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Appendix A

Validation of the QMMM simulations
of PYP∗

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

A.1 Chromophore bond lengths

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

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

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

A.2 Hydrogen bond network

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

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

A.3 Relaxation of the chromophore after isomerisation

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

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