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Abstract Photoactive yellow protein (PYP) is a pro-
totype of the PAS domain superfamily of signaling
proteins. The signaling process is coupled to a three-
state photocycle. After the photoinduced trans-cis
isomerization of the chromophore, 4-hydroxycinnamic
acid (pCA), an early intermediate (pR) is formed,
which proceeds to a second intermediate state (pB) on
a sub-millisecond time scale. The signaling process is
thought to be connected to the conformational
changes upon the formation of pB and its recovery to
the ground state (pG), but the exact signaling mech-
anism is not known. Experimental studies of PYP by
solution NMR and X-ray crystallography suggest a
very flexible protein backbone in the ground as well as
in the signaling state. The relaxation from the pR to
the pB state is accompanied by the protonation of the
chromophore’s phenoxyl group. This was found to be
of crucial importance for the relaxation process. With
the goal of gaining a better understanding of these
experimental observations on an atomistic level, we
performed five MD simulations on the three different
states of PYP: a 1| ns simulation of PYP in its ground
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state [pG(MD)], a 1 ns simulation of the pR state
[PR(MD)], a 2 ns simulation of the pR state with the
chromophore protonated (pRprot), a 2 ns simulation
of the pR state with Glu46 exchanged by Gln (pRGln)
and a 2 ns simulation of PYP in its signaling state
[pPB(MD)]. Comparison of the pG simulation results
with X-ray and NMR data, and with the results
obtained for the pB simulation, confirmed the experi-
mental observations of a rather flexible protein back-
bone and conformational changes during the recovery
of the pG from the pB state. The conformational
changes in the region around the chromophore pocket
in the pR state were found to be crucially dependent
on the strength of the Glu46-pCA hydrogen bond,
which restricts the mobility of the chromophore in its
unprotonated form considerably. Both the mutation of
Glu46 with Gln and the protonation of the chromo-
phore weaken this hydrogen bond, leading to an
increased mobility of pCA and large structural
changes in its surroundings. These changes, however,
differ considerably during the pRGIn and pRprot
simulations, providing an atomistic explanation for the
enhancement of the rate constant in the Gln46 mu-
tant.
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Introduction

Photoactive yellow protein (PYP) is a small (125-resi-
due) light-sensitive protein which is thought to be in-
volved in the negative phototaxis of the bacterium
Ectothiorhodospira halophila (Sprenger et al. 1993). Its
chromophore, 4-hydroxycinnamic or p-coumaric acid
(pCA), is bound through a thioester linkage to Cys69 of
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PYP (Baca et al. 1994; Hoff et al. 1994a). In the ground
state, pG, the protein has an absorbance maximum at
Amax = 446 nm (Meyer 19895), giving it a yellow color.
Upon excitation by light, the chromophore conforma-
tion around the C7-C8 double bond switches from trans
to cis (Kort et al. 1996), causing the protein to adopt
within nanoseconds a red-shifted transient state pR with
Amax =465 nm (Meyer et al. 1987, 1989; Van Beeumen
et al. 1993; Hoff et al. 1994b; Imamoto et al. 1996). This
process groceeds through two short-lived intermediates
Ip and Iy* (Ujj et al. 1998). The pR state then converts on
a submillisecond time scale into a blue-shifted or
bleached transient state, pB, with /. =355 nm. During
this step the chromophore is protonated and the residue
Glu46, which forms a hydrogen bond with the unprot-
onated chromophore in pR, is deprotonated. pB subse-
quently relaxes back to the pG state on a subsecond time
scale (Meyer et al. 1987, 1989; Hoff et al. 1994b). This
photocycle is summarized in Fig. 1. The phototropic
signal transduction pathway is not known, but the
change in PYP conformation occurring upon the for-
mation of the pB state and its relaxation back to the
ground state pG are thought to be responsible for
relaying the signal to the next shackle in the signal
transduction chain, which is assumed to involve protein-
protein interaction with an as-yet unknown protein
(Hoff et al. 1999). Sequence alignment studies have
identified PYP as a prototype for the PAS domain
superfamily of signaling proteins (Pellequer et al. 1998).
Since PYP is a relatively small water-soluble protein, it is
very suitable to study the molecular mechanism of signal
transduction through an analysis of the structural and
dynamical features of the states of the photocycle.

140 ms

A~ 489 nm|

A=355nm

200us

Fig. 1 Photocycle of PYP in solution. pG: ground state; pR: red-
shifted state; pB: blue-shifted signaling transient state. The numbers
indicate the wavelength of maximum absorption in nm (Hoff et al.
1994b)
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The ground state structure of PYP has been deter-
mined by X-ray crystallography (Borgstahl et al. 1995;
Genick et al. 1998; van Aalten et al. 2000) and by so-
lution NMR (Diix et al. 1998) (see Fig. 2). X-ray crys-
tallographic structures are also available for the PYPyy,
and pB states (Genick et al. 1997a, 1998) and for the pR
state (Perman et al. 1998); the latter, however, was re-
cently reassigned to an earlier intermediate (Ren et al.
2001). In addition, a series of time-resolved X-ray Laue
diffraction structures were measured for the time from
1 ns up to seconds after the photoexcitation (Ren et al.
2001). The latter study suggests that the spectroscopic
pR state consists of several closely related conformers,
which are structurally very similar to the PYPgy state.
The PYPy; state is a low-temperature (<90 K) state
which does not exist at room temperature; its absorption
at 400 nm, however, and its very strong structural sim-
ilarity to the pR state conformers, suggest that it cor-
responds to an early conformer of the pR state at room
temperature. Several other experimental studies have
provided additional information on the variation of
protein conformation and protonation states along the
photocycle (Xie et al. 1996, 2001; Genick et al. 1997b;
Imamoto et al. 1997; Hoff et al. 1999; Hendriks et al.
2002). In this work we are mainly referring to three ex-
perimental observations. First, there are significant local
structural differences between the crystal structure
(Borgstahl et al. 1995) of the ground state of PYP de-
termined using X-ray diffraction and the ensemble of
solution structures (Diix et al. 1998) determined using
NMR spectroscopy, especially around the chromophore
pocket and the N-terminal cap of the protein. Second,
an NMR study of the pB state revealed considerable
disorder (Rubinstenn et al. 1998), in contrast to the
X-ray crystallographic data (Genick et al. 1997a; Ren
et al. 2001). Third, the mechanism of the protonation of
the chromophore after the photoexcitation is not re-
solved yet. There has been increasing evidence for the
important role of the Glu46 residue. This residue forms
a hydrogen bond with the phenoxyl oxygen (O1) of the
unprotonated chromophore (Fig. 2) in the pG and pR
states and a proton transfer from Glu46 to the chro-
mophore has been proposed during the pR-pB transition
(Xie et al. 1996, 2001; Imamoto et al. 1997; Hendriks et
al. 1999). In addition, mutation experiments have shown
changes in the magnitude and pH dependence of the rate
constants of the process, if Glu46 is exchanged for
GIn46. Information on pK, values can be obtained from a
combination of measurements (Xie et al. 1996; Genick
etal. 1997b ; Imamoto et al. 1997). Computational studies
may yield a picture of conformational and dynamical
changes along the photocycle at the atomic level and
thereby contribute to the resolution of these issues.

