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ABSTRACT: Time-resolved quasielastic neutron scattering with laser excitation is a promising novel pump—
probe approach, which opens up new perspectives for the study of protein—membrane dynamics in
specific functional states of even complex systems. This is demonstrated here for the case of photosystem I1
membrane fragments with inhibited electron transfer. In contrast to the case of the model system
bacteriorhodopsin, a transient reduction of the dynamics is observed ~160 us after the actinic laser flash.
This effect is the first observation of a modulated structural dynamics in photosystem II membrane

fragments.

The functional competence of proteins is often correlated with
their internal flexibility based on diffusive protein motions on
the picosecond time scale (/—4). One prominent example is
electron transfer in the multimeric protein complex photosystem 11
(PS 1I)' (see Figure 1), which functions as a light-driven water-
plastoquinone oxidoreductase (5). Light absorption occurring
primarily in antenna pigment-protein complexes (labeled b and ¢
in Figure 1) leads to a primary charge separation in the PS II
reaction center (labeled a in Figure 1). The primary charge
separation is subsequently stabilized via a sequence of electron
transfer steps to a permanently bound plastoquinone molecule
Qa, thus forming the “stable” radical pair P680°Qa " (see
ref (6) and references therein). P680 " * provides the driving force
for oxidative photosynthetic water splitting at the donor side of
PS II (see, e.g., ref (7)), while Qs " is the reductant for
plastoquinol formation at the acceptor side of PS II. The latter
process involves further electron transfer to a transiently bound
plastoquinone molecule Qg and coupled proton uptake reactions
(for a review, see ref (8)). The Qo * — Qg electron transfer is
generally a multiexponential process but exhibits a major ~160 us
time constant. Interestingly, the reoxidation of Q5 ° by Qg is
completely blocked below ~200 K (9, 10). This observation of a
thermal “freezing” of the QA ° reoxidation indicates a crucial
role of structural flexibility for the PS II functionality.
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Protein dynamics in PS II membrane fragments from
spinach has already been investigated by quasielastic neutron
scattering (QENS), which makes use of the large incoherent
scattering cross section of protons and of their quasiuniform
distribution in biomolecules so that hydrogen motions are
utilized as a probe of protein dynamics. The onset of diffusive
protein motions with characteristic relaxation times in the
picosecond range was observed with a “dynamical transition”
at ~240 K (/1), and at a relative humidity (rh) of ~45% at
room temperature (/2). The latter effects were shown to
be strictly correlated with the temperature- and hydration-
dependent increase in the electron transport efficiency from
Qa "to Qg (10). So far, however, these correlations between
dynamics and function in PS II have been established by
comparison of independent experiments.

The first direct observation of a functionally modulated
dynamics via employment of a novel type of (light-neutron)
pump—probe experiment, which combined in situ optical activa-
tion of the photocycle of the model system bacteriorhodopsin
(BR) with a time-selective test of its dynamics using QENS, has
just recently been reported (4). A transient softening of the protein
during the photocycle of BR was observed on the millisecond time
scale, which most probably promotes the large-scale structural
change in the M intermediate of BR. This approach appears to be
highly promising also for the investigation of complex systems
like PS II, because the relevant dynamics of specific functional
states can be isolated. In addition to electron and slower proton
transfer in the PS II reaction center, structural dynamics may also
be influenced by the dynamics of excited electronic states (/3) and
reversible structural changes in the PS II antenna proteins
associated with photoprotective mechanisms (14, 15).

In this study, we present the first application of laser-excited
QENS to hydrated stacks of PS II membrane fragments
as schematically shown in the inset of Figure 1. To reduce
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FiGure 1: Flash-induced fluorescence quantum yield of an intact
spinach leaf (red squares) and PSII membrane fragments with
inhibited QA " — Qg clectron transfer hydrated at 90% rh (blue
diamonds). The second data set was obtained directly at a PSII
sample used for light-excited QENS experiments. A broken arrow
indicates the rise of the fluorescence quantum yield due to P680"*
reduction and the decay of *Car. The actinic laser flashes at r = 0 had
a wavelength of 532 nm and a pulse energy of 8 mJ/cm?. A thick black
arrow shows a probe pulse delay of ~160 us (experimental regime B),
while black diamonds indicate the temporal position of all neutron
pulses (regime C). The inset (right upper corner) shows a schematic
view of the hydrated PSII membrane fragment system with a)
reaction center, b) minor antennae, and ¢) major antenna complexes.
The hydration water layers are indicated in blue.

complexity, experiments were performed on the timescale of
~160 us using samples with inhibited Q5 ° — Qg electron
transfer.

