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Chapter 1

Introduction

1.1 Photoactive yellow protein

Light governs some of the most important processes in life. It does this, as in most biologi-
cal processes, with proteins. The photoactive yellow protein (PYP) is such a light-sensitive
protein. This bacterial protein was discovered in 1985 by Meyer:1“Ectothiorhodospira
halophila synthesizes substantial amounts of a small yellow-coloured protein. [...] The yel-
low protein [...] has not been observed previously in phototropic bacteria.” Nowadays,
we call this bacterium Halorhodospira halophila; similar PYP molecules have been found in
other bacteria since.

As it is small, water-soluble and easily available, PYP is an excellent model system for
many other proteins. Firstly, its response to light is very similar to that of rhodopsin - the
protein in our eyes that enables vision - and its bacterial counterpart bacteriorhodopsin.2, 3

As rhodopsin is much larger than PYP and membrane-bound, it is more difficult to handle
and study. Research on PYP teaches us how photoactive proteins react to light. Secondly,
PYP is a member of the PAS protein family. Proteins from this family all contain a PAS
domain, a structural feature that was named after the three proteins it was first found in.4, 5

Many members are signalling proteins: they respond to an external trigger by changing
their shape. Sometimes this involves the movement of only a couple of residues, sometimes
the protein even unfolds partially. Studying one particular well-known protein of this fam-
ily will help us understand how the signalling process in general works, or - maybe even
more important - why in some cases it does not work properly. A third reason to study PYP
is the highly effective way that nature uses proteins to transport certain signals. When we
can copy the way these photonanodevices work in vivo, we can use this information for our
own photoelectric devices as well. Photoactive and/or conducting proteins might be very
efficient sensors and signal transductors. This field of research is called photobioelectron-
ics. For these reasons, PYP has been studied by many biologists, chemists and physicists,
from experimental, theoretical and computational fields.6–16

1.1.1 Structure of PYP

Although the existence of PYP was confirmed in 1985, it took a decade to find its primary,
secondary and tertiary structure. Again Meyer17 took the next step, identifying some of
the characteristics of the chromophore: “A water-soluble yellow protein [...] contains a
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Figure 1.1: Deprotonated p-coumaric acid, the chromophore in PYP.

chromophore which has an absorbance maximum at 446 nm. The protein is now shown to
be photoactive.” Hoff et al.18 discovered in 1994 that this chromophore was p-coumaric acid
(figure 1.1), also called 4-hydroxycinnamic acid. Soon after, Baca19 published the amino
acid sequence and Borgstahl20 one of the first X-ray structures. The 125-amino-acid protein
is shown in figure 1.2, based on a more recent crystal structure from the Protein Data Bank
(PDB).21 The deprotonated and negatively charged p-coumaric acid (pCA) is attached to
the amino acid cysteine at position 69 with a covalent thioester bond. This means that the
carboxylic OH group of pCA (see figure 1.1) is replaced by the sulphur atom of Cys69 (see
figure 1.2). To accommodate the negative charge in the interior of the mainly hydrophobic
protein, it is stabilised by hydrogen bonds donated by two nearby amino acids, tyrosine
42 and glutamic acid 46. In plane with the pCA aromatic ring lies the guanidinium group
of arginine 52, which is positively charged. We call the chromophore and its immediate
surroundings in the protein the ‘chromophore binding pocket’.

1.1.2 Photocycle

In its function as a light-active signalling protein, PYP is believed to inform its host about
hazardous blue and UV radiation. PYP responds to this radiation in a number of steps
in which it changes its shape, ending up in the same state as where it started. This is
called the photocycle. Upon excitation, the chromophore trans-cis isomerises, leading to a
chain of reactions. One of the steps in this process is a proton transfer to the deprotonated
chromophore.23, 24 Within milliseconds after the isomerisation, the protein unfolds into its
signalling state.25 The refolding back to the ground state takes hundreds of milliseconds.
These may seem very short times, but in the framework of atomic-scale computational
studies these processes take extremely long (see also section 1.2).

Using UV-vis spectroscopy, several intermediates have been identified along the pho-
toreaction pathway. The structure of these intermediates is known from X-ray crystallog-
raphy and NMR experiments. The photocycle starts with the protein in its ground state,
pG, also referred to as the ‘dark’ state. Contrary to this name, all intermediates I discuss
here are in their electronic ground state. In the pG state the protein is ‘in rest’, its structure
is undisturbed. After excitation by 446-nm light, pCA rotates around its double bond and
takes on a cis configuration. The molecule falls back to its electronic ground state radiation-
less. This new state has an UV-vis absorption peak that is red-shifted with respect to the
ground state’s and hence is called pR. Except for the new isomerisation state, the conforma-
tion of the chromophore binding pocket hardly changes. Only the hydrogen bond between
the chromophore’s carbonylic oxygen and the protein backbone is broken, as this oxygen
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Figure 1.2: The full structure of PYP. This picture is based on the PDB structure 1OT9.7 It shows
the chromophore, attached to the protein with a thioester bond (bottom of the figure). In the middle,
two amino acids (Glu46 left of Tyr42) donate a hydrogen bond to the phenolic oxygen of pCA. All
molecular pictures in this thesis are made with VMD.22

Figure 1.3: The photocycle of the photoactive yellow protein.
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points to the other side after the isomerisation. The other hydrogen bonds stabilising the
negative charge on the chromophore are still intact. Next, the chromophore accepts a pro-
ton and the protein partially unfolds into a new state, the blue-shifted signalling state (pB).
As the protein has an entirely different shape now, it can transmit the signal by attaching
to a receiver.

Experiments show that pCA is deprotonated and Glu46 protonated in the pG and the
pR state, whereas the protonation states for these groups are reversed in the pB state: in the
signalling state, pCA is protonated. Glu46 has lost its proton and is now carrying a nega-
tive charge.23, 24, 26 Many large-scale structural rearrangements occur as well. The protein
is now partly unfolded and Glu46 and the chromophore are solvent exposed (as are other
groups from the protein interior).25 It is not exactly known which intermediate states are
involved in the transition of pR to pB. The transition from pG to pR occurs on a nanosecond
timescale and only affects the chromophore binding pocket, while the process of protona-
tion and unfolding to pB takes milliseconds and involves the entire protein.27 A reversible
reaction turns pR into pB’, in which the protein conformation has hardly changed, but the
absorbance peak has changed due to protonation of pCA. This step takes tens to hundreds
of microseconds.28 Hereafter, the unfolding of the protein turns pB’ into pB irreversibly.
The exact mechanism remains unclear, as the different time and length scales make exper-
imental and computational investigations difficult. The final step in the photocycle is the
refolding from the signalling state back to the ground state. In this subsecond process, pCA
is deprotonated and isomerised and Glu46 is protonated again. But in this thesis, I focus
on the initial processes in the pR to pB transition only.

Experimentalists suggest different mechanisms and intermediates for the proton trans-
fer. Genick et al. state that after partial unfolding of the protein, the deprotonated chro-
mophore is solvated in water and takes a proton from one of the solvent molecules.29 In
contrast, several others such as Hendriks et al.26 and Pan et al.30 conclude from their mea-
surements that it is most likely that pCA is protonated by the proton from Glu46. In this
thesis I study this proton transfer and address the question if I can find computational ev-
idence to confirm one of these mechanisms and if I can learn more about the protonation
process.

1.2 Dynamical computer simulations

All dynamical computer simulations share the same principle: based on a known situation
at time t = 0 and knowledge on how the system evolves, it is possible to get information
about the system at many different times t. The system can consist of simple or complicated
‘building blocks’ (single atoms or mammals), it can be small or large (nanometer scale or
the milky way): as long as the laws by which the particles behave and the starting point are
known, in principle any system can be simulated. However, in reality there is a trade-off
between the amount of detail needed on the subject and the amount of computer power
available. In this thesis, I mainly simulate at the level of electronic detail. This has the
drawback that in order to simulate tens of picoseconds ‘real time’ on a system of around
one hundred atoms, I need about two months of ‘computer time’ on 48 modern CPUs.

Often, the starting point for computer simulations is provided by experimentalists.
They measure protein structures with X-rays or NMR; they follow the planets with their
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Figure 1.4: An impression of the QMMM method. The first picture shows the photoactive yellow
protein in water. When I simulate a system as big as this, I mainly use force field MD. The second
picture shows the interaction region: the thick lines indicate the atoms treated with a quantum
method, the thin lines are the atoms in the interface region between force field and quantum MD.
The third ‘magnification’ shows the electronic structure of the chromophore in vacuum, a somewhat
artistic visualisation of the fact that for this part of the protein DFT is used.

telescope; they know how many predators and preys live together in a certain biotope.
Sometimes, experimentalists also have an idea about the laws according to which the sys-
tem evolves; simulations can use these laws to predict a future situation. Sometimes the
laws are theoretical: if they describe a known system well, they can be used to describe a
similar unknown system. Comparing simulated configurations with the results of experi-
ments will give information on whether or not the theory is correct. Computer simulations
can study systems at extremely high or low temperatures or pressures just as easily as
systems at ambient conditions.

When we talk about molecular dynamics (MD), we restrict ourselves to simulations on
the atomic and molecular scale. This includes still a wide variety of systems, ranging from
polymer flows to vibrational modes in a single hydrogen molecule. What particles in these
systems have in common, is that their movements can be described with Newton’s laws.
When the forces between the particles are known, the acceleration, velocities and positions
can be calculated. The way in which the forces are determined may differ. In this thesis,
I mainly use density functional theory (DFT) - which is based on quantum mechanics -
and an empirical force field (Gromos96)31 to calculate the forces. I use different compu-
tational methods to span the various time and length scales involved in the photocycle
of PYP. In chapter 2, I extensively discuss their theory and algorithms. The larger pro-
tein movements are modelled using force field molecular dynamics (FFMD) with atomic
detail, whereas I use DFT for the actual reaction site. DFT calculates the electronic struc-
ture of the chromophore and its surroundings, and hence describes reactions involving
chemical bond-breaking ab initio. Recently developed techniques such as the quantum me-
chanics/molecular mechanics (QMMM) method32, 33 combine the two methods, enabling
the investigation of reactions in larger systems ab initio (see figure 1.4).

A simulation of an equilibrated many-particle system generates a substantial amount
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of numerical data. It provides extra data that cannot be obtained (easily) from experi-
ments, such as femtosecond snapshots of all atomic positions. But often the properties
in a simulation are not directly comparable to the ones that experimentalists measure in
real systems. For useful comparison (for example to check the validity of data), measur-
able practical quantities need to be extracted from the numerical data. Using the theory of
statistical mechanics (see for example the textbook by Frenkel & Smit34), one can relate sta-
tistical microscopic data to macroscopic thermodynamic properties. A prerequisite is that
the simulations are ergodic. When averaging a simulated quantity over a certain time, the
average value should be independent of the timespan chosen and equal to the expectation
value. As an example, averaging the squared velocities (kinetic energy) of many simu-
lated particles during sufficient time steps allows for calculation of the temperature of the
bulk substance. MD simulations are a very good tool to provide statistical predictions of
many different properties. In order to collect the data, it generates trajectories that sample
the phase space. Although these trajectories are not real, there is considerable evidence
that they are close to true trajectories.34 Hence, the information from MD simulations is
twofold: statistical prediction of (bulk) properties and trajectories giving a good indication
on how processes happen on atomic time and length scales.

1.3 Outline

In the next chapter I will discuss the different theories that underlie the computer simula-
tions, particularly the physical theories that form the basis of the force calculations. Chap-
ter 2 also explains how they are incorporated in the software. The subsequent chapters will
present research on the PYP chromophore in aqueous solution and inside the protein us-
ing different computational techniques. I will also zoom in onto glutamic acid as a possible
proton donor. After discussing the conditions and factors that enable the protonation in the
protein in chapter 3, I look in depth at one of the most important factors: the stabilisation by
hydrogen bonds of the negatively charged groups in the chromophore binding pocket, the
chromophore (chapter 4) and glutamate (chapter 5). After that, I use some computational
tricks to enhance the actual proton transfer reaction inside the protein in chapter 6. This
thesis concludes with a scientific summary in English and a layman’s version in Dutch.



Chapter 2

Theory

In this chapter I will introduce the methods I used for my computer simulations and ex-
plain their theoretical background. I will start with molecular dynamics (MD) simulations
in general: how do we calculate the way particles move? An important aspect of this is
the calculation of the forces between particles. Sections 2.2 and 2.3 discuss the two meth-
ods used in this thesis: force field and quantum chemical MD respectively. For the force
field simulations, I used Gromacs35 and Gromos36 software, both with the Gromos96 force
field.31 CPMD37, 38 and CP2K39 software performed the quantum MD. These basic meth-
ods have been around for some decades now. More recently - in the last decennary - new
techniques have been developed to enable us to get more, or different types of, information
from MD simulations. I will explain these ‘advanced methods’ in section 2.4. I will con-
clude this chapter with a section on how I collect and analyse information from simulation
data (section 2.5).

2.1 Molecular dynamics

All molecular dynamics methods in this research use Newton’s laws of motion.

F = ma (2.1)

a =
dv
dt

(2.2)

v =
dr
dt
, (2.3)

where the vector F is the force on a particle, a its acceleration, v the velocity and r the po-
sition. m is the mass of a particle and t is for time. A different formulation of the equations
of motion, widely used in ab initio MD, is based on the Lagrangian function. For a system
of N particles of mass mi with kinetic energy Ukin and potential energy V , the Lagrangian
L is

L(rN , ṙN ) = Ukin(ṙN )− V (rN ) =
N∑

i=1

1
2
miṙ2

i − V (rN ). (2.4)
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One finds the equations of motion by applying the Euler-Lagrange equation

d
dt
∂L
∂ṙi

=
∂L
∂ri

. (2.5)

This leads to

∂L
∂ṙi

= miṙi, (2.6)

d
dt
∂L
∂ṙi

= mir̈i, (2.7)

∂L
∂ri

= −∂V
∂ri

, (2.8)

hence

Fi = −∂V
∂ri

= mir̈i, (2.9)

which for each particle i corresponds to eq. 2.1. The force on a particle is equal to the
derivative of the potential energy. This potential energy is defined by the presence of other
particles and/or the presence of an external field. The force changes the velocities v of the
particles and hence their positions r. In a new position they feel new forces and the whole
cycle starts again. The new postion can be found by integrating the equations of motion; in
an MD simulation this is done by taking time steps that are so small, that we can assume
that the force does not change when the system evolves from t to t+ ∆t. A simple (though
not numerically stable) way is

v(t+ ∆t) = v(t) + a∆t
r(t+ ∆t) = r(t) + v∆t. (2.10)

To ensure energy conservation, proper algorithms are time reversible, just as Newton’s
equations are; this algorithm is not. In this work, the software uses two different al-
gorithms34 to integrate these equations of motion. CP2K (section 2.3.2) and CPMD
(section 2.3.3) use the velocity Verlet algorithm, Gromacs and Gromos (section 2.2) use
leapfrog. When starting a simulation, the positions are often known from experiments (for
example in case of protein structures) or they can be randomly assigned (for example in
case of a gas). The same is true for the velocities, although they are hardly ever experimen-
tally measured for individual particles. An often used approach (also in this thesis) is to
draw the velocities from a Maxwell-Boltzmann distribution. The calculation of the forces
is explained in subsection 2.1.3.

2.1.1 Velocity Verlet algorithm

To explain the velocity Verlet algorithm, I calculate the new position by making a Taylor
expansion
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r(t+ ∆t) = r(t) +
dr
dt

∆t+
1
2

d2r
dt2

∆t2 +O(∆t3)

= r(t) + v(t)∆t+
1
2
a(t)∆t2 = r(t) + v(t)∆t+

F(t)
2m

∆t2. (2.11)

For updating the velocities, one assumes that the acceleration during time ∆t is constant
and based on the average force

v(t+ ∆t) = v(t) +
F(t+ ∆t) + F(t)

2m
∆t. (2.12)

Note that in order to calculate the new velocity, the new force and therefore the new posi-
tion is required.

2.1.2 Leapfrog algorithm

The leapfrog algorithm is called this way because position and velocity make ‘leapfrog’
jumps over each other’s back; they are calculated half a time step after each other. If the
positions are known at integer time steps, then we define the velocities at half-integer time
steps

v(t−∆t/2) ≡ r(t)− r(t−∆t)
∆t

(2.13)

v(t+ ∆t/2) ≡ r(t+ ∆t)− r(t)
∆t

. (2.14)

Eq. 2.14 can be rearranged into

r(t+ ∆t) = r(t) + ∆tv(t+ ∆t/2). (2.15)

To calculate the new position, the velocity for moving from the old to the new position is
calculated from the force at the old position

v(t+ ∆t/2) = v(t−∆t/2) + ∆t
F(t)
m

. (2.16)

A characteristic of the leapfrog algorithm is that the positions and forces are not known at
the same moment as the velocities and total energy.

2.1.3 Force calculation

From the previous section, it is clear that calculation of the forces between particles is an
important issue in all MD simulations. The forces applied to a particle at location r depend
on the potential energy V (r) of the system at that location (according to eq. 2.9). In this
thesis I use two main methods to calculate this potential energy and hence the forces: with
a force field and ab initio. The methods are explained in sections 2.2 and 2.3 respectively.

Calculating forces becomes more demanding when one has more particles in the sys-
tem, as more terms build up the potential energy. Simulations are most efficient when
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they simulate real (bulk) properties with as little particles as possible. To do this, periodic
boundary conditions (PBC) are applied to the system. This means that the system is sim-
ulated in a box, surrounded by exact copies of this simulation box. Whenever a particle
leaves the box on the right side, it enters the neighbouring box, and hence the box itself,
on the left side. In this way, boundary effects are avoided and bulk properties can be cal-
culated with a relatively small system. Long-range forces, such as Coulomb forces (see
section 2.2), require special attention, as their range usually exceeds the size of the periodic
box. Dealing with long-range forces requires correct implementation of the PBC plus effi-
cient handling of potential energies built up out of components from many particles that
are all in each other’s interaction range. These forces can be calculated fast and accurately
with Ewald summations; this is used in both quantum chemical software packages. Only
for non-periodic systems (as in QMMM, see subsection 2.4.1), a Poisson solver is necessary.
I use Tuckerman’s40 algorithm for this. A slightly modified version of the Ewald summa-
tion is particle-mesh Ewald,41 used in the force field MD simulations with Gromacs. The
Gromos software uses a different method, the twin-range method.36

2.2 Force field molecular dynamics

In force field MD, the potential energy and forces between particles are predefined func-
tions of the position of a particle with respect to the other particles. The functions are em-
pirical and/or based on quantum simulations (see section 2.3). The force field parameters
are fitted to reproduce bulk thermodynamics properties, such as the density and solvation
enthalpies.42, 43 We distinguish two types of interactions: bonded and non-bonded poten-
tial energies. During the MD simulations, the force is calculated by taking the derivative of
the potentials with respect to the position, as in eq. 2.9. A widely used function to describe
non-bonded interactions between atom pairs at distance rij is the empirical Lennard-Jones
equation (2.17)

VLJ(rij) = 4ε

[(
σ

rij

)12

−
(
σ

rij

)6
]
. (2.17)

It combines the repulsive Pauli potential with the attractive Van der Waals interaction. In
this equation, ε is the depth of the energy well at the minimum, at a distance of 1.12σ
(see figure 2.1). The parameters depend on the nature of the two particles. Next to this,
charged particles feel an electrostatic force. This is calculated from the Coulomb potential
for particle i and j, depending on their charges qi and qj and on the dielectric permittivity
ε0 (which is a different constant from ε in the Lennard-Jones equation)

VCoul =
1

4πε0
qiqj
rij

. (2.18)

The Lennard-Jones potential - and often the Coulomb potential as well - describes forces be-
tween particle pairs that are not connected with chemical bonds. When bonds are present,
the Lennard-Jones interaction is replaced by so-called bonded interactions. In the rest of
this section, I will explain the different types of bonded interactions in my simulations.

Chemical bond stretching between two atoms (or atom groups) on either side of a co-
valent bond is described with a harmonic potential with spring constant kij around equi-
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ε

Figure 2.1: The Lennard-Jones potential is an empirical description of the repulsive Pauli potential
and the attractive Van der Waals interaction. The shape of the potential is defined by σ and ε.

librium value d2
ij . For computational efficiency, the software uses the squares of the vectors

and not the distances (saving many square root operations)

Vb(rij) =
1
4
kij(r2

ij − d2
ij)

2. (2.19)

Three bonded atoms define a bond angle. Its bending vibrations depend on the angle θ
defined by the three atoms i, j and k

Va(θijk) =
1
2
kijk

(
cos(θijk)− cos(θ0

ijk)
)2
, (2.20)

with

cos(θijk) =
rij · rkj

rijrkj
. (2.21)

Dihedral potentials describe the interaction between four neighbouring atoms. There are
two types. Improper dihedrals (eq. 2.22) keep planar groups - such as aromatic rings -
planar or make sure that chiral centres do not change into their mirror image. They are
defined by the angle ξ between the two planes defined by the atoms ijk and jkl, according
to figure 2.2 and eq. 2.22

Vid(ξijkl) =
1
2
kξ(ξijkl − ξ0)2. (2.22)

Proper dihedrals regulate rotation around bonds, as in figure 2.2d,

Vd(ξijkl) = kξ(1 + cos(nξijkl − ξ0)). (2.23)

In the case of a double bond, n = 2, as there are two possible low-energy configurations. In
the cis configuration, atom i and l are on the same side and ξ = 0; in the trans configuration
the angle ξ = 180◦. By choosing ξ0 equal to one of these angles, Vd(ξijkl) shows two equal
minima when the atoms are in one of these configurations.

In this thesis I use the Gromos96 force field31 - version 43A1 - to describe these interac-
tions. A newer version became available during my PhD, but I have not used it, in order
to be able to compare my work to my own older work. I also use work based on version
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Figure 2.2: Definition of dihedrals in the force field according to equations 2.22 and 2.23. ‘a’ to ‘c’
are improper dihedrals; ‘a’ shows a part of an aromatic ring, ‘b’ an atom that is surrounded by three
others in a flat configuration and ‘c’ is a chiral centre. ‘d’ defines a proper dihedral around a double
bond.

43A1 from colleagues as a starting point for my own simulations (see chapter 6). The force
field provides the parameters to be used in eqs. 2.17 to 2.23 for calculating the non-bonded
interaction, bond stretching, bending vibrations and dihedral interactions respectively.35

It is fitted to describe proteins and their solvents. The force field also includes (partial)
charges qi on atoms, so the Coulomb force can be calculated. The Gromos96 force field
works with implicit hydrogens, meaning that non-polar hydrogens are not included in the
simulation. Instead, for example a CH2 group is treated as one particle. The Gromacs de-
velopers35 advise to use the Gromos96 force field together with the simple point charge
(SPC) description44 of water molecules where all three atoms in a molecule are restrained
by harmonic bond potentials and have a partial charge of 0.82 e for the oxygen atom and
0.41 e for both hydrogens.

2.3 Ab initio molecular dynamics

Not all situations and events are described well with force field MD. Examples are excited
states, some dipole-dipole interactions and chemical reactions. In all these cases, the forces
between atoms depend on their positions, on time, on polarising groups nearby, on exter-
nal fields etc. It no longer suffices to regard atoms as simple particles with a fixed charge,
so we have to take into account that they consist of nuclei surrounded by electrons. In
this way, the forces are calculated ab initio, without any predefined force field parameters,
on the fly. More precise, quantum chemical theory calculates how the electron density is
influenced by the positive nuclei in the system and vice versa, how the spreading of neg-
ative charge moves the positive particles. Theoretically, apart from the starting positions
of the atomic cores and the laws of quantum mechanics, nothing else is needed to perform
the simulation. A system of nuclei and electrons is described by the Schrödinger equation.
Solving this equation is computationally very demanding, as the number of variables is
much larger than in force field simulations. Not only do we have degrees of freedom for
every atom, every electron now has degrees of freedom that have to be calculated too.

The rest of this section is mainly based on the very complete and well-written textbook
by Martin.45 I will ignore the electron spin, as in my work I only have orbitals that contain
two indistinguishable electrons.

The basic formulation of the time-independent Schrödinger equation is

Ĥψ(ri,Rj) = Eψ(ri,Rj), (2.24)
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with ψ(ri,Rj) the wavefunction describing the complete system based on the spatial coor-
dinates of electrons (ri) and ions (Rj). Applying the Hamilton operator Ĥ on ψ gives us
the eigenvalue E, the total energy of the system. For a system of electrons (lower case) and
ions (upper case), the full Hamiltonian is

Ĥ = − ~2

2me

∑

i

∇2
i −

∑

i,I

ZIe
2

4πε0|ri −RI | +
1
2

∑

i6=j

e2

4πε0|ri − rj |

−
∑

I

~2

2MI
∇2

I +
1
2

∑

I 6=J

ZIZJe
2

4πε0|RI −RJ | , (2.25)

with h = 2π~ Planck’s constant,me andMI the masses of an electron and ion I respectively
and ZI the atomic number.

The first term is the kinetic energy of the electrons, the second term the electron-ion
Coulomb interaction, then the electron-electron Coulomb energy, the ionic kinetic energy
and finally the potential energy due to ion-ion Coulomb interaction.

Up to the system of two protons with one electron (positively charged hydrogen
molecule), the eigenvalue problem of eq. 2.24 can be solved analytically. For larger sys-
tems, we need to use approximations and numerical methods. Different approaches have
been proposed to tackle this question; I refer to any text book on electronic structure calcu-
lations for an overview.45

A very good approximation in almost every ground state system is the Born-
Oppenheimer or adiabatic approximation.46 For calculating the energy of electrons in the
ground state, it is reasonable to assume that the positions of the nuclei are fixed and hence
the kinetic energy of the nuclei can be eliminated from the Hamiltonian. The idea behind
this is that ions are so heavy with respect to electrons that you can decouple their motion.
This leaves us with the Hamiltonian for the electronic structure

Ĥ = T̂ + V̂ext + V̂int + EII . (2.26)

T̂ is the operator giving the kinetic energy of the electrons, V̂ext gives their potential energy
due to the external field of the ions, V̂int the electron-electron interaction and the constant
term EII is the classical Coulomb interaction of the nuclei. As this last term does not
change, it can be left out.

In dynamical quantum simulations, the method of choice nowadays for calculating
the electronic structure is density functional theory. It is explained in section 2.3.1. Sec-
tions 2.3.2 and 2.3.3 present two algorithms that are the basis for the ab initio software used
for this thesis.

2.3.1 Density functional theory

Density functional theory (DFT) calculates the energy of a (molecular) system using its elec-
tron density. DFT became practically useful in 1964, when Hohenberg and Kohn47 proved
that the ground state energy of a system has a one-to-one relation with the electron density
distribution. They were the first to formulate DFT exactly, using two theorems. I) In a sys-
tem of interacting electrons in an external potential Vext, this Vext is determined uniquely,
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except for a constant, by the ground state electron density ρ0; II) For any Vext, there is a
universal energy functional E[ρ], depending on the electron density. By minimising this
functional (applying the variational principle), the ground state energy and ground state
density are found. This Hohenberg-Kohn energy functional has the following form

EHK [ρ] = T [ρ] + Eint[ρ] +
∫

drVext(r)ρ(r)

≡ FHK [ρ] +
∫

drVext(r)ρ(r). (2.27)

The electron density is a function of r, with ρ(r) ≥ 0. Integrated over the entire space, it
must be equal to the total number of electrons. FHK [ρ] is ‘universal’ in the sense that it does
not depend on the position of the nuclei. The interaction of the electrons with the ‘external’
potential of the nuclei is represented by the integral term in eq. 2.27.

From the second theorem, the ground state energy E0 is

E0 = E[ρ0(r)] ≤ E[ρ((r)], (2.28)

with ρ0 the ground state density. Applying the variational principle will give us the mini-
mum energy, under the constraint that the total number of electrons is constant. This result
is given by the Euler-Lagrange equation, with Lagrange multiplier µ being the chemical
potential of the electrons

µ =
∂E[ρ(r)]
∂ρ(r)

= Vext(r) +
∂FHK [ρ(r)]

∂ρ(r)
. (2.29)

The Hohenberg-Kohn equation, eq. 2.27, is exact. But as long as the precise energy func-
tional is not known, it is not particularly useful. The Kohn-Sham ansatz provides a way
of describing the functional. It introduces a reference system, for which the functional is
easier to solve than for the interacting many-body system. A crucial factor is the exchange-
correlation functional, that incorporates the difference between the real and the reference
system. The ansatz now is that the ground state density of the real system can be repre-
sented by the ground state density of an auxiliary system S of non-interacting electrons.48

The density of the auxiliary system is built up by the squares of the so-called Kohn-
Sham orbitals φi. Although these orbitals are not the ‘real’ orbitals, they are often used as
a good representation and add up to the real density

ρ(r) =
N∑

i=1

|φi(r)|2, (2.30)

where 2N is the number of electrons in the system (2N electrons fill N orbitals). In a
simulation, the orbitals will be built up from a suitable basis set. The kinetic energy of
these non-interacting electrons is

TS = − ~2

2me

N∑

i=1

< φi|∇2
i |φi > (2.31)

The Coulomb interaction between the electrons is calculated as the Hartree energy
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EHartree[ρ] =
e2

2

∫
d3rd3r′

ρ(r)ρ(r′)
4πε0|r− r′| . (2.32)

Note that this is not exactly the same as the Vint term in eq. 2.26, as eq. 2.32 includes an
extra self-interaction term. Because the integration runs over the complete density twice,
all electrons necessarily interact with themselves. I will come back to this when I discuss
the exchange-correlation energy EXC . The potential field from the nuclei now interacts
with the electron density instead of the separate electrons. For any point in an external
field of N ions, Vext is

Vext(r) = −
N∑

I=1

ZIe

4πε0|r−RI | . (2.33)

The energy functional is now

EKS = TS +
∫

d3rVext(r)ρ(r) + EHartree[ρ] + EXC [ρ]. (2.34)

The exchange-correlation energy EXC is the difference between all other terms and the
Hohenberg-Kohn equation (eq. 2.27), hence

EXC [ρ] = FHK [ρ]− (TS +EHartree[ρ]). (2.35)

EXC includes the difference in the kinetic energy of the real and the auxiliary system and
the difference between the Hartree energy and the real electron-electron interaction. IfEXC

is known exactly, then EKS is exact. However, in practice it must be estimated. When this
estimation is sufficiently good, then the Kohn-Sham approach provides reasonable results.
Easy and widely-used is the Local Density Approximation (LDA),

ELDA
XC =

∫
drρ(r)εxc([ρ(r)], r), (2.36)

with εxc the exchange-correlation energy per electron in a homogeneous electron gas at
constant density. This εxc is calculated and tabulated for many densities with very accurate
quantum Monte Carlo simulations.

The simple LDA works surprisingly well for solid state calculations. However, a quan-
titative study of chemical reactions is problematic, as a high accuracy of a few kcal/mol is
needed. In this case, a generalised gradient approximation (GGA) improves the LDA. It
adds extra terms to (2.36) depending on derivatives of the density. A well-known example
of this is the BLYP functional; it is used throughout this thesis. It combines the exchange
energy approximation of Becke49 with the correlation energy approximation of Lee, Yang
and Parr.50

2.3.2 Born-Oppenheimer molecular dynamics

In the next two subsections, I discuss the way in which DFT is implemented in dynamical
ab-initio software,51∗ starting with the Born-Oppenheimer (BO) algorithm. The potential

∗I made use of some very useful lecture notes by Jürg Hutter. Notes of many of his classes are available on
internet.



