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Vibrational and conformational protein dynamics of photosystem II (PS II) membrane fragments from spin-
ach were investigated by elastic and inelastic incoherent neutron scattering (EINS and IINS). As to the EINS
experiments, the average atomic mean square displacement values of PS II membrane fragments hydrated
at a relative humidity of 57% exhibit a dynamical transition at ~230 K. In contrast, the dynamical transition
was absent at a relative humidity of 44%. These findings are in agreement with previous studies which
reported a “freezing” of protein mobility due to dehydration (Pieper et al. (2008) Eur. Biophys. J. 37:
657–663) and its correlation with an inhibition of electron transfer from QA

−• to QB (Kaminskaya et al.
(2003) Biochemistry 42, 8119–8132). IINS spectra of a sample hydrated at a relative humidity of 57% show
a distinct Boson peak at ~7.5 meV at 20 K, which shifts towards lower energy values upon temperature in-
crease to 250 K. This unexpected effect is interpreted in terms of a “softening” of the protein matrix along
with the onset of conformational protein dynamics as revealed by the EINS experiments. Information on
the density of vibrational states of pigment–protein complexes is important for a realistic calculation of ex-
citation energy transfer kinetics and spectral lineshapes and is often routinely obtained by optical line-
narrowing spectroscopy at liquid helium temperature. The data presented here demonstrate that IINS is a
valuable experimental tool in determining the density of vibrational states not only at cryogenic, but also
at nearly physiological temperatures up to 250 K. This article is part of a Special Issue entitled: Photosynthesis
Research for Sustainability: from Natural to Artificial.
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tering; EISF, elastic incoherent
fluorescence line-narrowing;
IINS, inelastic incoherent neu-
ram; LHC II, light-harvesting
e iron; OEC, oxygen evolving
elative humidity; PS II, photo-
asielastic incoherent structure

ynthesis Research for Sustain-

iversity of Heidelberg, 69120
terialien und Energie GmbH,

rights reserved.
1. Introduction

Functionalizing of pigments and other cofactors by suitable incor-
poration into protein matrices is of key relevance for the efficient ex-
ploitation of solar radiation as unique source of Gibbs free energy
through the process of photosynthesis. During evolution two classes
of pigment–protein complexes with distinctly different functions
have been developed: i) antenna complexes and ii) reaction centers
(RCs). These operational units perform the light driven processes of
photosynthesis in a well controlled and highly efficient manner. The
pigments of the antenna complexes (for reviews, see [1–3]) absorb
light and transfer the electronic excitation energy via radiation-less
excitation energy transfer (EET) to the photochemically active pig-
ment(s) of the RCs where the transformation into electrochemical
free energy takes place (for a review, see [4]). The functional compe-
tence of these operational units primarily depends on a suitable
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three-dimensional static array of the cofactors, but in many cases it
also requires a certain degree of internal flexibility of the protein en-
vironment provided by harmonic vibrational and localized diffusive
motions between conformational substates.

As to vibrational motions, the function of antenna complexes re-
lies on efficient and fast EET processes which are tuned via the cou-
pling of the electronic transitions of pigments to low-frequency
vibrations of the protein matrix, also referred to as electron–phonon
coupling (for reviews see [3,5]). So far, electron–phonon coupling
has been primarily studied by optical spectroscopy at low temperatures,
i.e. spectral hole burning (HB) and fluorescence line-narrowing (FLN)
(for reviews see [3,6]). HB employs quasi-monochromatic laser
light to induce conformational changes in the protein environment
of a chromophore at cryogenic temperature resulting in a change
or “hole” in the absorption spectrum at the burn frequency. Analysis
of electron–phonon coupling is mainly based on the observation of
so-called phonon sideband holes beside the actual burn frequency.
The electron–phonon coupling strength observed for antenna com-
plexes is generally weak or moderate with Huang–Rhys factors S in
the range of up to 1–1.5, while the one-phonon profiles are typically
strongly asymmetric with peak frequencies of values of 20–30 cm−1

(see e.g. [3] and references therein). In practice, however, experi-
mental techniques like HB and FLN spectra are restricted to tempera-
tures below ~40 K [7], because they require a static (frozen) ensemble
of conformational substates. As a consequence, electron phonon cou-
pling cannot be studied at elevated (i.e. at temperatures higher than
accessible by HB and FLN) or even physiological temperatures and
thus requires the application of an independent experimental approach
to study the vibrational density of states of photosynthetic pigment–
protein complexes.

