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ABSTRACT Molecular dynamics simulation
techniques, together with semiempirical PM3 calcu-
lations, have been used to investigate the effect of
photoisomerization of the 4-hydroxy-cinnamic acid
chromophore on the structural properties of the
photoactive yellow protein (PYP) from Ectothioro-
dospira halophila. In this bacteria, exposure to blue
light leads to a negative photoactic response. The
calculations suggest that the isomerization does not
directly destabilize the protein. However, because
of the isomerization, a proton transfer from a glu-
tamic acid residue (Glu46) to the phenolate oxygen
atom of the chromophore becomes energetically favor-
able. The proton transfer initiates conformational
changes within the protein, which are in turn be-
lieved to lead to signaling. Proteins 2002;48:212–219.
© 2002 Wiley-Liss, Inc.
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INTRODUCTION

Ectothiorodospira halophila, a small salt-tolerant bacte-
rium always moves in directions opposite to blue light
gradients to minimize exposure to harmful ultraviolet
radiation.1 A small water-soluble protein, named photoac-
tive yellow protein (PYP) has been proposed to be the
primary photoreceptor for this biological process. It con-
tains a 4-hydroxy-cinnamic acid (or p-coumaric acid) chro-
mophore covalently bound to a cysteine residue [Cys69;
Fig. 1(a) of the previous article2].3 The chromophore is
deprotonated and stabilized by a hydrogen-bonding net-
work with nearby residues [Tyr42, Glu46, and Thr50; Fig.
1(b) of the previous article2].4

On absorption of a blue light photon (�max � 446 nm),
PYP enters a fully reversible photocycle, depicted in Fig. 2
of the previous article.2 The absorption triggers a fast
trans-to-cis isomerization of the double bond of the chro-
mophore, leading to the red-shifted state (pR).5,6 During
the isomerization, the hydrogen-bonding network remains
intact.7 After the isomerization, the protein partially
unfolds over a period of microseconds, leading to the
blue-shifted state (pB) in which the unfolding is at a
maximum.8,9 Therefore, this state is believed to be the
signaling state of PYP. During the unfolding, the chro-
mophore becomes protonated. One possible explanation
for this observation is that a proton is transferred from one

of the hydrogen-bonding donors [Fig. 1(b)2] to the chro-
mophore and that this transfer induces the unfolding.
However, it has also been proposed that the isomerization
itself triggers the unfolding and that during this unfolding
the chromophore becomes solvent exposed and picks up a
proton from there. A third possibility is that a water
molecule enters the chromophore cavity during the third
stage and that the proton is transferred from one of the
hydrogen bond donors to the chromophore via that water
molecule. After reaching the blue-shifted state, the chro-
mophore slowly refolds, the chromophore reisomerizes,
loses its proton, and the system is restored to its equilib-
rium state (pG). For a more elaborate introduction to PYP,
the reader is referred to our previous paper.2

To understand how the absorption of a photon by the
chromophore leads to large conformational changes else-
where in the protein, we performed a number of molecular
dynamics (MD) simulation studies on PYP. In an MD
simulation, the equations of motion for all atoms in a
system are integrated in time.10,11 This way, one obtains a
description of the dynamics of the system at an atomic
level. With the current state of computer technology, the
maximum timescale that can be reached in a classical
simulation of a small protein (�20,000 atoms) is in the
order of 10–100 ns. Therefore, MD is limited to relatively
fast processes. In PYP, processes take place on many
different timescales. For example, the isomerization of the
chromophore takes place within nanoseconds, whereas the
refolding takes milliseconds.