16 Theory

energy is the Kohn-Sham energy, leading to the Lagrangian

LBO(RN , ṘN ) =
N∑

I=1

1
2
MIṘ2

i −min
{φi}

EKS({φi};RN ). (2.37)

Under the condition that the minimisation of EKS leads to orthogonal wavefunctions φi,
the Euler-Lagrange equation gives us

MIR̈i = −∇I

(
min
{φi}

EKS({φi};RN )
)
. (2.38)

This is equal to the Hellmann-Feynman theory,52 which gives us the force on ion I for a
system with a known wavefunction ψ

FI = − ∂E

∂RI
= −〈ψ| ∂Ĥ

∂RI
|ψ〉. (2.39)

As we use orthogonality constraints (Λij , see also subsection 2.4.2) for the orbitals, this
leads to an extended energy functional to be minimised

EKS = EKS +
∑

ij

Λij(〈φi|φj〉 − δij). (2.40)

After minimisation, the forces on the ions are then calculated by differentiating eq. 2.40
with respect to RI , according to eq. 2.38. From the force we calculate the new ionic veloci-
ties, new ion positions, new ground state energy, new force, etc.

The BOMD software in this work is Quickstep,53 part of the CP2K package.39 It is very
efficient in optimising the energy functional, because it uses a basis set of plane waves and
Gaussians. Its CPU usage scales as O(MN2),54 with M the number of basis set functions
and N the number of electrons.

2.3.3 Car-Parrinello molecular dynamics

Car and Parrinello are the pioneers in the field of quantum molecular dynamics. Their 1985
paper55 gave this field of research an enormous boost; it gained even more importance
with increasing computer power. The basic idea is that they do not treat the electrons and
ions separately, as in BOMD, but as one unified problem.45 Hence, the time evolution of
the electronic ground state is also solved within the molecular dynamics algorithm. This
requires the introduction of a fictitious kinetic energy and fictitious mass µ to the electrons,
resulting in the following combined Lagrangian for the ions and electrons

L =
n∑

i=1

1
2
(2µ)〈φ̇i(r)|φ̇i(r)〉+

N∑

I=1

1
2
MIṘ2

I − V ({φi},RN )

+
∑

ij

Λij(〈φi(r)|φj(r)〉 − δij). (2.41)

n is the number of orbitals, containing 2n electrons. The last term ensures orthogonality
of the electronic states. Applying the Euler-Lagrange equation with respect to RI gives
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exactly the same equation of motion for the ions as in BOMD, eq. 2.38. However, for CPMD
we have to do this for the orbitals as well

µφ̈i(r, t) = − ∂E

∂〈φi(r)| +
∑

j

Λij |φj(r, t)〉. (2.42)

The fictitious mass µ needs to be chosen in such a way that the lowest electronic frequency
is much larger than the highest frequency of the nuclei, to prevent energy transfer. The time
step has to be compatible with the highest electronic frequency.56 In BOMD, the highest
ionic frequency governs the time step.

In CPMD, wavefunctions are expanded in a plane wave basis set. Each wavefunction
is a linear combination of orthonormal plane waves χ. Instead of the time evolution of the
wavefunction in time, the evolution of the parameters ck is calculated

φi(r) =
∑

k

cikχk(r) (2.43)

µ
∂2cik
∂t2

= − ∂E

∂ci∗k
+

∑

j

Λijc
j
k. (2.44)

The expansion is truncated after a given number of plane waves, corresponding to the cut-
off energy Ecut. In order to describe the wavefunction close to the nuclei correctly, thisEcut

should be extremely high (including many plane waves); however, this is not necessary
for the rest of the simulation box and the core electrons are not even interesting from a
chemical point of view. Hence, this basis set is almost always combined with the use of
pseudopotentials. Applying the frozen core approximation, the effect of the nucleus and
the core electrons on the valence electrons is described with a pseudopotential.57 This
potential is much smoother than the actual potential inside the core region, but the two
potentials are the same in the valence region. This is particularly useful in combination
with a plane wave basis set, as is used in CPMD.

A pseudopotential can be generated from an all-electron atomic simulation. It has to
fulfil four conditions in order to be “norm-conserving”.58

• The valence pseudo wavefunctions generated using the pseudopotential should con-
tain no nodes. Smoother wavefunctions are easier to describe with a plane wave basis
set.

• Beyond the cut-off radius rcl the normalised atomic radial pseudo wavefunction (PP)
with angular momentum l is equal to the all-electron (AE) wavefunction

RPP
l (r) = RAE

l (r), r > rcl, (2.45)

or converges rapidly.
• The charge enclosed within rcl must be equal for the two wavefunctions.
• The eigenvalues must be equal, εPP

l = εAE
l .

With the pseudo wavefunction known, the pseudopotential is found by using the in-
verse Schrödinger equation.
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The RATTLE algorithm59 calculates the Lagrange multipliers Λij of eq. 2.44 within the
velocity Verlet integrator. (SHAKE60 does the same thing in normal Verlet.) These con-
straints are handled in the same way as any other geometrical constraint within CPMD.
This is discussed in subsection 2.4.2.

2.4 Advanced methods

The main drawback of quantum molecular dynamics is the computational power it de-
mands. In CPMD the time step is very small, in BOMD an energy minimisation needs to
be performed every time step. In both methods, applying the Hamiltonian is quite de-
manding. This constrains quantum MD simulations to system sizes of several hundreds of
ions and to simulation times of the order of ten picoseconds nowadays. To be able to find
answers to chemically relevant questions, we have to turn to smart methods that help us
minimise the computational costs and maximise the information we get from our calcula-
tions.

2.4.1 Quantum mechanics/molecular mechanics

Quantum mechanics/molecular mechanics (QMMM) helps us to simulate much larger sys-
tem sizes; however, it does not change the simulation times that can be reached. The
method does this by using quantum methods only for the region where it is necessary.
The rest of the system is treated with force field MD. Its main use is in the field of bio-
chemistry; this thesis is an example of that. Many chemical reaction in proteins or DNA
happen locally, but the (changing) structure of the biomolecule does influence the reac-
tion environment. Only where the electron density changes drastically (for example when
bonds break), a quantum description is useful. For the rest of the molecule (and its sol-
vent and possible other substances present) a force field description suffices. However, it
is important to take into account the interactions between the atoms in the two different
descriptions properly: How do you describe a bond between a quantum and a force field
atom? How does a point charge interact with an electron density in a computationally
fast way? The longer the distance between the quantum part and a force field atom, the
more insignificant the exact electron density is. The QMMM software used in this thesis61

provides an interface layer between CPMD and Gromos software (see figure 2.3).
The two main issues that this interface has to solve are the bonded and non-bonded

interactions. The former only have to be taken into account when the QM/MM boundary
cuts through a chemical bond. In this thesis, this is in between two non-polar carbon atoms.
To ensure the correct valence orbital structure for the QM part, the first MM carbon is
replaced by a capping hydrogen, which is only seen by the QM part. The MM carbon ‘sees’
the normal force field bond.

The non-bonded part of the Hamiltonian for MM particles I interacting with QM par-
ticles j is32

Hnon−bonded =
∑

I∈MM

qI

∫
dr

ρ(r)
4πε0|r− rI| +

∑

I∈MM,j∈QM

vvdw(rIj). (2.46)
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interface
MM

QM

Figure 2.3: A schematic representation of the QMMM method. The largest part of the system is
treated with force field MD (MM). A small region contains the quantum part of the simulation
(QM); an interface region separates the two.

When QM particles interact with MM particles, they have a Van der Waals radius from
the force field. The charge of the QM part is taken into account by D-RESP charges.33

These dynamically-generated restrained electrostatic potential charges are fitted every time
step with a quadratic penalty function to their corresponding Hirschfeld charges. In this
way, they show less fluctuations than unconstrained ESP charges, and hence show less
electron spill-out: the problem of electronic density from the QM part moving towards
positively charged MM particles, that lack Pauli repulsion. With a least-squares fit, the D-
RESP charges reproduce the electric field that nearby MM atoms in a shell of thickness rc

around the QM part feel. The long-range interactions between the D-RESP charges and the
partial MM charges are calculated with a quadrupolar expansion.32

2.4.2 Constrained dynamics

In constrained dynamics, one or more degrees of freedom in a molecular dynamics simula-
tion are constrained to a fixed value. This can be the position of an atom, a distance between
two atoms, or the difference between two distances, etc. Constraints are common in force
field calculations, where the bond lengths and angles are fixed (or at least restrained). In
this thesis, I also apply constraints to some bonds in QM simulations. Realising that this
influences the dynamics in an unphysical way, constrained dynamics simulations can still
teach us something about systems that we cannot study without these constraints. In large
systems, such as the systems studied in this thesis, constraints can help to focus only on
a specific part of phase space. From differences in the constraint force, the force that is
needed to keep the constraint, one can also calculate free energy differences.62–64

Any geometrical constraint σ(RN
I ) can be obeyed within the velocity Verlet integrator

with RATTLE59

σ({RN
I }) = 0. (2.47)

For example, in case of a distance constrained at dIJ , eq. 2.47 would be
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|RI −RJ | − dIJ = 0. (2.48)

The i constraints add an extra term to the Lagrangian

L = T (vN (t))− V (RN (t)) +
∑

i

λi(t)σi(RN (t)). (2.49)

This will add an extra term to the force as well, the constraint force g(t). For any particle
in the system this is

ma = −∂V
∂R

+
∑

i

λi
∂σi

∂R
, (2.50)

g(t) = −
∑

i

λi∇σi. (2.51)

The Lagrange multipliers λi (one for each constraint) have to be determined in such a way
that the value of the constraint does not change with the next time step. This gives a slightly
modified version of eq. 2.11

r(t+ ∆t) = r(t) + v(t)∆t+
F(t) + g(t)

2m
∆t2. (2.52)

With an iterative process, we could fit g(t) to make sure that the constraints are met. How-
ever, we run into a problem for the modified equation for the velocity (based on eq. 2.12)

v(t+ ∆t) = v(t) +
F(t+ ∆t) + g(t+ ∆t) + F(t) + g(t)

2m
∆t. (2.53)

Solving this is not possible, because we need to know g(t+ ∆t) in order to calculate
v(t+ ∆t); in other words, we need g(t) to calculate v(t), but we only get to know g(t)
one time step later, when we solve eq. 2.11 to find r(t + ∆t). The idea behind RATTLE is
that this problem can be solved by using two different g’s and hence two sets of Lagrange
multipliers: gr(t) to fit eq. 2.52 and an extra gv(t) to fit eq. 2.53.59

2.4.3 Metadynamics

With metadynamics, one can explore a multidimensional free energy surface (FES) effi-
ciently. First, one has to define one or more collective variables that define the region of
phase space for which the FES is needed. In the first paper on this method, Laio and Par-
rinello65 defined an extra coarse-grained dynamics of these variables, hence the name of
the method. The basic idea is simple: when doing a normal MD simulation in a system
that has a FES with several minima and high barriers in between, the system will stay in
one minimum (at least within a realistic simulation time). With metadynamics, one adds
small free energy hills to this landscape on the locations (defined by the collective vari-
ables si) that have already been sampled. In this way, the regions that are sampled will get
a higher free energy. Aiming to minimise its free energy, the system will evolve to regions
that have not been sampled yet. When the simulation is sufficiently long, all regions in
the phase space will be visited. In addition, it can be shown that the sum of all the small
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hills that have been added is equal to the inverse shape of the FES. When a metadynamics
simulation is equilibrated, the total FES (that is, the original FES plus the bias potential)
is completely flat, and all locations in the order parameter space are equally likely to be
visited. Note however that the MD simulation is now non-Markovian: the FES, and hence
the force on the particles, is history dependent.

The extra free energy terms are usually Gaussians with some height H and width δσ.
The equations are written in the scaled collective variable σi = si/∆si, with ∆si a constant
of roughly the width of the valley in that variable). The scaled force at time t, φt

i = F t
i ∆s

t
i,

then includes an extra term in addition to the normal MD force components: the negative
derivative of the sum of the Gaussians

φi(meta) = φi(MD)− ∂

∂σi
H

∑

t′≤t

∏

i

exp

(
−|σi − σt′

i |2
2δσ2

)
. (2.54)

After a sufficiently long simulation of time t and when the Gaussians are sufficiently small
with respect to free energy differences in the FES, the bias potential (multiplied by -1) con-
verges to the ‘real’ free energy F

F (s) = −
∑

t′≤t

Hexp

(
−|σ − σt′ |2

2δσ2

)
. (2.55)

The height, width and scaling factor of the Gaussians depend on the system one stud-
ies and have to be chosen appropriately. There are two ways in which metadynamics is
implemented in the CPMD software: direct and Lagrangian metadynamics. When one
uses direct metadynamics, one defines a certain timespan after which a new Gaussian is
deposited at the current location. With Lagrangian metadynamics, the Gaussians are de-
posited at the location of fictitious particles sα (one for each collective variable) that have
a mass µα, a force constant kα restraining the particle to its collective variable Sα(r), and
their own metadynamics, giving the augmented Lagrangian66

L = LMD +
∑
α

1
2
µαṡα −

∑
α

1
2
kα(Sα(r)− sα)2 − V (t, s), (2.56)

with V (t, s) the current FES based on the added Gaussians. In this thesis, I use only direct
metadynamics.

2.5 Analysis

In this thesis, I use several methods to analyse my computational results. Most of them are
intuitive, but some need further explanation. I discuss three methods here that I use.

2.5.1 Radial distribution function

The radial distribution function g(r) gives the relative density of particles around one or
more other particles as a function of the distance between these particles. It is calculated
by counting the number of particles N in a spherical shell with radius r and thickness dr
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around a particle and dividing this by the average density ρ in the system multiplied by
the volume of the shell

g(r) =
ρlocal

ρ
=

N

4πr2drρ
. (2.57)

The value of r cannot exceed half the (minimal) simulation box length, to avoid counting
particles twice.

2.5.2 Mulliken charges

Ab initio methods calculate the electron density around certain ions. This density can
be broken down into partial charges, assigned to each atom in the molecule. Mulliken
described one way to do this. To explain his method, I will first show how it works for
a molecule consisting of two atoms that both contribute one atomic orbital (AO) to form
a molecular orbital (MO); after that I will expand it to any number of atoms and orbitals.
This explanation is based on Mulliken’s paper.67

From the simulation, one knows which AOs (which can be hybrids combining several
basis set functions) build up an MO. In this example, we take the normalised AOs χr and
χs from atoms k and l that combine linearly to form MO φ

φ = crχr + csχs. (2.58)

The spatial distribution of the electron density is obtained from the square of φ.

nφ2 = nc2rχ
2
r + 2ncrcsSrs(χrχs/Srs) + nc2sχ

2
s. (2.59)

Here, n is the number of electrons in the MO (usually 2) and Srs the overlap integral. The
AO’s are normalised, so upon integration over all space, many terms become unity

n = nc2r + 2ncrcsSrs + nc2s. (2.60)

As the overlap term is symmetrical with respect to the two atomic centres, half of it is
assigned to atom k and the other half to atom l. If we then assign the electron density of
this MO to the two atoms, we get

n(k) = n(c2r + crcsSrs); n(l) = n(c2s + crcsSrs). (2.61)

By repeating this process for every MO i in which an AO r of atom k takes part, the (partial)
number of electrons on this atom is found

n(k) =
∑

i

n(i)cirk


cirk

+
∑

l 6=k

cisl
Srksl


 . (2.62)

The partial charge q(rk) on atom k is then the difference between n(rk) and the total number
of electrons n0 on k when it is a free neutral atom in its ground state

q(k) = n0(k)− n(k). (2.63)
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2.5.3 Free energy / statistical mechanics

Statistical mechanics teaches us that there is a relation between the Helmholtz free energy
F of a system with a fixed number of particles at temperature T and the probability Pi of
finding this system at a quantum state i.34 This can be understood from the thermodynam-
ical definition of F

F = U − TS
F

T
=

U

T
− S

∂

∂ 1
T

(
F

T

)
= U = 〈E〉 . (2.64)

The internal energy U , or in a statistical approach the average microscopic internal energy
〈E〉, is known from the energy distribution (here formulated in terms of quantum states)

〈E〉 =
∑

i

EiPi =
∑

iEi exp(−Ei/kBT )∑
i exp(−Ei/kBT )

=
∂ ln

∑
i exp(−Ei/kBT )
∂1/kBT

= − ∂ lnQ
∂1/kBT

. (2.65)

The last line defines the partition function Q. Combining eqs. 2.64 and 2.65 gives

F = −kBT lnQ = −kBT ln

(∑

i

exp(−βEi)

)
. (2.66)

Remember that β = 1/kBT . In practice, free energy differences are more useful to work
with than absolute values. An example is the calculation of the free energy change when
moving along a reaction coordinate λ. In that case, bins are formed for small regions in λ
and F (λ) is calculated per bin. Any constant C can be added to eq. 2.66 when doing this,
as only the difference between the bins is of interest.

F (λ) = −kBT ln

(∑

i

exp(−βEi(λ))

)
+ kBT lnC

= −kBT ln
(∑

i exp(−βEi(λ))
C

)

F (λ)− F (λ0) = −kBT ln
( ∑

i exp(−βEi(λ))∑
i exp(−βEi(λ0))

)
= −kBT ln

(
P (λ)
P (λ0)

)
. (2.67)

The free energy difference is found by counting the number of states in every bin and
dividing it by the number of states in one specific bin λ0, for example the one with the
highest occupancy P (λ0) and hence the lowest free energy. The free energy of this specific
bin will then be set to F = −kBT ln 1 = 0 by choosing C appropriately. For all other values
of λ the relative free energy can be calculated.
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Chapter 3

Protonation of the chromophore in the
photoactive yellow protein∗

The photoactive yellow protein (PYP) acts as a light sensor to its bacterial host: it responds to light
by changing its shape. After excitation by blue light, PYP undergoes several transformations and
partially unfolds into its signalling state. One of the crucial steps in this photocycle is the proto-
nation of p-coumaric acid after excitation and isomerisation of this chromophore. Experimentalists
still debate on the nature of the proton donor and on whether it donates the hydrogen directly
or indirectly. To get better knowledge on the mechanism, I study this proton transfer using Car-
Parrinello molecular dynamics, classical molecular dynamics and computer simulations combining
these two methods (quantum mechanics / molecular mechanics, QMMM). The simulations repro-
duce the chromophore structure and hydrogen bond network of the protein measured by X-ray
crystallography and NMR. When the chromophore is protonated, it leaves the assumed proton
donor, Glu46, with a negative charge in a hydrophobic environment. I show that the stabilisation
of this charge is a very important factor in the mechanism of protonation. Protonation frequently
occurs in simplified ab initio simulations of the chromophore binding pocket in vacuum, where
amino acids can easily hydrogen bond to Glu46. When the complete protein environment is in-
corporated in a QMMM simulation of the complete protein, no proton transfer is observed within
14 ps. The hydrogen bond rearrangements in this time span are not sufficient to stabilise the new
protonation state. Force field molecular dynamics simulations on a much longer time scale show
which internal rearrangements of the protein are needed. Combining these simulations with more
QMMM calculations enables me to check the stability of protonation states and clarify the initial
requirements for the proton transfer in PYP.

3.1 Introduction

Light governs some of the most important processes in life and does this, as with most
biological processes, with proteins. The photoactive yellow protein (PYP) is such a light-
sensitive protein, acting as a blue light sensor in the bacterium Halorhodospira halophila.1 Ex-
citation triggers a series of events that eventually leads to a negative phototactic response.

∗This chapter is based on “Protonation of the chromophore in the photoactive yellow protein” - Elske J.M.
Leenders, Leonardo Guidoni, Ursula Röthlisberger, Jocelyne Vreede, Peter G. Bolhuis and Evert Jan Meijer, J.
Phys. Chem. B, 111 (14), p. 3765-3773, 2007.
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As it is small and readily available, PYP has been studied extensively, using numerous
experimental and computational techniques.1, 6–17, 25, 26, 68 In the 125-amino acid protein, a
deprotonated and negatively charged p-coumaric acid (pCA) is attached to Cys69 with a
covalent thioester bond. Upon excitation, this chromophore trans-cis isomerises (see fig-
ure 3.1), leading to a chain of reactions. One of the steps in this process is a proton transfer,
most likely from Glu46, to the deprotonated chromophore.23, 24 Within milliseconds after
the isomerisation, the protein unfolds into its signalling state.25 The photocycle of PYP is
similar to that of rhodopsin, the protein in our eyes responsible for vision:3 a chromophore
covalently bonded to the protein is excited and rotates over a double bond. After this
isomerisation, a proton transfer reaction can occur and the protein changes its structure.
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Figure 3.1: a) The chromophore, hydroxycinnamic or p-coumaric acid (pCA), in its ground state
conformation. The double bond in the tail has a trans configuration. When pCA is bonded to the
protein, the OH of the acidic group is replaced by the sulfur of Cys69, forming a thioester bond.
b) The cis state of pCA, after excitation and isomerisation. The atom numbers are used in figures 3.3
and 3.4.

Using UV-vis spectroscopy, several intermediates are identified along the photoreac-
tion pathway of PYP. This starts with the ground state, pG. After isomerisation the protein
visits a red-shifted state, pR, followed by the blue-shifted signalling state, pB, after pro-
tonation and partial unfolding. Experiments show that pCA is deprotonated and Glu46
protonated in the pG and the pR state, whereas the protonation states for these groups
are reversed in the pB state: in the signalling state, pCA is protonated, Glu46 has lost its
proton and is now carrying the negative charge.23, 24, 26 Little is known on which interme-
diates are involved in the transition of pR to pB. The transition from pG to pR occurs on a
nanosecond timescale and only affects the chromophore and its immediate surroundings,
whereas the process of protonation and unfolding to pB takes milliseconds and involves
the entire protein. The exact mechanism remains unclear, as the different time and length
scales make experimental and computational investigations difficult.

Unlike rhodopsin, which is membrane-bound, PYP is a small water-soluble protein.
It is easier to capture and process, which results in a wealth of high resolution structural
information. In addition, PYP is a relatively compact protein, which makes it well-suited
for computational studies. The isomerisation of the chromophore has been described in
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a number of computational studies; interesting is the work by Groenhof et al.8–10 and
by Sergi et al.11 Sergi performed quantum chemical geometry optimisations of the chro-
mophore in different charge states. His very accurate structural results are used in this
work for validation purposes. He studied the chromophore during the isomerisation in
vacuum and inside a model protein environment and calculated the energy barrier for this
process. Sergi also looked into the excitation of the chromophore. Groenhof defined a force
field for the chromophore in all photocycle states and looked both into the isomerisation
of the chromophore and the subsequent unfolding. I use his force field in this research.
In his later work,10 Groenhof forced the protonation of the chromophore with thermody-
namic integration, using the semi-empirical PM3 method to describe the chromophore and
its direct environment and classical molecular dynamics for the rest of the solvated protein
and the water. Other studies of the proton transfer treat the chromophore environment in
a very simplified environment.69, 70 On the partial unfolding of PYP after proton transfer,
Vreede et al.25 has published computational work, predicting the signalling state of the
protein. They used parallel tempering with a classical force field. Antes et al.71 studied the
protein in different states of the photocycle using classical molecular dynamics. Both pre-
sented results on the large scale fluctuations of the protein (backbone root mean squared
deviations) and quantitated the breaking of hydrogen bonds.

Experiments suggest different mechanisms and intermediates for the proton transfer.
Genick et al. state that after partial unfolding of the protein, the deprotonated chromophore
is solvated in water and takes a proton from one of the solvent molecules.29 In contrast,
Hendriks et al. conclude from their measurements that it is most likely that pCA is pro-
tonated by the proton from Glu46. At low pH values, an additional group might be in-
volved.26 In this chapter I address the question whether I can find computational evidence
to confirm one of these mechanisms.

I use different computational methods to bridge the various time and length scales in-
volved in the photocycle. The larger protein movements are modelled using force field
molecular dynamics (FFMD), whereas I use Car-Parrinello molecular dynamics (CPMD)55

for the actual reaction site. This density functional theory (DFT) method allows me to study
the electronic structure of the chromophore and its surroundings, enabling me to describe
reactions involving chemical-bond breaking ab initio. Due to computational limits, CPMD
is affordable only for restricted system size and simulation time. Recently developed tech-
niques such as the quantum mechanics/molecular mechanics (QMMM) method,32, 33 allow
me to combine FFMD and CPMD, enabling the first-principle investigation of reactions in
larger systems. In this work, I treat the reaction center of the protein with DFT and use
FFMD to describe the rest of the protein and the solvating water. With these methods I
study the phenomena involved in the protonation reaction in PYP and I discuss the re-
quirements for the proton transfer to occur.

3.2 Computational methods

To study the initial events in the transformation from the pR to the pB state in PYP, the
main region of interest is the chromophore binding pocket (consisting of pCA and the
amino acids Tyr42, Glu46, Thr50, Arg52 and Cys69). I simulated two different systems:
the relevant amino acids in vacuum and the complete protein solvated in water. For the
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former, I used CPMD; for the latter FFMD and QMMM. The Protein Data Bank (PDB)
provided me with the protein structures for FFMD and QMMM. I used 1NWZ6 as the pG
structure and 1OT97 as the pR structure; both structures have a high resolution (0.82 and
1.00 Å respectively).

For the molecular dynamics (MD) simulations, I employed Gromacs35 and Gromos36

software with the Gromos96 force field,31 adjusted with the partial charges and dihedrals
proposed by Groenhof et al.8 for the chromophore. The time step was 2 fs and a Nosé-
Hoover thermostat72, 73 with τ=0.1 ps controlled the temperature. The protein was solvated
in approximately 9000 SPC water molecules in a cubic periodic box with a box length of
66.3 and 66.6 Å for the pG and pR state respectively. Six Na+ ions counterbalanced the
negative charge of the protein. In the FFMD simulations, the LINCS74 and SETTLE75 al-
gorithms constrained the bond lengths and angles. In the QMMM simulations, SHAKE60

performed this task.
The fully quantum mechanical (QM) simulations of small systems in vacuum were

done with the CPMD software package.37 It employs the Kohn-Sham formulation of DFT,
expanding the Kohn-Sham orbitals in plane waves up to a cut-off of 70 Ry. The time evolu-
tion of the electronic degrees of freedom is calculated with an MD-like algorithm, using a
fictitious electron mass of 500 a.u. The simulations in vacuum were done with a time step
of 0.1 fs; in the protein the time step was 0.12 fs. I employed the gradient-corrected BLYP
functional49, 50 to account for the exchange correlation energy. Semilocal norm-conserving
Troullier-Martins pseudopotentials58 were used with cut-off radii of 0.26, 0.59, 0.65, 0.59
and 0.71 Å for H, N, C, O and S respectively. A Nosé-Hoover thermostat at 1500 cm−1

(≈ 22 fs) controlled the temperature. At the start of every simulation, I added 8 Å to the
largest atomic distance in each direction to determine the size of the periodic box. To avoid
rotation of the system during the QM simulations, the position of one pCA atom in the phe-
nolic ring and two coordinates of the opposite atom in the ring were constrained, fixing the
system in the box with a minimal loss of degrees of freedom (only 5). In these simulations,
the hydrogen atom mass was set to 2 a.m.u.

For the QMMM simulations,61 the electron density was fitted to D-RESP charges with a
penalty function based on the interaction with MM particles in a shell of 6.35 Å around the
quantum box. Up to 15.9 Å, the electrostatic forces between QM and MM particles were
calculated with a quadrupolar expansion. The hydrogen atoms had a mass of 1 a.m.u. here.
When the QM/MM border was in between two chemically bonded atoms, a link hydrogen
atom32 capped the QM atom. As QMMM simulations require an isolated box, I applied the
Tuckerman40 Poisson solver.

Figure 3.2 displays the system used for the QM (vacuum) calculations, and is referred
to as the chromophore binding pocket. It contains the amino acids Tyr42, Glu46, Thr50
and Cys69, which has a thioester bond with pCA. In the pG state, the phenolic oxygen of
pCA accepts a hydrogen bond from Tyr42 and Glu46; Thr50 donates a hydrogen bond to
Tyr42. Arg52 neutralized the system charge; its guanidinium group is in plane with the
phenolic ring of pCA. I included all these residues in the quantum system, truncating the
amino acids at the first C-C bond that was not part of a conjugated π system. I saturated
the dangling bonds by capping with hydrogens. In particular, Tyr42, Thr50 and Cys69
were cut between Cα and Cβ and Glu46 and Arg52 between Cγ and Cδ. The quantum
system in the QMMM simulations was very similar, but here I did not include Arg52 in the
quantum part; it was described using the force field. Next to these dynamical simulations,
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Figure 3.2: Schematic picture of the chromophore binding pocket in the pG state. The dotted lines
are hydrogen bonds. The wiggling lines show where the quantum systems ends; the system was
truncated at C-C bonds that are not part of the conjugated electron system and capped with hy-
drogens. Please note that in reality the positive charge is not localized, but spread over the entire
guanidinium group of Arg52. This group is mostly oriented parallel to the chromophore ring at a
distance of less than 4 Å.

I also performed geometry optimisations on the isolated chromophore (protonated and
deprotonated, cis and trans) with the default settings in the CPMD software.

All dynamical simulations in this chapter were done in the canonical ensemble at 300
K (unless stated otherwise). Table 3.1 gives an overview of the systems I studied and the
different simulation methods used for each system; I will refer to the different systems in
the rest of this chapter according to this table.

3.3 Results

3.3.1 Structure

For validation purposes, I performed extensive calculations verifying the structural proper-
ties of my system. Here I present only the main results; for more detailed and quantitative
information I refer to appendix A.

Figures 3.3 and 3.4 compare calculated pCA bond lengths to experimental data for pG
and pR crystal structures, respectively. My calculated bond length values are all in, or very



30 Protonation of the chromophore in PYP

Table 3.1: The different systems and simulation methods in this chapter. aSee figure 3.2. bThe
amino acids were truncated between Cα and Cβ , fixing the position of the capping hydrogen atom.
cGeometry optimisation with the default algorithm implemented in the CPMD software.37 I started
with the coordinates from the PDB structures and replaced the sulfur bridge with an OH group.
dThe proton from Glu46 is put on pCA. It stays there because the distance from the pCA oxygen to
the proton is constrained at 1 Å.

system starting point method
A pG, protein in water 1NWZ6 FFMD
B pG, protein in water system A QMMM
C pG, binding pocket in vacuuma system A QM
D pR, protein in water 1OT97 FF MD
E pR, protein in water system D QMMM
F pR, binding pocket in vacuum system D QM
G constrained binding pocket in vacuumb system D QM
H trans pCA in vacuum modified 1NWZ geo. opt.c

I cis pCA in vacuum modified 1OT9 geo. opt.c

J pR, as G, without Arg52 system D QM
K as E, proton constrained on pCAd system E QMMM
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Figure 3.3: Bond lengths of the negatively charged trans chromophore in different simulations (at
300 K) and in PDB structures. All lengths are in Å. The different lines represent the following
systems: QM of the binding pocket in vacuum (system C, straight line); QMMM (system B, broken
line); geometry optimisation of the chromophore in vacuum using CPMD (system H, dotted line);
the grey area indicates the range of X-ray diffraction measurements,7, 13–16 that have a resolution of
0.85 to 2.00 Å and are measured at temperatures from 85 K to 295 K. In the case of dynamical simu-
lations (system B and C), the values are averages over all frames. Figure 3.1 defines the numbering
of the atoms.