Photoexcitation of the chromophore in a simple
model environment has been studied using quantum-
chemical methodology (He et al. 2000). Structural
relaxation of the chromophore environment on a pico-
second time scale after photoexcitation has been studied
using molecular dynamics (MD) simulations (Yamato
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et al. 1998). MD simulations of PYP in aqueous solution identical with the conformational changes occurring
in its ground state and the chromophore in cis confor- along the photocycle (van Aalten et al. 1998). The same
mation over 400 ps have been analyzed using normal normal mode analysis technique has been applied to sets
mode analysis or so-called essential dynamics in order to of NMR and X-ray structures in order to characterize
identify global conformational changes which might be their conformational variation (van Aalten et al. 2000).
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Fig. 2 (a) Structure diagram and atom names of Cys69 and the
p-coumaric acid (pCA) chromophore linked to it. The dashed lines
indicate so-called charge groups of the GROMOS96 force field
(van Gunsteren et al. 1996). (b) Ribbon diagram of the three-
dimensional structure of the ground state of PYP as determined by
X-ray crystallography (Borgstahl et al. 1995). The chromophore
(pCA) bound to Cys69 and the key active site residues Tyr42,
Glud46, Thr50, Arg52, Phe75, Phe 96 and Tyr98 are shown in
atomic detail. (c—g) Schematic diagrams of positions of the key
residues around the chromophore pocket for the pG(X-ray) (¢) and
pB(X-ray) (d) structures and for the final structures of the pR(MD)
(e), pPRp(MD) (f) and pRGIn(MD) (g) simulations. For nomen-
clature, see legend to Table 1

Functionally important protonation states of PYP, the
interactions that stabilize them, and changes in the
protonation state during the photocycle have been
studied using continuum electrostatic theory (Demchuk
et al. 2000). Finally, the structural fluctuations in the pB
state were studied using molecular dynamics techniques
(Shiozawa et al. 2001).

Here, an extensive MD simulation study of PYP in
its three states of the photocycle is reported, allowing
us a direct comparison of the structural differences/
changes in the three states. First, the structures from a
I ns MD trajectory of the ground state (pG) are
compared to X-ray crystal and NMR solution data. In
the pG simulation the chromophore (pCA) is deprot-
onated and Glu46 is protonated. Second, MD simula-
tions of the ground state (pG) and of the blue-shifted
signaling state (pB) are compared with each other to
detect structural and dynamical differences. In the pG
simulation the chromophore (pCA) is deprotonated
and Glu46 is protonated, whereas in the pB simulation
Glu46 is deprotonated and pCA protonated. Third, the
importance of the protonation state of the chromo-
phore and the Glu46 residue hydrogen-bonded to it is
studied by comparison of the pR simulation, in which
the chromophore (pCA) is deprotonated and Glu46 is
protonated with a simulation (pRprot), in which the
chromophore (pCA) is protonated and Glu46 deprot-
onated. Finally, the effect of the mutation of Glu46
into GIn46 is studied by a comparison of the pR sim-
ulation with a simulation (pRGlIn) in which Glu46 is
replaced by GIn46. For the simulations of he proto-
nated structure (pRprot) and the mutant (pRGIn) the
3PYP crystal structure is used, with the chromophore
protonated and Glu46 exchanged by GIn46, respec-
tively. The five MD simulations yield an insight into
structural relaxation of the various states along the
photocycle and into the effects of (de)protonation and
mutation of Glu46.

Materials and methods

The simulations and the analysis of the five PYP trajectories were
carried out using the GROMOS96 program package (van
Gunsteren et al. 1996; Scott et al. 1999). The protein was modeled
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using the GROMOS96 force field version 43A1. In this force field,
aliphatic CH groups are modeled as united atoms. The force field
parameters of the chromophore were chosen in a way analogous
to that for the protein residues (Supplementary material,
Table S1). The water molecules were modeled using the simple
point charge (SPC) model (Berendsen et al. 1981) for liquid water.
Three different sets of initial protein structures were used (Sup-
plementary material, Table S2): these were the crystal structure of
the ground state (Borgstahl et al. 1995) for the pG simulation,
that of the low-temperature red-shifted state PYPgp (Genick et al.
1998) for the pR simulations, and that of the blue-shifted state
(Genick et al. 1997a) for the pB simulation. The PYPp structure
was used for the pR simulations, because its structure agrees very
well with the pR conformers at room temperature (see Intro-
duction). In all simulations, truncated octahedral periodic
boundary conditions were used. The computational boxes con-
tained 1268 or 1269 protein atoms, 7 sodium ions and 4838, 5114
or 4834 water molecules, respectively. The initial length of the box
edges was 6.89 nm.

To allow the relaxation of the water around the protein, a
temperature of 100 K was used for the first 5 ps and 200 K for the
next 5 ps; the simulation was then continued at 298.15 K. The
positions of the protein atoms were restrained for the first 100 ps of
the run. After that the simulations were continued without any
position restraints and with a constant pressure of 1 atm
throughout. The temperature and pressure were maintained by
weak coupling to an external bath with a temperature coupling
relaxation time of 0.1 ps and a pressure coupling relaxation time of
0.5 ps (Berendsen et al. 1984). An isothermal compressibility of
45.75x10° (kJ mol ' nm *)! was used. Throughout the simula-
tions the bond lengths were constrained to ideal values using the
SHAKE procedure (Ryckaert et al. 1977), with a geometric accu-
racy of 10* For the non-bonded interactions, a triple-range
method with cutoff radii of 0.8 nm and 1.4 nm was used (Scott
et al. 1999). Within the short-range cutoff of 0.8 nm, all interac-
tions were determined every step. Longer range (electrostatic and
van der Waals) interactions within a cutoff range of 1.4 nm were
updated at the same time as the pair list for short-range interactions
was updated (every 10 fs). A reaction field approximation (Tironi
et al. 1995) was applied beyond a cutoff of 1.4 nm with a relative
dielectric permittivity of 54.0 for SPC water (Smith and van
Gunsteren 1994). A time step of 2 fs was used. The analysis was
performed using the trajectory coordinates and energies that were
written to disk every 0.1 ps for the 500-1000 ps simulation period
for pG and pR and for the 500-2000 ps simulation period for
pRprot, pRGIn and pB.

