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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.