MATERIALS AND METHODS

PS II membrane fragments were prepared from spinach
(Spinacea oleracea) as described previously (/7) and equilibrated
using D,0 vapor of 90% relative humidity (rh). The absorbance
of the sample was adjusted to ~1 at the excitation laser
wavelength of 532 nm to ensure a sizable sample excitation.
The typically small pool of Qg acceptor molecules in PS II
membrane fragments was fully reduced by laser excitation prior
to fluorescence and QENS experiments, so that Q4 reoxidation
was inhibited. The samples were contained in vacuum-tight
sample cells with sapphire windows, which are transparent to
both visible excitation light and neutron probe pulses.

QENS characterizes protein—membrane dynamics via the
measurement of energy and momentum exchange between the
sample and low-energy (1 meV < E < 20 meV) neutrons (for a
review, see ref (2)). This method is especially sensitive for
picosecond reorientational motions of hydrogen atoms in small
protein subgroups because of the exceptionally large incoherent
neutron scattering cross section of protons and their almost
homogeneous distribution in proteins.

In an incoherent QENS experiment, the measured quantity is
the double-differential cross section (see, e.g., ref (2)), which
describes the number of neutrons scattered into a space angle
element 0Q2 and an energy transfer element dw

o |k

5050 = k| [Bine” Sine (Q, )] (1)

where ky and k; are the wave vectors of incident and scattered
neutrons, respectively, by, is the incoherent scattering length,
Sinc(Q,w) is the incoherent scattering function with Q being the
momentum transfer defined by Q = k; — ko, and hw reflects the
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energy transfer. The function S;,«(Q,w) is related to the Van
Hove self-correlation function G(r,¢) by

Sinc Q w = / ﬂwr/ UG l‘ l dr dt (2)

where, in the classical approximation, G(r,?) is the average time-
dependent probability density distribution of the hydrogen atoms
in the studied sample. In practice, Sj,.(Q,w) needs to be replaced
by an experimental scattering function S..,(Q,w) with

Sexp(Q, @) = Fx eXp< ZCT) (Q0)8Sieo(Q ) (3)
which is composed of a normalization factor Fy, the detailed
balance factor exp[—hw/2kT], and the convolution of an experi-
mentally obtained resolution function R(Q,w) with a theoretical
scattering function Sy,eo(Q,w) describing the dynamics of the
sample system. Within this study, we employ a purely phenom-

enological approach for Si,eo(Q,w):

) + Z Al
Sin(Q, )] 4)

This theoretical scattering function consists of a d(w)-shaped
elastic component, a sum of quasielastic Lorentzian terms,
L,(H,,w), with half-widths at half-maximum (HWHM) H,, and
an inelastic lineshape, S;,(Q,w), described in detail in ref (/7). The
sum of fractional intensities 4y(Q) and 4,(Q) is normalized to
unity, and they are termed the elastic (EISF) and quasielastic
incoherent structure factors (QISF), respectively; exp(—(u)Q?) is
the Debye—Waller factor with a vibrational mean square dis-
placement (i/%).

Neutron experiments were conducted using the NEAT spec-
trometer at the Hahn-Meitner Institute Berlin (Berlin, Germany).
The measurments were performed at room temperature (295 K)
using a neutron wavelength of 5.1 A (~3.2meV) and an elastic Q
range of 0.3—2.3 A", The elastic energy resolution (AE) was
93 ueV, corresponding to an observation time window from
~(.2 to ~20 ps. The setup for laser-excited QENS was described
in detail in ref (16). Light-induced spectra were recorded using
laser flashes with a wavelength of 532 nm and a pulse energy of
8 mJ/cm?. The data were corrected for empty cell contribution,
detector efficiency, normalized to the vanadium intensity, and
converted to energy transfer scale using FITMO-4. The sample
transmission was typically 99% so that multiple scattering effects
should be negligible in the QENS data.