We examined the first three stages of the photocycle in
detail. Work on the first two stages was presented in a
previous article. It was shown that the energy barrier for
the isomerization of the chromophore is considerably lower
in the excited state. Moreover, it was shown that this
isomerization takes place with only minimal rearrange-
ments in the protein. In this article, we focus on the third
stage of the photocycle, during which the protein partially
unfolds as it evolves from the red-shifted to the blue-
shifted state. Our aim is to understand what drives the
protein to unfold. Specifically, is the isomerization of the

*Correspondence to: Alan E. Mark, Department of Biophysical
Chemistry, Groningen Biomolecular Sciences and Biotechnology Insti-
tute, Rijsuniversiteit Groningen, Groningen, The Netherlands.
E-mail: a.e.mark@chem.rug.nl

Received 2 August 2001; Accepted 15 February 2002

Published online 00 Month 2002 in Wiley InterScience
(www.interscience.wiley.com). DOI: 10.1002/prot.10135

PROTEINS: Structure, Function, and Genetics 48:212–219 (2002)

© 2002 WILEY-LISS, INC.



chromophore sufficient to destabilize the protein, or is
proton transfer also required?

MATERIALS AND METHODS
MD Simulations

In total, three simulations of PYP under different condi-
tions were performed. Initially, PYP was simulated for 6
ns in the ground state. The starting coordinates for this
simulation, denoted as pG, were taken from the high-
resolution X-ray structure4 (entry 2PHY of the PDB). The
pG simulation was used as a reference for later work. The
second simulation was of the protein in the red-shifted
state. This simulation, referred to as pR, was also per-
formed for 6 ns. The starting structure for this simulation
was obtained by instantaneously isomerizing the
chromphore in the final frame of the ground state simula-
tion (pG). The conformation of the isomerized chro-
mophore was inferred from an X-ray structure of red-
shifted state PYP.6 The X-ray structure of the red-shifted
state itself was of insufficient quality to be used as a
starting configuration in the simulations, because the
structure contains internal strain. In a frame at 2 ns after
the start of the second simulation, a proton was manually
removed from Glu46 and added to the chromophore. This
modified frame was used as the starting structure in the
last 4-ns simulation. This simulation, denoted by pR-H,
was performed to investigate the effect of proton transfer
on the stability of the protein.

All simulations were performed in a rectangular peri-
odic box, the volume of which was �168 nm3. The system
contained in total 3617 SPC water molecules,12 including
92 crystallographic water molecules that were included
explicitly. Polar and aromatic hydrogens were added to the
protein. In each of the systems simulated, 6 Na� ions were
added to compensate the net negative charge of the
protein. These ions were introduced by replacing the water
molecules with the highest electrostatic potential. This
was performed in an iterative fashion, that is, after each
water molecule was replaced with an ion, the electrostatic
potential was recalculated. The final system contained
12663 atoms. Before the pG and pR simulations, the
structures were energy minimized for 200 steps by using a
steepest-descents algorithm. Subsequently, these struc-
tures were simulated for 40 ps with harmonic position
restraints on all protein atoms (force constant of 1.0 � 103

kJ mol�1nm�2) for an initial equilibration of the water
molecules. This equilibration procedure was necessary,
especially in the pR simulation, because the instantaneous
isomerization procedure could induce strain inside the
protein. Neither energy minimization nor any specific
equilibration procedure was required in the case of the
pR-H simulation, because the transfer of one proton
between the two groups induces little strain in the struc-
ture and is, in reality, an almost instantaneous process on
an MD timescale. All simulations were run at constant
temperature and pressure by weak coupling to an external
bath13 (�T � 0.1 ps and �P � 1.0 ps). The LINCS algo-
rithm14 was used to constrain bond lengths, allowing a
time step of 2 fs. SETTLE15 was applied to the water

molecules. A twin-range cutoff method was used for non-
bonded interactions. Lennard-Jones and Coulomb interac-
tions within 1.2 nm were calculated every timestep,
whereas Coulomb interactions between 1.2 and 1.8 nm
were calculated every 10 steps. All simulations were
performed by using the GROMACS simulation package16

together with the GROMOS96 force field.17 The genera-
tion of additional parameters required to model the chro-
mophore is described below.