3.3 Results 31

1-2 2-3 3-4 4-5 5-6 6-7 7-2 5-8 8-9 9-10 10-11
bond id

1.2

1.3

1.4

1.5

bo
nd

 le
ng

th
 (

Å
)

Figure 3.4: Bond lengths of the negatively charged cis chromophore, in different simulations (at 300
K) and in PDB structures. All lengths are in Å. The different lines represent the following systems:
QM of binding pocket in vacuum (system F, straight line); QMMM (system E, broken line); ge-
ometry optimisation of the chromophore in vacuum using CPMD (system I, dotted line); the grey
area indicates the range of X-ray diffraction measurements,7, 12, 14, 15 that have a resolution of 1.00 to
1.90 Å and are measured at temperatures from 85 K to 287 K. In the case of dynamical simulations
(system E and F), the values are averages over all frames. Figure 3.1 defines the numbering of the
atoms.

close to, the area that is defined by the experiments. My DFT-BLYP geometry optimisations
of the isolated deprotonated trans and cis chromophore and the neutral cis chromophore
yield bond lengths that are within 0.02 Å of the values obtained in DFT-BP,11 DFT-B3LYP
and CASSCF76 calculations.

During simulations of the pG state of PYP, I studied the hydrogen bond network around
the chromophore with and without the complete protein environment using FFMD, QM
and QMMM. Table 3.2 shows the calculated time-averaged hydrogen bond lengths. My ob-
servations are qualitatively consistent with the NMR measurements,68 that show the pCA-
Glu46 and Tyr42-Thr50 hydrogen bonds existing in most but not all frames, and the pCA-
Tyr42 hydrogen bond being present in all cases. The X-ray measurements7 suggest that
in the protein crystal, the hydrogen bond network around the phenolic oxygen is rather
static, with the pCA-Glu46, pCA-Tyr42 and Tyr42-Thr50 hydrogen bonds all stable. On
average, the measured O-O distances are somewhat shorter than the ones resulting from
my dynamical FFMD simulations of the solvated protein. Note that the hydrogen bonds
to pCA in the crystal structure are extremely short.7 In the employed force field, these dis-
tances yield high Lennard-Jones energies and are therefore very unlikely to be accessed in
the FFMD simulation. Although the difference with experiment is smaller, the quantum
chemical simulations show longer hydrogen bonds as well. Still, they do give a good esti-
mate of the length ratio of the hydrogen bonds: almost all simulations show correctly that
the hydrogen bond from Tyr42 to pCA is the shorter one. Only when the QM/MM border
is placed through the hydrogen bonds, the lengths are similar.

I determined the dihedral angles of the chromophore from my QMMM simulations of
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the protein-embedded chromophore binding pocket (systems E) and from my QM simu-
lation of the binding pocket in vacuum (system F). I compared these angles to my PDB
starting structure, 1OT9, that has a flat chromophore. Figure 3.5 shows a typical chro-
mophore configuration from each of the simulations. In my simulations, the chromophore
relaxes by bending itself within a couple of picoseconds. In most crystal structures of the
pR state (1S4R, 1UWP, 1TS7, 1S1Y), the dihedral angles deviate from zero as well, but with
very different magnitudes and directions. In my simulations, the direction of curvature is
determined by the possibility to form stabilising hydrogen bonds, most often with Arg52.

3.3.2 Protonation of pR

My particular interest is in the proton transfer to pCA. I will first discuss it using a QM
model system of the cis chromophore in the binding pocket in vacuum. I will compare
the simplified results to those from QMMM simulations of the protein-embedded pocket.
FFMD simulations provide further insight.

Binding pocket in vacuum

In the QM simulation of the isolated binding pocket (system F), the initial configuration -
taken from the pR state - changes within 1 ps. Arg52 rotates in the plane parallel to the
chromophore ring and moves towards Glu46 forming a stable hydrogen bond (figure 3.6).
The other hydrogen bonds in the binding pocket remain intact. Figure 3.7 shows the subse-
quent time evolution of the distances between the proton and the Glu46 and pCA oxygen
respectively. It is representative for all QM simulations of the chromophore binding pocket
that I performed. The figure shows that there is frequent proton transfer between the pCA
and the Glu46 oxygen. Within 8 ps, the proton transfers more than 10 times. The proton
is always chemically bonded to one oxygen and hydrogen bonded to the other. The fre-
quent proton transfer allows for the estimation of the associated free energy profile from
the probability distribution of a proton transfer reaction coordinate.34 Figure 3.8 shows the
free energy profile as a function of the asymmetric stretch (the difference of the two OH
distances), computed from three independent QM simulations of the chromophore bind-
ing pocket of 19.7 ps in total. The barrier has a height of around 2.5 kBT and the free energy
difference between the two protonation states is 0.5 kBT . The proton is on pCA roughly
one third of the time.

Arg52 also hydrogen bonds to the pCA carbonylic oxygen. To accommodate its two
hydrogen bonds (to Glu46 and to Arg52), the chromophore has to bend itself, as can be
clearly seen in figure 3.5. Figure 3.6 shows a snapshot where Glu46 and pCA accept one
hydrogen bond each from the same NH2 group. During the simulation, the two hydrogen
bonds were donated by different NH2 groups as well. Furthermore, Glu46 often received
two hydrogen bonds on the same oxygen, from different NH2 groups (next to the hydro-
gen bond from pCA on the other oxygen). In the isolated binding pocket, proton transfer
from Glu46 to pCA is relatively easy, as the negative charge on Glu46 can be stabilised by
Arg52. Within the confinement of the protein, this stabilisation is not likely. Although this
provides a free energy barrier and proton transfer frequency that is not representative for
the protein-embedded binding pocket, it does provide information on what conditions are
important for the protonation reaction.
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Figure 3.5: The chromophore from PDB structure 1OT9 (bottom), from the QMMM simulation
(middle, white) and from the QM simulation of the isolated binding pocket (top, grey). The phenolic
rings are fitted on top of each other. The simulated structures are snapshots from the trajectories; this
figure shows the snapshot with the dihedral angles closest to the average values. The X-ray structure
is almost flat. In the dynamical simulations, the carbonylic oxygen often accepts a hydrogen bond
from Arg52. To do this, it must bend upwards. As the Cβ next to sulfur in the QM simulation is
not constrained, it may point in any direction.

Figure 3.6: Hydrogen bond network in a QM vacuum simulation with a protonated chromophore.
The main difference with the pG state is that Arg52 hydrogen bonds to the carbonylic oxygen of
pCA and to Glu46.
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Figure 3.7: The distance between the proton and the Glu46 oxygen (solid line) and between the
proton and the pCA oxygen (broken line) as a function of the simulation time. The two lines show
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Figure 3.8: The free energy of protonation in the QM vacuum simulations as a function of the
asymmetric stretch. The asymmetric stretch is 0 when the proton is exactly in between the two
oxygen atoms (one from Glu46 and the other the phenolic oxygen of pCA), around -1 when the
proton is on Glu46 and around 1 when the proton is on pCA.
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To model the confinement of the binding pocket by the protein environment, I per-
formed a 7-ps QM simulation of a “confined” isolated chromophore binding pocket with
the capping hydrogens on fixed positions (system G). The system is larger than the one
presented in figure 3.2, since all amino acids are now truncated between Cα and Cβ , in-
cluding the ‘tail’ of Glu46 and Arg52 in the system. In contrast to the simulation of the
“free” isolated binding pocket, no proton transfer occurs, indicating a significantly higher
barrier for protonation. Also, a “free” QM simulation of a slightly different system, with-
out Arg52 (system J), does not show the protonation reaction. In both cases, the hydrogen
bond between Arg52 and Glu46 cannot be formed. As in the latter simulation the hydro-
gen bond of Arg52 to the carbonylic oxygen of pCA is not present either, the chromophore
tail is much flatter in this case. It seems that the stabilisation of Glu46 is a prerequisite for
proton transfer in this model system in vacuum.

Protein-embedded binding pocket

A 14-ps QMMM simulation of the protein-embedded cis chromophore (pR state, system
E) shows no occurrence of spontaneous proton transfer. There is also no onset of proton
transfer: the proton to pCA distance is never smaller than 1.32 Å. To further investigate
possible pathways of proton transfer, I manually transferred the proton from Glu46 to pCA
and constrained it to remain at a distance of 1.00 Å from the phenolic oxygen (system K). In
the initial 3 ps of the simulation, the Thr50-Tyr42 hydrogen bond breaks and Thr50 forms
a stable hydrogen bond with the deprotonated Glu46 (see figure 3.9). After formation
of this new hydrogen bond, it does not break during the entire simulation. Its length is
2.80 ± 0.32 Å. The Arg52 residue moves in the direction of Glu46, but it does not form
any stable, lasting, hydrogen bonds. It switches between Tyr42, Glu46 and Thr50, that all
seem to compete for this hydrogen bond donor. Over the entire timespan of this QMMM
simulation (11 ps), the constraint force shows that the new OH bond was unstable. Every
1.2 ps a snapshot was taken from this QMMM trajectory to start a new unconstrained
simulation. Indeed, even after 11 ps of relaxation, the proton moves back to Glu46 within
a picosecond after releasing the constraint. Apparently, adjustment to the new protonation
state is much more difficult in the confining protein environment than in the “free” isolated
binding pocket.

Comparison of the simulations of the “free” binding pocket, the “confined” binding
pocket, and the full protein-embedded system, shows that the most relevant difference is
the motion of Arg52. Fixation of Arg52 to the protein backbone restricts the motion of
Arg52 and prohibits it from reaching Glu46 and forming a stable, strong hydrogen bond.
This hydrogen bond provides stabilisation of the negative charge on Glu46 and enables
the relatively frequent proton transfer observed in the simulation of the “free” binding
pocket. The stabilisation by only Thr50, that I see in the protein-embedded system, is
apparently not sufficient. Although the large movements of Arg52 observed in my gas
phase simulations might be prevented by steric constraints in the protein environment,
I have shown that a displacement of this residue can significantly lower the barrier for
proton transfer to the chromophore.
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Stabilisation by hydrogen bond rearrangement

To obtain further insight in possible mechanism of proton transfer and charge stabilisation,
I studied the protein-embedded chromophore for much longer timescales with FFMD sim-
ulations. Initial configurations for these simulations were nine different snapshots of the
FFMD simulation of the pR state (system D); in each configuration I manually moved the
proton from Glu46 to pCA. In all these simulations, the hydrogen bond network changes
within a few picoseconds to a configuration with Glu46 accepting up to four hydrogen
bonds (i.e. the maximum amount, two on each oxygen) from pCA, Tyr42, Thr50, the back-
bone nitrogen of Thr50, and, in a later stage, Arg52. During 100 ps of sampling, hydrogen
bonds break and (re)form, but most of the time Glu46 accepts four. Figure 3.10 shows a typ-
ical snapshot. To verify the stability of these configurations within the QMMM setup, sev-
eral of the FFMD configurations were taken as starting points for unconstrained QMMM
simulations. In these simulations, the proton stays on the chromophore and no proton
transfer occurs. When the proton is put back on Glu46, it returns to the chromophore
within a picosecond. This shows that the state with the negative charge on Glu46 is now
stable in the QMMM setup. I also took eight intermediate states from the FFMD simu-
lations to check their stability in a QMMM simulation. They show that three hydrogen
bonds (from pCA and two from Thr50 in general) are sufficient: the proton remains on
pCA. When Glu46 receives on average two hydrogen bonds during the QMMM simula-
tion, it takes the proton back from pCA within a picosecond. The FFMD simulations show a
fluctuating number of hydrogen bonds in the first tens of picoseconds, until the stable new
protonation state is reached (with on average more than three hydrogen bonds to Glu46).
This means that an intermediate state after 2 ps can be stable (three hydrogen bonds), while
10 ps later it can be unstable again. It is noteworthy that in these early stages after shifting
the negative charge from pCA to Glu46, the protein stabilises itself by internal rearrange-
ment of hydrogen bonds. This makes it plausible that indeed the negatively-charged Glu46
is one of the driving forces for the structural rearrangement that leads to pB; hence, that the
chromophore is protonated before being solvated. Still, my computationally very expen-
sive methods did not provide the vast number of trajectories one would like to substantiate
this line of reasoning.

In system F, the binding pocket in vacuum after isomerisation, Arg52 can donate a hy-
drogen bond to the pCA carbonylic oxygen while staying in plane with the ring. This does
not happen in the pG simulation. In the pR state, the dihedral angles in the chromophore
tail fluctuate more than in the pG state. By bending its tail a bit towards Arg52, the chro-
mophore can form a very stable hydrogen bond that hardly ever breaks. The same applies
to Glu46: as soon as a hydrogen bond with any of the Arg52 NH groups has formed, this
very stable bond only breaks to be immediately replaced by a bond with another NH group
of the same molecule. When restrained by the protein environment, other hydrogen bond
donors have to stabilise Glu46, although these have to break free from their original hy-
drogen bond acceptors first. The FFMD simulation of the protonated chromophore show a
more rapid hydrogen bond rearrangement than the QMMM simulations. Apparently this
hydrogen bond switching is more easily accomplished within the Gromos96 force field
than when the forces are determined by quantum calculations. As DFT is more precise in
describing hydrogen bond interactions, this might indicate that the description of the po-
tential energy surface of the hydrogen bond network by the force field is not sufficiently
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Figure 3.9: Hydrogen bond network in the QMMM simulation after manual protonation of the
chromophore in the pR state. The OH bond is constrained. This is a snapshot taken 11 ps after the
protonation. Glu46 is only stabilised by two hydrogen bonds: the one with pCA that was already
present before protonation; a new one is formed with Thr50, that donated a hydrogen bond to Tyr42
before.

Figure 3.10: The hydrogen bond network in the FFMD simulation after manual protonation of the
chromophore in the pR state. This is a snapshot at 1.2 ps after the protonation. Glu46 is stabilised
by four hydrogen bonds. Please note that this figure also shows the backbone atoms of Thr50, as the
backbone nitrogen is now donating a hydrogen bond to Glu46. To do this, Thr50 has moved away
from Tyr42, to the right.
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accurate. Other simulation studies of PYP with a protonated cis chromophore used the
same force field;9, 25, 71 the dynamics of the hydrogen bonds after protonation have not
been studied before in a QMMM setup.

The simulations described above elucidate the factors that stabilise either of the two
protonation states of the chromophore in PYP. A stable protonation product requires the
accommodation of the negative charge on Glu46. In all pR simulations and X-ray struc-
tures, a very hydrophobic environment surrounds Glu46. The OH bond points towards
the chromophore, but the other oxygen points into a ‘void’ with the nearest amino acids at
considerable distance. Hydrogen bond donating groups that can help to stabilise the neg-
ative charge are not readily available. Therefore, the stabilisation has to be accomplished
by hydrogen bond rearrangements in- and outside the chromophore binding pocket.

3.4 Discussion and conclusions

In this chapter I report force field MD, QM and QMMM simulation studies on the proton
transfer in the photocycle of PYP. I have shown that the direct environment of the proton is
highly important for this reaction. If the surrounding residues can adjust rapidly and with-
out constraints to stabilise the new protonation state, frequent transfer occurs, as in my gas
phase models. QM simulations of the chromophore binding pocket in vacuum show pro-
ton transfer between Glu46 and pCA more than 10 times within 8 ps. The estimated barrier
for this reaction is 2.5 kBT . However, in QMMM simulations including the protein envi-
ronment, protonation does not occur within accessible simulation times. The chromophore
binding pocket cannot adjust its configuration to the new state fast enough, because the
protein backbone restrains its movement. As the simulations of the binding pocket in vac-
uum do not include the full system, the estimated barrier is significantly lower than the
one inside the protein. Still, this simulation gives us a good indication of which conditions
lower this protonation barrier.

I argue that it is the stabilisation of the charge on Glu46 after protonation that is im-
portant: both Glu46 oxygens need to accept hydrogen bonds to accommodate the charge
in the hydrophobic protein environment. In the QM vacuum system, an ionic hydrogen
bond from Arg52, plus the hydrogen bond with pCA, suffices. In my QMMM simulations,
Arg52 is not flexible enough to form a stable hydrogen bond to Glu46 quickly. Only Thr50
switches its hydrogen bond from Tyr42 to Glu46 after manual protonation of the chro-
mophore. FFMD simulations show that other hydrogen bond donors switch from their
original acceptor to Glu46 as well. When both Glu46 oxygens accept together at least three
hydrogen bonds, the new protonation state is stable. All hydrogen bonds are made avail-
able by structural changes: the internal rearrangement of protein hydrogen bonds. QMMM
simulations proved that this new conformation is stable on a picosecond timescale. This
structure could be an intermediate in the PYP photocycle. These two results are an indi-
cation that partial unfolding and solvation of the chromophore and Glu46 take place only
after the proton transfer.

The question remains what happens first: is the hydrogen bond rearrangement caused
by the proton transfer, or do the hydrogen bonds have to rearrange (partly) before the
proton hops over to pCA? And if the latter is true, in what order and how do the bonds
rearrange? To answer these questions, further extensive dynamical quantum chemical
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simulations are necessary using techniques to stimulate the reactive process. In the next
chapters, I zoom in on the hydrogen bonding of water around pCA and Glu in different
protonation states. Chapter 6 contains results of more QMMM simulations on PYP, using
metadynamics to study the proton transfer and hydrogen bond changes within accessible
time scales.



Chapter 4

Solvation of p-coumaric acid in water∗

The photoactive yellow protein (PYP) is an important model protein for many (photoactive) sig-
nalling proteins. Key steps in the PYP photocycle are the isomerisation and protonation of its chro-
mophore, p-coumaric acid (pCA). I study four different configurations of pCA solvated in water
with ab initio molecular dynamics simulations as implemented in CP2K/Quickstep. I look at the
influence of the protonation and isomerisation state of pCA on its hydrogen bonding properties
and on the Mulliken charges of the atoms in the simulation. The chromophore’s isomerisation state
influences the hydrogen bonding less than its protonation state does. In general, more charge yields
a higher hydrogen bond coordination number. Whereas deprotonation increases both the coordina-
tion number and the residence time of the water molecules around the chromophore, protonation
showes a somewhat lower coordination number on two of the three pCA oxygens, but much higher
residence times on all of them. This can be explained by the increased polarisation of the OH groups
of the molecule. The presence of the chromophore also influences the charge and polarisation of the
water molecules around it. This effect is different in the four systems studied, and mainly localised
in the first solvation shell. I also perform a proton transfer reaction from hydronium via various
other water molecules to the chromophore. In this small charge-separated system, the protonation
occurs within 6.5 ps. I identify the transition state for the final step in this protonation series.

4.1 Introduction

p-Coumaric acid (pCA), or 4-hydroxycinnamic acid, is the light-active moiety in the pho-
toactive yellow protein.18, 19 This protein activates the negative phototactic response of its
bacterial host, Halorhodospira halophila.1 The small conjugated chromophore (see figure 4.1)
is attached to the Cys69 amino acid through a thioester bond; the sulphur atom replaces
the OH group of the carboxylic acid end of the molecule (atom 1 and 2 in figure 4.1(c)).
Inside the protein, the chromophore is contained in the chromophore binding pocket, sta-
bilised by hydrogen bonds from two neighbouring amino acids, Glu46 and Tyr42, and by
the positively charged Arg52 group (see figure 4.2). In the ground state (called pG), pCA
is deprotonated and in the trans configuration (figure 4.1(a)). When activated by light, its
isomerisation (figure 4.1(b)) is the first step in a series of reactions leading to the signalling

∗This chapter is based on “Solvation of p-coumaric acid in water” - Elske J.M. Leenders, Joost VandeVon-
dele, Peter G. Bolhuis and Evert Jan Meijer, J. Phys. Chem. B, 111 (48), p. 13591-13599, 2007.
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Figure 4.1: The four different forms of p-coumaric acid that I studied in this work. a) Deprotonated
trans pCA (system T H−). This state is similar to the chromophore in the pG state of PYP. b)
Deprotonated cis pCA (system C H−). This state is similar to the chromophore in the pR protein.
c) Fully protonated, uncharged trans pCA (system C HH). This state is similar to the chromophore
in the pB protein. Furthermore, this molecule has been studied in gas phase experiments. d) Twofold
deprotonated trans pCA (system T −−). In most experiments in an aqueous environment, the
chromophore is twofold deprotonated induced by a high pH.

state of this protein. As the absorption maximum of the chromophore in UV-vis is now red-
shifted, this state is called pR.29 The next long-living state identified in the photocycle is the
blue-shifted signalling state, pB.25 Where pG and pR only differ in the isomerisation state
of the chromophore, the structural difference between pR and pB is much larger. When the
protein is in the pB state, the cis chromophore is protonated (figure 4.1(c)) and the protein
is partly unfolded. The hydrogen bond network around the chromophore is disrupted;
Glu46, that donated a hydrogen bond to pCA in the pG and pR state, is now deprotonated.
The protonation of pCA, maybe directly or indirectly by the Glu46 proton, is one of the
early steps in the transition from pR to pB. However, the exact reaction mechanism is not
clear, nor is the order of events.

The hydrogen bond network around pCA (see figure 4.2) is an important factor in
the reaction mechanism. Chapter 3 showed that especially the dynamics of the hydro-
gen bonds are important in the proton transfer. An obvious model system to study the
dynamics of hydrogen bonds is the non-bonded chromophore in water, where large num-
bers of hydrogen bond acceptors and donors are readily available. The chromophore has
often been studied, both experimentally and computationally, inside the protein and in
vacuum.8, 11, 12, 18, 19, 76, 78 However, the literature on the solvated system is not as abundant.
The experimental studies mainly focus on the photo-excitation,79–82 not on the consecutive
steps nor on the structural properties of the hydrogen bonding network before and after
the isomerisation and proton transfer. Recent work by Espagne et al.83 shows that the pro-
tonation state of the chromophore is of high importance for the photoinduced dynamics.
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Figure 4.2: The hydrogen bonding network around pCA inside the photoactive yellow protein in
the pG state. The chromophore has a thioester bond with Cys69. The positively charged Arg52 is in
plane with the chromophore ring, stabilising its negative charge. Tyr42 and Glu46 donate hydrogen
bonds to the phenolic oxygen of the chromophore. Tyr42 accepts a hydrogen bond from Thr50.

To my knowledge, no theoretical or simulation work has been done on pCA in aqueous
solution before.

To get a better insight in the hydrogen bonding capabilities of pCA, I performed com-
puter simulations of the chromophore in water. The computational method of choice
should be both quantum chemical and dynamical, as I want to study proton transfer and
hydrogen bond rearrangements. In this work I use molecular dynamics based on density
functional theory (DFT) to study the chromophore in different isomerisation and protona-
tion states in solution using explicit solvent and periodic boundary conditions. The influ-
ence of the pCA structure and charge on the surrounding water molecules and hydrogen
bonds provides more information about the reaction mechanism inside the protein. In this
chapter, I first discuss the different systems I studied and the method I used. The results
section consists four parts: firstly, I analyse the water structure around different conforma-
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Table 4.1: I studied four systems with chromophores in a different protonation and isomerisation
state, solvated in 143 water molecules. The last column gives the total simulation time for each
system.

system protonation state charge (e) isomerisation time (ps)
T H− deprotonated -1 trans 11.0
C H− deprotonated -1 cis 13.2
C HH protonated 0 cis 12.8
T −− twofold deprotonated -2 trans 9.7

tions of pCA. In the second subsection, I focus on the dynamics of the chromophore and
the water molecules around it. In section 4.3.3 I show how the structure and dynamics are
influenced by the electronic structure and partial charges of the chromophore. I end with a
description of the process of protonation of pCA in an aqueous environment.

4.2 Computational methods

I performed DFT-based molecular dynamics simulations using Quickstep,53 which is part
of the CP2K program package.39 It uses a Born-Oppenheimer molecular dynamics (BOMD)
algorithm, meaning that it calculates the optimal electron density every time step and from
that the forces on the ions. It employs the Gaussian and plane waves (GPW) method,84

which makes efficient and accurate density functional calculations of large systems (up to
1000 atoms) possible.85 I used Goedecker-Teter-Hutter (GTH) pseudopotentials,86, 87 the
BLYP functional49, 50 and the TZV2P basis set.53 The density cut-off was 280 Ry and the
time step 0.5 fs. A Nosé-Hoover chain thermostat72, 73, 88 with a chain length of 3 and a time
constant of 1000 fs fixed the temperature at 300 K. Every SCF step, the electronic gradient
was converged to 1.10−5 Hartree with the orbital transformation method. Every time step,
I recorded the positions, velocities and Mulliken charges67 of all the atoms.

As input structures, I equilibrated deprotonated trans and cis pCA in SPC water with
DL POLY,89 a forcefield molecular dynamics software package. The size of the cubic box
was 16.652 Å; the box contained 143 water molecules next to the chromophore. This was
more than one solvation shell when the longest axis of the chromophore was aligned par-
allel to a box axis (worst case). I studied the chromophore in four different states, that are
indicated in table 4.1: the deprotonated chromophore in trans (system T H−, figure 4.1(a))
and cis (C H−, figure 4.1(b)) configuration, the uncharged cis chromophore (C HH) as de-
picted in figure 4.1(c) and the twofold deprotonated molecule (T −−, figure 4.1(d)). In the
deprotonated simulations, the hydrogen was taken from the phenolic oxygen. In system
T −−, I removed the proton from the carboxyl group as well. After equilibration with
forcefield MD, I further equilibrated system T H− and C H− for 2 ps with BOMD. System
C HH is the result of the protonation of system C H− (see section 4.3.4) and was not fur-
ther equilibrated. The same accounts for system T −−, which is a deprotonation of system
T H−.

The two pKa values for the protonated oxygen atoms in pCA are 4.6 and 9.3 for oxygen
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2 and 19 resp.90 This means that in a pH neutral solution, only the carboxyl group would
be deprotonated. However, inside the protein environment, the negative charge is due to
deprotonation of the phenolic oxygen. To mimic this, I deprotonated only this oxygen in
system T H− and C H−. System T −− is twofold deprotonated, for easier comparison
with literature: most experiments are performed in alkaline solutions. I chose not to add
any hydronium or hydroxide ions, because in the small system under consideration, this
would lead to pH values of around 0.4 and 13.6 resp. Instead, a uniform positive back-
ground charge compensated for the negative charge, if necessary.

4.3 Results

Simulation of the solvation of four different configurations of the chromophore provides
an abundance of results. As I can monitor charge, coordinates and velocities of all atoms
in the systems every time step, I can calculate many structural, electronic and dynamical
properties. In this chapter, I focus on hydrogen bonding by water molecules to the chro-
mophore, which has not been studied before. As this hydrogen bonding is influenced by
other water molecules, by the configuration of the chromophore and (the distribution of)
its electronic density, the analysis is still substantial. I have divided my results in four
subsections (structure, dynamics, charges and protonation); within these subsections the
information is structured in subsubsections.

4.3.1 Structure

Radial distribution function

The obvious way to visualise the coordination of water molecules (the hydrogen and oxy-
gen atoms) around the chromophore oxygens is by use of radial distribution functions. The
radial distribution functions of the water molecules around the chromophore of system
T H− are given in figure 4.3. For this system, I give the coordination of water oxygens (fig-
ure 4.3(a)) and water hydrogens (figure 4.3(b)) around the three chromophore oxygens and
compare this with the coordination around oxygens in pure water. For the other systems,
I give the water oxygens radial distribution functions in figures 4.4(a) to 4.5. In figure 4.6,
I show the distribution functions around the acidic OH group of the chromophore in the
different systems (not in system T −−, which is completely deprotonated).

In figure 4.3 (system T H−), oxygen 19 structures the water molecules around it more
than bulk water does; the first peak is sharper and especially the first minimum is very
deep. The water density is peaked at a smaller distance than in bulk water, indicating
shorter and stronger hydrogen bonds. X-ray crystallography also shows unusually short
hydrogen bonds to this chromophore oxygen inside the protein.7 Around the other two
oxygens of the chromophore, the water is less structured. The second chromophore with
a charge of -1, system C H−, shows a similar picture (see figure 4.4(a)). Around oxygen
19, the hydrogen bonds are shorter than around the tail of the chromophore. The network
around oxygen 2 is even less structured than in the trans state, with hardly a peak in the first
solvation shell. Around oxygen 19, there is a lot of space for the water molecules to adapt
their structure to the chromophore; on the other side of the molecule, the first solvation
shell of oxygen 2 and 4 are overlapping. A water molecule has to choose between donating
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Figure 4.3: Radial distribution functions of water molecules around the chromophore oxygens in
system T H−. The solid lines correspond to chromophore oxygen 19, the dotted lines to oxygen 4
and the broken lines to oxygen 2 (according to figure 4.1(c)). a) Radial distribution function of water
oxygens around chromophore oxygens. As a reference, the distribution function of water oxygens in
pure water is given (light grey line).91 b) Radial distribution function of water hydrogens around
chromophore oxygens. The reference is the distribution function of hydrogens around oxygens in
pure water, where the intramolecular peak is not shown (light grey line).91 I thank Jasper Heuft for
giving me his pure water data and for his help in structuring this chapter.
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Figure 4.4: Radial distribution function of water oxygens around chromophore oxygens in systems
C H− (a) and C HH (b). The solid lines correspond to chromophore oxygen 19, the dotted lines to
oxygen 4 and the broken lines to oxygen 2.
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a hydrogen bond to other water molecules or either of the two oxygens, putting it in a less
favourable position with respect to the other possible acceptors. When the chromophore
gains another proton in system C HH, or loses one in system T −−, the three oxygens
behave much more alike (figures 4.4(b) and 4.5 resp.). In the former, all three peaks are
small; in the latter all peaks are sharp with very low minima. More negative charge makes
the oxygens stronger hydrogen bond acceptors. For the fully protonated chromophore of
system C HH, the radial distribution function around oxygen 19 is almost the same as the
one around oxygen 2, as these oxygens are now both part of an OH group.
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Figure 4.5: Radial distribution function of water oxygens around chromophore oxygens in system
T −−. The solid lines correspond to chromophore oxygen 19, the dotted lines to oxygen 4 and the
broken lines to oxygen 2.

Figure 4.6(a) shows the radial distribution of water molecules around hydrogen 1 of the
chromophore. In the case of the cis molecule (C H−), the peaks are much less pronounced
than in system T H− or C HH, indicating that the water is less structured. Especially the
peak of water oxygens around hydrogen 1 is affected. The peak of water hydrogens around
oxygen 2 (figure 4.6(b)), which is caused by water molecules donating a hydrogen bond to
oxygen 2, is much more similar. This indicates that after isomerisation to the cis state, the
hydrogen bond donating properties of the chromophore OH group in system C H− are
diminished; the possibility to accept hydrogen bonds is hardly changed. I will come back
to this in sections 4.3.1 and 4.3.2.

The sharpness of the peaks does not provide complete information about the coordi-
nation of water molecules. It gives information on the average hydrogen bond (its length
and hence its strength), but not on the number of hydrogen bonds or their lifetime. There-
fore I calculate the coordination number in the next subsection and residence times in sec-
tion 4.3.2.

Coordination number

I defined the first solvation shell by the distance where the radial distribution functions of
figure 4.3(a) show their first minimum. The coordination number of a chromophore oxygen
is the number of water oxygens within this distance around the chromophore oxygen. To
make sure that I count waters close to both oxygen 2 and 4 only once, I assign it to the
nearest oxygen.
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Figure 4.6: Radial distribution function of water molecules around the acidic OH group of T H−,
C H− and C HH, in solid, dotted and broken lines resp. a) Water oxygens around hydrogen 1 of
the chromophores. b) Water hydrogens around oxygen 2 of the chromophores.