Results

First, we will compare our simulation [pG(MD)] results
for the ground state structure pG with the correspond-
ing X-ray [pG(X-ray)] and NMR [P(NMR)] structure.
This is of special interest because the local structural
differences between the experimental data are rather
pronounced (Diix et al. 1998; van Aalten et al. 2000),
indicating a high backbone flexibility. In addition, this
will allow us to judge the overall performance of our
simulations. In the second part, we will examine the
changes in the secondary structure of the protein related
to the structural changes around the chromophore by
comparing our simulations of the ground state pG(MD)
with our results for the signaling state pB(MD). Lastly,
we will study the dynamics of the chromophore after
excitation [pR(MD)], its dependence on the protonation
state [pRprot(MD)], and the influence of Glu46
[PRGIn(MD)].
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Comparison of the ground state structures
Comparison of the experimental structures

Previous studies have shown significant local structural
differences between the experimentally obtained struc-
tures of PYP in its ground, as well as in its signaling state
(Diix et al. 1998; Rubinstenn et al. 1998; van Aalten
et al. 1998, 2000). These differences are especially pro-
nounced around the chromophore pocket and the
N-terminus of the protein (Borgstahl et al. 1995; Diix
et al. 1998; Genick et al. 1998; Rubinstenn et al. 1998).
Also the X-ray structures can differ considerably from
each other in these protein regions, depending on the
space group of crystallization (van Aalten et al. 2000),
although the overall r.m.s. atom-positional deviation
between these measured structures is still 0.048 nm.
Here we compare the X-ray crystal structure of the
ground state of PYP, which we used as starting structure
for our solution simulation (Borgstahl et al. 1995) and
the NMR solution structures measured by Diix et al.
(1998). In Table 1 we give the overall r.m.s. atom-posi-
tional deviation between the X-ray, the NMR and the
average simulated structures. Between the experimental
structures the overall differences are up to 0.314 nm for
the C, atoms and up to 0.373 nm for all atoms, re-
spectively. These differences are shown in more detail in
Fig. 3 (panels a and b). In these panels the r.m.s. atom-
positional deviations between the X-ray and the NMR

Table 1 Atom-positional root-mean-square differences (r.m.s.d.)
between various pairs of structures. The structures are superim-
posed using a translational/rotational fit involving all C, atoms.
Part (a): r.m.s.d. values for C, atoms. Part (b): r.m.s.d. values for
all atoms. pG(X-ray): crystal structure of the ground state (PDB
code 2PHY); pB(X-ray): crystal structure of the blue-shifted or
signaling state (PDB code 2PYP); pG(NMR): solution structure of
the ground state (PDB code 3P HY); pG(MD): average structure
obtained from the 500-1000 ps period of the pG simulation;
pB(MD): average structure obtained from the 500-2000 ps period
of the pB simulation; PYPg (X-ray): crystal structure of the red
shifted (or I;) state (PDB code 3PYP); pR(MD): average structure
obtained from the 500-1000 ps period of the pR simulation;
pRprot(MD): average structure obtained from the 500-2000 ps
period of the pRprot simulation; pRGIn(MD): average structure
obtained from the 500-2000 ps period of the pRGIn simulation

(a) X-ray X-ray NMR MD MD
PG pB  pG  pG  pB
X-ray pG 0.000  0.011 0.314* 0.137 0.182
X-ray pB 0.079  0.000 0.300 0.133 0.175
NMR pG 0.373* 0.383 0.000 0.325 0.371
MD pG 0.183  0.214 0.373 0.000 0.175
MD pB 0.226  0.218 0.431 0.193 0.000
(b) Xray MD ™MD MD MD MD
PYPg;, pG pR pRprot pRGIn pB
X-ray PYP 0.000  0.113 0.124 0.155 0.126  0.175
MD pG 0.185  0.000 0.102 0.169 0.090 0.175
MD pR 0.183  0.178 0.000 0.153 0.110 0.191
MD  pRprot 0.212  0.223 0.188 0.000 0.131 0.188
MD  pRGIn 0.180  0.148 0.163 0.187 0.000 0.174
MD pB 0.219  0.193 0.234 0.231 0.213  0.000

“The values without the N-terminal residues 1-26, as given in Diix
et al. (1998), are 0.105 and 0.190, respectively

structures are given for the outermost side-chain atoms
and the C, atoms of the individual residues. The largest
deviations are found at the N-terminal region of the
protein’s backbone, which strongly contributes to the
overall deviations of over 0.3 nm (see Table 1). For
the remainder of the protein the deviations for the C,
atoms are 0.12 nm. This is in agreement with the
reported r.m.s. atom-positional deviation of 0.188 nm
for all heavy atoms between the NMR and crystal
structure if the N-terminus is excluded (Diix et al. 1998).

Comparison of the MD and the X-ray structures

In Fig. 4a the r.m.s. atom-positional deviations of the C,
atoms (solid line) and of all atoms (dotted line) from the
corresponding X-ray structure are given with respect to
the simulation time. The graph shows an equilibration
time of 400-500 ps, after which the average deviation
remains about 0.20 nm for all atoms and 0.12 for the C,
atoms throughout the simulation with all residues in-
cluded. This indicates that the system is sufficiently
equilibrated. However, fluctuations are observed
throughout the whole simulation time, indicating a siz-
able backbone flexibility in agreement with the experi-
mental data.

To study the flexibility along the backbone, we
compare the r.m.s. atom-positional fluctuations of the
C, atoms for the equilibrated ground state system with
the fluctuations of the crystal structure, derived from the
experimental B-factors (Fig. 5). Figure 5a demonstrates
that the flexibility of the protein during the ground state
simulation is in very good agreement with the crystal-
lographic data. Regions of high flexibility are found
between the residues Alal6 and Ala27, Gly47 and Val57,
and around Glu74, Gly86, Met100 and Glyl115. For the
same regions, increased r.m.s. atom-positional devia-
tions per residue are found between our MD structures
and the X-ray structure, as shown in Fig. 3d, except for
the N-terminal part in which both structures do not
differ much.

Comparison of the MD and the NMR structures

In Fig. 4a the overall r.m.s. atom-positional deviations
of the MD structures from the NMR structure with the
lowest energy (dashed line) are shown as a function of
the simulation time. The deviation is about twice as large
as the deviation from the X-ray structure (0.4 nm for all
atoms and 0.3 nm for the C, atoms versus 0.2 nm and
0.12 nm, respectively, for all residues) and does not
change during the simulation. However, if the N-termi-
nal region is excluded (see Table 1, footnote) the overall
deviations are comparable with the deviations from the
X-ray data. This is in agreement with the experimentally
observed variation (see above).