Chromophore Force Field

The atomic charges were estimated by fitting to the
charge density of the chromophore in vacuo, calculated
semiempirically. These computations were performed by
using the MOPAC18 program, with the PM3 Hamilto-
nian.19 The ESP charge-fitting procedure20 was used to
derive the atomic charges. The charges were also calcu-
lated with the ADF program21 by using the multipole
derived charges procedure.22 In this procedure, the total
charge is distributed per atom in such a way that the
partial atomic charges reproduce the atomic multipoles up
to the quadrupole. Both approaches yielded similar charge
distributions. The average and largest atomic charge
variations found were 0.15 e and 0.23 e, respectively. For
use in the simulation, the quantum mechanically derived
charges were slightly adapted to match similar fragments
in the GROMOS96 force field.17 The final charges are
listed in Table I. Dihedral parameters, which model the
rotation of the conjugated bonds a, b, c, and d (Fig. 1 of the
previous article2), were obtained as follows. First, 500,000
chromophore conformations were generated by randomly
varying the four dihedral angles. The energy (EPM3) of
each of these conformations was then calculated semiem-

TABLE I. Partial Atomic Charges of the Chromophore in
the Ground State (pG), Excited State (p*),
Deprotonated Red-Shifted State (pR), and

Protonated Red-Shifted State (pR-H)†

Atom pG p* pR pB

S� �0.30 �0.32 �0.20 0.00
C1 0.40 0.15 0.40 0.27
O1 �0.30 �0.43 �0.40 �0.27
C2 �0.58 �0.37 �0.40 �0.20
H2 0.33 0.23 0.10 0.10
C3 0.05 �0.20 0.20 0.00
H3 0.15 0.14 0.10 0.10
C1	 �0.15 �0.10 �0.30 �0.10
C2	 �0.14 �0.10 �0.14 �0.10
H2	 0.14 0.15 0.14 0.10
C6	 �0.14 �0.10 �0.14 �0.10
H6	 0.14 0.15 0.14 0.10
C3	 �0.40 �0.30 �0.34 �0.14
H3	 0.13 0.20 0.14 0.14
C5	 �0.40 �0.30 �0.34 �0.14
H5	 0.13 0.20 0.14 0.14
C4	 0.40 0.40 0.50 0.10
O4	 �0.46 �0.40 �0.60 �0.25
H4	 0.25

†Atom names are as given in Figure 1(a) of the previous article.
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pirically. From this energy, the GROMOS96 energy due to
all other interactions was subtracted. By performing a
multidimensional least-squares fit of four force-field dihe-
dral functions (Vi(
i) � ki[1 � cos(n
i � 
i0)], where i � {a,
b, c, d}, n � 2 and 
i0 � �) to the resulting five-dimensional
dataset (i.e., {a, b, c, d, E} and E � �iVi) the required
dihedral parameters (ki) were obtained.

Calculation of the Protein Potentials

During a period of 2 ns, configurations were saved every
10 fs. For each of the 2 � 105 MD frames saved, the proton
potentials of both the Tyr42 and the Glu46 protons were
determined. For this purpose, the conformation of the
active site, consisting of the chromophore and the side-
chains of Tyr42 and Glu46 was extracted from each frame.
The Tyr42 proton was then placed at 10 different positions
between the hydrogen-bonding donor oxygen atoms (O
)
and the phenolate oxygen atom of the chromophore, after
which the same procedure was carried out with the Glu46

proton. For each of the resulting 2 � 2 � 106 configura-
tions, the active site contribution was calculated at the
PM3 level, and to this the classical electrostatic contribu-
tion of the environment was added. Cubic spline interpola-
tion was used to complete the potential curves. All protein-
active site and solvent-active site interactions were
included, by using active site partial charges at every
position of the proton. In this way, the complete quantum
mechanical response of the active site to the proton
position, including polarizability contributions, is incorpo-
rated.