Sineo(Q ) =% [4)(Q Ly(Hy,0) +

RESULTS AND DISCUSSION

Prior to laser-excited QENS experiments, the light-induced
functional state of the PS II membrane fragment sample has been
determined by time-resolved measurements of the normalized
flash-induced fluorescence quantum yield using the setup de-
scribed by Steffen et al. (/7). In an intact leaf, a saturating laser
flash at 532 nm with a pulse energy of 8 mJ/em? induces the
charge-separated state P680"*Q, " in the PS II reaction center.
Within the lifetime of Q4 ", electronic excitations cannot trigger
another “stable” charge separation and are dissipated via non-
radiative and radiative emission, resulting in an increase in the
overall fluorescence yield. In addition, the rise kinetics on the
nano- to microsecond time scales is determined by both the
P680 " reduction and the decay of quenching carotenoid triplets
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FIGURE 2: Quasielastic region of the flash-induced normalized
QENS spectra of PS I membrane fragments (90% rh D,0O) obtained
in the three experimental regimes: (A) in the dark (black),
(B) selectively with a time delay of ~160 us after the actinic laser
flash (red), and (C) upon laser excitation, but averaged over all probe
pulses (blue). Frame I shows a comparison of regimes A and B,
exhibiting a light-induced difference ~160 us after the laser flash.
Frame II reveals that spectra obtained in regimes A and C are
essentially similar. The black and red lines are fits according to
eq 1. Error bars are given for one representative data point of the
light-induced QENS spectrum, while the uncertainty is in the range of
the symbol size for the black and blue QENS spectra, respectively.

(Car). The subsequent decay of the fluorescence yield mainly
reflects the Qo " — Qg electron transfer. The transients of the
flash-induced fluorescence changes are monitored by a series of
weak probe light pulses and fitted by a model that takes into
account three effects occurring on the time scale of the experi-
ment: (a) quenching of fluorescence due to formation of P680 "
and carotenoid triplets (*Car), (b) recombination of P680 " *Q, ",
and (c) Qa ° — Qg electron transfer (/7). The flash-induced
normalized fluorescence quantum yield changes of an intact
spinach leaf shown in Figure 1 (see red squares) exhibit
the expected increase of the quantum yield due to population of
state P680 QA " followed by a decay with a major 160 us time
constant due to QA " reoxidation. An experiment on PS II
membrane fragments conducted under the same experimental
conditions (see the blue diamonds in Figure 1) does not reveal the
characteristics of Qa ° formation and Qa ° — Qg electron
transfer. Rather, the data can be fully explained by formation
and decay of carotenoid triplet states (*Car), leading to an
enhanced nonradiative decay of excitation energy (see the broken
arrow in Figure 1). Thus, the laser-induced QENS spectra
presented below are not correlated with conformational changes
due to Q4 " reoxidation but rather reflect dynamical modulations
of protein mobility occurring on the same time scale.

Light-excited QENS spectra of PS II membrane fragments
were obtained in three experimental regimes, as described
in ref (4): (A) dark measurement, (B) experiment under illumina-
tion probing selectively ~160 us after laser excitation, and
(C) experiment under illumination, but averaging over all neu-
tron probe pulses. The data sets are generally described by the
model scattering function Sypeo(Q,w) according to eq 4. In the
following, the fit functions obtained are labeled according to the
three experimental regimes A, B, and C as Sx(Q,w), Sg(Q,w), and
Sc(Q.).

A satisfactory fit of the QENS spectrum in the dark (see the
black diamonds in Figure 2) requires at least three quasielastic
components representing localized diffusive protein motions with
mean relaxation times 7; (12 ps), 7, (2.8 ps), and 7, (0.4 ps),
respectively. The inelastic line shape S;,(Q,w) is given by a
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FIGURE 3: Elastic and quasielastic incoherent structure factors of
PSII membrane fragments obtained from fits of the QENS spectra
shown in Figure 2. The letters A—C refer to the respective fit
functions of the three experimental regimes: (A) dark measurement,
(B) light-excited measurement selectively ~160 us after the laser flash,
and (C) light-excited measurement averaged over all neutron probe
pulses. The elastic incoherent structure factor is colored blue, and the
quasielastic incoherent structure factors are colored red (z; = 12 ps),
yellow (1, = 2.8 ps), and green (3 = 0.4 ps). The black barsin the left
column indicate the uncertainty of the fit parameters.
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FIGURE 4: Double-logarithmic plot of the flash-induced normalized
QENS spectra of Figure 2 obtained in regimes A and B, i.e., in the
dark (black) and ~160 us after the laser flash (red), revealing that the
QENS spectra are widely similar in the inelastic scattering region. The
black lines are (a) the fit function S(Q,w) according to eq 1 and (b) the
quasielastic and (c) the inelastic contribution to the fit.

damped harmonic oscillator (DHO) function with an energy of
6.5 meV and a damping of 10 meV similar to that used for PS 11
membrane fragments in ref (/7). In the following, the light-
induced QENS spectra will be described by variation of only the
EISF and QISFs of the quasielastic components (see Figure 3 for
parameters).