We also compared the nuclear Overhauser effect
(NOE) distances calculated from our simulation data
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(500-1000 ps) and from the crystal structure with the
experimentally determined NOE distance bounds (Diix
et al. 1998) (Supplementary material, Table S3). The av-
erage violations are all below 0.03 nm for both the crystal
and MD data and are therefore well within the overall
accuracy of the calculations. In order to ensure that the
overall structure is conserved, the location of the single
violations above 0.3 nm was investigated. Most of the
large violations involve at least one residue which is lo-
cated at the N-terminus of the backbone (residue num-
bers 1-26). No large NOE distance restraint violations
involving pairs of protein backbone atoms are found,
indicating a conservation of the secondary structure.
The same trends were found in Fig. 3e and f, in which
are shown the r.m.s. atom-positional deviations for the
C, atoms and the outermost side-chain atoms of
the individual residues between the NMR structure and

residue number

the simulation structure averaged over 500-1000 ps.
The largest deviations are again found for the residues
Met1-Asp20.

In summary, a pronounced backbone flexibility is
observed in both the experimental and our theoretical
studies. However, the differences are mainly located in
the N-terminal region of the protein and the positional
differences in the rest of the protein are below 0.2 nm
and the overall backbone structure is well conserved in
all three data sets.

Comparison of the pG and pB states
For our comparison of the pG and pB states we examine

first their changes in the secondary structures and in the
hydrogen bonding networks during the simulations;
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second, the atom-positional r.m.s. fluctuations around
the time-averaged structures and deviations from the
starting structures; and finally the overall changes in the
shape of the protein.

Figure 6 shows the changes in the secondary struc-
ture of the ground state throughout the simulation. Five
o-helical regions (dark blue), five f-sheets (red) and
several smaller H-bonded turns and bends can be found,
which is in agreement with the experimental structures
(Borgstahl et al. 1995). The major secondary structure
elements remain stable throughout the simulation. The
longest stretch of residues without a-helix or S-sheet type
of secondary structure is between Ile58 and Ser72, which
is the neighbor region of the chromophore (Fig. 2).
Between residues Lys60 and Asp65 a periodic folding
and unfolding of a hydrogen-bonded turn and helical
structure elements can be observed. The «-helix around
residue Lys55 turns into a H-bonded turn structure for a
few times at the beginning but stabilizes throughout the
simulation.

1 L "
1600 1800 2000

1400

L L 1 L
400 600 800 1000 1200

time (ps)

The secondary structure of the signaling state (pB)
during the simulation is shown in Fig. 6e. Again the
overall secondary structure remains stable throughout
the simulation. In the region of the N-terminal cap an
additional f-bridge forms after 400 ps between residue
Glu2 and Ala27. After 1.5 ns, local changes in the sec-
ondary structure can be observed around the chromo-
phore pocket. The o-helix between residue Pro54 and
Val57 shows an increasing tendency to turn a H-bonded
turn and the f-sheet 2 becomes more and more unstable.

These observations are in agreement with the H-bond
populations during the last 500 ps of the simulations,
given in Table 2. In this table, only selected H-bond
populations are shown, chosen according to their im-
portance for the overall structure retainment and their
differences in the ground and signaling state.

Regarding the population of the backbone hydrogen
bonds in the ground state around the chromophore
pocket, it can be observed that the secondary structure
elements at the beginning of this region (a-helix 3) and
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its end (f-sheet 3 and 4) are very stable (Table 2). For
residues between these secondary structure elements the
H-bond populations vary strongly, indicating an alter-
nation between rigid and flexible parts (see o-helix 4 and
the “single bonds” section in Table 2). The backbone
hydrogen bonds of a-helix 3 involving residues Gly51
(23%) and Arg52 (18%) are very weak. This is in con-
trast to the strong H-bond formed by the Arg52 side-
chain hydrogen and the Phe98 backbone oxygen (79%;
see also Table 3).

In the signaling state the backbone H-bond popu-
lation is increased for Gly51 and Arg52 (to 82% and
48%), compared with the ground state. The latter is
accompanied by a broken side-chain bond to Phe9§,
due to the open chromophore pocket in the signaling
state (0% in contrast to 79% in the ground state; see
also Table 3). In addition, the relative populations of

residue number

the adjacent backbone H-bonds in this region are
changed (Ile58-Pro54/Ile58-Lys55), indicating rear-
rangements in the secondary structure. In addition, a
decreased population of the Tyr94-Vall05 and Phe96-
Thr103 H-bonds of f-sheets 3 and 4 can also be ob-
served. The other secondary structure elements remain
very stable. Regarding the side-chain H-bonds in the
vicinity of the chromophore, a change in the H-bond
network around residues Thr50, Arg52 and Tyr42 can
be observed. These observations are in agreement with
another MD study of the pB state (Shiozawa et al.
2001). In this study the distance between the chromo-
phore oxygen Ol and the side-chain hydrogens of the
Arg52 residue was found to oscillate between 0.3/
0.4 nm and 1 nm on a I ns time scale. In our simula-
tion we observed the same oscillation on a 500 ps time
scale.
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Fig. 6 Secondary structure of PYP as a function of time as Comparing the r.m.s. atom-positional fluctuations
determined with the program PROCHECK (Laskowski et al. 1993)

of the C, atoms, averaged over the last 500 ps (pG
fgr thz pg(ﬁg) @, p R(IN{.D) (b), pRprot(MD) (¢), pRGIn(MD) state) or TSOO ps (pB statge) of these two simulati%ns(,p as
(d) and pB(MD) (e} simulations shown in Fig. 5, drastically increased fluctuations can
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Fig. 6 (Contd.) be observed for the signaling state between the residues

around Val66 and Ser72, which is another indication

for structural rearrangements around the chromophore
pocket.
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Additional major changes in hydrogen bonding were
found in the region around the N-terminal cap of the
protein. This region forms only very few H-bonds with
the remainder of the protein and is therefore relatively
flexible with respect to the rest of the structure. In the
ground state there is only one backbone H-bond be-
tween the N-terminal cap and the rest of the protein,
from residue Ala45 to Asp24, in addition to several side-
chain H-bonds between the residues Asn43-Leu23,
Asn43-Phe28 and Ala44-Asp24. However, these are all
located within the a very localized region (residues
Leu23 to Phe28) of the N-terminal cap, connecting only
its end with the rest of the protein, thus leaving its be-
ginning part rather flexible.

The H-bonding populations of the signaling state in
this region show that none of the hydrogen bonds con-
necting the N-terminal cap with the remaining protein
are retained. However, a new H-bond was formed be-
tween the backbone atoms of residues Leull3 and
Glul2, interestingly connecting the previously uncon-
nected part of the N-terminal cap to the main part of the
protein. The secondary structure elements (o-helices 1
and 2) within the N-terminal cap remain stable.