The importance of diffusive (conformational) protein dynamics for
individual redox reactions in photosynthesis is illustrated by a strong
dependence on temperature and hydration of these processes in photo-
system II (PS II)where the essential steps of solar energy exploitation by
water splitting take place [4].While the light-induced charge separation
leading to formation of the radical ion pair P680+•QA

−• remains active
even at very low temperatures [8], the reoxidation of QA

−• by QB is
completely blocked below 200 K [9–11] and the individual redox
steps of the water oxidizing complex exhibit a characteristic tempera-
ture dependence (for a compilation of data, see [12]). Furthermore,
the hydration level strongly affects QA

−• reoxidation [13] and the redox
steps of the water oxidizing complex [14]. Therefore, the unraveling
of correlations between protein dynamics and function is of high rele-
vance for a deeper understanding of these processes.

Inelastic and elastic incoherent neutron scattering (EINS and IINS)
are powerful experimental tools for direct investigations of vibrational
and conformational dynamics. Because of the high incoherent scatter-
ing cross section of hydrogen atoms, which are almost homogeneously
distributed in biomolecules, IINS is widely used to study vibrational dy-
namics of proteins (for a review, see [15]). IINS spectra of proteins gen-
erally display a distinct peak centered at energy transfers of 2–7 meV
representing an excess of vibrational modes compared to the Debye-
like density of states (see e.g. [16,17]). The origin of this so-called
“Boson peak” is not yet fully clarified, however, it is widely accepted
that it is related to the disordered nature of protein systems. Further-
more, the effective density of states can be derived from IINS spectra
(see e.g. [16,17]), which permits comparison to molecular dynamics
(MD) simulations of internal protein motions [18]. In photosynthesis
research, IINS has so far only been employed to study protein vibrations
of the major light-harvesting complex of photosystem II (LHC II) [17].
The data revealed a broad and widely asymmetric Boson peak with a
maximum around ~2.5 meV, which was shown to be in good agree-
ment with the results from HB and FLN experiments [19,20]. However,
in order to ensure a proper comparison between the results of the dif-
ferent experimental techniques, the IINS experiments have so far been
limited to temperatures below ~120 K.
At higher or even physiological temperature, localized diffusive
motions between conformational substates of a protein become pos-
sible (see e.g. [21]). This type of protein dynamics has been intensive-
ly studied using elastic and quasielastic neutron scattering (QENS)
(see e.g. [22–24]). A number of QENS studies have revealed that pro-
teins undergo a drastic change in their flexibility with the onset of lo-
calized diffusive protein motions on the picosecond timescale at
temperatures of about 230 K in aqueous solution, which is referred
to as “dynamical transition” [25]. The origin of the dynamical transi-
tion is still largely debated and possible explanations include a sud-
den change in effective elasticity of proteins [26], a correlation with
the onset of translational motions of bound water molecules [27], a
fragile-to-strong transition of the hydration water [28], instrumental
resolution effects [29,30] and a glass transition in the hydration
shell [31]. Similar effects have also been observed for the purple
membrane of Halobacterium salinarum [22,32], lipid-bilayers as well
as lipid–protein systems [33]. In addition, both, transition tempera-
ture and extent of the induced protein flexibility vary with external
factors like hydration [32,34–36], lipid/protein ratio of the membrane
[37], or solvent viscosity [38–40].

Protein dynamics in PS II membrane fragments from spinach has
recently been investigated by QENS in the temperature range be-
tween 5 and 340 K [41–44]. The “dynamical transition” in PS II mem-
brane fragments hydrated at 90% r.h. is observed at ~240 K at a time
resolution of ~20 ps [41] and was shown to be strictly correlated
with the temperature-dependent increase of the electron transport
efficiency from QA

−• to QB [10,11]. The dynamics of PSII membrane
fragments between 280 and 340 K reveals the presence of a
hydration-sensitive transition in the sample between 310 and 320 K
that was attributed to the detachment of the oxygen evolving com-
plex (OEC) [44]. At room temperature, protein dynamics was shown
to be suppressed below hydration values of 44% r.h. [42], which is
in agreement with the blockage of QA

−• reoxidation by QB upon dehy-
dration of PS II [13]. So far, however, a detailed investigation of the
hydration-dependence of protein dynamics in PS II membrane frag-
ments by QENS is lacking.