For each frame of my simulations, I calculated this number; I show the average for all
three pCA oxygens in each system in figure 4.7. In most cases, oxygen 19 has three water
molecules hydrogen bonded to it; a bit less when the molecule is uncharged. In case of the
twofold deprotonated trans molecule, the mode of the coordination number of oxygen 4 is
between 2 and 3, where it is only 1 in the onefold deprotonated case. A negatively charged
oxygen structures the surrounding water molecules substantially. The coordination num-
ber of oxygen 2 increases on deprotonation, from a bit below 2 in system T H− to almost
2.5 in system T −−. In the former case, the oxygen was donating a hydrogen bond and
accepting one; in the latter, it is accepting over two hydrogen bonds.

When the molecule is cis isomerised, the coordination number of oxygen 2 decreases
with respect to the trans state. Isomerisation seems to affect the coordination number of
this oxygen more than the coordination number of oxygen 4. This is counterintuitive, as
the latter oxygen is the one more sterically shielded by the phenyl ring after isomerisation
to the cis state. However, the reason appears to be dynamical: the dihedral angle around
the double bond is fluctuating much more in the cis state than it was in the trans state. This
makes the hydrogen bond network around oxygen 2 less stable. The water molecules in
the shell around oxygen 4 are often stabilised by the π system of the benzene ring (see also
section 4.3.2).

When the cis chromophore is protonated, the mode of the coordination number of oxy-
gen 19 changes from 3 to 2, while on oxygen 2 the average increases from 1 to almost 2.
This is consistent with figure 4.5, where the first peaks of oxygen 19 and 2 are almost over-
lapping. The Mulliken charges show that the charge difference between oxygen 2 and its
hydrogen is larger in the protonated molecule, making it a better hydrogen bond donor
and acceptor (see section 4.3.3). This is supported by the radial distribution functions of
water oxygens and hydrogens around the hydrogen on oxygen 2: whereas there is not
much structure around the hydrogen in the C H− state, the peaks are much sharper in the
non-charged case. The first peak is more pronounced, with a deeper minimum between the
first en second peak (see figure 4.6(a)). Oxygen 4 attracts only one hydrogen bond in almost
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Figure 4.7: The average coordination number of every chromophore oxygen in the four systems. The
coordination number is the number of water oxygens in a shell around the chromophore oxygen,
with the first minimum in the oxygen-oxygen radial distribution function defining the size of the
shell. The black bars give the number of water molecules around oxygen 19, the striped bars around
oxygen 4 and the white bars around oxygen 2. The total height gives the average number of water
molecules hydrogen bonding to the chromophore oxygens.

all frames of system C HH. In its new role as a hydrogen bond donor, oxygen 19 accepts
only one extra hydrogen bond in the fully protonated chromophore. Figure 4.8 provides
an overall picture of the hydrogen bonding of water molecules to the four chromophores.

4.3.2 Dynamics

In section 4.3.1 I have focused on the number and arrangement of the hydrogen bonds
between the chromophore and water molecules. In this section, I discuss the dynamics of
these hydrogen bonds. This includes the dynamics of the chromophore itself, because that
influences the lifetime of the hydrogen bonds it accepts and donates.

Figure 4.9 shows the residence time of the water molecules around the oxygens of the
chromophore. I defined a water molecule to be hydrogen bonded to a chromophore oxy-
gen when the O-O distance was less than 3.5 Å and the O-H-O angle more than 150◦.77

When a hydrogen bond deviated from this definition for less than 0.5 ps, the hydrogen
bond was considered unbroken; when it existed for less than 0.5 ps, I did not take it into
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Figure 4.8: Typical structures; snapshots taken from all four simulations. The panels a to d show
the T H−, C H−, C HH and T −− state resp. The atoms of the chromophores are coloured by their
Mulliken charges (see section 4.3.3). The colours range from dark blue (very positive) to red (very
negative). I thank Jocelyne Vreede for her help in making this visualisation.

account when calculating the average residence time. Note that various water molecules
remained hydrogen bonded during the entire simulation. This implies that I can only pro-
vide a lower bound for the average hydrogen bond lifetime. To be able to compare the four
different systems, I used the timespan of the shortest simulation as the sampling time for all
simulations. The residence times are therefore comparable, but give a minimum residence
time rather than a true average time. The exact duration of the ‘long-lasting’ hydrogen
bonds is longer than 9.7 ps, but I cannot say how much longer. Visual inspection of the tra-
jectories gives us more information on the exact structure of the water molecules around
the chromophore and on the exchange mechanism of shell waters. I present my results by
treating each chromophore oxygen (19, 4 and 2) in a separate subsection, comparing the
four simulations.

Oxygen 19

The protonation state of the phenolic oxygen 19 is an important factor for the dynamics of
water molecules hydrogen bonding to it.

In system T H−, two water molecules stayed attached to oxygen 19 almost the entire
time (11.0 ps). The third hydrogen bond was more flexible. A hydrogen bond exchange
occurred when a fourth water molecule donated a hydrogen bond followed by the exit of
one of the other water molecules. In a second exchange event, halfway the simulation, one
of the water molecules moved to the second solvation shell; it was replaced less than a
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Figure 4.9: The average residence time in ps of water molecules hydrogen bonding to chromophore
oxygens in the four simulations. The black bars correspond to oxygen 19, the striped bars to oxygen
4 and the white bars to oxygen 2. The horizontal dotted line gives the time over which I calculated
the averages, 9.7 ps.

picosecond later. In isomerising from system T H− to C H−, the residence time around
oxygen 19 hardly changes.

Oxygen 19 is not only a hydrogen bond acceptor in system C HH, but also a donor.
When the chromophore is protonated (after replacing a water molecule by a hydronium
ion, see section 4.3.4) pCA donates a hydrogen bond to the water molecule that has just
transferred a proton to it. Next to this hydrogen bond, oxygen 19 accepted two bonds from
other water molecules. The bond it donates, is stable throughout the entire simulation;
it is more stable than the already long-lasting bonds the oxygen accepts. The donating
water molecules were replaced in an early stage by one other molecule, decreasing the total
number of hydrogen bonds to two. This exchange is not included in figure 4.9, because the
beginning of the trajectory is not used for calculating of the average residence time (as I
only used 9.7 ps of the trajectory).

In system T −−, the residence times around oxygen 19 were all very long. It is inter-
esting to see though that one of the water molecules rotated itself; first, one hydrogen was
pointing to oxygen 19, 0.15 fs later the other hydrogen. Because I check for the correct
oxygen-oxygen distance and O-H-O angle for any of the two hydrogens, this is considered
an unbroken hydrogen bond and the rotation does not influence the residence time.

Oxygen 4

Although the number of hydrogen bonds to oxygen 4 is very similar in the T H−, C H−
and C HH simulations, the dynamics are quite different. Mostly, one water molecule do-
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Table 4.2: The average dihedral angle of the chromophore tail double bond and its standard devia-
tion, in degrees. The relatively large standard deviation is the result of physical fluctuations of the
tail. When I calculate the average from 10 block averages, the error is only 1 ◦ for all systems.

system average dihedral (◦) standard deviation (◦)
T H− 179 9
C H− 3 12
C HH -3 11
T −− 179 9

nates a bond to oxygen 4. In the C H− state, the ring π system stabilises this molecule,
increasing the residence time. I saw that the long-lasting hydrogen bond to oxygen 4 in-
fluenced the structure of the chromophore: as the donating water molecule was situated
above the chromophore plane, it pulled on the oxygen atom and increased the dihedral
angle. When the oxygen accepted two hydrogen bonds, the second water molecule was
at the other side of the chromophore; this decreased the dihedral angle. Still the dihedral
angle fluctuated and the water molecules moved accordingly, but the former hydrogen
bond was the cause that the dihedral angle fluctuations were not symmetrical around 0◦

(see table 4.2). The standard deviation in the dihedral angle of the double bond is also
larger in the cis molecules than in the trans molecules. Although the differences between
the systems are small, they are larger than the error margin.

The hydrogen bonding of oxygen 4 diminishes on protonation in system C HH. One
specific water molecule donated a hydrogen bond to this oxygen (sometimes releasing the
bond, but not for more than 0.5 ps). In contrast to the C H− system it rarely pointed
towards the π ring. There is no second hydrogen bond formed, not even for less than 0.5 ps.
The lower limit of the residence time of the only hydrogen bond is 12.8 ps. In contrast, in
system T −− especially oxygen 4 increased its coordination number. In going from two to
three hydrogen bond donating waters, it took up a hydrogen bond from a water molecule
that was in its third solvation shell. A square of hydrogen-bonding water molecules was
formed around this oxygen; the corners were formed by oxygen 4, two water molecules
donating a hydrogen bond to oxygen 4 and a third water molecule that was in the second
solvation shell of both waters.

Oxygen 2

The chromophore tail flexibility influences the hydrogen bonding to oxygen 2 more than
the bonding to the other oxygens. In the cis state, this oxygen is at the very end of the
molecule, not near the stabilising phenolic ring. This is one factor that makes the residence
time in the two cis simulations much shorter than that around oxygen 4. Added to this, the
fluctuations of the tail are largest at the end, where oxygen 2 is. These two factors sum up
to a very short average residence time in system C H−. The residence time around oxy-
gen 2 is larger in system C HH than in C H−; I saw similar behaviour in the coordination
number (section 4.3.1) and the explanation is also the same. (It is due to a larger differ-
ence in Mulliken charges.) In the systems with two hydrogen bonds, the oxygen accepts a
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hydrogen bond from water and donates one to another water molecule.
Oxygen 2 is a stronger hydrogen bond donor than acceptor: in the T H− and C H−

simulations, the donated bond was the one that lasted the entire simulation. The other
hydrogen bond was less stable and donated by different water molecules, or (in the case of
C H−) not at all. The C HH simulation showed an exchange event, when a water molecule
accepting a hydrogen bond from oxygen 2 became a hydrogen bond donor for oxygen 4.
It was replaced by another accepting molecule. The donating molecules showed more
exchanges in all simulations. Of course, in system T −−, oxygen 2 cannot be a donor.
There it behaves very similar to oxygen 4, as they are chemically practically the same.

Other observations

It is very interesting to see that deprotonation has roughly the same effect as protonation
of the chromophore: the hydrogen bond residence times become longer. Apart from the
explanations provided above, for system C HH this is also due to the ‘water-like’ structure
of OH groups. They fit in better in the surrounding water structure than a protonless
oxygen would. Any movement of a hydrogen bond donating water (as a result of the water
molecules in the second solvation shell) cannot be compensated by the rigid C=O bonds.
But when the chromophore donates a hydrogen bond, it can partly react by rotating the OH
bond. For this reason, donated bonds last longer (and the protonated uncharged molecule
has more of these). In the doubly deprotonated system T −−, the extra negative charge
makes the chromophore more attractive to water hydrogens with a positive partial charge.
The strong Coulomb interaction makes the first solvation shell hydrogen bonds stronger
than the ones in the second solvation shell, and hence increases the residence times.

Next to hydrogen bonding waters around pCA oxygens, I also see an ordering effect
of the π system. Throughout the simulation of system C HH, one water molecule is very
stably situated above the benzene ring, with one OH bond pointing towards the middle
of the ring. The number of hydrogen bonds with the surrounding water network around
this water varies: it switches between one, two and three. In the case of only one hydrogen
bond, the water points directly at the ring; when there are more hydrogen bonds, it is more
oriented towards the bulk water. In system T H− there were two of such water molecules,
on both sides of the chromophore ring. The electron density in the π system above and
below the plane of the ring attracts the hydrogens.

4.3.3 Charges

During the molecular dynamics simulations, I calculated the Mulliken charges on every
atom of the chromophore. This is a measure of how the electron density is divided over
the atoms of the chromophore. I can compare the difference in the atomic charges when
the pCA conformation changes and I can see how the charge influences the water structure.
DFT-BLYP simulations do not provide exact results for charge distributions and the quan-
titative results are influenced to some extent by the method used to analyse the charges.
However, Dal Peraro et al. have shown that the Mulliken charge analysis is in qualitative
agreement with other analysis methods.92 Furthermore, the structure of the electron den-
sity mainly depends on the structure of solute and solvent, which is described very well
with BLYP.
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Table 4.3: Total Mulliken charge on the chromophore in each system. It is calculated by summing
the Mulliken charges of all atoms in the molecule and averaging over all frames. The error margin
is 1.96 times the standard deviation of the average when calculating the average of 10 blocks.

system charge (e)
T H− - 0.78 ± 0.011
C H− - 0.76 ± 0.012
C HH - 0.077 ± 0.0077
T −− - 1.44 ± 0.014

Atomic charges

Figure 4.10 displays the average charge on every atom. The bottom line shows the charges
on pCA in system C HH, where it is completely protonated. The upper three lines show
the charge difference compared to system C HH of the atoms in the other three systems.
The molecules are negatively-charged here, so the sum of the total charge difference is
negative. Table 4.3 shows the total charge on the chromophore; that is, the average sum of
the Mulliken charges of all pCA atoms.
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Figure 4.10: The average Mulliken charges on the atoms of the chromophore in the different systems.
The bottom line shows the Mulliken charges in system C HH; the values can be read from the right
y axis. The upper three lines show the difference of the charges in system T H−, C H− and T −−
(solid, dotted and broken line resp.), compared to system C HH. These values are displayed on the
left y axis. The atom numbers on the upper x axis are given in figure 4.1(c). Please note that the left
and right y axes have different scales. The error bars are defined by 1.96 standard deviations of the
mean average over 10 blocks.

Figure 4.10 shows that the charge difference between the different chromophores is
mainly located on the carbon and oxygen atoms, not on the hydrogens. When pCA iso-
merises, the charge conjugation diminishes. If I follow the upper solid and dotted line in
figure 4.10, I see that they differ most on the ring carbons and somewhat on oxygen 2.
The charge differences are more severe as a response to protonation (deviation of the dot-
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ted line from zero). Here all oxygens and carbons are involved, the tail carbons on both
sides of the double bond the most extreme. As can be expected, protonation also changes
the nature of the phenolic C-O bond, going from a more double bond-like character to a
more single bond-like one. The charge difference (and hence polarisation) between the two
atoms decreases. The local charge on the carbon in this bond is much more affected than on
the oxygen. In going from system T H− to T −− (deprotonation, upper solid and broken
line), the total charge on the atoms goes down of course, but this does not alter the trend in
the local charges. Figure 4.8 shows the Mulliken charges of the pCA atoms colour-coded
in a molecular picture.

Charge on water molecules

As can be seen from table 4.3, the charged molecules donate part of their charge to the
solvating water molecules. To see how far this charge transfer extends, I compare the Mul-
liken charges of water molecules in the first solvation shell (see definition in section 4.3.2) of
pCA with those of bulk water molecules (see figure 4.11). The total charge of the bulk wa-
ter molecules (grey crosses in figure 4.11c) is very close to zero; a bit below for the systems
with a negatively charged chromophore.
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Figure 4.11: Mulliken charge on a) water hydrogens, b) water oxygens and c) total water molecules.
The grey crosses indicates bulk waters, the solid line waters in the first solvation shell of oxygen 19,
the dotted lines the shell around oxygen 4 and the broken line around oxygen 2. Note that the y axis
of the oxygen charges has twice the spacing of the other y axes. The error margin is around 0.003 e
for most values. The largest error (due to poor sampling) is in the partial charge of the oxygens of
water molecules around oxygen 2 in system C H−; it is 0.012 e.

The chromophore in system T H− passes over the largest charges to water molecules
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through oxygen 19. This can be expected, because of the very strong and short hydro-
gen bonds. The water molecules around the other two oxygens even have a slight pos-
itive charge. The water molecules around oxygen 4 are more polarised than bulk water
molecules however: their hydrogens are more positive and their oxygens more negative.
Decreasing oxygen charges combined with increasing hydrogen charges constitute more
polarised molecules (and hence stronger hydrogen bonds). This picture changes com-
pletely after isomerisation: the water molecules around oxygen 2 are negatively charged
and much more polarised (even taking into consideration the larger error margin on these
values). All the water molecules in the first solvation shell are now more negatively
charged than the bulk waters. An explanation for this could be that the chromophore is
less flat and can spread its charge over itself to a lesser extent (less conjugation).

Upon protonation, all water molecules become more polarised. This seems contradic-
tory, as the total charge on the chromophore (and hence the waters) is almost zero. On
the other hand, figure 4.10 shows us that the partial charge difference around oxygen 19
is much larger in the OH group than in the CO group before protonation. The same is
true for the OH group containing oxygen 2 before and after protonation. These OH groups
will induce further polarisation of the waters around them. Upon complete deprotonation
(system T −−), all water molecules have a net negative charge. Especially the hydrogens
around oxygen 2 are negative compared to bulk hydrogens. Around oxygen 4, mainly the
water oxygens are more negative. This ‘asymmetry’ is remarkable, as in this system partic-
ularly, oxygen 2 and 4 are more similar than in any of the other systems. Summarising I can
say that the negative charge of the systems that is not on the chromophore, is transferred
to the water molecules and mainly to the ones that hydrogen bond to pCA.

4.3.4 Protonation reaction

To enforce a protonation reaction, I added an extra proton to the C H− system. In this
state, the chromophore is in the same configuration as the chromophore in the pR state
in the protein, before the proton transfer. I placed the excess proton on a water molecule
away from oxygen 19, on the other side of the simulation box. A movie of this proton
transport through water and finally to the chromophore is available online in the support-
ing material. Within 6.5 ps, the proton transferred from water to pCA; this new system
was the starting point of the C HH simulation. In this time, the excess proton (which is a
different proton after each transfer) visited 23 different water molecules and travelled a net
distance of around 10 Å (see figure 4.12). Often, the proton visited a water molecule and
returned to the previous hydronium molecule; only in 11 water molecules out of the 23,
one of the protons was replaced. In the first 1.2 ps, the proton visited 10 water molecules
very quickly, without any significant detour. By then, it was in the second solvation shell
of the nearest chromophore atom, oxygen 4, and oxygen 19 was at a distance of 7.9 Å. After
that, it started fluctuating between water molecules much more. After 5.8 ps, it was even
at a distance of 1.2 Å from oxygen 19, being closer to the chromophore oxygen than to the
nearest water oxygen. But it moved back again to water, visiting 3 water molecules before
returning. The final transfer was very fast. Within 25 fs the proton moved from the second
solvation shell of oxygen 19 to the oxygen itself (two proton transfers). This indicates that
there is a very low barrier for protonation of the chromophore, which can be expected in
this system with charge separation. The ‘transition state’ seems to be a state where the
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Figure 4.12: The path that the excess proton took to form a chemical bond with pCA. This figure
shows the net path, that is, it only shows actual proton transfers between water molecules. When a
proton moved away and then back again to the same water, this is not visible.

Figure 4.13: The final step in the proton transfer from a hydronium ion to the negatively charged
chromophore. The bond lengths are given in Å.
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excess proton is mainly on the water in the first solvation shell, with two OH bonds of this
water molecule elongated (1.10 and 1.15 Å), see figure 4.13. During the time that it was a
hydronium ion, this water molecules was a partner in four hydrogen bonds. After it had
lost its third proton, it easily adapted its conformation to the surrounding water structure.

4.4 Discussion and conclusions

In this chapter I discussed the influence of the protonation and isomerisation state of 4-
hydroxycinnamic acid on its hydrogen bonding properties in water. Protonation and iso-
merisation influence the residence times and coordination numbers of the hydrogen bonds
significantly, but differently: higher coordination numbers do not always imply longer res-
idence times, or the other way around. When the chromophore is in the trans state with its
phenolic oxygen deprotonated, the three oxygens of the chromophore (19, 4 and 2) have 3,
1 and 2 hydrogen bonds resp. Isomerisation to the cis state influences mainly the oxygens
in the tail. The residence time of oxygen 4 increases because of stabilisation by the pheno-
lic ring; because oxygen 2 is much more flexible now, the residence time and coordination
number decrease. Protonation of the cis molecule increases all residence times drastically;
however, the coordination numbers on all oxygens except oxygen 2 decrease. When all OH
groups have lost their proton, hence when the trans molecule has a charge of -2, all coordi-
nation numbers increase. The total coordination number of hydrogen bonds between pCA
and water molecules is 8 here, where it is 6 or a bit less in the other systems. The residence
times are long as well, comparable to the ones on the fully protonated molecule.

In the systems with charged chromophores, the summed charge of all chromophore
atoms is not an integer value: the negative charge is partly on the surrounding water
molecules. My simulations show that especially the waters in the first solvation shell take
up this charge. The polarisation of the water OH bonds differs as well under the influ-
ence of pCA. I also calculated the Mulliken charges on the atoms in the 4-hydroxycinnamic
acid molecule itself. These charges were influenced by the protonation and isomerisation
states. Noticeable is the increased polarisation of the OH groups in the fully protonated,
uncharged system. This explains the large residence times in this case.

An important reaction in the PYP photocycle is the protonation of the cis chromophore.
To model this, I simulated a system with a hydronium ion on one side of the box and the
cis chromophore on the other, with a deprotonated phenolic oxygen. Protonation of pCA
occurred within 6.5 ps, after frequent proton transfers between water molecules. I found
a transition state for the last proton transfer, from the last water molecule to oxygen 19.
The donating hydronium showed two longer OH bonds: the one pointing towards pCA
and the one that was formed by the previous proton transfer from the second last water
molecule. In the presence of an hydronium ion, pCA is very easily protonated.

Comparing the solvated and the PYP-embedded chromophore provides some inter-
esting observations. The phenolic oxygen (oxygen 19) of the deprotonated chromophore
forms two strong (short) hydrogen bonds in PYP in the pG and pR state. In contrast, in so-
lution it forms three hydrogens bonds. This difference should be attributed to the presence
of the positive Arg52 lying on top of the phenolic ring in the protein, making the oxygen
less attractive for hydrogen bonds. I observed a similar feature in my C HH simulation:
less charge on the phenolic oxygen results in less hydrogen bonds. The experimental re-
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sults of Espagne et al.83 corroborate this: they explain that a deprotonated chromophore
analogue behaves more similar to the neutral one in the presence of the positive charge of
Arg52. Furthermore, Arg52 provides steric hindrance that is absent in solution. A second
factor is that there is only a limited amount of hydrogen bond donors in the protein bind-
ing pocket. Like the hydrogen bonds in the binding pocket, the solution hydrogen bonds
are short: they are shorter than the ones from water to the other pCA oxygens and shorter
than the water-water hydrogen bonds.

For the deprotonated cis chromophore (system C H−) I observed that a water molecule
remained attached to the phenolic ring and oxygen 4 for the full simulation time. This indi-
cates that this region provides a very stable location for a water molecule to reside. Inside
PYP, this region is occupied by the positively-charged residue Arg52. Forcefield molecular
dynamics simulations of the pR state of the protein showed that water molecules can spon-
taneously enter the chromophore binding pocket via Glu46 (see chapter 6). One could now
speculate that if one of these waters could approach the chromophore and replace Arg52,
the group stabilising the negatively charged chromophore inside the binding pocket, this
might be the first step towards solvation of the chromophore.

Supporting information available

The movie of the protonation of the chromophore by hydronium transport through water
is available online at http://pubs.acs.org (D.O.I. 10.1021/jp075341e).
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Chapter 5

A microscopic picture of the aqueous
solvation of glutamate and glutamic
acid∗

I present molecular dynamics simulations of glutamic acid and glutamate solvated in water, using
both density functional theory (DFT) and the Gromos96 force field. I focus on the microscopic as-
pects of the solvation - particularly on the hydrogen bond structures and dynamics - and investigate
the influence of the protonation state and of the simulation method. Radial distribution functions
show that the hydrogen bonds are longer in the force field systems. I find that the partial charges
of the solutes in the force field simulations are lower than the localised electron densities for the
quantum simulations. This lower polarisation decreases the hydrogen bond strength. Protonation
of the carboxylate group renders glutamic acid a very strong and stable hydrogen bond donor. The
donated hydrogen bond is shorter and lives longer than any of the other hydrogen bonds. The
solute molecules simulated by the force field accept on average three hydrogen bonds more than
their quantum counterparts do. The lifetimes of these bonds show the opposite result: the residence
times are much longer (up to a factor 4) in the ab initio simulations.

5.1 Introduction

Glutamic acid, or its deprotonated equivalent glutamate, is one of the 20 natural amino
acids. Solvated in water, it exists in zwitterionic form, see figure 5.1. Next to being a build-
ing block in almost all proteins, glutamate also serves as a ligand in receptor proteins.93

My interest is especially in the protonation reaction of the photocycle of the photoactive
yellow protein (PYP). This signalling protein has a chromophore18, 19 that responds to UV
light and isomerises from the cis to the trans state. I studied the solvation of this chro-
mophore in detail in chapter 4. After the isomerisation, the chromophore is protonated,
most likely by the nearby glutamic acid. When glutamic acid loses a proton, it takes up
a negative charge. I showed that the reactive event involves the enhanced stabilisation of
glutamate by hydrogen bonds in chapter 3. In the ground state of the protein, glutamic acid

∗This chapter is based on “A microscopic picture of the aqueous solvation of glutamic acid” - Elske J.M.
Leenders, Peter G. Bolhuis and Evert Jan Meijer, J. Chem. Theory Comput., 2008.
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Figure 5.1: Glutamic acid (a) and glutamate (b). The two molecules differ in the protonation state
of oxygen 15. At neutral pH, the amino acid is a zwitterion and the side chain is deprotonated, as
its pKa value is 4.07.

takes part in only one hydrogen bond: the one it donates to the negatively charged chro-
mophore. When deprotonated, glutamate is only stable when it accepts at least three hy-
drogen bonds. This implies that upon proton transfer, hydrogen bonds in the environment
of glutamate have to rearrange. They can be donated by surrounding amino acids or the
chromophore, but also by water molecules that penetrate the chromophore binding pocket
of the protein.94 I found that the hydrogen bond rearrangements occur easier and faster
in force field molecular dynamics simulations of the protein, compared to QMMM (quan-
tum mechanics / molecular mechanics) simulations that simulate glutamate and some of
its possible hydrogen bond donors with quantum methods and the environment (protein
and water molecules) with a force field.

These findings underline the importance of a proper description of the hydrogen bond-
ing of glutamate and glutamic acid (both abbreviated as Glu) in the modelling of PYP. In
this chapter, I therefore study the solvation of Glu in water, the prototype hydrogen bond-
ing environment. Sun et al.95 studied Glu in the gas phase with different quantum methods.
Prabhakar96 simulated a small part of the Glu side chain in a model system with three wa-
ter molecules in the gas phase. Both systems are too small to see hydrogen bond exchanges.
Experimental and quantum simulation studies on glutamic acid and glutamate solvated in
water focus on spectroscopic properties.93, 97 Nowadays, classical simulations on simple
systems as glutamic acid aim to optimise the parametrisation of the force field.42, 43, 98–100

They focus on the force field, not on glutamic acid itself, and they reproduce macroscopic
thermodynamic quantities such as the density and the free enthalpies of solvation. To my
knowledge, their is no previous work that investigates the microscopic and dynamic prop-
erties of glutamic acid and glutamate in solution.

I present in this chapter a study on both protonation states of Glu in water, simulated
with either a quantum or a force field method. Besides giving a detailed picture of the
hydrogen bonds and their dynamics in solution, this helps me to better interpret force field
and QMMM results on PYP in previous and future work. The intention of this work is 1) to
provide a microscopic picture of solvated Glu, focussing on aspects that have not or cannot
be measured in experiments and 2) to understand what the influence of the simulation
method is, so that I can interpret simulations of Glu correctly (not only in solvent, but also
in a protein environment).

In the next section, I explain how I equilibrated my systems and which simulation
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methods I used for my production runs. In the results section, I compare various aspects of
the simulations in different subsections and discuss them. In the concluding section, I sum-
marise these results and show their impact on other simulations, such as my calculations
on the photoactive yellow protein.

5.2 Computational methods

As input structures, I equilibrated glutamic acid and glutamate in 135 SPC waters using
the Gromos96 force field31 (version 43A1) with the Gromacs software package.35 The wa-
ters could form more than one solvation shell in each direction even when the molecule
was extended. For all force field simulations I used a time step of 2 fs and a Nosé-Hoover
thermostat72, 73 with τ=0.1 ps, keeping the temperature at 300 K. The LINCS74 and SET-
TLE75 algorithms constrained the bond lengths and angles. For both systems I started with
an NPT simulation of 2 ns, using the isotropic Berendsen barostat101 with τ=1 ps and a
reference pressure of 1 bar. Using the final configuration as a starting point, I performed
NVT simulations of 2 ps with iteratively chosen box sizes. I took the box with the pressure
nearest to 1 bar as a starting point for the production runs. For glutamic acid, the cubic
box had a size of 16.3395 Å, for glutamate this was 16.2949 Å. The force field production
runs started from here, simulating NVT for 10 ns. I also performed a force field simulation
of glutamate in a box of size 37.2350 Å containing 1638 water molecules to check for finite
size effects. In this chapter, I only present the main conclusions of this validation. The full
details can be found in appendix B.

From the same starting structures, I performed quantum molecular dynamics simu-
lations based on density functional theory (DFT) using Quickstep,53 which is part of the
CP2K program package.39 It uses a Born-Oppenheimer molecular dynamics (BOMD) algo-
rithm, meaning that it calculates the ground state electron density every time step and from
that the forces on the ions. It employs a hybrid Gaussian and plane waves (GPW) basis
set,84 which makes efficient and accurate density functional calculations of large systems
(up to 1000 atoms) possible. I used Goedecker-Teter-Hutter (GTH) pseudopotentials86, 87

and the TZV2P basis set.53 As it serves well for simulating liquid water,102 I used the BLYP
functional.49, 50 The density cut-off for the plane wave basis set was 280 Ry and the time
step 0.5 fs. A Nosé-Hoover chain thermostat88 with a chain length of 3 and a time con-
stant of 1000 fs fixed the temperature at 300 K. Every SCF step, the energy was converged
up to 1.10−5 Hartree. Every time step, I recorded the positions, velocities and Mulliken
charges of all the atoms. I simulated for almost 18 ps; the first 2 ps were considered to be
equilibration time and not included to calculate the properties. Izvekov et al.103 showed
that there is no velocity autocorrelation anymore after 1 ps in a quantum simulation of 64
water molecules. I checked the radial distribution functions and Mulliken charges in my
simulations as well and they are converged within 2 ps (see appendix B).

I studied glutamic acid and glutamate in water. For every protonation state of this
molecule, one simulation was performed using the force field and another using the quan-
tum mechanical method. In table 5.1, I add acronyms to these four systems, which I will
use throughout this chapter.

More conformational changes will happen during a long simulation compared to a
shorter one. To study the influence of conformational changes in the force field simula-
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Table 5.1: The four systems described in this chapter

system method protonation state charge time step (fs) total time (ps)
QMH Quickstep protonated (glutamic acid) 0 0.5 15.632
QM- Quickstep deprotonated (glutamate) -1 0.5 15.593
FFH force field protonated (glutamic acid) 0 2 10000
FF- force field deprotonated (glutamate) -1 2 10000

tions, I performed a 20-ps FF simulation of glutamate. I discuss the full results of this
simulation in appendix B.

5.3 Results

In this section I will discuss the differences between various properties calculated in the
four different systems. First I will discuss the charges localised on the atoms. Then I will
compare the hydrogen bond structures around the amino acid molecules and finally the
dynamics of these bonds.

5.3.1 Charges

One of the main differences between force field and ab-initio simulations is that the former
uses fixed (partial) charges on atoms, while the latter calculates the electron density and
hence the charge distribution every time step on the fly. In this section I check the difference
between these fixed charges and the calculated ones, on the amino acid atoms and the
water atoms. I distinguish between waters in the first solvation shell and bulk waters.