In Fig. 3¢ and d (ground state), and Fig. 3g and h
(signaling state), respectively, the r.m.s. atom-positional
differences of the C, atoms and the outermost side-chain
atoms of the amino acid side chains between the aver-
aged MD structure and the corresponding crystal
structure are given. Regarding the ground state data, in

1400 1600 1800 2000

the surroundings of the active site the smallest deviations
are found from residue Ala30 to Thr50 (around
0.05 nm) and at the end of the chromophore pocket
between the residues Tyr76 and Thr95, whereas the de-
viations of the backbone around the chromophore
(residues Gly51-Phe75) are more pronounced (around
0.15 nm). In addition, very small deviations can be
found at the end of the protein around residue Lys110
and Vall20-Vall25. The region where the structures
differ most is around residue Met100.

For the signaling state (pB) the average deviations
(Fig. 3g and h) are larger than for the ground state,
which is in agreement with an increased overall r.m.s.
positional deviation of 0.18 nm (C, atoms) given in
Table 1. A comparably high flexibility can be found in
the pB state for stable ground state regions, especially
around ca-helix 3 (Asn43-Arg52) and the region around
residue Asp20 (residues Aspl0-Phe28 and Asn43-
Glu56). Because of the retained stability of a-helix 3 in
the pB state (Table 2), the increased deviation in this
region indicates a collective movement of the helix.

To study the effect of the above observations on the
shape of PYP, we compare the backbone conformations
of the ground state and of the signaling state after 1 ns
(pG, red) and 2 ns (pB, blue) of simulation time (Sup-
plementary material, Fig. S1). The chromophore pocket
is shown on the left side and the N-terminal cap to the
right. Although no dramatic changes in the overall
structure can be expected after a simulation time of 2 ns,
some changes can be observed. Dividing the structures
into an ‘“‘upper” region consisting of residues Pro75-
Vall25 («-helix 5 and f-sheets 3, 4 and 5) and a “lower”



Table 2 Percentage of hydrogen bonding in the X-ray crystal
structure pG(X-ray) and in the final 500 ps periods of the pG(MD)
and pB(MD) simulations. A hydrogen bond is assumed to exist if
the hydrogen-acceptor distance is smaller than 0.30 nm and for the
backbone hydrogen bonds the donor-hydrogen-acceptor angle is
greater than 135°

(a) Backbone hydrogen bonds around the chromophore pocket

pG(X-ray)  pG(MD) pB(MD)
o-helix 3
Gly47-Asn43 100 92 78
Asp48-Alad4 100 75 93
Ile49-Ala45 100 90 92
Thr50-Glu46 100 78 90
Gly51-Gly47 0 23 82
Arg52-Gly47 0 18 48
o-helix 4
Val57-Asp53 100 96 92
Ile58-Pro54 100 84 22
Ile58-Lys55 100 17 70
Lys60-Val57 100 52 42
Single H-bonds
Asp65-Asn61 100 22 48
Val66-Asn61 100 84 88
Ala67-Phe62 100 70 84
Thr70-Ala67 100 40 37
Asp71-Pro68 100 32 59
Phe75-Ser72 100 54 40
Tyr76-Thr70 100 97 87
Gly77-Ser72 100 99 93
o-helix 5
Lys78-Pro73 100 85 93
Phe79-Phe75 100 96 98
Lys80-Tyr76 100 99 99
Glu81-Gly77 100 96 93
Gly82-Phe78 100 82 77
Val83-Phe79 100 98 92
Ala84-Lys80 100 97 96
Ser85-Glu81 100 95 90
p-sheets 3 and 4
Thr90-Met109 100 93 91
Phe92-Vall07 100 96 98
Tyr94-Vall05 100 67 53
Phe96-Thr103 100 94 64
(b) Hydrogen bonds in other regions and involving side chains
pG(X-ray) pG(MD) pB(MD)
Glu2-Gly25 100 75 84
Ala27-Glu2 0 0 90
Leu23-Aspl9 100 97 98
Asp24-Asp20 100 91 86
Gly25-GIn22 100 48 37
Ala30-Phe28 0 0 86
Ala45-Asp24 100 47 0
GIn32-Gln41 100 92 90
Leu40-GIn32 100 78 88
Leul13-Glul2 0 0 92
Tyr118-Leu33 100 96 88
Val120-Ile31 100 99 98
Vall122-Gly29 100 95 98
Gly59-11e39 100 94 90
Side chain H-bonds
GIn41(HE21)-Asp20(O) 0 0 66
Arg52(HH21)-Tyr98(0) 100 79 0
Asn43(HD22)-Leu23(0) 100 98 0
Asn43(HD22)-Phe28(0) 100 98 0
Alad44(H)-Asp24(OD1) 100 60 0

region with the residues Metl-Ser72 (a-helices 1-3 and
p-sheets 1 and 2), a relative movement of the lower part
with respect to the upper region to the left can be
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observed. In addition, structural changes in f-sheet 2
and a movement of the N-terminal cap can be identified.
The a-helix 3 moves towards the upper ff-sheets 3 and 4
around residue Met100. The reason for this is most
likely the broken H-bonding network in the chromo-
phore pocket, especially the weakened Arg52-Phe98
hydrogen bond, which forms a rather rigid connection
between the two secondary structures in the ground
state.

Comparing the solvent accessible surface areas of the
ground and signaling states (Supplementary material,
Fig. S2), a local change in the shape can be observed on
the lower part and the “gap” between the upper and
lower regions around the chromophore pocket closes.
This is accompanied by a change in the distribution of
the surface groups, and the Cys69 sulfur atom becomes
exposed in the chromophore region.

Dynamics of the chromophore after photoexcitation

Upon photoexcitation, a trans to cis isomerization of the
chromophore double bond between C7 and C8 (Fig. 2)
is observed (Kort et al. 1996). This is accomplished by a
180° rotation of the C9 =02 carbonyl group, close to the
double bond (Genick et al. 1998; Ren et al. 2001).
During the following relaxation towards the pB state,
the C9 =02 carbonyl group moves back into its original
position, the chromophore pocket opens towards the
solvent and the chromophore becomes solvent exposed
(Genick et al. 1997b; Ren et al. 2001).

As mentioned in the Introduction, there is experi-
mental evidence that the protonation states of the
chromophore and its surrounding residues are of key
importance for the transition of the pR to the pB state.
In addition, mutation and FTIR experiments have
highlighted the crucial role of the residue Glu46, which
forms a hydrogen bond with the phenoxyl oxygen of the
chromophore. Proton transfer from Glu46 to pCA69
has also been suggested. In an attempt to elucidate the
role of Glu46 and its protonation states, we performed
three MD simulations starting from the PYPy struc-
ture, the first with the chromophore pCA unprotonated
and Glu46 protonated (pR), the second one with pCA
protonated at Ol and Gly46 unprotonated (pRprot),
and the third one with pCA unprotonated and Glu46
exchanged for Gln46 (pRGln).