In the present study, we extend our IINS measurements on photo-
synthetic pigment–protein complexes to temperatures higher than
120 K and, especially, almost to physiologically relevant tempera-
tures. Experiments are carried out using PS II membrane fragments,
which contain both LHC II and PS II core complexes. This sample
material is used for two reasons: a) availability in relatively large
quantities and b) the possibility of equilibration at defined hydration
levels, which permits a better comparison to EINS and IINS experi-
ments on conformational dynamics. In the first part, we report EINS
results on PS II membrane fragments hydrated at 44 and 57% r.h., re-
spectively. These experiments permit an identification of the dynam-
ical transition from purely harmonic to conformational protein
dynamics. In the second part, results of IINS experiments are pre-
sented, which provide information on the shape of the distribution
of vibrational states in PS II membrane fragments in the different
temperature ranges determined in previous EINS studies. The combi-
nation of the two techniques allows correlating the temperature de-
pendence of the Boson peak with conformational protein dynamics.

2. Materials and methods

2.1. Sample preparation

PS II membrane fragments were isolated from spinach (Spinacea
oleracea) following the procedure described by Berthold et al. [45]
with modifications according to Völker et al. [46]. All samples were
washed three times in a buffer solution containing D2O, 50 mM MES
(pD 6.5), 0.4 M sucrose, 15 mM NaCl, and 10 mM CaCl2. Finally, the
sample material was divided into two batches of 250 mg each and
equilibrated using D2O vapors at relative humidity (r.h.) values of



1215J. Pieper et al. / Biochimica et Biophysica Acta 1817 (2012) 1213–1219
44 and 57% r.h., respectively. Buffer samples were also equilibrated at
44 and 57% r.h., respectively, i.e. under identical conditions for sepa-
rate measurements. The samples were contained in vacuum-tight cy-
lindrical slab cells with a diameter of 50 mm after equilibration in
order to maintain the hydration level.

2.2. EINS measurements

Elastic incoherent neutron scattering measurements were car-
ried out on the backscattering spectrometer IN13 [47] at the Insti-
tut Laue-Langevin (ILL) in Grenoble, France. Using an incident
neutron wavelength of 2.23 Å (~16 meV), the instrument provides
an almost Q-independent energy resolution of 8 μeV yielding a
time resolution of about 100 ps in a momentum transfer range of
0.19–4.9 Å−1. Experiments were performed in the temperature
range of 100–280 K using data acquisition times of 1–2 h at each
temperature step. The sample cells were oriented at an angle of
135° relative to the incoming neutron beam. The measured data
were normalized to the incoming flux, corrected for the contribu-
tion of the empty cell and normalized using the purely incoherent
scattering of a vanadium sample. The data reduction was performed
using the Large Array Manipulation Program (LAMP), developed at
the ILL [48].

2.3. IINS measurements

Inelastic incoherent neutron scattering measurements were per-
formed using the time-of-flight inverted geometry spectrometer
NERA [49] at the IBR-2 high flux pulsed reactor at JINR Dubna, Russia.
The incident neutron energies are determined by measuring the neu-
tron time-of-flight along the IBR-2 moderator to sample distance of
109.05 m. IINS spectra are recorded simultaneously for all wave-
lengths/energies at scattering angles between 20° and 160°. The ener-
gy of scattered neutrons is selected by cooled beryllium filters and
pyrolytic graphite neutron wavelength analyzers placed before the
detectors. The elastic peak of the analyzers was fixed at a neutron
wavelength of 4.2 Å corresponding to a final energy of the scattered
neutrons of 4.53 meV. The measured IINS spectra are normalized to
the monitor, corrected for cryostat and empty cell contribution and fi-
nally summed over all 15 recorded scattering angles. The resolution
was 0.7 meV at the elastic line and about 2–3% in the energy transfer
range of 5–100 meV.

Further IINS experiments at room temperature were carried out at
the time-of-flight spectrometer DIN-2PI at JINR Dubna, Russia. IINS
spectra were recorded as a function of momentum transfer Q using
an incident neutron wavelength of ~2.63 Å (~11.85 meV) in an elastic
Q-range of 0.26–4.22 Å−1. The elastic energy resolution of
ΔE=0.88 meV was determined by vanadium standard runs. The
IINS data were transferred to energy scale and subsequently cor-
rected for detector efficiency and normalized based on the elastic in-
tensity of vanadium runs.