RESULTS
Effect of Isomerization

Immediately after the chromophore has isomerized,
PYP enters the third stage of the photocycle (Fig. 2 of the
previous article2). Although the protein is known to un-
dergo large conformational changes during this stage9 no
significant conformational changes were observed in the
first 6 ns after isomerization in the simulations. Figure 1
(a, b) shows the PYP backbone conformation averaged over
6 ns for simulations of the ground state (pG, bond b trans,
Fig. 1 of the previous article2) and of the red-shifted state

(pR, bond b cis, Fig. 1 of the previous article2), respectively.
The backbone conformations are very similar [the root-
mean-square deviation (RMSD) between them is 0.22 nm],
indicating that isomerization has had little effect on the
overall stability of the protein. Moreover, the hydrogen-
bonding network that stabilizes the chromophore in the
ground state remains intact after isomerization. As was
discussed in the previous article, isomerization is realized
by a concerted rotation of all four dihedrals. Overall, the
cis conformation closely resembles that of the trans confor-
mation. There are only minor conformational changes in
the chromophore region. However, because the overall
length of the chromophore decreases due to the isomeriza-
tion, the amino acids connected to the chromophore via the
thioester linkage on one side and the hydrogen-bonding
network on the other, move slightly closer together. Specifi-
cally, the disruption of a �-helix (Fig. 1) and the elongation
of �-helix 4 by one turn are noted.

As another indicator of stability, the fluctuations of the
constituent amino acid residues were considered. Figure 2
shows the time-averaged RMS fluctuations of all amino
acids after fitting to a reference structure to remove overall
rotational and translational motion. The reference struc-
ture was the energy-minimized ground state X-ray struc-
ture.4 The fluctuations are lower in the pR state (thin line
in Fig. 2) than in the pG state (thick line). The protein is
apparently not destabilized by the isomerization itself.

Proton Transfer

In the ground state, the chromophore is almost com-
pletely planar, allowing a near perfect overlap of the pz

orbitals. Consequently, the negative charge on the pheno-
late oxygen atom is delocalized over the whole chro-
mophore. However, after isomerization, the planarity is
lost. This loss is caused by steric hindrance between the
carboxylic oxygen atom (O1, Fig. 1 of the previous article2)
and the phenyl-ring atoms (especially atoms C6	 and H6	).
Therefore, in the pR state, the overlap of the atomic pz

orbitals is less and the negative charge is more localized on
the phenolate oxygen atom than in the pG state (Table I).
Although the increase in charge on this oxygen is small, it
strongly increases the probability of a proton transfer from

Fig. 1. The time average of the peptide backbone of PYP from molecular dynamics simulations of the protein a: Before isomerization of the
chromophore (pG). b: After isomerization (pR). c: After proton transfer from Glu46 to the chromophore (pR-H).
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one of the hydrogen-bond donor residues (Tyr42 and Glu46)
to the chromophore.

Two other factors affect the probability of a proton
transfer from one of the hydrogen bond donors to the
chromophore. The first is the stability of the residue that
donates the proton. For example, a proton transfer from
the hydroxyl moiety of Thr50 is highly unlikely, because
the pKa of this group is very high (it is an aliphatic alcohol
group). Second is the nature of the long-range (electro-
static) interactions with the rest of the protein and water.
Because the environment is very dynamic, the energy
profile of a proton transfer reaction is strongly time
dependent. In Fig. 3, such an energy profile is shown
schematically. The curve represents the potential energy
of the system as a proton migrates from a hydrogen bond
donor to an acceptor. Typically, such a curve consists of
two local minima, representing a covalent bond to the
donor and acceptor, respectively, separated by a barrier.
The difference in energy between these minima (�E in Fig.
3) determines the equilibrium constant of the proton
transfer reaction. The height of the barrier (ETST) controls
the rate at which the system approaches equilibrium.
Because both the energy difference between the minima
and the height of the barrier depend on the environment,
spontaneous fluctuations in the environment can drive a
proton from one residue to the other.