In Fig. 6b—d the changes in the secondary structure
during the pR, pRprot and pRGIn simulations are
shown. All three simulations show an overall retainment
of the secondary structure, indicating stable simulation
conditions. However, local changes around the chro-
mophore pocket are observed for the pRprot and pRGIn
simulations, although not for pR. During the simulation
of pRprot the a-helix 3 turns into a 3;4-helix after 350 ps
and after 1150 ps a H-bonded turns starts to form
between the residues Phe63 and Val66. In the pRGIn
simulation the formation of the same H-bonded turn
as for the pRprot simulation can be observed after
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250 ps, which stays stable throughout the rest of the
simulation.

In Table 3 the H-bond populations within the chro-
mophore pocket are specified. During the pR simula-
tion, most of the ground state H-bonds are retained,
except for the bond between the backbone hydrogen
atom of Cys69 and the O2 atom of pCA, which is
broken because of the rrans-cis isomerization of pCA.
The hydrogen bonding between the chromophore Ol
and Glu46 is strengthened in pR compared with the
ground state pG. This is accompanied by weakened
Thr50(HG1)-Tyr42(OH) and Arg52(HH21)-Tyr98(0)
hydrogen bonds. The latter is important for the closing
of the chromophore pocket and the retainment of the
overall structure in this area. During the pRprot simu-
lation the hydrogen bond between the chromophore H1
atom and Glu46, Tyr42 and Thr50 is much weaker than
in pR and pG and the Thr50(HG1)-Tyr42(OH) and

Arg52(HH12)-Thr50(0) hydrogen bonds do break. In
addition, an increase in the H-bond population for the
interaction of the chromophore with Arg52 can be seen.
The population of the hydrogen bond between the O2
atom of pCA and the backbone hydrogen atom of Cys69
is 68%, indicating a reformation of this hydrogen bond
during the pRprot simulation. Different changes in the
H-bond patterns can be observed for pRGIn. The
Cys69(H)-pCA69(02), the Gln46(HE2)-pCA69(0O1) and
the Thr50(HG1)-pCA69(01) hydrogen bonds are bro-
ken, whereas all three hydrogen bonds involving Arg52
have populations of nearly 100%.

In Table 4 we compare the torsional angles of the
X-ray structures of pG and PYPg; with the average
torsional angles during the final 500 ps of the pG and
pR simulations and during the final 1500 ps of the
pRprot, pRGIn and pB simulations. Because the pR
values are taken from the 3PYP structure, which was

Table 3 Percentage of hydrogen bonding in the X-ray crystal structures pG(X-ray) and pB(X-ray) and in the final 500 ps periods of the
PG, pR and pB and the final 1500 ps periods of the pRprot and pRGIn simulations. A hydrogen bond is assumed to exist if the hydrogen-

acceptor distance if smaller than 0.30 nm

Atom pair X-ray MD MD MD MD MD
pG pB pG pR pRprot* pRGIn pB
Cys69(H)-pCA69(02) 100 100 28 0 68 0 23
Glud6(HE2)-pCA69(01) 100 0 64 98 64 0 0
Tyr42(HH)-pCA69(O1) 100 0 100 100 62 100 0
Thr50(HG1)-pCA69(01) 100 0 100 98 19 3 0
Thr50(HG1)-Tyr42(OH) 100 100 85 63 0 100 23
Arg52(HH12)-Thr50(0) 100 0 51 56 0 99 0
Arg52(HH21)-Tyr98(0) 100 0 79 20 27 100 0
Arg52(HH12)-pCA69(0O1) 0 100 5 9 40 94 0
Tyr50(H)-Glu46(0) 100 100 78 86 0 73 90

#Owing to the protonation of pCA at Ol, the donor/acceptor atoms are exchanged for the hydrogen bonds involving phenoxyl group of

pCA

Table 4 Torsional angles for

the residues which are involved Residue Torsional angle  X-ray MD MD MD MD MD
in the pR to pB transition.
pG(X-ray): crystal structure of PG PR PG PR pRprot pRGIn pB
the ground state (PDB code

Tyr42 -169 -158 -173 -171 -168 -163 -167
2PHY); PYPy (X-ray): crystal > 2 ! Y Y g8 Y 109 i
structure shortly after the pho- Glud6 y _175 178 _163 ~169 _166 _166 )
toexcitation (PDB code 2PYP); J;' 64 70 66 65 ~90 66 5]
pG(MD): average torsional P 172 178 —132 —160 112 153 5
angle (over period 500-1000 ps) 51057 84 80 102 -85 79 141 69
in the pG S”.n“lal“on;lpl(‘(MDY P 64 57 104 141 168 76 101
average torsional angle (over y 178 87 08 179 168 65 178
period 500-1000 ps) in the pR o 173 164 149 119 84 116 146
simulation; pRprot(MD): aver-  ,pgg 3 80 18 70 64 66 61 146
age torsional angle (over period 7 %2 67 ~119 137 100 113 88
500-2000 ps) in the pRprot P 174 -127  —164  —155  —180 109 162
simulation; pRGIn(MD): aver- p 176 _123 146 8 _155 38 148
age torsional angle (over period ;‘ 177 ) 178 1 4 3 ]
500-2000 ps) in the pRGln T 179 —142 102 -141 64 65 -89
simulation; pB(MD): average  py 75 0 165 —167  —160  —113 88 ~130 113
torsional angle (over period y 5 44 66 88 83 124 134
500-2000 ps) in the pB simula- Phe96 y? —66 73 85 78 -85 _90 -89
tion 1 -20 7 21 75 40 19 50

Tyr98 11 -178 -180 -172 -105 -162 -172 180

12 61 70 94 23 69 58 72




trapped directly after the photoexcitation, the chrom-
phore has not yet reached the minimum cis conforma-
tion (see Introduction) in this structure. This can explain
why, during the pR, pRprot and pRGIn simulations, the
torsional angles for the chromophore differ considerably
from the PYPgy (X-ray) values. The torsional angles are
mostly retained for the surrounding residues Tyr42,
Glu4d6, Phe75, Phe96 and Tyr98 and the major changes
are seen for Arg52 and pCA69. The torsional angles of
the chromophore in the ground state pG(MD) stay close
to the values of the pG(X-ray) structure. The same can
be observed for the pB state, compared with the tor-
sional angles for the chromophore in pB(X-ray), which
are 89°, -77°, 169°, 158°, —19° and —38°, respectively (not
given in Table 4). The major difference is the y, torsional
angle, which is 146° in the pB simulation. This difference
may be caused by the strong backbone movement of the
signaling state in this region (see previous discussion);
the pB(MD) values for this torsional angle vary from 52°
to 218° in the simulation and have a r.m.s. fluctuation
of 38°.