The light-induced QENS spectrum of PS II membrane frag-
ments shown in frame I of Figure 2 (red squares) was ob-
tained selectively ~160 us after laser excitation. The temporal
position of the neutron probe pulses is indicated by an arrow in
Figure 1. The light-induced QENS spectrum reveals a statistically
significant deviation from the dark spectrum mainly in the region
of small energy transfers (AE < 0.1 meV) close to the elastic
peak. If the two data sets are normalized to their peak intensities
as in frame I of Figure 2, the difference appears as a broadening
of the elastic peak. Generally, this finding indicates an increase in
the fractional intensity of relatively slow motions. A fit employing
the model scattering function Sp(Q,w) shows that an increase in
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the fractional intensity of the slow 12 ps component occurs
mainly on the expense of the fast 0.4 ps term (see the QISF values
in Figure 3), which is equivalent to a slowing of internal motions
of PS II membrane fragments. In this regard, it is important that
instead of an arbitrary flat background, the model scattering
function involves a realistic line shape for an inelastic vibrational
contribution, which leads to a proper normalization of the sum of
the elastic and quasielastic intensities.

In contrast to the effect observed at small AE values, the
QENS spectra are essentially similar in the inelastic scattering
region witha AE of > 0.1 meV (see the double-logarithmic plotin
Figure 4). As a consequence, the (u*) value of 0.065 A2 remains
constant for all QENS spectra of PS II membrane fragments. In
agreement with a study on nonequilibrium heating in LHC II
antenna complexes by transient absorption spectroscopy at
various excitation intensities (/8), this finding indicates that no
global or temporary temperature increase of the sample is
encountered on the time scale of the time-resolved QENS
experiment under the given excitation conditions.

The reversibility of the light-induced effect can be tested by
adding the QENS spectra of all neutron probe pulses obtained
after laser excitation (for temporal positions, see the black
diamonds in Figure 1). This data set (see frame II of Figure 2)
was fit by Sc(Q,w) which adopted, within experimental uncer-
tainty, the same parameters that were used for the QENS
spectrum obtained in the dark, i.e., Sc = SA(Q,w). Therefore,
the changes induced by laser excitation appear to be completely
reversible and yield no indication of sample denaturation
under the applied excitation conditions. Note in this regard
that all data sets were obtained with the same samples measured
with and without time selectivity so that the experimental
conditions and the applied data correction procedures are exactly
the same.

In summary, our data show for the first time a light-induced
transient modulation of dynamics in PS I membrane fragments.
In samples with inhibited Q5 * — Qg electron transfer, this
modulation appears as a reduction of the flexibility. Interestingly,
this is the opposite effect compared to the transient protein
softening occurring along with the large-scale structural change
within the M intermediate of BR (4). In a complex system like PS 11
membrane fragments, an interpretation of this effect is not
straightforward and requires further investigations, including
time-resolved and laser intensity-dependent experiments. Never-
theless, it is attractive to speculate about two possible reasons for
the observation of a light-induced stiffening. First, the reduced
flexibility observed in this study may simply reflect a change in
the protein potential landscape upon illumination, which relaxes
more slowly than the excited electronic state itself. On the other
hand, the flash-induced fluorescence quantum yield transients of
Figure 1 indicate the formation of carotenoid triplet states (*Car).
Although their lifetime is much shorter than the test delay of
~160 us, conformational relaxations induced by *Car formation
could have a longer lifetime. In this regard, it is interesting to note
that several proposed mechanisms of photoprotection in the PS 11
antenna comprise aggregation-like conformational changes in
the vicinity of carotenoids capable of dissipation of excess
energy (/19—21). Thus, the flash-induced reduction of mobility
of PSII membrane fragments with blocked Q5 ° — Qg electron
transfer may indicate the formation of a precursor state of the
predicted quenching state. However, further (laser intensity-
dependent) studies are required to verify this so far speculative
interpretation. Nevertheless, the observation of a reduced mobi-
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lity means that the PS II protein matrix exhibits a remarkable
dynamical flexibility which is capable of accommodating differ-
ent functional processes. In summary, this study illustrates the
potential of the novel laser—neutron pump probe technique to
directly address questions about correlations between dynamic
structure and function even in complex systems like PS I1.
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