In the simulations, the protein remains stable after
isomerization. The phenolate moiety of the chromophore is
not exposed to solvent. Therefore, only intramolecular
proton transfer is possible. The candidates for donating a
proton to the chromophore are the sidechains of Tyr42 and
Glu46 (Fig. 1 of the previous article2). To determine
whether a proton transfer from one of these residues is
more likely in the red-shifted state than in the ground

state, the time evolution of the corresponding proton
potential energy curves was monitored in both the pG and
pR simulations. The time evolutions of the energy splitting
�E(t) for the transferable protons of Tyr42 and Glu46 in the
ground state and in the red-shifted state are depicted in
Figure 4. The splitting is defined as the difference in total
potential energy before and after proton transfer, calcu-
lated by using the PM3 Hamiltonian19 (see Materials and
Methods). A positive splitting means that a proton trans-
fer is energetically unfavorable. The energy differences for
both protons are always around 130 kJ/mole in the ground
state [Fig. 4(a) and (b)]. Thus, a proton transfer from one of
the hydrogen bond donors to the chromophore is very
unlikely in the ground state. However, after isomerization
there are periods during which the splittings become
negative [Fig. 4(c) and (d)]. During these periods, a proton
transfer from Tyr42 as well as from Glu46 would be
energetically favorable. However, because the splitting of
the Glu46 proton is the more negative in those periods [Fig.
4(d)], it is most likely that this proton is the one trans-
ferred.

At 2 ns in the pR simulation, the energy splitting of the
Glu46 proton is most favorable for a transfer (note from
Fig. 4 that the monitoring period started 1 ns after the
start of the pR simulation). Therefore, at this time point,
the proton was manually transferred from the glutamic
acid to the chromophore, and a new simulation, named
pR-H, was initiated. Immediately after the start of this
simulation, the hydrogen-bonding network that stabilized
the deprotonated chromophore in the previous simulations
was lost. Figure 5 shows the distance between the donor
and acceptor oxygen atoms involved in that network
plotted versus time, both before [Fig. 5(a)–(f)] and after
[Fig. 5(g)–(l)] the proton transfer. At the start of the pR-H
simulation, the distances between the protonated chro-
mophore and residues Glu46 and Tyr42 rapidly increase.
Moreover, the distances show greater fluctuations than
the previous simulation (Fig. 5, upper panels). This indi-

Fig. 2. The time averaged RMS fluctuations of the amino acid
residues with respect to the energy-minimized ground state X-ray struc-
ture. The thick gray line corresponds to the fluctuations in a 6-ns
simulation of the ground state (pG), and the thin black line corresponds to
the fluctuations in a 6-ns simulation of the red-shifted state (pR). At the
bottom of the figure we indicated the secondary structure type of the
residues.

Fig. 3. A schematic potential energy profile for a proton transfer
reaction.
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cates that the hydrogen-bonding network has collapsed.
An important consequence of this rapid collapse is that the
proton transfer from Glu46 to the chromophore is effec-
tively irreversible. After the transfer, the chromophore is a

possible hydrogen bond donor. In Figure 5(i), we see that
after 3.5 ns, the chromophore does indeed donate a hydro-
gen bond to the phenol moiety of Tyr42. This hydrogen
bond remains stable throughout the rest of the simulation.

Fig. 4. The energy splitting defined as the difference between the minima of the two proton wells (�E in
Figure 3), as a function of time: a: The splitting for the Tyr42 proton in pG; b: The splitting for the Glu46 proton in
pG; c,d: The splittings in pR for Tyr42 and Glu46, respectively.

Fig. 5. The distances between the hydrogen bond donating oxygen atoms and the accepting oxygen atoms. The upper panels show the distances
before proton transfer, and the lower panels show the distances after a proton transfer from the Glu46 side-chain to the phenolate group of the
chromophore.
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The negatively charged carboxylate group of Glu46 is
partly stabilized by a hydrogen bond with the Thr50

side-chain. As Figure 5(j) shows, this hydrogen bond
interchanges rapidly between the two oxygen atoms of the
Glu46 side-chain.