Figure 5.2 shows the average Mulliken charges on the atoms of the ab initio molecules,
compared to the fixed charges of the force field. The force field does not include non-polar
hydrogens; the charge given is the charge of the complete CH or CH2 group. Noticeable
is that the two quantum simulations hardly differ in their partial charges. Only the charge
on the two oxygens in the side chain carboxylate group differs, which can be expected as
this is the group that is protonated in QMH and deprotonated in QM-. The differences
however are very small. For most atoms, the force field charges are closer to zero than
their quantum equivalents. This lower degree of polarisation can lead to weaker hydro-
gen bonds in the force field simulations. Note that Mulliken charges are only one way to
attribute charge densities to specific atoms; other methods might give somewhat different
results. Although the force field partial charges are to some extent based on quantum sim-
ulations, they have been adjusted to fit thermodynamic properties,104 not to represent the
charge density as good as possible. This being said, other researchers also saw the problem
of the low polarisation. Villa et al.98 found too low values for the hydration free energies of
many neutral amino acids with the Gromos96 force field. In that case, the results were in
better agreement with experiments when all partial charges were multiplied with a factor
1.1.
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Figure 5.2: Mulliken charges on glutamic acid (system QMH, solid line) and glutamate (system
QM-, dotted) and fixed force field charges for the systems FFH (dashed) and FF- (dashed-dotted).
The numbers of the atoms agree with figure 5.1(a). I also summed the Mulliken charges on the CH
and CH2 groups, to enable comparison with the force field, in which these hydrogens are implicit.
For system QMH, the charge on these groups is represented by crosses, for system QM- by circles.
The error bars give 1.96 times the standard deviation of the average of ten bins.

Table 5.2: The total charge on Glu in the four different systems. The error for the quantum systems
is 1.96 times the standard deviation of the average of ten bins; the force field imposes an integer
charge on the molecules.

system charge (e)
QMH 0.0795 ± 0.0090
QM- -0.643 ± 0.015
FFH 0
FF- -1

Furthermore, while the N atom is very negatively charged in the DFT simulations
(almost -0.6 e), it has a small positive charge of 0.13 e in the force field. Although the
hydrogen-bonding properties of the amino group are not the subject of this chapter, this
charge difference must influence these properties to some extent.

Table 5.2 shows the total charge on the Glu molecules. It shows that glutamic acid in
system QMH has a small but significant positive charge. In the QM- case, the negative
charge is not completely on the glutamate molecule, but spread over the waters as well.
Figure 5.3 is a visualisation of the ‘charge transfer’ to the water molecules. It shows the
(Mulliken) charges for the water molecules in the force field simulations and the quantum
simulations, in the bulk and in the first solvation shell around the amino acid oxygens. Both
the bulk and the first solvation shell waters of the QM- system are negatively charged, as
could be expected from table 5.2. The force field hydrogens in water are more positive than
their quantum counterparts, the water oxygens more negative. Hence, force field water
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Figure 5.3: (Mulliken) charges on the water hydrogens (a) and the water oxygens (b), and the total
charge per molecule (c). The dashed line is the constant charge from the force field simulations. The
solid line represents the first solvation shell waters of QMH, the dotted line of QM-. The charges on
bulk water molecules are given by the grey crosses (QMH) and circles (QM-). Note that the scales
on the y axes differ. The indices on the x axis refer to the oxygen to which the waters hydrogen bond.

molecules are more polarised. This is in contrast to the solute molecules, that are more
polar in the ab initio simulations.

Oxygen 15 is the protonated oxygen in system QMH. The OH group influences the
Mulliken charges of water molecules in its first solvation shell: only these molecules have
a positive charge, which is mainly caused by a larger positive charge on the water hydro-
gens (the oxygen is even more negative than in the bulk waters). This suggests that when
glutamic acid donates a hydrogen bond, it transfers a part of the charge on the very pos-
itive hydrogen 16 to the accepting water molecule. This water molecule shows a higher
polarisation than bulk waters in the same simulation.

Another remarkable point is that oxygens in the same carboxylate group do not always
show similar behaviour. If we look at oxygen 18 and 19, the total charge of the water
molecules in their solvation shell is almost the same, but the atomic charges vary. In QMH,
we see that the water molecules around oxygen 18 are less polarised than bulk waters, but
they are more polarised around oxygen 19. In QM-, it is exactly the other way around.
This cannot be explained by the Mulliken charges on the oxygen atoms in figure 5.2, as
they are very similar. It is most likely an effect of different solvatation, perhaps because
one of the groups is more sterically hindered than the other. Or, as the effect is opposite in
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Figure 5.4: Radial distribution functions of water around Glu oxygens in system FF-. In both
carboxylate groups, the two oxygens have the same distribution function. The solid line represents
water oxygens around oxygen 14 (and 15), the dotted line water hydrogens around this oxygen.
The dashed line shows water oxygens around oxygen 18 (and 19), the dashed-dotted lines the water
hydrogens. All radial distribution functions in this chapter are calculated over 1000 bins, presenting
the results as running averages over 10 data points to smoothen the graphs.

the two different simulations, it can be accidental: a long-lasting hydrogen bond happens
to point towards one of the oxygens, resulting in less space for possible hydrogen bond
donors pointing towards the other. If this is the case, this is an unphysical effect caused by
the short simulation times reachable with dynamical DFT simulations. Oxygens 14 and 15
also affect their first solvation shell in different ways in QM-, although less pronounced; I
cannot compare this with the QMH simulation, as the protonation of oxygen 15 has a major
influence. I will come back to this issue in section 5.3.2.

5.3.2 Structure

I compare the water structures around the Glu oxygens through the radial distribution
functions of water oxygens and hydrogens. I also count the coordination numbers of water
oxygens around the Glu oxygens, averaged over all frames. I see no finite size effects in
the structure calculations. The radial distribution functions from the small and large box
are positioned exactly on top of one another; the maximum difference in the coordination
numbers is 1% (see appendix B).

Radial distribution functions

In the FF- simulations, the structures around oxygens 14 and 15 are the same. The same
holds for oxygens 18 and 19. For this reason, I present only the oxygen 14 and 18 results
in figure 5.4. The peaks in the radial distribution function for both carboxylate groups
appear at the same distance, but are more pronounced for the side chain oxygens. For the
protonated case, oxygen 18 and 19 behave the same; their radial distribution functions are
almost equal to the FF- results. However, the structures around oxygens 14 and 15 differ
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Figure 5.5: Radial distribution functions of water around the Glu oxygens in system FFH. The
solid line represents water oxygens around oxygen 14, the dotted line water hydrogens around this
oxygen. The dashed line shows water oxygens around oxygen 15, the dashed-dotted lines the water
hydrogens. Around oxygen 18 and 19, the radial distribution functions are exactly the same as for
system FF- in figure 5.4.

considerably (from each other and from the deprotonated results), see figure 5.5. Both
first hydrogen peaks are hardly present; the oxygen peaks are less pronounced than the
oxygen peaks around oxygen 18 and 19, but still very clear. The oxygen-oxygen distance
around oxygen 15 is much smaller than around oxygen 14. This indicates a very strong
hydrogen bond between the protonated oxygen 15 - acting as a hydrogen bond donor -
and an accepting water molecule. It is likely that this strong bond disrupts the preferred
water structure around oxygen 14, resulting in a less stable water network around this
atom.
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Figure 5.6: Radial distribution functions of water around oxygen 14 (a) and oxygen 15 (b) in both
quantum simulations. The solid line shows the water oxygens and the dotted line the hydrogens in
QMH. The dashed and dashed-dotted lines respectively show the same for QM-.

For the quantum simulations, I present the radial distribution functions in a different
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Figure 5.7: Radial distribution functions around oxygens 18 and 19 in the quantum simulations.
The black lines refer to system QMH, the grey lines to system QM-. The solid lines show water
oxygens and the dotted lines water hydrogens around oxygen 18. The dashed and dashed-dotted
lines respectively show the same for oxygen 19.

format: figure 5.6(a) shows the water structure around oxygen 14 for both systems, fig-
ure 5.6(b) around oxygen 15. For both graphs, the peaks are much more pronounced in
system QM-. Around the non-protonated oxygen 14, both simulations show their first
peaks at the same distances. But for the QMH simulation, the first peaks are much lower
and the second peaks are hardly visible, while they are clearly there for the QM- system.
Apparently, the negative charge on the carboxylate group in system QM- stabilises the wa-
ter structure around it to a great extent. The graphs around oxygen 15 differ even more.
The radial distribution functions around oxygen 14 and 15 are very similar in system QM-,
although they are all slightly more prominent in the latter case. The first hydrogen peak
around oxygen 15 is completely missing in system QMH (it is there in system FFH, though
very small). This means that there are no water molecules that donate a hydrogen bond to
it; the existence of a small oxygen peak shows that the glutamic acid OH group does take
part in a hydrogen bond, but as a donor. Because it can only donate one hydrogen bond,
the surface below the peak is small. I will come back to this when I discuss the coordination
numbers in section 5.3.2.

As the radial distribution functions around oxygen 18 and 19 in the quantum simula-
tions are almost all the same, I present them in one figure, figure 5.7. For the first peaks,
both for water hydrogen and oxygen, the lines are very similar. Some dissimilarity occurs
for the second solvation shell and further.

In the final radial distribution I present here, I compare the distribution of water around
proton 16 in QMH and FFH (figure 5.8). We see that the oxygen graphs show the same first
peak, but the second peak is much clearer in the quantum simulation. The hydrogen peak
is also sharper, but somewhat smaller, in this simulation compared to the force field system.
The charge transfer of hydrogen 16 to water (see figure 5.3) enhances the polarisation of the
water molecules in its solvation shell and hence strengthens the hydrogen bonds with the
second solvation shell. Together with figure 5.6(b), that lacks a peak for hydrogen around
oxygen 15, I can conclude that the quantum oxygen 15 is chiefly a hydrogen bond donor
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Figure 5.8: Radial distribution functions around hydrogen 16. The solid line shows the water
hydrogen and the dotted line the water oxygen distribution in system QMH. The dashed and dashed-
dotted lines respectively show the same in system FFH.

Table 5.3: Oxygen-oxygen distances for all hydrogen bonds, taken from the radial distribution
functions. All values are in Å. First I give the distance at the first maximum of the distribution
function and after that between brackets the distance at the first minimum. Only in the case of
proton 16, I give an oxygen-hydrogen distance (from the water oxygen to the Glu proton).

atom QM- QMH FF- FFH
O14 2.75 (3.22) 2.78 (3.17) 2.82 (3.59) 3.19 (4.09)
O15 2.77 (3.39) 2.67 (2.95) 2.82 (3.59) 2.67 (3.14)
O18 2.73 (3.11) 2.76 (3.39) 2.83 (3.56) 2.83 (3.51)
O19 2.79 (3.44) 2.76 (3.17) 2.83 (3.56) 2.83 (3.51)
H16 – 1.68 (2.48) – 1.68 (2.37)

when protonated and hardly accepts any hydrogen bonds from water.
Table 5.3 gives an overview of the first peaks in all radial distribution functions. Over-

all, almost all hydrogen bond distances are slightly shorter in the quantum simulations.
Also, the peaks are wider in the force field simulations. This is particularly the case for
oxygen 14 in the protonated simulations. Only the donated hydrogen bond from oxygen
15 and proton 16 to water has the same length with both methods. The wide force field
peaks are in accordance with the lower polarisation shown in section 5.3.1 for the force
field, which results in weaker hydrogen bonds. This effect is corrected to a small extent by
the somewhat higher polarisation in the force field water molecules (see figure 5.3). Note
however that the y axis in figure 5.2 has a much larger scale than in figure 5.3: the polari-
sation changes in the solute are a factor 3 to 10 times larger than in the solvent. It is likely
that the newest parameter sets of the Gromos96 force field (53A5 and particularly 53A6),
will show somewhat improved results for the hydrogen bond lengths. For these parame-
ters, special attention is paid to fit hydration and solvation better, resulting in a remarkable
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improvements on the free enthalpies of solvation in water. For glutamic acid for example,
this enthalpy is only 0.2 kJ/mol off the experimental value of -27.0 kJ/mol; version 43A2
gave a value of -16.2 kJ/mol.43

Unfortunately, I cannot compare these radial distribution numbers to experiments, as
they have not been measured for water around Glu. What I can do - and I will make this
comparison later in this chapter as well - is look at what pure water simulations and exper-
iments teach us. Pure water has been studied extensively with experiments, force field and
quantum simulations; radial distribution functions are available for all three methods. The
first peak is found at a distance of 2.73 Å with two different experimental methods.105, 106

With quantum methods this distance is between 2.69 Å and 2.78 Å,106–109 for force field sim-
ulations between 2.69 Å and 2.86 Å.106, 107, 110 The simulation methods closest to mine give
2.75 to 2.78 Å for SPC water simulations106, 110 and 2.75 Å for a BOMD-BLYP simulation.109

Most of the calculated values are close to the experimental ones; force field distances are
on average somewhat more overestimated. Although the location of the peaks is predicted
quite well, in many simulations the peaks are a bit too sharp and the first minima too deep.
This overstructuring is more common in ab initio calculations than in force field tests. If I
translate this result to my simulations - although I cannot be sure that solvation around Glu
shows the same trends - I can conclude that the hydrogen bond distances are slightly better
predicted by the QM simulations and the peak shape is better fitted by the force field.

Coordination numbers

By calculating the coordination numbers, I know how many water molecules form a first
solvation shell of a Glu oxygen. For every frame of my simulations, I count the number
of water oxygens within the first solvation shell around each oxygen. For this purpose, I
use a distance criterion taken from the radial distribution functions: the minimum after the
first oxygen peak, with a maximum of 3.5 Å. To make sure that I count waters close to both
oxygens of a carboxylate group only once, I assign it to the nearest Glu oxygen. Hence the
coordination number for a certain oxygen is basically the same parameter as the number
of waters hydrogen bonding to it.

Figure 5.9 gives an overview of all average coordination numbers. Here we see that
the total number of hydrogen bonds in the quantum simulations is always about 3 lower
than in the corresponding force field simulation. The reason might be that the formation of
hydrogen bonds in the force field is only induced by the (negative) charge on the oxygens.
In the quantum simulation, the orbitals involved in the hydrogen bonding have a distinct
spatial distribution; hence, water cannot approach from any direction. Particularly, a car-
boxylate group has a resonance structure, with three lone pairs on one oxygen and two
on the other. Because the force field cannot distinguish between the two, each oxygen can
accept three hydrogen bonds. In a quantum simulation, the two states (one oxygen with a
single bond to the carbon and one with a double bond) are distinguishable. On average,
the electronic structure should be symmetric, but in a single time step it is not. I see this
in my simulations when I look at the coordination and the C-O distance in each frame: the
carboxylate oxygen with the lowest coordination number is usually the one with the short-
est C-O distance and vice versa. This shows that the oxygen with the longer single bond to
the carbon atom has more lone pairs. There is a similar pattern for the Mulliken charges on
the oxygens: the oxygen with the higher coordination number has a more negative charge.
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Figure 5.9: The coordination numbers for all systems and all Glu oxygens. The black bars give the
average coordination number around oxygen 14, the diagonally striped bars around oxygen 15, the
horizontally striped bars around oxygen 18 and the white bars around oxygen 19. The bars add up
to give the total coordination number per amino acid.

The charge difference is small however, less than 0.1 e.
The average electronic structure is not perfectly symmetrical: the bars for the QM sys-

tems in figure 5.9 do not have the same length for oxygens in the same carboxylate group,
due to the fact that the exact electronic structure depends on the surrounding water struc-
ture as well. My quantum simulations are not long enough for the water structure to switch
numerous times between a coordination number of two and three around each oxygen.

The coordination around proton 16 is not shown in this picture (as it is included in
the coordination around oxygen 15): it is 1.0 for both FFH and QMH, indicating that it
is practically always donating the one hydrogen bond it can donate. However, the total
coordination number of oxygen 15 equals 1 as well for QMH, while it is 2 in FFH. That
means that oxygen 15 is an hydrogen bond acceptor as well in the force field simulation,
but not in QMH. The protonation of oxygen 15 has more influence in QMH than in FFH,
on the coordination of both oxygen 14 and oxygen 15.

The coordination numbers around oxygens 18 and 19 in the force field simulations are
all very similar and close to 3. This was found as well by Speranskiy et al.,93 who did
stationary quantum simulations on solvated glutamate equilibrated by classical molecular
dynamics, and by Alagona et al.,111 who performed force field Monte Carlo on an acetate
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anion. In both these papers, the structure around the solute oxygens was calculated using
a force field. The other carboxylate group, with oxygens 14 and 15, behaves in the same
way in system FF-. However, for the quantum simulations the total coordination number
per carboxylate groups is much less than 6. This is understandable, as the hydrogen bonds
to the quantum oxygens are donated to five lone pairs at maximum. A coordination num-
ber of 4 per carboxylate group is already less common in the ab initio than in force field
simulations. In order to reach high coordination numbers, the water molecules need to
find a perfect position, adapting themselves to the Glu orbitals, but also to the bulk water
structure. When only the value of the charge matters, and not its spatiality - as is the case
in the force field simulations - high coordination numbers are more common.

Villa et al.98 found that the force field underestimates the free energy of hydration, as I
discussed in section 5.3.1. My results show that this is not due to the number of hydrogen
bonds: all force field simulations show an overcoordination. That means that is most likely
the strength of the bonds that is underestimated; this is in accordance with the longer
hydrogen bonds in table 5.3 and the lower polarisation in figure 5.2 for the force field solute.
This effect is only compensated to a very small extent by the (much smaller) polarisation
increase of the force field water molecules shown in figure 5.3.

Although the quantum simulations underestimate the coordination numbers compared
to the force field, they overestimate the sharpness of the radial distribution peaks, as I
showed in section 5.3.2. We should actually identify two aspects of structure: 1) the dis-
tribution of hydrogen bond lengths (peak shape in the radial distribution function) and 2)
the number of hydrogen bonds. Overstructuring of the first type is reported by ab initio
studies on pure water and my simulations show a similar behaviour for water around Glu
(see table 5.3). In contrast, I find that for the second aspect the force field simulations over-
structure, compared to the QM calculations. This result is corroborated by the pure water
results of Fernández et al.,112 who also see a larger coordination number with a force field
compared to quantum simulations. I did not find any other pure water studies in literature
that compare coordination numbers.

5.3.3 Dynamics

To compare the dynamical aspects of the hydrogen bond networks around glutamic acid
and glutamate, I look at the residence times of the hydrogen bonds. Figure 5.10 shows the
residence time of the water molecules around the oxygens of the chromophore. I defined a
water molecule to be hydrogen bonded to a chromophore oxygen when the O-O distance
was less than 3.5 Å and the O-H-O angle more than 150◦.77 When a hydrogen bond devi-
ated from this definition for less than 0.5 ps, the hydrogen bond was considered unbroken;
when it existed for less than 0.5 ps, I did not take it into account when calculating the av-
erage residence time. In the quantum simulations, some residence times are of the same
order of magnitude as the simulation times. Because I cannot say how much longer a water
molecule would have donated or accepted a hydrogen bond after stopping the simulation,
this implies that I can only provide a lower bound for the average hydrogen bond lifetime.
The statistics of the force field residence times are much better, resulting in very similar
values for oxygens in the same carboxylate group, as one would expect. In the quantum
simulations, a single long residence time can influence the average significantly. Steric ef-
fects and the orbital structure play a role in the latter simulation too, so at least part of the
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Figure 5.10: Residence times of water molecules hydrogen bonding to Glu oxygens. The horizontal
dotted line indicates the total simulation time for the quantum simulations. The black bars corre-
spond to oxygen 14, the diagonally striped bars to oxygen 15, the horizontally striped bars to oxygen
18 and the white bars to oxygen 19. When proton 16 was present, I represented the residence times
of its donated hydrogen bond with the grey version of the oxygen 15 bar (as it is included in that
residence time as well). In the QMH simulation, the residence times for oxygens 15 and proton 16
were exactly the same and therefore overlapping. In system FFH, the hydrogen bond donated by
proton 16 lived about twice as long as the average hydrogen bond involving oxygen 15.

difference is physical.
In spite of the fact that the quantum residence times might be somewhat underesti-

mated, all of them are (much) longer than their force field counterparts. Especially in the
protonated simulations, the difference is up to a factor 4. The tallest bar in figure 5.10 is
the result of one water molecule accepting a hydrogen bond from oxygen 15 and proton 16
during the complete QMH simulation. The special character of the hydrogen bond donated
by oxygen 15 is exemplified by the fact that it is accepted by the only water molecule in
the Glu solvation shell with a net positive charge (see figure 5.3). The residence time could
even be much longer than this, if I could simulate for longer times. Note however that
the statistics here are poor: the ‘average’ residence time is calculated on the basis of only
one hydrogen bond. The difference between the oxygen 15 residence times of system QM-
and FF- is smaller, but still large. In simulations of glutamate embedded in the photoac-
tive yellow protein, I saw too that the residence times of hydrogen bonds donated to Glu
were shorter in force field simulations than in QMMM simulations (see chapter 3). Then
there is issue of conformational changes: one would expect that the longer FF simulations
would show more conformational changes of Glu and hence more breaking and forming
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of hydrogen bonds. I checked this by performing a 20-ps FF simulation of glutamate. The
average residence times are almost exactly the same as in the 2-ns simulation, all between
3 and 3.5 ps. The better sampling of conformational changes in the 2-ns simulation does
not influence the lifetimes of the hydrogen bonds (see also appendix B).

When force field water molecules move from one hydrogen bond acceptor to the other
(for example from one carboxylate oxygen to the other, or from glutamate to water), they
move their positively charged hydrogen from one region of negative charge to the other.
As the charge has no directionality, the proton will be somewhat stabilised by both accep-
tors when it is exactly in the middle of the transition. A quantum water in a quantum
environment feels less electron density during the transition, as the orbital structure of the
two acceptors only stabilises the proton’s positive charge when it is pointing in the right
direction. This will make the barrier for hydrogen bond switching higher and the residence
times longer.

Both the force field and the quantum simulations show the same trend on protonation:
the residence time on oxygen 15 increases, while the hydrogen bonds donated to oxygen 14
have a shorter lifetime. Particularly in QMH I see that oxygen 15 is a very stable hydrogen
bond donor when protonated. In FFH too, the hydrogen bonds donated by oxygen 15 last
longer than the ones accepted by it. I saw this phenomena as well in the simulations of
p-coumaric acid in water in chapter 4: when the solute has an OH bond, which is more
flexible than a C=O bond, it can more easily adapt to the water structure around it and
hence, donated hydrogen bonds tend to be more stable than accepted ones. This flexibility
effect compensates for the diminished stability due to fact that glutamic acid is now neutral
and oxygens 14 and 15 are not as negative as in glutamate. For oxygen 14, only the latter
destabilising effect is present and hence it stabilises its hydrogen bonds somewhat less.

When checking for finite size effects, I found that the lifetimes of all the hydrogen bonds
in simulation FF- are a factor 1.3 too long compared to the force field simulation in the
large box. I do not expect that the size of the larger simulation box still has a substantial
effect, because the box contains more than 6 solvation shells around Glu in each direction.
Although I could not test the finite size effect for the quantum simulations, I expect that
these effects are the same for the first principles simulations. In case of QMMM simulations
of a full protein in water, this overestimation should be negligible, as the box sizes are many
times larger than the ones in this chapter. So although I can still compare the lifetimes of
the hydrogen bonds presented here, they will most likely deviate from the ‘real’ values.

In studies of pure water, I did not find measurements of ‘individual’ hydrogen
bond lifetimes. I can look, however, at the calculated self-diffusion constants. Com-
parison of ab initio simulations of pure water with experiments and force field simula-
tions103, 107–109, 112–118 has shown that self-diffusion is difficult to calculate (separate simu-
lations give results that differ up to two orders of magnitude) and often underestimated,
especially when simulated quantum chemically. Some papers107, 108 state that this dimin-
ished mobility is due to an overcoordination of water (sharper peaks in the radial distribu-
tion function). I think it is not proved that this is the only or even the most important factor.
The box sizes in these simulations were only 32 to 64 water molecules, sometimes not even
comprising two full solvation shells in a cubic box. I have shown that the box size is an
important factor, especially for dynamical properties. See appendix B for a detailed dis-
cussion of the finite size effect and an overview of measured and calculated self-diffusion
constants in pure water.
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5.4 Discussion and conclusions

When simulating the solvatation of glutamic acid and glutamate in water, it does matter
which method one uses: based on a force field (Gromos96) or on DFT. With DFT-BLYP I see
a larger variation in the strength and number of hydrogen bonds. This should be attributed
to the fact that in the DFT method the electronic distribution in the molecules can adapt to
the changing environment, giving rise to changes in polarisation, whereas in the force field
method the partial charges on the atoms are fixed. This is not only of importance for the
Glu atoms, but also for the water molecules, particularly the ones in the first solvation shell.

Force field simulations tend to overcoordinate water molecules with about three extra
hydrogen bonds per Glu molecule compared to quantum systems. Particularly the neg-
atively charged carboxylate groups in the force field systems are very strong acceptors,
accepting three hydrogen bonds per oxygen on average. In the quantum description the
resonance structure of the carboxylate group has only five lone pairs, which are not always
occupied by hydrogen bonds, as steric hindrance by the bulk water or glutamate itself does
not allow it. This substantially decreases the average coordination number.

In the case of glutamic acid, the differences are most pronounced. The protonation de-
creases the coordination number around oxygen 15 drastically to 1 in system QMH, while
it is almost 2 in FFH. The difference is similar on oxygen 14: 1.5 vs. 2.5. In the quantum
simulation, I see a transfer of positive charge from proton 16 to the nearest water molecule.
The hydrogens of this water become more positive and the oxygen more negative. This
stronger polarisation increases the lifetime of the bond significantly, up to values longer
than the simulation time, that is at least 15.6 ps. In system FFH, the residence time of the
average water molecule around oxygen 15 is only 4.4 ps. The accepting water molecule
stays longer, but only 8.6 ps on average. All the other residence times are much shorter in
the force field than in the quantum simulations too.

The structural differences between the two methods are mainly that more waters hy-
drogen bond in force field simulations. The hydrogen bonds itself are not that much differ-
ent; they are slightly longer in the force field description, but within a range of 4%. Only
one hydrogen bond differed more than that, almost 15%. The largest dissimilarity how-
ever is in the residence times. These times are always underestimated by the force field,
sometimes up to a factor 4. These results suggest that for a proper force field description
of the aqueous solvation of glutamic acid and glutamate, the force field should allow for
a varying and asymmetric charge distribution of the carboxylate group. This would ac-
commodate an asymmetric coordination of the water molecules around the Glu oxygens
as seen in the DFT-based simulations. A stronger polarisation (that is, a larger absolute
value of the partial charges) will result in shorter and stronger bonds.

Fernández et al.112 show a correlation between the self-diffusion coefficient of water
and the number of defects. This effect is present in ‘real’ and simulated water; it is not
an unphysical result of the simulation method. The overcoordination in Glu in my force
field simulations will induce more defects in the water structure than the ab initio simula-
tion does and this will make the water molecules more mobile. Although the diffusion is
coupled to the lifetime of hydrogen bonds, it is not a one-to-one relation. Hydrogen bond
switching is a more local phenomenon than self-diffusion and estimates of hydrogen bond
lifetimes from simulations are likely to be better than diffusivity predictions. To properly
estimate self-diffusion, a molecule should travel a significant distance, but in QM simula-
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tion times water molecules can barely move one Å. Summarising, we should be well aware
that we cannot draw strong conclusions on which simulation compares better to real Glu
solvated in water: the force field or the quantum simulation. My errors are most likely
less severe than in most of the pure water simulations that can be related to experiments,
because of my larger box sizes and the focus on local processes. With ab initio simulations,
one includes electron density spatiality, yielding a detailed picture of related properties
such as coordination numbers and hydrogen bond switching events. But the time scale
for changes in these properties is of the same order as the simulation times for quantum
simulations, therefore the sampling is much better in the longer force field simulations.
From the simulations presented in this chapter we can understand, and to some extent
quantify, the difference between force field and quantum simulations, in order to recognise
unphysical effects around the border of QM and MM parts in combined simulations.

In relation to the simulation of the proton transfer in the photoactive yellow protein, it
is interesting to know that the residence time changes upon protonation are much larger
for the quantum system than for the force field system. The changes in Glu are also larger
than the residence time differences upon protonation of the phenolic oxygen of p-coumaric
acid in the previous chapter. This means that deprotonation of glutamic acid has a larger
residence time decreasing effect than the opposite effect on the chromophore, and hence,
that it is likely that the hydrogen bond between the two molecules in the protein breaks
easier after the proton transfer. This indicates that a direct proton transfer from Glu to p-
coumaric acid can be a starting point for the breaking of hydrogen bonds and ultimately
unfolding of the protein. I also saw that upon deprotonation of Glu, glutamate attracts
three extra hydrogen bonds to the now negatively charged carboxylate group - indepen-
dent of the simulation method. In force field simulations of glutamate in the protein as
well, the number of hydrogen bonds increased from 1 to 4 in less than 10 ps. The need to
stabilise the negative charge on Glu makes hydrogen bond rearrangements easier. Exactly
these rearrangements are part of the process of unfolding the protein into its signalling
state.
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Chapter 6

Proton transfer and hydrogen bond
rearrangements in the photoactive
yellow protein

The photocycle of the photoactive yellow protein (PYP) consists of several steps, including a proton
transfer step. Possible pathways for this protonation are those in which Glu46, the proton donor,
receives at least two hydrogen bonds before deprotonation. Two likely candidates are pathways
in which extra stabilisation is provided by either water or by a hydrogen bond from threonine 50.
This lowers the free energy barrier for the proton transfer by more than 20 kBT. I report a study
of possible pathways for the protonation reaction with dynamical QMMM (quantum mechanics /
molecular mechanics) simulations. To speed up the processes and to estimate the free energy bar-
riers involved, I use direct metadynamics. I find that a proton transfer directly after the excitation
and isomerisation of the PYP chromophore has such a high barrier, that this is an unlikely reaction
path.

6.1 Introduction

In this chapter I will focus again on the proton transfer reaction in the photoactive yellow
protein. In the pB state, Glu46 has lost a proton (proton Hg in figure 6.1) and has taken
up a negative charge. In chapter 3 I showed that the reactive event involves the enhanced
stabilisation of glutamate by hydrogen bonds. I manually moved the proton from Glu to
pCA, to check the influence of this charge transfer on the protein. In the pG and pR states
of the protein, glutamic acid takes part in only one hydrogen bond: the one it donates to
the negatively charged chromophore. After deprotonation, glutamate is only stable inside
the hydrophobic protein when it accepts at least three hydrogen bonds. This implies that
together with the proton transfer, hydrogen bonds in the environment of glutamate have
to rearrange. I found that these rearrangements happen faster when simulated by a force
field compared to ab initio (see chapters 3 and 5), as the spatiality of the electron density is
not taken into account. I expect that both the actual chemical reaction and the hydrogen
bond switching are best described quantum mechanically. To be able to treat the complete
protein in solution, I employ the quantum mechanics / molecular mechanics (QMMM)
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Figure 6.1: The chromophore binding pocket in the pR state. The hydrogen bond structure (green
dotted lines) in the pocket is the same as in the ground state (pG), but the chromophore (pCA) has
isomerised. This figure shows only the part of the protein that was simulated quantum chemically
in my QMMM simulations (see section 6.2). The rest of the protein and its solvent is not shown. I
have labelled some of the oxygen and hydrogen atoms that are of importance for this work. In the rest
of this chapter I will refer to this structure as ‘pR’. I used this specific configuration as the starting
point for the pR and pR CST simulations (see section 6.3.1).

method. As I am interested in proton transfers and structural rearrangements, both my
QM and my MM method are dynamic.

