figure 24: Bond Integrity of C2-C3 bond of valine. Initial ionization from +1 to +10 during 50 fs. 
See figure 3 for atom configuration.
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Figure 26: Bond Integrity of C3-O8 bond of valine. Initial ionization from +1 to +10 during 50 fs. 
See figure 3 for atom configuration.

Figure 27: Bond Integrity of C5-C6 bond of valine. Initial ionization from +1 to +10 during 50 fs. 
see figure 3 for atom config.



The process can be visualized using Avogadro. The figures 29 to 34 shows the dynamics of a valine
amino acid molecule with initial ionization of +9.
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Figure 30: Valine ionization 
+9 at time 0 fs

Figure 29: Valine ionization +9 at time 8 
fs

Figure 28: Bond Integrity of C5-C7 bond of valine. Initial ionization from +1 to +10 during 50 fs. 
See figure 3 for atom configuration.



An additional study was done of valine to see what would happen during a longer simulation time.
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Figure 33: Valine ionization +9 at time 35 fs

Figure 31: Valine ionization +9 at time 
30 fs

Figure 32: Valine ionization +9 at time 
35 fs

Figure 34: Valine ionization +9 at 
time 50 fs

Figure 35: Valine ionization +9 at time 235 fs



During this additional time lapse one can see
that  the unstable  constellation at  t=50 fs  is
dissolved.  At  the  time  of  500  fs  we  have
reached a state of 4 molecules that moves in
different directions.  

24

Figure 36: Valine ionization +9 at time 500 fs



Conclusions

General
It has been shown in the simulations that the dissociation pathway of the biological molecule is
dependant on the initial ionization degree, which in turn is depending on the incoming photon pulse
energy in the case of XFEL structure determination. The simulation are performed in vacuum, by
that we make the assumption that the dynamics during the short time lapse is the same as in other
media. This assumption is only valid in the short time span of this simulation. Any longer period of
time the reactions taking place might be different depending on what type of medium the molecule
is  in.  This  is  because  the ionization  energies  and  electron  affinities  change  as  the  dielectric
properties around the molecule change, and the fragmentation can be hindered by scattering against
molecules in the media. In this case the incoming photon energies are high enough, and the time
span short enough, to neglect this.

The double bond of carbon and oxygen in the carboxyle group is stable in all amino acids. Only for
higher ionizations of glycine is there an effect of breaking. 

The carboxyle group is a stable configuration and by that the bond of C2-C3 is easily breaking
when ionized. This bond is part of the protein backbone and when a peptide bond is formed, the
amino  group(nitrogen-hydrogen)  bonds  to  the  carboxyle  group,  releasing  a  resulting  water
molecule. If the double bond of oxygen-carbon still holds strong when ionized in a peptide bond the
backbone of the protein is quickly lost when the C2-C3 bond breaks. The conclusion of this is that
already after 20 fs of a photon pulse, equivalent to these low simulated ionization energies, the
backbone of the protein is not usable as a target sample in structure determination.

Glycine
The Hydrogen atoms quickly dissipates. Shortly after we can see the double bond of Carbon –
Oxygen breaking.  Evaluating the bond integrity. The double bond of Carbon – Oxygen where, as
expected, more durable during low ionization. At ionization degree +8, in figure 6, we can see that
this bond is quickly upset at an early stage. The ionization barrier of this bond clearly lies at +8. As
soon as this is reached it quickly dissolves.

The Carbon – Carbon bond holds strong in all simulated ionization degrees except for +7. 

In ionization +5 and +6, the carbon-nitrogen has decreased susceptibility during some times while
at +10 it dissolves after 30 fs.

The single bond of carbon oxygen is stable through all 10 ionization degrees.

At time 50 fs we are left with the molecule N OC2 with linear bonds.
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Alanine
Hydrogen atoms are quickly dissipated even at low ionization.

In all ionizations of alanine the carboxylic group stays intact except from the hydrogen atom.  The
carbon bond of C2 and C3 breaks early in all ionizations and forms two molecules drifting away

from each other. CO2 and NC2  ,which should remain intact until further impact from external

fields.  We can see in figure 13 that the bond between C2 and N1 is strained at +7 and could perhaps
break.  We also notice that the lowest susceptibility for C2-C3 is during ionization +4 and +8.

Valine
The hydrogen atoms are dissipated in an early stage but not as fast as in the case of small amino
acids. Nitrogen holds on to the hydrogen atom stronger than other since it’s natural configuration of
electrons. During the time lapse it temporarily breaks the hydrogen bond but due to a bond shift a
hydrogen atom bond is retrieved.

At t=35 fs the carboxylic group of valine breaks loose and due to their strong susceptibility it stays
intact even through 500 fs of simulation of all ionizations. The connecting atom of the carboxylic
group has a lower susceptibility of the bond breaking to the group than to the next element. The
carboxylic group is strong which has been the case of all three amino acids.

The C2-C3 bond, the bond to the carboxylic group, is broken in all stages of ionization except stage
1. The bond integrity is decreased specially in ionization degrees 2, 3, 6, 9, and 10. 

Looking at figure 23 we can see that the C2-C5 bond is weakened at initial ionizations of +5, +7
and +8. 

At t=50 fs we have two molecules. The one containing nitrogen has a complex configuration where
no bonds are stable.

Valine  is  the  largest  amino acid  of  the  three.  It  also  seems to  be  the  most  stable  through the
simulations. Since valine has more electrons in the neutral molecule, the increase in net charge of
the molecule is not as large, with respect to number of electrons as in glycine and valine. 
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Outlook
To improve the accuracy of the calculations it is important to improve the convergence by making
sure the system uses enough iterations in every time step. It is also possible to make an evaluation
function to see how much energy is changing during iterations to ensure convergence of the results.
If the calculation does not converge towards a specific energy in a time step the forces calculated
might be inaccurate, and by that, the displacement of the atoms will be incorrect.

We will also vary the initial temperature to see what the effects will be. When performing XFEL
structure determination,  this is done in water at  NTP. This means we should use a temperature
closer to that.

In  higher  ionization  degrees  there  might  be  a  use  for  different  pseudopotentials.  This  will  be
investigated for future calculations.

As a next step in these calculations we will add more amino acids into the same simulation. The
interest lies in the dynamic of the peptide bond dynamics.
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