The transfer of the proton has an effect on the stability of
the protein. Figure 6 shows the RMSD of the protein
backbone before and after the proton transfer. In Figure
6(a), the RMSD of all backbone atoms is plotted versus

time. Figure 6(b) shows the time-averaged RMSD per
residue. The reference structure in both calculations was
the energy-minimized ground state X-ray structure,4 as
before (see Fig. 2). In Figure 6(a), one sees that the RMSD
of the pR-H simulation rises to twice that of the pR
simulation in �4 ns. Moreover, as is evident from Figure
6(b), the time-averaged fluctuations for all residues are
larger after the transfer of the proton. The largest increase
is observed in the residues of the N-terminal domain. The
most prominent structural change, however, was observed
in a region close to the chromophore, where an �-helix
(�-helix 3, Fig. 1) is completely lost. This can be seen from
Figure 1(c), which shows the time-averaged backbone in
the pR-H simulation. Although this structure looks quite
similar to the structures of the pG and pR simulations, one
can clearly see that �-helix 3 is no longer present in the
averaged pR-H structure. This indicates that the destabili-
zation is not restricted to the N-terminal domain of the
protein.

DISCUSSION

The light-induced trans-to-cis isomerization of the chro-
mophore in the second stage of the PYP photocycle results
in a contraction of around 0.05 nm in the overall length of
the chromophore (as measured by the distance from the
Cys69 S� atom to the phenolate O4	 atom [Fig. 1 of the
previous article2]. In the cis conformation, steric repulsion
between the carboxylic oxygen atom (O1, Fig. 1 of the
previous article2) and two phenyl ring atoms (C6	 and H6	)
prevents the chromophore from being planar. The overall
conjugation via the overlap of atomic pz orbitals is de-
creased by the loss of planarity, and this results in less
effective delocalization of the chromophore’s negative
charge. One consequence of this is an accumulation of
negative charge on the phenolate oxygen atom (O4	, Fig. 1
of the previous article2). This electrostatically reinforces
the hydrogen-bonding network between the chromophore
phenolate oxygen atom and the hydroxyl groups of Tyr42

and Glu46. Because of this electrostatic reinforcement, the
shortening of the chromophore is not accompanied by a
collapse of the hydrogen bonding network but, rather, by a
small contraction of two protein domains that are con-
nected through the chromophore. Moreover, the reinforce-
ment of the hydrogen-bonding network argues against the
possibility of a proton transfer from or via a water mole-
cule, because the chromophore remains protected from
solvent.

The structural changes caused by the contraction of the
chromophore are probably too small to result in signal
transduction. Furthermore, the slightly contracted protein
with an isomerized chromophore appears to be more stable
than the uncontracted ground state protein in the simula-
tions. This finding is in contrast with that of van Aalten et
al.,23 who attributed the large conformational changes
that take place after the isomerization to the isomerization
itself. However, their isomerization procedure was differ-
ent from that used in this study. Aalten et al. allowed bond
b (Fig. 1 of the previous article2 to rotate freely during a
short time interval. However, as was shown in the previ-

Fig. 6. a: The evolution of RMSD for the energy-minimized X-ray
ground state structure. The thick gray line corresponds to the RMSD of
the backbone before proton transfer between the Glu46 side-chain and the
phenolate group of the chromophore. The thin black line corresponds to
the RMSD after proton transfer. b: The time-averaged RMS fluctuation
per residue, both before (thick gray, pR) and after the proton transfer (thin
black, pR-H). At the bottom of this plot we indicated the secondary
structure type of the residues.
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ous article, the isomerization involves concerted rotations
of all four dihedrals, and, therefore, allowing only bond b to
rotate will not lead to an appropriate pR conformation.