The proton transfer in PYP has been simulated with QMMM before. However, I only
know of studies employing static quantum methods, combined with either dynamic or
static force field calculations. Groenhof et al. studied the photoactivation, isomerisation
and proton transfer of PYP with QMMM.10 They took frames from a classical (Gromos96)
simulation of the solvated pR state and placed the Glu46 proton on 20 different positions
along the Glu46 - pCA hydrogen bond. With static QMMM at the PM3 level, they cal-
culated the potential energy surface of the proton transfer. Because of the nature of their
simulations, they neglected entropy and could not calculate the free energy. They found
a potential energy barrier for protonation of around 50 kJ/mol, with the new protonation
state favourable by around 40 kJ/mol. In this case there was no need for extra stabilisation
of Glu46 by extra hydrogen bonds. In the pG state, the proton transfer had a much higher
barrier and was never favourable. The same holds for the chromophore binding pocket
simulated in vacuum, without the protein environment.

Thompson et al.69 simulated the protein statically in X-ray structures of the pG state
and of a cryogenically trapped intermediate state at partial isomerisation (with the dihe-
dral around the pCA double bond set to 80◦). Other sources state that the protonation only
takes places after relaxation of the isomerised chromophore.27, 30, 119 As the strained dihe-
dral seems to be ‘chemically challenged’, it is perhaps not the correct starting point for a
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non-dynamical calculation. Thompson et al. embedded the chromophore binding pocket
(simulated quantum chemically) in a region of low dielectric constant (ε = 2) representing
the protein, around which was a high dielectric region (ε = 80) representing the solvating
water. The simulation was entirely static; there was no equilibration of the structures in
water with a force field as in the work of Groenhof et al.. Proton transfer was not favoured
in either of the two structures. The protonation reaction was more difficult (higher bar-
rier) in the protein environment than in vacuum (around 12 vs. 8 kcal/mol), which is the
opposite of Groenhof’s result.10

Recent QMMM simulations of PYP by Kamiya et al.94 are more detailed, although the
quantum part of the calculation was still static. They simulated structural changes of the
solvated protein with the Amber99 force field, employing umbrella sampling and averag-
ing over many frames. To study the proton transfer they performed full force field simula-
tions with the proton at different positions, fixing its position with respect to the donating
and accepting oxygen. The QMMM energy was then determined in 1000-4000 frames from
these trajectories. The free energy was calculated from these energies. In all simulations
Kamiya et al. fixed the oxygen-oxygen distance of the pCA - Glu46 hydrogen bond and the
hydrogen bond donated by Tyr42 to pCA. Especially this last constraint might have obfus-
cated important reaction paths, as my results indicate that the dynamics of this hydrogen
bond is of high importance (see section 6.3.1). Kamiya et al. showed that the barrier for
the proton transfer is considerably lowered when Glu46 receives a hydrogen bond from a
water molecule, or preferably even more waters. Nevertheless, the new protonation state
is unfavourable compared to the pR state. The authors suggest that further structural rear-
rangements (towards the pB state) are needed for its stabilisation.

In this chapter, I describe dynamical QMMM simulations of the protonation reaction.
That means that I can study the chemical reaction, hydrogen bond switching and all other
structural rearrangements simultaneously. However, this approach comes at a substantial
computational cost. To some extent I can solve this by taking two measures: 1) I use several
starting structures, taken from different (possible) configurations along the photocycle. In
this way, I can compare the free energy barrier for the reaction in different stages in the
photocycle, and find the most likely reaction path. 2) I employ the metadynamics method65

to estimate and overcome free energy barriers within a dynamical simulation.
First I discuss the methods I used. In section 6.3.1 I explain how I selected the starting

structures of my simulations. Next, I show different free energy plots based on dynamical
simulations of these configurations. I estimate the free energy barriers and the time scales
involved.

6.2 Computational methods

To study chemical reactions inside the photoactive yellow protein, I employed quantum
mechanics / molecular mechanics (QMMM). This method combines dynamical quantum
chemical simulations on the relevant part of the protein with force field molecular dynam-
ics (FFMD) simulations on the rest of the protein and its solvent (water). The Protein Data
Bank (PDB) provided me with the starting structure 1OT9.7 I chose this X-ray pR structure
because of its high resolution (1.00 Å). The structure was equilibrated in water with FFMD
for at least 2 ns before starting a QMMM simulation.
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For the molecular dynamics (MD) simulations, I employed Gromacs35 and Gromos36

software with the Gromos96 force field,31 adjusted with the partial charges and dihedrals
proposed by Groenhof et al.8 for the chromophore. The time step was 2 fs and a Nosé-
Hoover thermostat72, 73 with τ=0.1 ps controlled the temperature. All simulations in this
chapter were done in the canonical ensemble at 300 K. I solvated the protein in 8983 SPC
water molecules44 in a cubic periodic box with a box length of 66.6 Å. Six Na+ ions coun-
terbalanced the negative charge of the protein. In the FFMD simulations, the LINCS74 and
SETTLE75 algorithms constrained the bond lengths and angles. In the QMMM simulations,
SHAKE60 and RATTLE59 performed this task.

The quantum part of the simulations was done with the CPMD software package.38

CPMD employs the Kohn-Sham formulation of DFT. I expanded the Kohn-Sham orbitals in
plane waves up to a cut-off of 70 Ry. The time evolution of the electronic degrees of freedom
is calculated with an MD-like algorithm, using a fictitious electron mass of 750 a.u. The
simulations were done with a time step of 0.15 fs. I employed the gradient corrected BLYP
functional49, 50 to account for the exchange-correlation energy. Semilocal norm-conserving
Troullier-Martins pseudopotentials58 were used with cut-off radii of 0.26, 0.65, 0.59 and
0.71 Å for H, C, O and S respectively. A Nosé-Hoover chain88 thermostat at 1500 cm−1 (≈
22 fs) controlled the temperature. The hydrogen atom mass was set to 2 a.m.u.

For the QMMM simulations,61 the electron density was fitted to D-RESP charges with a
penalty function based on the interaction with MM particles in a shell of 6.35 Å around the
quantum box. Up to 15.9 Å, the electrostatic forces between QM and MM particles were
calculated with a quadrupolar expansion. When the QM/MM border was in between two
chemically bonded atoms, a link hydrogen atom32 capped the QM atom. As QMMM sim-
ulations require an isolated box, I applied the Tuckerman40 Poisson solver. At the start of
every simulation, I added 8 Å to the largest atomic distance in each direction to determine
the size of the box.

Figure 6.1 displays the chromophore binding pocket, containing the amino acids Tyr42,
Glu46, Thr50 and Cys69, which has a thioester bond with pCA. In the pR state, the phenolic
oxygen of pCA accepts a hydrogen bond from Tyr42 and Glu46; Thr50 donates a hydrogen
bond to Tyr42. Arg52 neutralises the system charge; its guanidinium group is in plane with
the phenolic ring of pCA. Except for Arg52, I included all these residues in the quantum
system, truncating the amino acids at the first C-C bond that was not part of a conjugated
(π) system. I saturated the dangling bonds by capping with hydrogens. Tyr42, Thr50 and
Cys69 were cut between Cα and Cβ and Glu46 between Cβ and Cγ . Throughout this chap-
ter I refer to the important residues with subscripts: c for chromophore, g for glutamic acid,
t for tyrosine.

For the metadynamics65 simulations I used the code implemented in the CPMD soft-
ware package. I employed direct metadynamics with two types of collective variables
denoted as ‘DIST’ and ‘DIFFER’. DIST is the distance between two atoms, DIFFER the dis-
tance between atoms 1 and 2 minus the distance between atoms 2 and 3. The starting
points of the metadynamics simulations were frames from an FFMD trajectory of the pR
state that I describe in section 6.3.1. Table 6.2 provides an overview of all metadynamics
simulations performed in this study; I will use the names in this table throughout the text
to refer to simulations and/or structures. Appendix C gives the full overview of all pa-
rameters of the simulations. I equilibrated the QMMM simulations for at least 3 ps before
starting metadynamics.
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simulation parameter constraint
pR equilibrated pR structure

DIFFER Oc - Hg - Og Oc - Og distance 3.1 Å at most
DIST Ht - Og wall 3.5 Å
DIST Ht - Oc wall 3.5 Å

pR CST as pR, with Hg constrained exactly in between Og and Oc

DIST Ht - Og wall 3.5 Å
DIST Ht - Oc wall 3.5 Å

pR THR as pR, with H bond from Thr50 to Glu46
DIST Oc - Hg wall 2.1 Å
DIST Og - Hg wall 2.1 Å
DIST Ht - Og wall 3.5 Å
DIST Ht - Oc wall 3.5 Å

pR WAT as pR, with H bond from water to Glu46
DIST Oc - Hg wall 2.1 Å
DIST Og - Hg wall 2.1 Å

pB’ replica exchange pB’, many waters in pocket
DIST Oc - Hg wall 2.1 Å
DIST Og - Hg wall 2.1 Å

Table 6.1: Collective variables in all metadynamics simulations. I used two types of collective
variables, DIST and DIFFER. The first is the distance between two atoms, the second the difference
between two distances. For some distances a maximum value was set, the WALL. The subscript of
the atoms refers to the residue that they are part of: c for chromophore, g for glutamic acid, t for
tyrosine. The structures and their corresponding simulations are explained in section 6.3.1.

From the free energy obtained from metadynamics simulations I estimated rate con-
stants and characteristic reaction times using the Arrhenius equation

k = A exp(−∆F †/RT )

τ =
1
k
.

∆F † is the free energy difference between the reactant state and the top of the barrier.
All the frequency factors A were calculated from an unconstrained non-metadynamics
QMMM simulation of the pR state. The sampling time for this simulation was 97500 time
steps of 0.12 fs, corresponding to 11.8 ps. The procedure was as follows: the observed
time series for the relevant distance, for example an OH distance or a difference between
two OH distances was Fourier transformed and fitted to a Lorentz distribution. The fitted
parameter indicating the position of the maximum of this distribution is the frequency of
attempts A.

Some of the processes in this chapter are actually two-step processes, as depicted in
figure 6.2. In this case, the starting point is reactant state A, from which a barrier of height
∆F †1 needs to be crossed to end up in intermediate state I. The free energy difference be-
tween state I and A is ∆F2. From intermediate state I, the second barrier of height ∆F †3
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Figure 6.2: Cartoon of the free energy barriers in a two-step process. ∆F †1 defines the kinetics of
the first process, ∆F2 the relative stability of the ‘middle’ state compared to the reactant state. The
kinetics of the second barrier crossing are defined by ∆F †3 . To calculate the free energy barrier of the
complete process, one sums ∆F2 and ∆F †3 .

leads to product state B. The total free energy barrier and kinetics of the reaction from A to
B are

∆F †tot = ∆F2 + ∆F †3

kAB =
kAIkIB

kIA + kIB

τAB =
1
kAB

=
kIA

kAI
τIB + τAI

= exp(∆F2/RT )τIB + τAI .

To plot multi-dimensional energy landscapes on fewer (down to only one) dimensions, I
integrated out collective variables (see appendix C).

6.3 Results

6.3.1 Configurations

The starting points for the QMMM metadynamics simulations were generated with FFMD
simulations. From a 2 ns trajectory, I inspected snapshots taken every ps. From chapter 3
I knew that hydrogen bond rearrangements, stabilising the negative charge on Glu46, are
very important in creating a stable new protonation state. By manually moving the proton
from Glu46 to pCA and constraining the newly formed bond, I studied hydrogen bond
breaking and forming in and around the chromophore binding pocket. This structure -
based on pR, but with the Glu46 proton moved to the pCA phenolic oxygen - I denote pB’
in the rest of the chapter. Although chemically the molecule is equal to pB, it is much more
related to pR by its secondary and tertiary structure.

Inside the protein environment, the protonation reaction has too high a barrier to hap-
pen spontaneously in the times accessable to a QMMM simulation (see chapter 3). To
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enforce the reaction and in the same time obtain a picture of the free energy landscape of
the process, I apply metadynamics. I showed that the proton transfer itself is not enough
to induce the transition to the pB state of the protein: when the proton is moved manually
from Glu46 to pCA, it moves back immediately in a QMMM simulation when the negative
charge on Glu46 is not sufficiently stabilised by hydrogen bonds. I observed this in several
FFMD and QMMM simulations and found that stabilisation requires Glu46 to have at least
three hydrogen bonds. The first hydrogen bond donor is always pCA; the hydrogen bond
between pCA and Glu46 stays intact after the proton transfer. Even in the short time scale
of my QMMM simulations, Thr50 can donate a bond to Glu46 too. The third donor requires
a hydrogen bond rearrangement that did not occur within the 11 ps of my QMMM simula-
tion. Close examination of ten FFMD trajectories indicated that this donor is most likely the
backbone NH group of Thr50 or the phenolic oxygen of Tyr42. Especially this last donor
has an important role. The Thr hydrogen bond switches were found to be reversible; they
formed and broke easily, sometimes leaving the negative charge on Glu46 unstabilised.
However, once the hydrogen bond from Tyr42 had moved from pCA to Glu46, it did not
return in any of my FFMD simulations. This hydrogen bond switch proved to be a very
important indicator of the success of the proton transfer: once it had occurred, the negative
charge on Glu46 was always sufficiently stabilised. This result suggests that the hydrogen
bond transfer between the donor Tyr42 and the two possible acceptors, pCA and Glu46, is
an important reaction coordinate in studying the protonation reaction. For that reason, I
have included this parameter as a collective variable in my metadynamics simulations.

Kamiya et al.94 suggested that Glu46 can also be stabilised by hydrogen bonds from
water molecules entering the chromophore binding pocket. As I found these hydrogen
bond formations occurring spontaneously in FFMD simulations of the solvated protein in
the pR state (before deprotonation of Glu), I also used one of these structures as a starting
point for a metadynamics simulation.

Based on these considerations, I took three snapshots from the pR trajectory as a start-
ing point for QMMM simulations. The first was a typical pR structure, in which all the
hydrogen bonds in the chromophore binding pocket measured with X-ray crystallogra-
phy were still intact (figure 6.1, structure pR). In the second one, Thr50 was donating its
hydrogen bond to Og of Glu46, not to Tyr42 anymore (figure 6.3, structure pR THR). The
third snapshot showed a chain of water molecules invading the binding pocket. One water
molecule donated a hydrogen bond to the other oxygen of Glu46 (i.e. the one not hydrogen
bonded to pCA). It was connected through a second water molecule to the ‘bulk’ water (fig-
ure 6.4, structure pR WAT). The first structure was sampled most, the other two occurred
spontaneously a number of times. Kamiya et al.94 found the pR WAT structure too.

To look at the hydrogen bond rearrangements independently of the proton transfer
reaction, I performed a simulation that is very similar to the one performed on system pR.
Only in this case I constrained the proton of Glu46 exactly in between the donating oxygen
of Glu and the accepting oxygen of pCA.

The last starting structure was taken from parallel tempering simulations of pB’ by
Vreede et al.25 In this structure, the hydrogen bond between pCA and Glu46 is still intact,
but more water molecules have penetrated the binding pocket (structure pB’). Some of
these water molecules surround the chromophore ring, while others stabilise Glu46. Tyr42
donates a hydrogen bond to Glu46 as well, see figure 6.5. By studying this system, I can
look at the (de)protonation of pCA when it is partly solvated. The simulation can serve
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Figure 6.3: The chromophore binding pocket of the pR state, with Thr50 donating a hydrogen bond
to Glu46 instead of to Tyr42. In this structure (pR THR), Glu46 takes part in two hydrogen bonds
at the start of the metadynamics simulation.

Figure 6.4: The chromophore binding pocket in the pR state, with a water molecule donating a
hydrogen bond to Glu46. This water molecule is connected to the bulk water outside the protein
through one other water molecule. This structure is the starting point for the simulation of system
pR WAT.
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Figure 6.5: The chromophore binding pocket plus surroundings in the pB’ state. Glu46’s proton has
been moved manually to pCA; after that a force field parallel tempering simulation has evolved the
structure to the one in this picture. Many water molecules have penetrated the pocket and solvate
both pCA and Glu46. This is the starting structure for the pB’ simulation.

as a check whether protonation of pCA is possible after partial unfolding of the protein,
as Genick et al.29 suggest. But as I have no unfolded pR simulations available - only pB’
simulations - I settle for the reverse reaction (hoping that applying metadynamics allows
us to see both reactions). As it is easier to protonate a negatively charged glutamate residue
than a neutral water molecule, the deprotonation of pCA is much more likely to happen
when the hydrogen bond with Glu46 still exists. That is why I chose this specific frame
from Vreede’s simulations. The many water molecules in the chromophore binding pocket
can stabilise a negative charge on both pCA and Glu46, enabling me to look at the proton
transfer reaction only, independently of hydrogen bond rearrangements.

6.3.2 Proton transfer pathways

In this section I will discuss the metadynamics results for each system presented in sec-
tion 6.3.1 and show the free energy barriers. From these barriers, I estimate the rate con-
stants and characteristic times that go with these barriers. It is important to understand
that these estimates only provide an order of magnitude and not an exact value of the rate
constant.

First we look at system pR CST. As the Glu46 proton is constrained here between Glu46
and pCA, this simulation allows us to look at the Tyr42 hydrogen bond switch alone, with-
out any influence of the position of the proton. In the next section I discuss system pR,
now including the proton transfer as well. After that, I show the results of two different
configurations in which Glu46 is stabilised by an extra hydrogen bond: either a bond from
Thr50 (pR THR) or from a water molecule that has penetrated the chromophore binding
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pocket (pR WAT). Finally I discuss system pB’, in which both Glu46 and pCA are solvated
and stabilised by many water molecules. In this way, we can look at the proton transfer
in a situation where hydrogen bonds from water are abundant, stabilising both the proton
donor and the acceptor.

System pR CST: proton constrained between Glu46 and pCA

Constraining the proton of Glu exactly in between Og of Glu46 (its donor) and Oc of pCA
(its acceptor) enabled me to study the hydrogen bond rearrangement of Tyr42 from pCA
to Glu46 without bias toward a protonation state. In the starting point of the simulation
(see figure 6.1), Tyr42 donates its hydrogen bond to Oc of pCA. This structure corresponds
to free energy minimum A in figure 6.6(a). After sampling the product state, minimum
B (with the hydrogen bond from Tyr42 pointing towards Og of Glu46), the system moves
towards a third, more shallow minimum C. Here, the Tyr42 proton is at a non-hydrogen
bonding distance from both oxygens. Continuing the simulation after reaching this min-
imum gives no extra information on the hydrogen bond exchange I want to study. To
calculate the free energy difference for the transfer, I integrate the free energy over the re-
actant state after 268 deposited Gaussions and subtract this from the free energy integrated
over the equidistance line (which gives the height of the barrier).

The frequency factor (frequency of attempts) for this hydrogen bond reorganisation is
approximately equal to the number of times that the proton from Tyr42 moves towards Og

and away from Oc. For this, I examined two parameters: 1) the Ht to Og distance and 2)
the dihedral that corresponds to rotation of the OH bond of Tyr42 around the neighbouring
CO bond (Ht-Ot-C1-C2). I found frequencies of 0.01668 (1) and 0.01665 (2), so for further
calculation I use a frequency of 0.017 times per fs.

∆F † = 15.2− 2.1 = 13.1 kBT
k = 0.017 exp(−13.1) = 3.3 · 10−8 fs−1

τ =
1
k

= 3.0 · 107 fs = 30 ns.

Although this ∆F † is not a real, physical barrier, it gives a good indication of the free
energy barrier for the changing hydrogen bond not biased by the position of Glu46’s pro-
ton. The product state in minimum B has a slightly lower free energy than the reactant
state (see especially figures 6.6(b) and 6.6(c), where the sampling of the product state is
converged): the hydrogen bond switch leads to a more stable protein configuration.

System pR: directly after excitation and isomerisation of pCA

In this section, I study the protonation reaction in the pR structure. The starting structure
is the X-ray structure equilibrated with FFMD followed by QMMM, with the hydrogen
bond structure around the chromophore as it is experimentally measured for the pG and
pR state. In this way I can check whether the protonation could happen immediately after
the light-induced isomerisation.

I performed a three-dimensional metadynamics simulation (see table 6.2); the collective
variables were a difference between OH distances for the protonation and two distances for
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Figure 6.6: Free energy plot of system pR CST after 268 (a), 526 (b) and 600 (c) deposited Gaussian
hills. The difference between the contour lines is 2 kBT . The three letters indicating the minima are
used throughout the text. The x axis gives the OH distance of the hydrogen bond donated by Tyr42
to Glu46, the y axis to pCA.

the two possible hydrogen bonds donated by Tyr42. To be able to show the results as a free
energy landscape in two dimensions, I combined these two distances into a new DIFFER
parameter in figure 6.7. This means that I show the difference between the two hydrogen
bond lengths at the x axis and have integrated out the sum of these distances.

Performing a three-dimensional metadynamics calculation of a fairly large system de-
scribed with QMMM is a computationally very expensive task. During this simulation, a
proton and hydrogen bond transfer occurred. However, I was not able to see the reverse
process. After more than 200000 time steps, the system was still sampling the second mini-
mum. This means that I only have a fair estimate of the forward barrier for the protonation
process. But as the metadynamics simulation is not fully converged, the minimum of the
product state is likely to be deeper than shown in figure 6.7.

The free energy surface in figure 6.7 shows that the lowest energy path from the first to
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Figure 6.7: Free energy plot of system pR after 2079 deposited Gaussian hills. The difference be-
tween the contour lines is 5 kBT . The x axis indicates the Tyr42 hydrogen bond switch from pCA
to Glu46 and the y axis the proton transfer from Glu46 to pCA. The top right is the reactant state.

the second minimum is practically a straight line in the 2-dimensional plot. Hence, it is a
concerted process of the protonation reaction itself and the hydrogen bond rearrangement.
To calculate the frequency of attempts for this ensemble, I need to use both frequency fac-
tors. The first factor is that of the movement in the hydrogen bond of Tyr42, which I already
calculated in section 6.3.2. The second factor is the frequency of attempts of the protonation
reaction. I define this by the frequency of the DIFFER of the two distances from the Glu46
proton to the Glu46 oxygen and to the pCA oxygen. This frequency is 0.085 times per fs.
This gives

1
A

=
1

Aprot
+

1
AHbond

=
1

0.017
+

1
0.085

= 72 fs

A = 0.014 fs−1

∆F † = 56− 23 = 33 kBT
k = 0.014 exp(−33) = 6.2 · 10−17 fs−1

τ =
1
k

= 1.6 · 1016 fs = 16 s.

This characteristic time is much longer than the experimentally measured time for the
transfer from the pR to the pB state. And this transfer even involves the partial unfolding
of PYP, not only the local protonation reaction as calculated here. This τ makes it highly
unlikely that this mechanism is very important in reality.
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System pR THR: hydrogen bond from Thr50 stabilises Glu46

An extra hydrogen bond already donated to Glu46 before deprotonation could make the
proton transfer easier and faster. For this reason I also performed a similar metadynamics
simulation on a pR system in which Thr50 already spontaneously switched its hydrogen
bond to Glu46. This simulation was very similar to the one previously discussed, with the
difference that I now performed four-dimensional metadynamics: the two OH differences
that define the proton transfer from Glu46 to pCA are now two separate collective variables
and not combined in a DIFFER. To provide a clear picture of the results, in figure 6.8 I have
again projected the system on two DIFFER coordinates and integrated out the other two
variables.

In contrast to the result in figure 6.7, the path from the first to the second minimum is
not a straight line anymore. It clearly leads parallel to the y axis first, followed by a process
parallel to the x axis. Hence, the lowest energy path for this process starts with a proton
transfer, followed by a hydrogen bond transfer, which is induced by the negative charge on
Glu46. At the end of the simulation, a small third minimum appeared. This is the reverse
reaction for the hydrogen bond rearrangement (the Tyr42 hydrogen bond moves back to
pCA); however, within the computer time available I did not simulate the reverse proton
transfer.

If I want to ascribe a rate constant to this process, the frequency factor of importance
is that of the protonation. Once the proton has transferred, the hydrogen bond switch
happens directly afterwards. I showed in the previous section that this frequency factor is
0.085 times per fs. The barrier from figure 6.8(a) (without the third minimum) is

∆F † = 17.4− 5.3 = 12.1 kBT
k = 0.085 exp(−12.1) = 4.5 · 10−7 fs−1

τ = 2.2 · 106 fs = 2.2 ns.

These numbers only apply to the process after the Thr50 hydrogen bond switch. To
include this preceding step as well, I have to estimate its free energy difference, according
to the cartoon of a two-step process in figure 6.2. To do this, I count the number of times
that the Thr50 oxygen moved to a position where it is closer to the Glu46 oxygen than to
the Tyr42 oxygen in the unconstrained force field trajectory of the pR state. By dividing
the simulation time by this number of attempts, I find the associated time for this process:
τ = 0.12 ns. The free energy difference of the two states (with Thr50 donating a hydrogen
bond to Tyr42 or to Glu46) can be estimated by the number of time steps spent in either of
them: ∆F = − ln(1150/2850) = 0.91 kBT in favour of the Tyr42 bond. Note that this ∆F is
not the free energy barrier, but the difference between the two local minima on either side
of the barrier (∆F2 in figure 6.2). Now I can calculate the total free energy and characteristic
time for the full process

∆F †tot = 0.91 + 12.1 = 13 kBT
τtot = exp(0.91) ∗ 2.2 + 0.12 = 5.6 ns.
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Figure 6.8: Free energy plot of system pR THR after 1559 (a) and 2232 (b) deposited Gaussian
hills. The difference between the contour lines is 2 kBT . The x axis indicates the Tyr42 hydrogen
bond switch from pCA to Glu46 and the y axis the proton transfer from Glu46 to pCA. The starting
point of the simulation is the top right minimum.
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System pR WAT: water stabilises Glu46

Another possible hydrogen bond donor to Glu46 is water. It is readily available outside
the chromophore binding pocket and during equilibration with FFMD reversibly entered
the pocket, forming a two-molecule chain towards the second oxygen of Glu46. With this
extra stabilisation already present, I performed a metadynamics simulations with two OH
distance collective variables, enforcing the transfer from Glu46’s proton to pCA and back.
However, after deprotonation of Glu46, rapidly more water molecules entered the binding
pocket along the chain that was already there. Soon, three water molecules were hydrogen
bonding to Glu46, making its new protonation state very stable and effectively irreversible,
as the water molecules did not leave the binding pocket anymore.

Schematically, the picture of the protonation in this system would look like figure 6.9.
Metadynamics will push the system from the starting point along the x axis towards the
new protonation state, in which Glu’s proton is on pCA and Glu46 is negatively charged.
In the starting structure, Glu46 receives one hydrogen bond from a water molecule. Due
to the negative charge that moved from pCA to Glu, the water chain widens and more
water molecules enter the binding pocket to stabilise Glu46. Soon, three water molecules
surround Glu46. This process happens spontaneously (broken arrow in the cartoon) and
is not guided by metadynamics parameters. The structure in the bottom right of the car-
toon is not a (local) minimum in the energy landscape, the top right structure however
is. When this minimum has been sampled (and Gaussian hills have been placed), meta-
dynamics will exert a force again along the x axis direction, back to the old protonation
state. However, this is not the same bottom left state as I started from: pushing along the x
axis without any force along the y axis will only change one of the collective variables that
describe the process. The barrier to go to the rather unfavourable top left state, with water
stabilising only Glu46 and not pCA, is high. Because of the hydrogen bonds with other
water molecules and Glu, the water molecules will not leave the binding pocket easily. The
final step needed to close the circle, from the top to bottom left in the cartoon, will not take
place, as it is not enforced by metadynamics and requires a substantial reorganisation of
water molecules and amino acids.

The protonation transfer with this starting structure would be simulated better with
extra metadynamics parameters that decrease the coordination number of water around
Glu46 and make water move out of the binding pocket. However, to do this in a controlled
way would require extra parameters that have to be chosen with consideration and many
trial simulations. Even then, the coordination number is not an easy collective variable to
use in this system. Nevertheless, based on the data I have gathered with only two collective
variables controlling the protonation, I can say something about the reaction barrier. When
I look at figure 6.9 with only a one-dimensional perspective along the x axis, I first fill the
starting point minimum with Gaussians. Once this is filled I start sampling on the right,
but this is a flat surface rather than a local minimum. For that reason I can keep diffusing
along the x axis for some time without any noticeable free energy barrier. This will continue
until extra water molecules start penetrating the binding pocket; the system will then move
downhill to a new minimum along the y axis. But from my one-dimensional perspective,
the y axis is projected on the x axis and I just see a minimum gradually appearing in time
when the proton is on pCA. This is exactly what we see in the free energy surfaces of
figure 6.10.
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Figure 6.9: Cartoon of the protonation reaction with water in the binding pocket. The y axis shows
the number of water molecules donating a hydrogen bond to Glu46. The x axis indicates whether
the proton of Glu46 is chemically bonded to Glu46 (before the proton transfer) or to pCA (after the
transfer).

Just before the proton transfer, I see a proper minimum filled with Gaussians in fig-
ure 6.10(a), minimum A. After the transfer however I only see a tiny barrier that does not
agree with the number of Gaussians I needed to add to get there. That is because the free
energy surface is temporarily almost flat (figure 6.10(b)). If I want to estimate the height
of the barrier for proton transfer, I should take my data from the first figure rather than
from the second. After the water molecules have entered, a new minimum (B) appears
(figure 6.10(c)). The barrier for deprotonation in this system is very high; I did not manage
to sample it in the available computer time. The banana shape of the free energy surface is
an indication that for the proton to transfer from one oxygen to the other, the two oxygens
have to approach each other. The sum of the two OH distances is smallest at the moment
of transfer.

The estimate of the free energy of protonation in this situation has a larger error than
in the other systems, as I need to measure the height of the barrier when there is no actual
barrier visible. I measure the top of the barrier at the moment that I just start sampling the
part of phase space where the proton is closer to pCA than to Glu46. This is figure 6.10(a). I
now compare the free energy in minimum A with that of the free energy at the equidistance
line (representing the top of the barrier). I use the same frequency factor for protonation as
before.

∆F † = 32.0− 26.0 = 6.0 kBT
k = 0.085 exp(−6.0) = 2.1 · 10−4 fs−1

τ =
1
k

= 4.7 · 103fs = 4.7 ps.

This is a two-step process as described in figure 6.2: first water enters the binding
pocket, followed by a proton transfer. To estimate the free energy barrier of the complete
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Figure 6.10: Free energy plot of system pR WAT after 649 (a), 910 (b) and 1157 (c) deposited
Gaussian hills. The difference between the contour lines is 3 kBT .

process, I have to estimate the free energy of the ‘intermediate’ state and the kinetics of the
process of forming a water chain into the pocket. As before, I quantify these two parame-
ters by calculating the number of time steps sampling the reactant or the intermediate state
and by counting the number of successful penetrations (twice) in the 2-ns pR force field
simulation respectively. This gives me the following numbers for the penetration process

∆Fpen = − ln(500/3500) = 1.9 kBT
τ = 1 ns.

