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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.



42 Solvation of p-coumaric acid in water

O

OH

O

(a)

O

OH

O

(b)

H
1

O
2

18 10

12 5

8
H

15

H

11
H

H

17H

19

O20H
14

13

7

11

O
4

H
6

3

(c)

O

O

O

(d)

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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