The isomerization of the chromophore with the accompa-
nying localization of negative charge on the phenolate
oxygen does, however, open the way for the transfer of a
proton from the carboxylic acid side-chain of Glu46 to the
phenolate group of the chromophore. Before isomerization,
this proton transfer is strongly endothermic and very
unlikely to occur in the ground state. After isomerization,
fluctuations in the protein are sufficient to make the
transfer exothermic, and during such fluctuations, proton
transfer is likely to occur.

The immediate effect of the proton transfer is the
collapse of the hydrogen-bonding network, making the
transfer effectively irreversible. After the transfer, the
chromophore is no longer negatively charged, and the
electrostatic contribution to the hydrogen bond formed
between the chromophore and Tyr42 (Fig. 1 of the previous
article2) is decreased. Moreover, because the negative
charge on the glutamate residue is delocalized over two
oxygen atoms and the connecting carbon atom, the hydro-
gen bond between the chromophore and this residue is also
weakened. The strain introduced by the contraction of the
chromophore after isomerization is now sufficient to dis-
rupt the hydrogen bonds. The bridge the chromophore
formed between two domains of the protein is also broken
and, as a consequence, this part of the protein is destabi-
lized.

Another consequence of the transfer is that the negative
charge inside the hydrophobic chromophore pocket be-
comes even more localized. Before the transfer, this charge
is delocalized over a large part of the chromophore. After
the transfer, the charge is spatially restricted to the
carboxylate moiety of the glutamate sidechain. Strongly
localized charges buried inside hydrophobic pockets are, in
general, energetically unfavorable, and this charge redis-
tribution probably also helps to initiate the unfolding of
PYP. The N-terminal domain of the protein is primarily
affected and shows the largest changes in the simulation,
in line with recent experimental observations.24 The N-
terminal domain contains several negatively charged glu-
tamate (n � 3) and aspartate (n � 2) residues. It is possible
that electrostatic repulsion between the Glu46 side-chain
and the N-terminal region may also play a role in driving
the conformational changes.

The rate at which pR is converted to the next intermedi-
ate pB depends on both the rate of proton transfer and the
rate of unfolding. The rate of proton transfer is determined
by the frequency of protein fluctuations that make the
transfer possible. The transfer itself is probably not rate
limiting. The experimentally observed interconversion rate
of pR to pB has been analyzed by different authors in
terms of two to four exponential decay processes with time
constants in the range of milliseconds.6,25 Clearly, because
we only simulated 4.0 ns of a process, which in fact takes
several microseconds, we cannot draw definite conclusions
about the later stages in the evolution toward the blue-
shifted state. However, even in this short period, signifi-

cant changes were observed in the N-terminal domain of
the protein as well as the disappearance of one helix,
which could represent initial events in the unfolding
process.

One potential limitation in our approach is that the
excess energy that enters the system during the photon
absorption was not taken into account. This energy is
dissipated into the chromophore and its surroundings
during and after the isomerization. Because the amount of
energy carried by the photon is large (�300 kJ/mol), the
apparent stability found after isomerization may be an
artifact. The increase of kinetic energy in the region of the
chromophore might itself lead to some unfolding. How-
ever, in the free isomerization simulations (see previous
article), the excess energy was, to a first approximation,
accounted for, yet no destabilization during or after the
isomerization of the chromophore was observed. In gen-
eral, temperature gradients within proteins dissipate very
rapidly, and as soon as the excess energy is distributed
over hundred atoms, the effects are of thermal magnitude.
For these reasons, we believe that the energy that enters
the system via photon absorption has at most a minor
effect on the red-shifted state.

CONCLUSIONS

The simulation studies presented here suggest that the
light-induced isomerization of the chromophore alone does
not destabilize the protein nor lead to unfolding. It does,
however, enhance the probability of a proton transfer from
the hydroxyl oxygen atom of a glutamic acid residue
(Glu46) to the phenolate oxygen atom of the isomerized
chromophore. From the simulations, we propose that it is
the redistribution of charge and the breaking of hydrogen-
bonding interactions associated with the proton transfer
that results in partial unfolding of the protein and eventu-
ally signal transduction.
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