Summation gives the total numbers for the complete two-step process

∆F †tot = 6.0 + 1.9 = 7.9 kBT
τtot = exp(1.9) ∗ 0.0047 + 1 = 1 ns.
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The formation of the water chain pointing into the chromophore binding pocket ap-
pears to be the rate-determining step. Although the barrier for this chain formation is rel-
atively high, the free energy difference between the reactant and intermediate state (with
and without the chain) is less than 2 kBT. Because the barrier height for the penetration is
based on only two events, the τ has a large uncertainty

System pB’: reverse pathway, deprotonation of pCA

The results of the previous section were difficult to interpret because of the non-
reversibility of the penetration of the binding pocket by a cluster of water molecules. A
way to remove some uncertainty is to look at a system that is taken from a more advanced
state on the path from pR to pB. Here, many water molecules have entered the binding
pocket and donate hydrogen bonds to both pCA and Glu46. In system pB’, I can look
solely at the proton transfer.
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Figure 6.11: Free energy plot of system pB’ after 190 (a), 290 (b) and 917 (c) deposited Gaussian
hills. The difference between the contour lines is 3 kBT .

The starting structure I used was obtained from force field replica exchange simulations
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Table 6.2: Overview of the results: aOnly hydrogen bond transfer, no protonation reaction;
bWithout Thr50 to Glu46 hydrogen bond switch; cIncluding hydrogen bond switch, full process;
dWithout penetration of binding pocket by water chain; eIncluding water penetration, full process;
f Deprotonation of pCA, reverse reaction.

system ∆F †(kBT) k (ns−1) τ (ns)
pR CSTa 13 3 ·10−2 30
pR 33 6·10−11 2 ·1010

pR THRb 12 0.45 2.2
pR THR (total)c 13 0.2 5.6
pR WATd 6 2 ·102 5 ·10−3

pR WAT (total)e 8 1 1
pB’f ≥ 9 ≤ 1·102 ≥ 0.01

of PYP.25 The proton transfer in these simulations was done manually (in the pR structure,
the proton was taken from Glu46 and put on pCA), as chemical bond breaking could not
happen within this computation. I took a starting structure from the trajectories with the
hydrogen bond between Glu46 and pCA still intact and both groups partly solvated by
water molecules.

The free energy surfaces (figure 6.11) show an increasingly deep minimum when the
proton is on pCA and hardly any sampling of structures with the proton on Glu46. This is
to be expected, as the pKa of Glu46 in water is much lower than that of solvated pCA (4.1
vs. 9.3). I stopped the simulation after 917 deposited Gaussians (figure 6.11(c)). From these
data, I can only give a rough estimate of the minimum barrier for deprotonation of pCA,
not for its protonation. I calculate this value in the same way as I did in section 6.3.2, from
figure 6.11(b). The barrier might well be much higher, or their might not be a stable state
at the other side at all (at least not with these collective variables). Consequently, the value
is not very meaningful. It only tells me the minimum free energy difference between this
pB’ state and the state with the proton midway between pCA and Glu

∆F † = −11.0− (−20.0) = 9.06 kBT
k = 0.085 exp(−9.1) = 9.9 · 10−5 fs−1

τ =
1
k

= 1.0 · 104 fs = 0.010 ns.

6.4 Discussion and conclusions

I performed QMMM simulations on PYP in several configurations taken from FFMD tra-
jectories along the photocycle. Using metadynamics, I studied the mechanism and free
energy barrier for proton transfer from Glu46 to the chromophore pCA. For easy compari-
son, I present the results again in table 6.2.

In the simulations pR CST, pR WAT and pR THR I found a product state of lower free
energy than the reactant state, implying that the reaction leads to a stable new state. This
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is in contrast with the work of Kamiya et al., who found an unstable product in a system
very similar to pR WAT. This can be explained by the static nature of their protonation sim-
ulations. In my dynamical simulations, the environment can adjust to the new protonation
state while the proton transfer occurs. Apparently, environmental relaxation can overcome
the small unfavourable free energy difference of 1.0 kcal/mol that is found by Kamiya.
Both my simulations and those of Kamiya revealed the entering of more water molecules
into the binding pocket. In my simulations this was a result of the proton transfer, Kamiya
compared static systems with and without extra waters and saw a small favourable effect
of the presence of water. My simulations clearly indicate that a spontaneous fluctuation of
the protein in the pR state, allowing a chain of water molecules to enter the binding pocket
and donate a hydrogen bond to Glu46, is a likely reaction path leading to the proton trans-
fer reaction. This reaction and the resulting negative charge on Glu46 are a trigger to allow
more water molecules to enter the binding pocket; this could be a starting point for further
unfolding of PYP. My full force field simulations of the pR state showed that the character-
istic time for formation of the water chain is much longer than the time of the actual proton
transfer: the chain formation is the rate-determining step. Because of this, I only counted
two chain formations. This poor sampling makes that the error in the numbers associated
with pathway pR WAT is substantial.

Another possible reaction path is the one in which Glu46 is stabilised by an internal
protein hydrogen bond rearrangement rather than an external one. When the hydrogen
bond donated by Thr50 switches from Tyr42 to Glu46, the barrier for the proton transfer is
lowered to an enormous extent (compare system pR THR with system pR). The barrier for
the hydrogen bond switch increases the characteristic time of this process somewhat, but
the proton transfer is the rate determining step. Within the error margin of my simulations,
the reaction path with Thr50 stabilising Glu46 before deprotonation is just as likely as the
path with water as the stabilising hydrogen bond donor.

Without this extra stabilisation the proton transfer is very unlikely. The free energy bar-
rier in system pR is so high, that the protonation reaction alone would take more time than
the entire photocycle measured experimentally. For the backward reaction (deprotonation
of pCA) in system pB’ I could not calculate a proper barrier, because I did not find a stable
state on the product side. I can only say that in this pB’ state, when pCA and Glu are both
partly solvated, the proton is not stable on Glu any more: the free energy difference is at
least 9 kBT. Therefore it is unlikely that the pB’ intermediate in my pB’ simulations is the
actual pB’ state, as experiments have shown that the pR to pB’ reaction is reversible. This
observation is in line with the pKa values of the two molecules in water (pCA is a base,
Glu an acid). So water molecules in the chromophore binding pocket can contribute to
the stability of glutamate and hence to the proton transfer, but too many waters will make
the pR to pB’ reaction irreversible. If the system pB’ described here is indeed part of the
photocycle, it will be somewhere along the pB’ to pB path.

The transformations I simulated take a considerable amount of ‘real time’ (in the order
of ps to µs), and even more wall clock time (weeks to months on an infiniband cluster
of 48 modern CPU’s), which restricted my possibilities. As most of the metadynamics
simulations are not fully converged (the forward reaction path is properly sampled, but
the backward path was often beyond computational reach), the error in the free energy
differences is of the same order of magnitude as the height of the Gaussians placed during
the simulation (1.05 kBT). This is roughly a factor 3 in the rate constants. Next to this
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error, I cannot be sure that there is no deviation due to the collective variables I chose. The
approximate nature of the reaction coordinates induces an underestimation of the barrier.
However, doing metadynamics with several collective variables - as I did - reduces the
need for a perfect coordinate. On the other hand, imperfect sampling increases the barrier
unphysically. It is hard to give a good estimate of the error due to these two opposing
effects. As a result, the rate constants and characteristic times should be regarded only as
estimates of the correct order of magnitude, providing a qualitative picture. Nevertheless,
this still gives us a wealth of new information, as the differences between the rate constants
in the different systems are substantial. Direct proton transfer in the pR state, without
further stabilisation of Glu46, yields a free energy barrier that is at least 20 kBT higher than
the barrier when Glu46 receives one extra hydrogen bond.



Figure on the next page: The photoactive yellow protein with its chromophore binding pocket highlighted.
The proton is exactly in the middle between Glu46 and pCA.







Appendix A

Validation of the QMMM simulations
of PYP∗

In section 3.3.1 I summarised the results of the validation of my methods. Here, I pro-
vide the results in detail. For the various systems and computational methods described
in section 3.2, I investigated the structure of the chromophore and the hydrogen bond net-
work in the chromophore binding pocket. As a validation of my computational approach,
I will first compare my calculated chromophore bond lengths to those measured in crystal
structures and other computational studies.

A.1 Chromophore bond lengths

My DFT-BLYP geometry optimisations of the isolated deprotonated trans and cis chro-
mophore and the neutral cis chromophore yield bond lengths that are within 0.02 Å of
the values obtained in DFT-BP calculations11 and DFT-B3LYP and CASSCF calculations.76

Only the distance from the phenolic oxygen to the nearest carbon atom shows some varia-
tion, see below. This indicates that my computational approach of the electronic structures
is sufficiently accurate. Figures 3.3 and 3.4 compare calculated pCA bond lengths to exper-
imental data for pG and pR crystal structures, respectively. The X-ray structures that define
the grey area in the figures have temperatures ranging from 85 K to 287 K; both high and
low temperature structures contribute to the upper boundary. My calculated bond length
values are all in or very close to the area that is defined by the experiments. The bonds in
the ring (between C2 to C7) have a mirror axis from C2 to C5 in each simulated structure.
This tendency is also found in the experiments. Only the C-C bonds near the phenolic
oxygen (C2 to C3 and C2 to C7) show some variation, which can be attributed to the be-
haviour of the C-O bond next to it. In the isolated geometry optimisation, it is shorter and
has a more double bond-like character. The chromophore is more parabenzoquinone-like
in this case, elongating especially the two bonds immediately neighbouring the C-O bond.
When the negative charge can be stabilised by hydrogen bonds, in the protein-embedded
(system B/E) and binding pocket (system C/F) simulations, the C-O bond is longer, more

∗This appendix was part of “Protonation of the chromophore in the photoactive yellow protein” - Elske J.M.
Leenders, Leonardo Guidoni, Ursula Röthlisberger, Jocelyne Vreede, Peter G. Bolhuis and Evert Jan Meijer, J.
Phys. Chem. B, 111 (14), p. 3765-3773, 2007
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single bond-like, and the C-C bonds are shorter. This compares well to the experimen-
tal X-ray measurements. In the tail of the chromophore (C5 to C9), the variation in bond
lengths clearly indicates alternating single and double bonds. Somewhat larger differences
in length exist in the dynamical simulations of the cis chromophore than in the trans con-
figuration. This suggests that the chromophore is less conjugated in the cis configuration;
in the pR state, the chromophore is not as flat as in the pG state. I will address this at the
end of this section in more detail.

A.2 Hydrogen bond network

Next I will discuss the hydrogen bond network around the chromophore. Here I will com-
pare the calculated structures of the ground state chromophore binding pocket in vacuum
(system C) and embedded in the protein, to experiments from literature. I studied the
protein-embedded system in the pG state employing both FFMD and QMMM simulations,
referred to as system A and B. The crystal structure used as a starting point shows Tyr42
and Glu46 donating a hydrogen bond to the phenolic oxygen of pCA and Thr50 donating
a hydrogen bond to Tyr42. Table 3.2 shows the calculated time-averaged hydrogen bond
lengths (oxygen-oxygen distances) together with values obtained from X-ray and NMR ex-
periments. The FFMD simulation at 300 K shows a dynamic process of hydrogen bond
breaking and (re)forming. In this simulation, the Thr50 switches its donated hydrogen
bond between Tyr42 (primarily), Glu46, pCA and an acceptor outside the binding pocket.
When Thr50 hydrogen bonds to pCA, the phenolic oxygen accepts three hydrogen bonds.
Also the hydrogen bond between Glu46 and pCA occasionally breaks, with Glu46 mov-
ing out of the binding pocket. In a 1-ns simulation, the Glu46-pCA bond breaks about 10
times for a short period; only in 4 cases Glu46 forms a relatively stable new hydrogen bond
temporarily. Glu46 is in its ‘native’ hydrogen bond state 85% of the time, Thr50 only less
than 50%. In the 100 K FFMD simulation, the hydrogen bond network remains in its ini-
tial state, as can be expected from a low-temperature sytem. In the QMMM simulations,
Thr50 is predominantly hydrogen bonded to Tyr42, occasionally switching to a hydrogen
bond acceptor outside the binding pocket, similar to the FFMD simulation. Other hydro-
gen bond dynamics observed in the FFMD simulation is beyond the time scale accessed in
the QMMM simulation.

My observations are qualitatively consistent with the NMR measurements,68 that show
the pCA-Glu46 and Tyr42-Thr50 hydrogen bonds existing in most frames, and the pCA-
Tyr42 hydrogen bond being present in all cases. Note that the numbers in table 3.2 for the
NMR experiments are averages over 26 lowest-energy conformations, not time averages.
The X-ray measurements suggest that in the protein crystal the hydrogen bond network
around the phenolic oxygen is rather static with the pCA-Glu46, pCA-Tyr42, and Tyr42-
Thr50 hydrogen bonds all stable. This could be attributed to the suppressed motion of the
protein backbone in the crystalline state compared to the solvated situation. A quantitative
comparison shows that the calculated hydrogen bond lengths to pCA are somewhat longer
than the experimental values. Here I should note that the hydrogen bonds to pCA in the
crystal structure are extremely short.7 The NMR solution structure even shows a Tyr42-
to-pCA oxygen-oxygen distance of 2.21 Å in one of its energy-minimised structures. In
this case, the oxygen-hydrogen-oxygen angle is 82◦ and the distance from the hydrogen to
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the pCA oxygen is 2.13 Å. In the employed force field, these unphysical structures yield
high energies and are therefore very unlikely to be accessed in an FFMD simulation. The
quantum chemical simulations show larger hydrogen bond lengths as well, although the
difference with the experiments is smaller. Still, they do give a good estimate of the length
ratio of the hydrogen bonds: all simulations but one show correctly that the hydrogen bond
from Tyr42 to pCA is the shorter one. Only the simulation with the QM/MM border in
between the hydrogen bond donor and the acceptor exhibits equal hydrogen bond lengths.

A.3 Relaxation of the chromophore after isomerisation

Ihee and Rajagopal12 argue that after isomerisation, the chromophore first adopts an inter-
mediate planar cis configuration, Icp, before relaxing into the non-planar ‘cis wobble’ pR
structure, pRcw. To address this, I determined the dihedral angles from my QMMM sim-
ulations of the protein-embedded chromophore binding pocket (systems E) and from my
CPMD simulation of the binding pocket in vacuum (system F). I compared these angles to
the PDB starting structure, 1OT9, that has a flat chromophore. Figure 3.5 shows a typical
chromophore configuration from each of the simulations, where the dihedral angles are
equal to the time-averaged values. Both quantum simulations (system E and F) suggest
that the curvature is determined by the position of Arg52. There is a stable hydrogen bond
between one of the NH2 groups of the Arg52 residue and the carbonylic oxygen of the
chromophore. To maintain this, the oxygen has to stick out of plane.

In most crystal structures of the pR state (1S4R, 1UWP, 1TS7, 1S1Y) there is a cis wobble
chromophore, but the dihedral angles vary. The exact dihedral values do not seem to be
important, as long as they enable the hydrogen bonds from Glu46 and Tyr42 to pCA to
stay intact after isomerisation. The Arg52 hydrogen bond is not present in the various X-
ray configurations. Before the isomerisation, the chromophore oxygen points to the other
side (often hydrogen bonding to the backbone NH group of Cys69) and is therefore not
close enough to Arg52 to hydrogen bond. The hydrogen bond from Arg52 in pR only
forms after relaxation within some picoseconds of simulation time.
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Appendix B

Validation of solvated glutamic acid /
glutamate simulations

In this appendix, I validate three aspects of the simulations of Glu in water of chapter 5.
Firstly I show that the quantum systems are equilibrated after 2 ps. Then I check the influ-
ence of the simulation time on the residence time, to rule out the effect of conformational
changes.. Finally, I study how finite box sizes affect the structure and dynamics. I will dis-
cuss some simulations of pure water that can be compared to experimental results as well.
The experiments that have been done on Glu, measure different things than I have studied
(mainly spectra). For water, parameters such as the radial distribution function and self-
diffusion have been measured and have been extensively compared to simulations. Pure
water simulations can teach us more on how to interpret the Glu simulations.

In chapter 5 I studied systems of glutamic acid and glutamate (Glu) solvated in 135
water molecules in a cubic box with a size of 16.3 Å. I used force field and quantum sim-
ulation methods. In section B.1 I will look at the equilibration of the quantum simulations
and set this off against results on pure water from the literature. After that, I will discuss
the simulations with two different system sizes and I will compare these results with pure
water simulations in different boxes.

B.1 Equilibration time

To check for proper equilibration of the quantum systems, I look at the Mulliken charges
and the radial distribution functions of the first picoseconds of the quantum simulations
from chapter 5. Figure B.1 shows the radial distribution functions of 2-ps (4000 simulation
steps) time spans from the start of the simulation. The black line in this figure shows the
first radial distribution function after the equilibration period; these data are fully included
in the sampling in chapter 5. The black line and the red and magenta ones from later
periods are much closer to the dotted 18-ps average line than the earlier blue and green
lines.

Izvekov et al.103 plotted the velocity-autocorrelation function for a simulation of 64
water molecules using CPMD. It clearly shows that there is no autocorrelation after 0.8 ps.
After the same period, the mean squared displacement is a straight line. Both Izvekov’s
figures clearly indicate that the equilibration time of this simulation is less than 2 ps.
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Figure B.1: Radial distribution function of water oxygens around oxygen 14 in simulation QMH.
It is averaged over 2 ps (4000 time steps) and plotted every 0.5 ps. The black dotted line shows the
function averaged over the complete simulation, as presented in figure 5.6(a). The black solid line
indicates the period from 2 to 4 ps. The blue and green lines are from earlier periods, the red and
magenta lines from later periods. All lines are running averages over 20 points.

In figure B.2 I show Mulliken charges evolving over the complete QMH simulation
(including equilibration time). The green line, indicating the charge on the acidic proton,
fluctuates less than the other (oxygen) lines and is therefore easier to follow. After less
than 1 ps, this charge is stabilised. The blue and cyan line are the two carboxylate oxygens.
The lines show that these two oxygens have fluctuating charges, in accordance with their
changing character as discussed in section 5.3.2. These fluctuations are a physical effect
and are not the result of incomplete equilibration.
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Figure B.2: Time evolution of the Mulliken charges on oxygens 14 (black line), 15 (red), 18 (blue)
and 19 (cyan). The green line is the charge on hydrogen 16 minus 0.85 e. This line is shifted
downwards to be plotted in the same graph. The lines are running averages over 300 points. The
dotted line indicates the end of the equilibration period.
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Figure B.3: Residence times of water molecules hydrogen bonding to glutamate oxygens. The black
bars correspond to oxygen 14, the diagonally striped bars to oxygen 15, the horizontally striped
bars to oxygen 18 and the white bars to oxygen 19. System QM- and FF- are already presented in
figure 5.10. System FF-/20 ps shows the results of this section on the short force field simulation.
System FF-/LB is a 2-ns force field simulation in a larger similation box, presented in section B.3.

B.2 Simulation time

Next to the 2-ns FF simulations I described in chapter 5, I also performed a 20-ps force field
simulation on glutamate. This simulation time is comparable to that of the QM simula-
tions. Many conformational changes of Glu (for example rotation of the side chain) can
hardly occur within 20 ps, but will have an effect during 2 ns. As it is expected that this
influences mainly the residence time, I show the different hydrogen bond lifetimes in fig-
ure B.3). The conformational changes in the short force field simulation (system FF-/20 ps)
should be comparable to the ones in system QM-. However, the residence times of simu-
lation FF-/20 ps are very close to the ones of system FF-, that has a simulation time that
is 100 times longer. Hence, the conformational changes that are sampled in the 2-ns sim-
ulation hardly influence the residence time of the hydrogen bonds. This can be explained
by the observation that conformational changes happen on a much longer time scale than
hydrogen bond changes and hence the former and the latter occur independently.

B.3 Finite size

To check for finite size effects, I did two force field simulations of glutamate in water, only
varying one parameter: the system size. For both systems, I use the simulation method as
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described in section 5.2. I show the systems sizes in table B.1. The time of the production
runs was 10 ns.

Table B.1: The parameters of the simulations.

system small large
no. of water molecules 135 1638
box size (Å) 16.2949 37.2350

B.3.1 Structure

To look at the structure of the water molecules around Glu, I look at the radial distribution
functions and at the coordination numbers (see table B.2) around the oxygens of glutamate.
I use the oxygen labels defined in figure 5.1(a).

Table B.2: The average coordination numbers around the oxygen atoms of Glu.

oxygen small large
14 3.42 3.42
15 3.41 3.42
18 2.98 3.01
19 2.98 3.01

Just as the coordination numbers, the radial distribution functions are extremely similar
as well. Figure B.4 presents one example, of water oxygens and water hydrogens around
oxygen 14. The two systems give lines that lie exactly on top of each other. It is also clear
that from 8 Å on, the radial distribution functions are basically horizontal lines, indicating
that there is no structuring influence of the Glu oxygens at larger distances. The data in
this section do not suggest at all that the size of the box influences the structure of water
molecules around Glu, for boxes of 16 Å and larger. This result is corroborated by previous
literature results of ab initio simulations of pure water,108, 112 where even much smaller
boxes (down to 32 water molecules) were used.

Some ab initio simulations show an overstructuring compared to experiments and force
field simulations: the peaks of the radial distribution functions are not shifted, but they
are higher and narrower. This was the case in Grossman’s paper,108 with both the BLYP
and the PBE functional. Schwegler et al.107 and Fernández et al.112 saw a similar thing.
However, Silvestrelli et al.118 and Izvekov and Voth103 compared to the same experimental
results; in their ab initio results, the g(r) peaks were lower and much closer to the experi-
mental peaks (although still a bit narrower). The overstructuring is mainly visible in the
first intramolecular peak of OH radial distribution functions; hence, it is more an over-
structuring within than between the water molecules. In my Glu simulations, I do see wider
g(r) peaks in the force field simulations compared to the BOMD simulations (there are no
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Figure B.4: Radial distribution functions of water around Glu oxygen 14. The solid line is the g(r)
of water oxygens surrounding oxygen 14 in the large system, the dashed-dotted line in small system.
The dotted line represents water hydrogens around oxygen 14 in the large system, the dashed line
in the small system. The radial distribution functions are calculated over 1000 bins, presenting the
results as running averages over 10 data points to smoothen the graphs.

experiments to compare with); however, the coordination numbers are significantly lower
for the latter. So we should actually identify two aspects of structure: 1) the distribution
of g(r) distances and 2) the number of hydrogen bonds. Overstructuring of the first type
is reported by many ab initio studies on pure water and my simulations show a similar
thing around Glu. The second however is not reported at all for water (in most studies, the
coordination numbers are not calculated).

B.3.2 Dynamics

I present the residence times of water molecules hydrogen bonding to Glu oxygens in the
small and the large system in table B.3. These are the lifetimes of the hydrogen bonds
donated by water molecules to Glu oxygen atoms. There is a noticeable difference: hydro-
gen bonds in the smaller system live about 1.3 times as long as in the larger system. An
explanation for this is that water molecules in the first solvation shell of Glu are not only
influenced by the glutamate molecule, but also by the second solvation shell. And this
shell in turn is also structured by the third solvation shell. However, when Glu is aligned
along one of the principle axes in the small box, this third solvation shell is also the second
solvation shell for atoms on the other side of the Glu molecule. This third solvation shell
is more important for lifetimes of hydrogen bonds than for the structure. The process of
hydrogen bond breaking involves more than just the hydrogen bond donating molecule,
for example because a molecule from the second shell replaces a water in the first shell.

Other simulation studies of pure water did not study hydrogen bond switches specif-
ically, but many of them calculated the self-diffusion constant D from the mean squared
displacement of the water molecules. Although this are not exactly the same parameters,
they are to some extent comparable: when hydrogen bonds break and form more easily,
a water molecule can diffuse faster. We present some literature results in table B.4 and
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Table B.3: The average residence time (in ps) of water molecules around oxygen atoms of Glu. They
are also graphically presented in figure B.3, amongst other results.

oxygen small large
14 3.56 2.71
15 3.56 2.67
18 3.21 2.58
19 3.24 2.52

discuss them extensively in the next section.

Table B.4: Some relevant diffusion constants of water at ambient conditions (unless stated other-
wise) from literature. I refer to the primary sources for the details.

water model D (10−5 cm2/s)
experiment,113 T=298 K 2.30
experiment,113 T=308 K 2.92
experiment,113 T=318 K 3.58
experiment, D2O,113 T=298 K 1.87
SPC, 216 mol.114 3.6 ± 0.5
SPC, 267 mol.115 3.85 ± 0.09
DFT-BLYP, CPMD, T=292 K, 32 mol.108 0.11
DFT-PBE, CPMD, T=292 K, 32 mol.108 0.12
DFT-PBE, CPMD, T=295 K, 54 mol.108 0.37
DFT-PBE, CPMD, T=296 K, 54 mol.107 0.24
DFT-PBE, BOMD, 64 mol.107 0.079
DFT-BLYP, BOMD, T=426 K, 64 mol.109 12.4 ± 6.5
DFT-BLYP, CPMD, T=428 K, 64 mol.109 12.8 ± 5.4
DFT-BLYP, CPMD, T=314 K, 64 mol.116 0.6
DFT-BLYP, BOMD, T=330 K, 64 mol.116 0.3
DFT-rPBE, BOMD, D2O, T=314 K, 32 mol.117 2
DFT-BLYP, CPMD, D2O, 64 mol.103 2.1 ± 0.06
DFT-BLYP, CPMD, D2O, 32 mol.103 1.0
DFT-BLYP, CPMD, D2O, T=314 K, 64 mol.118 2.8 ± 0.5
DFT-BLYP, CPMD, D2O, 32 mol.118 1.0

B.3.3 Discussion and conclusions

Increasing the box size for the solvated glutamate simulation does not influence the struc-
tural results: the coordination number and radial distribution functions hardly change.
Literature results are very similar. Although there is some difference between ab initio and
force field structures, these differences are relatively small.
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Self-diffusion constants are a different story. SPC results in literature show that this
water model overestimates the D of pure water with a factor 1.6.114, 115 The results for ab
initio waters are very different. Some results are almost spot on compared to experiments,
but most of them underestimate D. It is not ruled out at all that this underestimation is
(partly) a result of the small box sizes in these studies. Based on the correct structure
predictions, some authors112 claim that size effects are hardly present, but all simulations
that compare different system sizes report higher Ds for larger boxes. My simulations show
as well that the system size does influence the dynamics: hydrogen bonds between water
and Glu live 1.3 times longer in the small box. The system sizes in some of the studies
discussed here107, 108 are so small, that they do not even contain two solvation shells. I
guess that this is the main reason for the underestimation. Kuo et al.109 point out that with
the current possibilities in computation, we can only calculate the order of magnitude for
the diffusion constants, not exact values. The differences in the results tabulated here, seem
to support this statement. In my full protein simulations the size effect is not as important,
because the box length is more than four times as large and the system volume 64 times
more. Also, this effect is most likely the same for both simulation methods, so it is not
imposing an unphysical difference between the dynamics in the QM and in the MM part
of a QMMM simulation. (But note that this cannot be concluded for other effects, such as
discussed in chapter 5.)

Although the diffusion is coupled to the lifetime of hydrogen bonds, it is not a one-to-
one relation. Other aspects that influence D, according to the authors of the papers cited
in this chapter, are the fact that many studies use deuterium in stead of hydrogen, the PBE
functional overstructures water more than BLYP does, the absence of quantum effects and
dispersion forces, slow equilibration and the short run times of simulations based on first
principles (the average distances travelled during the production runs are on the order of
the size of the molecules). The last two problems are not as severe for estimating local
dynamical properties (such as the hydrogen bond switches that I study), because these
events happen faster than travelling a significant distance through a simulation box.

One needs to calculate the self-diffusion over blocks of sufficient time, after sufficient
equilibration. Fernández et al.112 present mean squared deviations over 7.5 ps windows,
taken every 2.5 ps. They show that the slope of these lines are still changing after 25 ps.
This is the upper boundary of computing times that we can reach. Kuo et al.109 however,
find very similar diffusion constants for the time span from 2 to 7 ps and from 7 to 27 ps
in the same simulation, well within the error margin of the results (12.4 vs. 12.3 and 12.8
vs. 12.7 for the results in table B.4). Unlike Schwegler, Kuo et al. do not find a significant
difference between BOMD and CPMD results.

Many of the ab initio papers report overstructuring of water compared to experiments
and force field simulations. In my simulations of Glu in water I do see narrower peaks
for the BOMD simulation, but the coordination numbers show an opposite effect: Glu
overstructures the water shell around it when simulated with the force field, compared
to my QM results. (There are no experimental results to compare this with.) Hence the
conclusions based on pure water simulations cannot be used directly on solute systems,
such as glutamate or complete proteins in water. Fernández et al.112 show that diffusion
has a direct link with the number of network imperfections in (real and simulated) water.
The overstructuring in ab initio water simulations gives a too low number of defects and
hence a diffusion that is too slow. In my simulations, the coordination is unphysically
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high around force field Glu. The overcoordination is likely to disrupt the water structure
more than in the quantumchemical simulations, making the number of defects in water
too high and hence increase the diffusion too much. According to Fernández, the number
of defects grows with time (both in simulations and in reality); the presence of a complete,
equilibrated protein environment will conceivably help as well to create a more physical
number of defects.



Appendix C

Details of the metadynamics
simulations of chapter 6

In this appendix, I present the details and the exact parameters of the five metadynamics
simulations in chapter 6. I performed direct metadynamics. The width of the Gaussian free
energy hills δσ was 0.106 Å. The height H was 0.001 Hartree (1.05 kBT or 0.63 kcal/mol),
but sometimes decreased to 0.0005 for a better resolution and to reduce the forces imposed
by metadynamics during barrier crossing. After deposition of one hill, at least 100 normal
CPMD time steps were performed before checking how much the system moved away
from the previous deposition location. If this was more than 0.0265 Å (summed for all
collective variables), a new hill was placed. If it was less, then the check was performed
again after 10 more CPMD steps. If the displacement was still not sufficient after 400 more
steps, a Gaussian hill was placed anyway.

I used two types of collective variables, DIST and DIFFER. The first is the distance be-
tween two atoms, the second the difference between two distances, defined by three atoms.
To make sure that two amino acids were not pushed away from one another, sometimes
a WALL maximised the allowed distance. This WALL was a fixed force, working on two
atoms beyond a threshold value of the distance. Tables C.1 to C.5 give the simulation
parameters for each metadynamics simulations. For some metadynamics parameters, I in-
cluded huge scaling factors for δσ. This means that the Gaussian hill for this parameter
is extremely wide and hence looks almost infinitely flat. Consequently, the force on this
collective variable is very small and effectively, only the WALL does any work. This allows
me to restrain a certain distance to be smaller than a threshold value, without constraining
it to a fixed distance (as a normal constraint in CPMD software would do).

In the pR simulation, Thr50 migrated away somewhat, resulting in a quantum system
that was too large for its box. From time step 53210 on, I removed Thr50 from the quantum
system; it was of course still present in the simulation, but now described by the force field.

