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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(−ΔF †/RT )

τ =
1
k
.

ΔF † 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
ΔF †1 needs to be crossed to end up in intermediate state I. The free energy difference be-
tween state I and A is ΔF2. From intermediate state I, the second barrier of height ΔF †3
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Figure 6.2: Cartoon of the free energy barriers in a two-step process. ΔF †1 defines the kinetics of
the first process, ΔF2 the relative stability of the ‘middle’ state compared to the reactant state. The
kinetics of the second barrier crossing are defined byΔF †3 . To calculate the free energy barrier of the
complete process, one sumsΔF2 andΔF †3 .

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

ΔF †tot = ΔF2 +ΔF †3

kAB =
kAIkIB

kIA + kIB

τAB =
1

kAB
=

kIA
kAI

τIB + τAI

= exp(ΔF2/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.



6.3 Results 87

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.

ΔF † = 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 ΔF † 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

ΔF † = 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.



6.3 Results 91

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

ΔF † = 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: ΔF = − ln(1150/2850) = 0.91 kBT in favour of the Tyr42 bond. Note that thisΔF is
not the free energy barrier, but the difference between the two local minima on either side
of the barrier (ΔF2 in figure 6.2). Now I can calculate the total free energy and characteristic
time for the full process

ΔF †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.

ΔF † = 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

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

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

ΔF †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;
fDeprotonation of pCA, reverse reaction.

system ΔF †(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

ΔF † = −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.