To gain a better impression on the effect of the data
discussed above, we provide snapshots of the structures
of the pR, pRprot and pRGIn systems during the
simulations in the Supplementary material. Snapshots
were taken whenever an important movement was ob-
served. We included the key residues Tyr42, Thr50,
Glud6, Arg52, pCA69, Cys69, Phe75, Phe96 and Phe98
in the pictures. In addition, we show the X-ray struc-
tures of pG and pB and the final configurations of our
PR, pRprot and pRGIn trajectories in Fig. 2c—f. For
pR the starting, intermediate and final structures are
very similar, although the C9=02 group of pCA
moves out of the Phe75/Phe96 pocket. This is due to
the relaxation of the PYPpgy state into a stable inter-
mediate at room temperature, but no other large
changes are observed. This is in agreement with the
results of Ren et al. (2001), which show that the
structures measured within the first few nanoseconds
after the photoexcitation are very similar to the 3PYP
structure. However, if the chromophore is protonated,
as in the pRprot simulation, the C9=02 group moves
out of the Phe75/Phe96 pocket much faster (after
165 ps) and reforms the Cys69-pCA69 hydrogen bond.
During the first nanosecond, pCA69(OH) forms a hy-
drogen bond with Glu46(OE), as does Tyr42(OH).
After 1160 ps the pCA69(HO)-Glu46(OE) hydrogen
bond breaks and pCA(HO) forms a hydrogen bond
with Tyr42(0O), while Tyr42(HO) continues to be hy-
drogen bonded to Glu46(OE). This leads to a move-
ment of the chromophore, the breakage of the
Cys69(NH)-pCA69(02) hydrogen bond (after 1185 ps),
and some rearrangements in the regions around the
residues Tyrd2 and Glud46. After 1605 ps the
Cys69(NH)-pCA69(02) hydrogen bond reforms and a
stabilization is observed, resulting in no further large
movements until the end of the simulation.

The conformational changes in the pRGIn simula-
tion differ drastically from the pR and pRprot ones.
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The hydrogen bond between the pCA(Ol1) and
GIn46(NH) atoms is less strong than with Glu46(NH)
and thus the phenoxyl group of the chromophore is
relatively mobile. Therefore, the strain which is put on
the chromophore upon the photoexcitation and the
rotation of the C9=02 group in the Phe75/Phe96
pocket is not released by the movement of the C9=02
group back out of this pocket, but by a movement of
the phenoxyl group (after 140 ps). This leads to a ro-
tation of Arg52 and an adaption of its surroundings
after 500 ps by a movement of Tyr98. Owing to this
movement, the pocket opens up between the residues
Tyr98 and Phe75 and after 1 ns water moves into the
pocket and surrounds the chromophore. This might
lead to the protonation of the chromophore through
the solvent.

Discussion
Comparison of the ground state structures

The comparison of the average r.m.s. deviations between
the NMR, X-ray and time-averaged MD structures
show a difference of about 0.3 nm for the C, atoms,
between the NMR structure on the one hand and the
X-ray and average MD structures on the other
(Table 1), if all residues are included in the calculation of
the r.m.s.d. The deviations between the X-ray and the
MD structure are much smaller (0.137 nm for the C,
atoms and 0.183 nm for all atoms). However, if the
residues 1-26 (N-terminal cap) are excluded from the
calculation, the r.m.s. deviations are within 0.2 nm for
all three structures. This agrees with the data shown in
Fig. 3, where especially large deviations can be observed
at the N-terminus of the protein backbone from residue
Metl to Asp20. In addition, when comparing the NOE
distance bounds derived in the NMR study with dis-
tances calculated for our simulation and the X-ray
structure, most of the larger violations do involve resi-
dues of the N-terminal region. Therefore, this region
differs most in the three structures. The overall second-
ary structure was retained in all three data sets. These
results suggest that PYP in its ground state has a high
local backbone flexibility, a fact which is in agreement
with several experimental studies (Diix et al. 1998;
Rubinstenn et al. 1998; van Aalten et al. 2000).

Comparison of the pG and pB states

As mentioned above, PYP is a prototype for the PAS
domain superfamily, which includes diverse signaling
and sensing proteins. Sequence alignment studies on the
PYP/PAS family indicate that three regions are involved
in the signal transduction. First, the chromophore
pocket region of about 1 nm radius around Arg52;
second, the loop of residues Thr95-Thr103 which closes
the chromophore pocket on the opposite side of Arg52;
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and third, the residues Ala44 and Ala45 which are part
of a-helix 3. The Thr95-Thrl03 loop is considered to
play a role in the recognition specificity for the PAS
dimerization because of the low sequence homology
among the PAS domains in this area (Pellequer et al.
1998).

Comparing the secondary structure, the hydrogen
bonding network and the r.m.s. atom-positional fluctu-
ations and deviations during the simulations of the pG
and pB states, we identified two major regions of dif-
ferences: the region around the chromophore pocket
(approx. residues 40-100) and the area of the N-terminal
cap (residues Metl to Phe28), which are connected
through a-helix 3.

In the region around the chromophore pocket, local
changes can be observed after 1.5 ns, mainly between
residue Leud40 and Phe75 in the pB simulation. Studying
the backbone H-bonding network in this region, it can
also be observed that the secondary structure elements
surrounding the chromophore pocket are very stable
(a-helix 3 and 5 and the f-sheets 3 and 4). Between these
elements the populations of the backbone hydrogen
bonds vary strongly and differ in the pG and pB states,
indicating local structural rearrangements. Our data
show that major differences in the backbone H-bonding
occur mainly in the region from residue Leu40 to Thr70
and around residue 100. Around the latter we observe a
decreased H-bonding population for the Tyr94-Vall05
and Phe96-Thr103 hydrogen bonds of f-sheets 3 and 4
(Table 2) and increased r.m.s. atom-positional fluctua-
tions. The f-sheet 2 starts to become unstable, turning
into bends and p-bridges (Fig. 6¢). These observations
are in agreement with an increase in the r.m.s. atom-
positional fluctuations in these regions in the pB state
compared with the pG state (Fig. 5). Both regions were
identified to be important for the signal transduction in
PAS proteins (Pellequer et al. 1998) and were also found
to be very flexible in another MD study (Shiozawa et al.
2001). In addition, in Fig. 3g and h the regions between
residues Asp20 and Ala30 and Tyr42 and Arg52, which
have very small r.m.s. deviations in the pG state (Fig. 3c
and d), do show very large deviations up to 0.4 nm in the
pB state, indicating some significant movements. This
region comprises the f-sheet 1, the a-helix 3 and several
hydrogen bonds with the N-terminal cap in the pG state.
Because the a-helix 3 itself was found to be very stable,
this indicates a collective movement of the whole helix,
which is in agreement with the sequence alignment data.