In simulation pR THR, an extra metadynamics WALL (with a huge scaling factor) was
added after 156700 time steps. It served to keep the sum of the two Tyr42 hydrogen bond
distances below 7.83 Å. This new parameter SUMDIST was necessary, because after filling
up two wells with Gaussians (one with the hydrogen bond pointing towards pCA and the
other with the hydrogen bond pointing towards Glu46), the system was forced to find a
new well without any hydrogen bonding from Tyr42 to either of the two accepting oxygens.
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Table C.1: Parameters in simulation pR.

parameter value extra information
DIFFER |Hg −Og| − |Hg −Oc|
DIST Ht −Og wall 3.49 Å, 1.24 · 10−7 N
DIST Ht −Oc wall 3.49 Å, 1.24 · 10−7 N
DIST Oc −Og scaling 1020;wall 3.07 Å, 4.5 · 10−7 N
# of time steps 208780
# of Gaussians 2085

Table C.2: Parameters in simulation pR CST

parameter value extra
DIST Ht −Og wall 3.97 Å, 4.1 · 10−9 N
DIST Ht −Oc wall 3.97 Å, 4.1 · 10−9 N
# of time steps 73430
# of Gaussians 700
hill width 0.159 Å
constraint |Hg −Og| − |Hg −Oc| = 0 DIFFER constraint, not metadynamics

This was not a part of phase space that I wanted to sample.
Even when the simulation had three or more collective variables, I plotted the free

energy surfaces on two (combined) coordinates. In this case, I integrated out one variable.
For example, I used the difference between two distances as a new coordinate: y1 = x1−x2,
integrating out y2 = x1 + x2

exp[−βF (y1)] =
∫

y2

exp[−βF (x1, x2)]Jdy2.

Each barrier height (∆F †) was calculated from a one-dimensional plot as the difference
between the free energy on the top of the barrier and the free energy integrated over the

Table C.3: Parameters in simulation pR THR

parameter value extra
DIST Hg −Og wall 2.01 Å, 4.1 · 10−8 N
DIST Hg −Oc wall 2.01 Å, 4.1 · 10−8 N
DIST Ht −Og scaling 2.0; wall 3.49 Å, 4.1 · 10−8 N
DIST Ht −Oc scaling 2.0; wall 3.49 Å, 4.1 · 10−8 N
# of time steps 226693
# of Gaussians 2232
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Table C.4: Parameters in simulation pR WAT

parameter value extra
DIST Hg −Og wall 2.01 Å, 8.2 · 10−8 N
DIST Hg −Oc wall 2.01 Å, 8.2 · 10−8 N
# of time steps 118424
# of Gaussians 1157

Table C.5: Parameters in simulation pB’

parameter value extra
DIST Hg −Og wall 2.01 Å, 8.2 · 10−8 N
DIST Hg −Oc wall 2.01 Å, 8.2 · 10−8 N
# of time steps 94066
# of Gaussians 917

complete product state. Integration from 3 to 2 variables for example was

exp[−βF (x1, x2, x3)] =
∫

x3

exp[−βF (x1, x2)]dx3.
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[15] B. Perman, V. Šrajer, Z. Ren, T. Teng, C. Pradervand, T. Ursby, D. Bourgeois,
F. Schotte, M. Wulff, R. Kort, K.J. Hellingwerf, and K. Moffat. Energy transduction
on the nanosecond time scale: early structural events in a xanthopsin photocycle.
Science, 279: 1946–1950, 1998.
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[68] P. Düx, G. Rubinstenn, G.W. Vuister, R. Boelens, F.A. Mulder, K. Hård, W.D. Hoff,
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ensemble via continuous dynamics. J. Chem. Phys., 97: 2635–2643, 1992.

[89] DL POLY is a molecular dynamics simulation package written by W. Smith, T.R.
Forester and I.T. Todorov and has been obtained from STFC’s Daresbury Laboratory
via the website http://www.ccp5.ac.uk/DL POLY.

[90] P. Changenet-Barret, A. Espagne, S. Charier, J.-B. Baudin, L. Jullien, P. Plaza, K.J.
Hellingwerf, and M.M. Martin. Early molecular events in the photoactive yellow
protein: role of the chromophore photophysics. Photochem. Photobiol. Sci., 3: 823–829,
2004.

[91] J.M. Heuft. An ab initio study of ion solvation in water. PhD thesis, Universiteit van
Amsterdam, 2006.

[92] M. Dal Peraro, S. Raugei, P. Carloni, and M.L. Klein. Solute-solvent charge trans-
fer in aqueous solution. ChemPhysChem, 6: 1715–1718, 2005. See also Supporting
Information.

[93] K. Speranskiy and M. Kurnikova. Accurate theoretical prediction of vibrational fre-
quencies in an inhomogeneous dynamic environment: a case study of a glutamate
molecule in water solution and in a protein-bound form. J. Chem. Phys., 121: 1516–
1524, 2004.

[94] M. Kamiya, S. Saito, and I. Ohmine. Proton transfer and associated molecular rear-
rangements in the photocycle of photoactive yellow protein: role of water molecular
migration on the proton transfer reaction. J. Phys. Chem. B, 111: 2948–2956, 2007.

[95] W. Sun, G.R. Kinsel, and D.S. Marynick. Computational estimates of the gas-phase
basicity and proton affinity of glutamic acid. J. Phys. Chem. A, 103: 4113–4117, 1999.



126 BIBLIOGRAPHY

[96] R. Prabhakar, M.R.A. Blomberg, and P.E.M. Siegbahn. A density functional theory
study of a concerted mechanism for proton exchange between amino acid side chains
and water. Theor. Chem. Acc., 104: 461–470, 2000.

[97] V. Jayaraman, R. Keesey, and D.R. Madden. Ligand-protein interactions in the gluta-
mate receptor. Biochemistry, 39: 8693–8697, 2000.

[98] A. Villa and A.E. Mark. Calculation of the free energy of solvation for neutral analogs
of amino acid side chains. J. Comput. Chem., 23: 548–553, 2002.

[99] G.A. Kaminski, R.A. Friesner, J. Tirado-Rives, and W.L. Jorgensen. Evaluation and
reparametrization of the OPLS-AA force field for proteins via comparison with ac-
curate quantum chemical calculations on peptides. J. Phys. Chem. B, 105: 6474–6487,
2001.

[100] W.D. Cornell, P. Cieplak, C.I. Bayly, I.R. Gould, K.M. Merz, D.M. Ferguson, D.C.
Spellmeyer, T. Fox, J.W. Caldwell, and P.A. Kollman. A second generation force field
for the simulation of proteins, nucleic acids, and organic molecules. J. Am. Chem. Soc.,
117: 5179–5197, 1995.

[101] H.J.C. Berendsen, J.P.M. Postma, W.F. van Gunsteren, A. DiNola, and J.R. Haak.
Molecular dynamics with coupling to an external bath. J. Chem. Phys., 81: 3684–3690,
1984.

[102] M. Sprik, J. Hutter, and M. Parrinello. Ab initio molecular dynamics simulation of
liquid water: comparison of three gradient-corrected density functionals. J. Chem.
Phys., 105: 1142–1152, 1996.

[103] S. Izvekov and G. Voth. Car-parrinello molecular dynamics simulation of liquid wa-
ter: new results. J. Chem. Phys., 116: 10372–10376, 2002.

[104] J. Hermans, H.J.C. Berendsen, W.F. van Gunsteren, and J.P.M. Postma. A consistent
empirical potential for water-protein interactions. Biopolymers, 23: 1513–1518, 1984.

[105] A.K. Soper, F. Bruni, and M.A. Ricci. Site-site pair correlation functions of water
from 25 to 400 ◦c: revised analysis of new and old diffraction data. J. Chem. Phys.,
106: 247–254, 1997.

[106] J.M. Sorenson, G. Hura, R.M. Glaeser, and T. Head-Gordon. What can X-ray scat-
tering tell us about the radial distribution functions of water? J. Chem. Phys., 113:
9149–9161, 2000.

[107] E. Schwegler, J.C. Grossman, F. Gygi, and G. Galli. Towards an assessment of the
accuracy of density functional theory for first principles simulations of water II. J.
Chem. Phys., 121: 5400–5409, 2004.

[108] J.C. Grossman, E. Schwegler, E.W. Draeger, F. Gygi, and G. Galli. Towards an assess-
ment of the accuracy of density functional theory for first principles simulations of
water. J. Chem. Phys., 120: 300–311, 2004.



BIBLIOGRAPHY 127

[109] I.W. Kuo, C.J. Mundy, M.J. McGrath, and J.I. Siepmann. Time-dependent properties
of liquid water: a comparison of Car-Parrinello and Born-Oppenheimer molecular
dynamics simulations. J. Chem. Theory Comput., 2: 1274–1281, 2006.

[110] A. Glattli, X Daura, and W.F. van Gunsteren. Derivation of an improved simple point
charge model for liquid water: SPC/A and SPC/L. J. Chem. Phys., 116: 9811–9828,
2002.

[111] G. Alagona. Monte Carlo simulation studies of the solvation of ions: 1. acetate anion
and methylammonium cation. J. Am. Chem. Soc., 108: 185–191, 1986.

[112] M.V. Fernández-Serra and E. Artacho. Network equilibration and first-principles
liquid water. J. Chem. Phys., 121: 11136–11144, 2004.

[113] R. Mills. Self-diffusion in normal and heavy water in the range 1-45◦c. J. Phys. Chem.,
77: 685–688, 1973.

[114] K. Watanabe and M.L. Klein. Effective pair potentials and the properties of water.
Chem. Phys., 131: 157–167, 1989.

[115] M.W. Mahoney and W.L. Jorgensen. Diffusion constant of the tip5p model of liquid
water. J. Chem. Phys., 114: 363–366, 2001.

[116] I.W. Kuo, C.J. Mundy, M.J. McGrath, J.I. Siepmann, J. VandeVondele, M. Sprik, J. Hut-
ter, B. Chen, M.L. Klein, F. Mohamed, M. Krack, and M. Parrinello. Liquid water from
first principles: investigation of different sampling approaches. J. Phys. Chem. B, 108:
12990–12998, 2004.

[117] D. Asthagiri, L.R. Pratt, and J.D. Kress. Free energy of liquid water on the basis of
quasichemical theory and ab initio molecular dynamics. Phys. Rev. E, 68:041505, 2003.

[118] P.L. Silvestrelli and M. Parrinello. Structural, electronic, and bonding properties of
liquid water from first principles. J. Chem. Phys., 111: 3572–3580, 1999.

[119] E.F. Chen, T. Gensch, A.B. Gross, J. Hendriks, K.J. Hellingwerf, D.S. Hellingwerf and
D.S. Kliger. Dynamics of protein and chromophore structural changes in the pho-
tocycle of photoactive yellow protein monitored by time-resolved optical rotatory
dispersion. Biochemistry, 42: 2062–2071, 2003.



128 BIBLIOGRAPHY



Summary

The photoactive yellow protein (PYP) is a widely used model protein. It is a typical, easy to
study, example of photoactive and other signalling proteins. For this reason, PYP has been
studied extensively using experiments and simulations. PYP is triggered by UV light: this
starts the photocycle, in which the protein changes its shape to transduct the signal to its
bacterial host. The photocycle consists of several steps and starts with the excitation and
isomerisation of the chromophore. This chromophore, p-coumaric acid (pCA), is attached
to the protein through the cysteine residue at position 69 via a thioester bond. When the
protein is at rest in its ground state (pG), pCA is in the trans configuration. It is deproto-
nated; its negative charge is stabilised inside the protein by hydrogen bonds donated by
tyrosine at position 42 and glutamic acid at position 46. A positively charged arginine at
position 52 is in plane with the chromophore ring and provides extra stabilisation as well.
After the excitation by UV light, pCA isomerises, while maintaining the hydrogen bonds
with Tyr42 and Glu46. This new configuration has a red-shifted absorption peak in UV-vis
spectroscopy and is hence called the pR state. The photocycle continues to the pB (blue-
shifted) state. In this state, pCA is protonated, Glu46 is deprotonated and the protein is
partially unfolded. This state is considered the signalling state of PYP. The pG to pR step is
very fast (picoseconds) and local. The pR to pB step takes microseconds, as more extended
configurational and chemical changes occur. This step is not as well understood. The initial
stage of this process, particularly the proton transfer to pCA, is the topic of this thesis. The
photocycle of PYP finishes with the last millisecond step in which the protein folds back
from the pB state into its ground state.

Experimentalists still debate on the nature of the proton donor in the pR-to-pB step
and on whether it donates the hydrogen directly or indirectly. To get better knowledge
of the mechanism, I studied this proton transfer using Car-Parrinello molecular dynamics,
classical molecular dynamics (with the Gromos96 force field) and computer simulations
combining these two methods (quantum mechanics / molecular mechanics, QMMM). The
simulations reproduce the chromophore structure and hydrogen bond network of the pro-
tein measured by X-ray crystallography and NMR well. When the chromophore is proto-
nated, it leaves the assumed proton donor, Glu46, with a negative charge in a hydrophobic
environment. I showed that the stabilisation of this charge is a very important factor in the
mechanism of protonation. Protonation frequently occurs in simplified ab initio simula-
tions of the chromophore binding pocket in vacuum, where amino acids can easily hydro-
gen bond to Glu46. When the complete protein environment is incorporated in a QMMM
simulation of the complete protein, no proton transfer is observed within 14 ps. The hy-
drogen bond rearrangements in this time span are not sufficient to stabilise the new pro-
tonation state. Force field molecular dynamics simulations on a longer time scale showed
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which internal rearrangements of the protein are needed. Combining these simulations
with more QMMM calculations enabled me to check the stability of protonation states and
clarify the initial requirements for the proton transfer in PYP. I found that Glu46 needs to
accept at least three hydrogen bonds to stabilise its negative charge inside the hydrophobic
protein environment after a proton transfer to pCA. These new hydrogen bonds are made
available by internal hydrogen bond rearrangements inside the protein. These rearrange-
ments can be the onset to further structural changes towards the pB state. They occurred
faster (within picoseconds) when the protein was simulated with a force field than with
the QMMM method.

To study the important hydrogen bond changes in more detail, I looked at two model
systems: pCA in water and Glu in water. For both cases, these molecules had not been
studied with dynamical quantum simulations before. Experiments and static simulations
of these systems focused on spectroscopic properties, whereas I studied structural and dy-
namical features that are important to the hydrogen bonds around pCA and Glu. I studied
four different configurations of pCA solvated in water with Born-Oppenheimer molecular
dynamics simulations. I researched the influence of the protonation and isomerisation state
of pCA on its hydrogen bonding properties and on the Mulliken charges of the atoms in the
simulation. The chromophore’s isomerisation state influenced the hydrogen bonding less
than its protonation state did. In general, more charge yielded a higher hydrogen bond co-
ordination number. Whereas deprotonation increased both the coordination number and
the residence time of the water molecules around the chromophore, protonation showed a
somewhat lower coordination number on two of the three pCA oxygens, but much higher
residence times on all of them. This could be explained by the increased polarisation of the
OH groups of the molecule. The presence of the chromophore also influenced the charge
and polarisation of the water molecules around it. This effect was different in the four sys-
tems studied, and mainly localised in the first solvation shell. I also performed a proton
transfer reaction from hydronium via various other water molecules to the chromophore.
In this small charge-separated system, the protonation occurred within 6.5 ps. I identified
the transition state for the final step in this protonation series. In this configuration, the
hydronium molecule had two elongated OH bonds.

I also conducted molecular dynamics simulations on glutamic acid and glutamate sol-
vated in water, using both density functional theory (DFT) and the Gromos96 force field.
I focused on the microscopic aspects of the solvation - particularly on the hydrogen bond
structures and dynamics - and investigated the influence of the protonation state and of
the simulation method. Radial distribution functions showed that the hydrogen bonds are
longer in the force field systems. I found that the partial charges of the solutes in the force
field simulations are lower than the localised electron densities for the quantum simula-
tions. This lower polarisation decreases the hydrogen bond strength. Protonation of the
carboxylate group renders glutamic acid a very strong and stable hydrogen bond donor.
The donated hydrogen bond is shorter and lives longer than any of the other hydrogen
bonds. The solute molecules simulated by the force field accept on average three hydro-
gen bonds more than their quantum counterparts do. The life times of these bonds show
the opposite result: the residence times are much longer (up to a factor 4) in the ab initio
simulations.

In relation to the simulation of the proton transfer in the photoactive yellow protein,
it is interesting to see that the residence time changes upon protonation in Glu are larger
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than the residence time differences upon protonation of the phenolic oxygen of pCA. This
means that deprotonation of glutamic acid has a larger residence time decreasing effect
than the opposite effect on the chromophore, and hence, that it is likely that the hydro-
gen bond between the two molecules in the protein breaks easier after the proton transfer.
This indicates that a direct proton transfer from Glu to pCA can be a starting point for the
breaking of hydrogen bonds and ultimately unfolding of the protein. I also saw that upon
deprotonation of Glu, glutamate attracts three extra hydrogen bonds to the now negatively
charged carboxylate group - independent of the simulation method. In force field simula-
tions of glutamate in the protein as well, the number of hydrogen bonds increased from
1 to 4 in less than 10 ps. The need to stabilise the negative charge on Glu makes hydro-
gen bond rearrangements easier. Exactly these rearrangements are part of the process of
unfolding the protein into its signalling state.

Possible pathways for the protonation reaction in the PYP photocycle are those in which
Glu46, the likely proton donor, receives at least two hydrogen bonds before deprotonation.
A third hydrogen bond can then be donated to Glu46 as a result of - or simultaneously
with - the deprotonation. Two likely candidates are pathways in which extra stabilisation
is provided by water or by a hydrogen bond from Thr50. This lowers the free energy
barrier for the proton transfer by more than 20 kBT. I studied these possible pathways
with dynamical QMMM (quantum mechanics / molecular mechanics) simulations. To
speed up the processes and to estimate the free energy barriers involved, I used direct
metadynamics. I found that a proton transfer directly after the excitation and isomerisation
of the PYP chromophore has such a high barrier, that this is an unlikely reaction path. The
same accounts for a protonation of pCA when it is solvated. But when in the pR state a
water molecule or Thr50 donates a hydrogen bond to Glu46 (which happens spontaneously
within nanoseconds at room temperature), only one extra hydrogen bond from Tyr42 is
needed to make the new protonation state stable. The barrier for the Tyr42 hydrogen bond
switch plus the proton transfer from Glu46 to pCA is then low enough to occur within
only a couple of nanoseconds. This is well within the time measured experimentally for
the pR-to-pB transition.
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Samenvatting in begrijpelijk
Nederlands

Mijn proefschrift gaat over het foto-actieve gele eiwit (photoactive yellow protein - PYP -
in het Engels). Eiwitten vervullen vele belangrijke functies in ons lichaam, en in alle andere
levende wezens. Signalen ontvangen en doorgeven is er één van. Een voorbeeld van deze
signaalfunctie is de werking van rodopsine. Dit eiwit zit in onze ogen en verandert van
vorm als er licht op valt. Deze verandering wordt via via doorgegeven aan onze hersenen
en hierdoor kunnen wij zien. PYP lijkt in zijn werking erg op rodopsine, alleen is het
een kleiner, minder ingewikkeld eiwit, in een kleiner, minder ingewikkeld organisme: de
bacterie Halorhodospira halophila. Rodopsine en PYP zijn beide foto-actieve eiwitten: ze
voeren een actie uit onder invloed van licht (fotonen). De kleur van een eiwit - of beter
gezegd van zijn chromofoor, het specifieke stukje van het eiwit dat licht kan absorberen -
voorspelt op welk deel van het lichtspectrum het reageert. PYP is geel, wat betekent dat
het met name het (ultra)violette deel uit het licht absorbeert. Omdat UV-licht schadelijk is
voor de bacterie, dient PYP als een soort simpel oog dat de bacterie waarschuwt als zij zich
in een gebied met UV-straling bevindt.

Naar PYP is behoorlijk veel wetenschappelijk onderzoek gedaan. Het is niet al te moei-
lijk om het te verkrijgen met behulp van bacteriekweekjes in het lab en om het te kristal-
liseren (dit is nodig om de structuur te bepalen met de veelgebruikte techniek röntgen-
diffractie). Verder is het klein en goed oplosbaar in water, waardoor resultaten wat een-
voudiger te interpreteren zijn met minder invloed van hulpstoffen. Klein betekent in
dit geval dat het bestaat uit 125 aminozuren (bouwblokken die samen een eiwit vormen;
aminozuren zijn op hun beurt opgebouwd uit atomen, net als alle andere moleculen) en
een doorsnede heeft van nog geen 0,1 nm (dat is 0,0000000001 m). Wanneer er meer bekend
is over de werking van het ‘simpele’ PYP, kan dit ons ook meer leren over de werking van
ingewikkeldere eiwitten zoals rodopsine. PYP werkt volgens een bepaalde fotocyclus; dit
is het traject dat het eiwit doorloopt nadat het is geactiveerd door licht. Het loopt van
de normale ‘donkere’ toestand van het eiwit, de grondtoestand ofwel pG, via een aantal
tussenstappen (onder andere pR en pB) weer terug naar zijn oorspronkelijke vorm in pG.
Dit hele traject duurt ongeveer een milliseconde (een duizendste van een seconde).

Ondanks het vele onderzoek zijn nog lang niet alle details van het proces duidelijk. Veel
technieken die een structuur tot in het kleinste detail kunnen bepalen, zoals de eerder ge-
noemde röntgen-diffractie, vereisen dat het molecuul gedurende een bepaalde tijd dezelfde
vorm behoudt. Omgekeerd zijn technieken die zeer snelle veranderingen kunnen de-
tecteren vaak niet in staat om de exacte locatie van deze verandering te bepalen. Spectro-
scopische metingen met licht kunnen bijvoorbeeld wel waarnemen dat een overgang van
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pG naar pR heeft plaatsgevonden, doordat de kleur licht die het beste geabsorbeerd wordt
hierdoor een klein beetje verandert. Maar omdat de resolutie van licht enkele honder-
den nanometer is (dus 1000 keer zo groot als PYP zelf), kan met spectroscopie niet geme-
ten worden waar in het eiwit de verandering precies plaatsvindt. Wanneer experimentele
technieken geen volledig beeld kunnen schetsen, kunnen simulaties uitkomst bieden. In
dit proefschrift heb ik met simulaties geprobeerd om de bestaande ‘gaps’ in onze kennis
van de fotocyclus deels op te vullen. Ik heb met name gekeken naar de stap van pR naar
pB. Experimenten hebben de twee belangrijkste verschillen tussen pR en pB laten zien.

1. Het eiwit is minder compact in pB, het is deels ontvouwen (de vormverandering die
nodig is voor signaalverwerking).

2. Het chromofoor heeft in pB een extra waterstofatoom gekregen ten opzichte van pR
en 1 van de aminozuren, glutamaat 46 ofwel Glu46, is een waterstofatoom kwijtge-
raakt (er heeft dus minstens 1 chemische reactie plaatsgevonden).

Simulaties hebben deels hetzelfde probleem als experimenten: bij simulatie tot in het
kleinste detail kosten de simulaties veel computerkracht en kunnen minder lange tijd-
spannes worden overzien. Om chemische reacties goed te kunnen bepalen, zijn quan-
tumchemische simulaties nodig die tot op electronenniveau gaan. (Electronen zijn kleine
onderdelen van atomen; een chemische reactie is een verplaatsing van electronen.) We
noemen dit soort simulaties ‘quantum mechanics’, ofwel QM. In hoofdstuk 3 heb ik dit
soort simulaties gedaan op een klein deel van het eiwit (ongeveer 5 aminozuren). Om een
tijd van 10 ps (0,00000000001 s) te simuleren, was ik meer dan een maand bezig op een
computercluster van tientallen pc’s. Op deze manier lukt het met wat trucs om te zien dat
het chromofoor een extra waterstofatoom krijgt (we noemen dit proces protonoverdracht),
maar we kunnen dit niet koppelen aan de vormveranderingen in het eiwit. Deze beslaan
een veel groter gebied en duren veel langer. In hoofdstuk 3 beschrijf ik ook krachtenvelddy-
namica (‘force field molecular dynamics’, ofwel FFMD), waarmee het hele eiwit beschreven
kan worden gedurende langere tijden. Omdat ik de mogelijkheden van beide simulatie-
methodes nodig heb, heb ik met name in hoofdstuk 6 zogenaamde QMMM-simulaties
gebruikt. Deze methode gebruikt krachtenvelden om het grootste deel van het eiwit en de
omgeving (water) te simuleren; alleen voor het gebied waar dit echt relevant is (rondom
het chromofoor, waar de chemische reactie plaatsvindt) gebruik je QM-technieken. Hier-
door is het dus mogelijk om reacties te simuleren in ‘grote’ systemen (voor dit vakgebied
is een klein eiwit al een groot systeem). De tijd van de simulatie wordt echter nog steeds
gedicteerd door de meest gedetailleerde methode en is dus in de orde van 10 ps.

In hoofdstuk 3 heb ik met name simulaties gedaan met FFMD en QM. Ik heb ook
QMMM-simulaties verricht, maar dat was alleen om te kijken of ze het eiwit goed be-
schrijven (en dat deden ze). Ik heb ook geprobeerd om de protonoverdracht met QMMM
te bekijken, maar dit gebeurde niet in de tijd die haalbaar was (10 ps). In het kleine systeem
van 5 aminozuren met QM kon ik wel een spontane reactie zien gebeuren. Omdat de eiwit-
omgeving het verloop van de reactie substantieel beı̈nvloedt, was de reactie die ik zag niet
precies de reactie die in werkelijkheid in het eiwit plaatsvindt. Deze QM-simulaties gaven
echter wel informatie over de omstandigheden die protonoverdracht mogelijk maken.

Een proton is een positief geladen waterstofatoom; het chromofoor is in de pG negatief
geladen. Op zich trekken deze ladingen elkaar aan en is de protonoverdracht energetisch
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gunstig. Maar het proton moet ook ergens vandaan komen. Het is erg waarschijnlijk dat de
protondonor Glu46 is. Dit aminozuur blijft dan achter met een negatieve lading, hetgeen
ongunstig is binnenin een eiwit. Ladingen in een eiwit moeten daarom gestabiliseerd wor-
den. Aminozuren en andere moleculen rondom een negatief geladen aminozuur kunnen
de lading stabiliseren door middel van ‘waterstofbruggen’. Hoewel veel moleculen gemid-
deld ladingsneutraal zijn, hebben ze wel atomen die meer positief en atomen die meer
negatief geladen zijn. Als moleculen in hun omgeving nu hun meer positieve atomen naar
een gebied met negatieve lading toedraaien, is deze lading minder ongunstig. We noemen
dit verschijnsel een waterstofbrug, omdat de meer positieve atomen vaak waterstofatomen
zijn, die als een soort brug tussen de te stabiliseren negatieve lading en de rest van het eiwit
gaan zitten.

Wanneer het proton zich van Glu46 naar de chromofoor verplaatst, dan verplaatst
tegelijkertijd de negatieve lading zich van het chromofoor naar Glu46. Dit betekent ook
dat de stabiliserende groepen zich moeten heroriënteren, of dat er nieuwe stabiliserende
groepen gevonden moeten worden. Mijn QM-simulaties hebben laten zien dat verander-
ing van de waterstofbruggen nodig is voor het succes van de protonoverdracht. Vervolgens
heb ik FFMD-simulaties gedaan met het hele eiwit, waarbij ik net deed of de chemische re-
actie al had plaatsgevonden. Omdat ik deze reactie niet kon simuleren met deze methode,
heb ik direct vanaf het begin het proton op de chromofoor gezet en dus een negatieve la-
ding op Glu46. PYP bevat vele aminozuren die met waterstofbruggen ladingen kunnen
stabiliseren. Omdat deze stabilisatie kwalitatief goed te simuleren is met FFMD, kon ik
laten zien welke heroriëntaties zouden kunnen bijdragen aan de stabilisatie van Glu46.

Omdat ik had gemerkt dat waterstofbruggen erg belangrijk zijn in de fotocyclus van
PYP, heb ik hier meer gedetailleerde simulaties aan verricht. Naast aminozuren zijn er an-
dere belangrijke moleculen die waterstofbruggen kunnen doneren en ontvangen, namelijk
watermoleculen. Ik heb simulaties gedaan aan het chromofoor (hoofdstuk 4) en aan gluta-
maat (hoofdstuk 5) opgelost in water. Op deze manier kon ik in een relatief klein systeem
met een QM-methode toch vele waterstofbruggen en vele heroriëntaties bekijken, binnen
de ongeveer 10 ps die mogelijk waren. In deze simulaties zag ik dat geladen moleculen
inderdaad meer waterstofbruggen aantrekken en dat deze bruggen korter (en dus sterker)
zijn; geladen moleculen worden dus meer gestabiliseerd dan ongeladen moleculen. Tevens
zag ik dat de negatieve lading van het chromofoor of glutamaat voor een deel wordt
overgedragen op de watermoleculen eromheen die het stabiliseren; een verplaatsing van
lading verandert dus ook de lading van de omgeving. Voor glutamaat heb ik ook FFMD-
simulaties gedaan met hetzelfde systeem. Het viel op dat glutamaat meer waterstof-
bruggen met water heeft in FFMD dan in QM. Bovendien vinden er meer heroriëntaties
plaats in dezelfde tijd. Het is dus belangrijk om te beseffen dat beide simulatiemethoden
niet altijd hetzelfde gedrag voorspellen. In het eiwit hebben Glu46 en het chromofoor ook
een onderlinge waterstofbrug, dus ze stabiliseren elkaar. Als het proton is opgeschoven
van Glu46 naar het chromofoor, dan wordt deze brug waarschijnlijk iets flexibeler en kan
dan makkelijker breken dan voor de protonoverdracht. In ieder geval is duidelijk dat wan-
neer de lading op het chromofoor of Glu46 in het eiwit verandert, de waterstofbruggen ook
zullen veranderen. Dit betekent dat de structuur van het eiwit in eerste instantie lokaal zal
veranderen (er moeten meer waterstofbruggen komen rondom Glu46 en minder rondom
het chromofoor) en dit kan het begin zijn van grotere vormveranderingen in het eiwit.

In hoofdstuk 6 heb ik PYP gesimuleerd met QMMM. Ik heb een methode gebruikt,
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metadynamica genaamd, waarmee je veranderingsprocessen kunt sturen en versnellen.
Omdat ik door mijn eerdere simulaties ongeveer wist welke waterstofbrugveranderingen
zouden kunnen plaatsvinden voor, tijdens of na de protonoverdracht, kon ik deze speci-
fieke veranderingen versnellen. Hierdoor kon ik binnen de mogelijke tijdsduur van 10 ps
kijken naar veranderingen die in werkelijkheid langer duren. Bovendien helpt metady-
namica om te bepalen welke veranderingen de minste energie kosten en dus het makke-
lijkst zullen plaatsvinden. Hierdoor kon ik twee mogelijke reactiepaden aanwijzen die de
protonoverdracht mogelijk maken:

1. Een korte keten van watermoleculen dringt het eiwit binnen en het molecuul op het
eind van deze keten vormt een waterstofbrug met Glu46. Door deze extra stabilisatie
kan het proton van Glu46 overspringen naar het chromofoor. Door de negatieve
lading trekt Glu46 meer stabiliserende watermoleculen aan, die via de keten het ei-
wit binnendringen. Deze binnendringing zou het begin kunnen zijn van verdere
ontvouwing en vormverandering van PYP, maar de simulatietijd was te kort om dit
te zien.

2. In de pG- en pR-toestand van het eiwit vinden spontane fluctuaties in bepaalde wa-
terstofbruggen plaats. Eén van deze fluctuaties is dat aminozuur Thr50 zijn water-
stofbrug verplaatst van aminozuur Tyr42 richting Glu46. Met deze extra stabilisatie
is protonoverdracht mogelijk. Omdat Glu46 nu een negatieve lading heeft, trekt het
nog meer waterstofbruggen naar zich toe, te beginnen met de brug die Tyr42 aan het
chromofoor doneerde. Ook deze interne waterstofheroriëntaties kunnen het begin
zijn van de structuurverandering van het eiwit.

De protonoverdracht is PYP is dus geen simpel éénstapsproces, maar een samenspel tussen
de daadwerkelijke chemische reactie en waterstofbrugveranderingen in de omgeving.