Regarding the N-terminal cap, the H-bonding net-
work between this region and the rest of the protein was
found to be different from that of the pG state. All hy-
drogen bonds with this region which are present in the
pG state are broken in the pB simulation and new
backbone hydrogen bonds are formed with the N-
terminal cap (Ala30-Phe28, Leull3-Glul2, Glu4l-
Asp20; Table 2). Within the N-terminal cap itself the
hydrogen bonding and secondary structure remains
stable. Therefore the high r.m.s. atom-positional fluc-
tuations in this region are most likely due to a collective

movement of the cap with respect to the rest of the
protein. The same region was also found to move con-
siderably in a study of the pB state by solution NMR
(Rubinstenn et al. 1998). This may be connected to its
function to protect the central hydrophobic -sheet from
the solvent. Experimental studies have shown an
increase in the hydrophobic area exposed to the solvent
in the signaling state (Hoff et al. 1999; Hendriks et al.
2002), which could have its cause in a structural shift of
the N-terminal cap.

In the Supplementary material we show the overall
differences in the protein backbone structure and shape.
The major movement can be observed for the a-helix 3
and the N-terminus. The gap between the o-helix 3 and
the N-terminus is increased in the pB state, which can be
explained by the broken ground-state hydrogen bonding
(Table 2). These changes affect the overall shape of the
protein and do cause changes in the distribution of the
solvent exposed groups, which can be a prerequisite for
the signal transduction (Hendriks et al. 1999, 2002).

The dynamics of the chromophore after photoexcitation

Experimental studies by optical and FTIR spectroscopy
and theoretical work, including the mutant GIn46
(E46Q), have shown that the protonation state of the
chromophore and Glu46 is of crucial importance for the
relaxation of the protein after its photoexcitation.
Through our simulations with the chromophore in its
unprotonated and protonated form and of the pRGIn
mutant, we intended to gain a better understanding of
the effect of these changes on the transition mechanism
from pR to pB.

Our simulation data (Tables 3 and 4 and Supplemen-
tary material, Fig. S3) show no significant rearrange-
ments in the pR simulation, except for the relaxation
around the cis double bond in the chromophore, which is
strained in the PYPy; structure and relaxation is expect-
ed. We found an increased strength of the pCA69-Glud6
hydrogen bond compared with the ground state structure,
which restricts the movement of the chromophore. This is
in agreement with a series of time-resolved diffraction
structures, which are structurally very close to the 3PYP
structure for at least 5-10 ns after the photoexcitation,
except for the release of the strain around the chromo-
phore’s cis double bond (Ren et al. 2001).

In contrast, during our pRprot simulation the pro-
tonation of pCA and deprotonation of Glu46 leads to a
weakened pCA-Glu46 hydrogen bond and to a contin-
uous movement of the chromophore and the surround-
ing pocket throughout the simulation, ending in a
broken pCA(HI1)-Glu46(OE2) and a reformed
Cys69(H)-pCA(O2) hydrogen bond. This is in agree-
ment with the proposition that a proton transfer from
Glu46 to pCA is necessary to ‘“‘release” the strain put
upon the chromophore through the photoisomerization.

In the pRGIn simulation the weak pCA(HH)-
GIn46(NE2) bond (compared to pR) leads to a different



relaxation mechanism of the chromophore. Instead of a
“strain release” through a movement of the C9=02
bond, as in pR (and pRprot), the position of the phen-
oxyl group changes. Owing to this, the phenoxyl oxygen
anion forms two new very stable hydrogen bonds
with Tyrd42 and Arg52, leading to the opening of the
chromophore pocket between Tyr98 and Phe75. This
allows solvent molecules to enter and interact with the
chromophore, which might lead to the protonation of
the chromophore by the solvent. This process is com-
pleted within 1000 ps. During the second nanosecond of
the pRGln simulation the situation remains stable. This
mechanism can explain the higher rate constant for the
pR to pB transition found for the pRGIn mutant com-
pared to the native protein.

The simulations demonstrate the crucial importance
of Glu46 and its hydrogen bond to the chromophore for
the specific reaction mechanism and reinforces the
hypothesis of the protonation of the chromophore as
the rate-determining step in the pR to pB relaxation
mechanism.

Conclusions

Comparing our simulation results with two different sets
of experimental structures obtained by X-ray crystal-
lography and solution NMR, we found that the largest
deviations between the different structures were localized
at the N-terminal region of the protein. In addition, a
high backbone flexibility could be observed at the region
around the chromophore pocket, indicating that these
two regions are of importance for the structural changes
during the photocycle.

This was confirmed by comparing the backbone
structures of the ground and signaling state of PYP.
Pronounced structural differences were observed to
occur around the region of the chromophore pocket,
owing to the isomerization and protonation of the
chromophore, and its exposure to the solvent though the
opened pocket. This is accompanied by local rear-
rangements of the backbone structure in this area,
especially around the residues 50 and 100, causing a shift
in the position of a-helix 3, which then leads to changes
in the position of the N-terminal cap and its relative
position with respect to the rest of the protein. Owing to
these structural rearrangements, an overall change in the
shape and distribution of the solvent-exposed groups
can be observed, which may be a prerequisite for the
signaling process. These differences are in agreement
with the observations by solution NMR and the results
of sequence alignment studies of PYP as a prototype for
the PAS domain superfamily (Diix et al. 1998; Pellequer
et al. 1998; Rubinstenn et al. 1998). Recent studies also
show that local changes in the chromophore pocket,
such as charge formation due to the deprotonation of
Glud6 (Xie et al. 2001) or changes in the hydrogen-
bonding pattern (Ren et al. 2001), can lead to the global
structural changes necessary for the signaling process.
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Several experimental studies have highlighted the
importance of the residue Glu46 and the protonation
state of the chromophore to the pR to pB transition
after the photoexcitation of the chromophore. Our
results confirm the important role of the Glu46(HE2)-
pCA(Ol) hydrogen bond. This hydrogen bond effi-
ciently restrains the phenoxyl region of the chromophore
very closely to its ground state position, thus preventing
larger movements immediately after the photoexcitation.
Once the chromophore is protonated (pRprot), or the
hydrogen bond is considerably weakened as in the
pRGIn mutant, these larger movements take place,
leading to rearrangements of the chromophore and the
surrounding residues. These movements differ consid-
erably for the pRprot and pRGIn systems. In the former,
the strain put upon the chromophore due to the
photoisomerization is released through the rotation of
its C9 =02 group. In the latter, it is released through the
movement of its phenoxyl group, thus enabling the
opening of the chromophore pocket without former
protonation of the chromophore and the intrusion of
water into the pocket within simulation time. These
results are in agreement with the higher rate constant for
the pR to pB state transition observed for the pRGIn
mutant and demonstrate the strong restraining effect the
hydrogen bond with Glu46 exerts upon chromophore
motion.
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