2.4. Theoretical background

The number of neutrons scattered into a solid angle element δΩ
and an energy transfer element δω in an incoherent neutron scatter-
ing experiment is given by [50]:

δ2σ
δΩδω

¼ N
k1j j
k0j j b2incSinc Q ;ωð Þ

h i
: ð1Þ

In this expression, N is the number of scatterers, while k0 and k1

are the wave vectors of the incident and scattered neutrons, respec-
tively, binc is the incoherent scattering length, Sinc(Q,ω) is the
incoherent scattering function with Q being the momentum transfer
defined by Q=k1−k0 and ħω reflects the energy transfer.

In a practical experiment, Sinc(Q,ω) needs to be replaced by an ex-
perimental scattering function Sexp(Q,ω) with:

S exp Q ;ωð Þ ¼ FN exp − ℏω
2kT

� �
R Q ;ωð Þ⊗Stheo Q ;ωð Þ; ð2Þ

which is composed of a normalization factor FN, the detailed
balance factor exp [−ℏω

2kT], and the convolution of an experimentally
obtained resolution function R(Q,ω) with a theoretical model function
Stheo(Q,ω) describing the dynamics of the sample system. The latter
expression typically takes the form:

Stheo Q ;ωð Þ ¼ e−〈u2〉Q2

A0 Qð Þδ ωð Þ þ∑
n
An Qð ÞLn Hn;ωð Þ þ Sin Q ;ωð Þ

� �
;

ð3Þ

which consists of three major contributions: i) a δ(ω)-shaped elastic
component, ii) a sum of quasielastic Lorentzian-shaped components
Ln(Hn,ω) with half-width at half maximum (HWHM) Hn, and iii) an
inelastic part Sin(Q,ω) describing low-frequency vibrational motions.
The fractional intensities of the elastic and quasielastic contributions
are denoted by the elastic and quasielastic incoherent structure factors
(EISF and QISF), A0(Q) and An(Q), respectively. The term e−〈u2〉Q2

is the
Debye-Waller factor characterized by the “global” vibrational mean
square displacement bu2>.

Instead of the phenomenological scattering function described
above, the Q-dependence of the EISF A0(Q) can be fitted using special
dynamical models, e.g. by the so-called double-well jump model [51]:

A0 Qð Þ ¼ 1−2p1p2 1− sin Qdð Þ
Qd

� �
; ð4Þ

where p1 and p2 (with p1=1−p2) are the occupation probabilities of
the ground and the excited state, and d is the spatial distance be-
tween the two potential wells symbolizing a simplified description
of the energy landscape of a biomolecule.

EINS experiments are typically analyzed in terms of the Gaussian
approximation so that the elastic incoherent scattering function re-
duces to [25]:

S Q ;ω ¼ 0� ΔEð Þ≈I0 e
−bu2>Q2

ð5Þ

where bu2> is the average atomic mean square displacement. Thus,
the value of bu2> at a given temperature can be obtained from the
slope of a semi-logarithmic plot of the elastic intensity according to:

bu2
>¼ − d lnS Q ;0� ΔEð Þ

dQ2 : ð6Þ

In an IINS experiment, assuming the absence of quasielastic scat-
tering (i.e. at temperatures below the dynamical transition of a
given system), S (Q,ω) is given by [52]:

S Q ;ωð Þ ¼ e−bu2>Q2

δ ωð Þ þ bu2
> Q2

1!
S1 ωð Þ þ

bu2
> Q2

h i2
2!

S2 ωð Þ

þ…þ
bu2

> Q2
h iR

R!
SR ωð Þ þ…

g

Here, the first term δ (ω) represents the purely elastic scattering,
while the SR (ω)-terms correspond to R-phonon transitions (R=1,
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2, …). If a one-phonon approximation is employed, which is valid for
the small values of bu2> and Q2 Eq. (7) reduces to [50]:

S Q ;ωð Þ ¼ e−bu2>Q2

δ ωð Þ þ bu2
> Q2 S1 ωð Þ

n o
: ð8Þ

In amorphous systems like proteins and membranes, one typically
observes a strongly asymmetric one-phonon profile designated as
“Boson peak” (see e.g. [16,17]). In the present paper, we therefore
employ one-phonon functions composed of a Gaussian shape at its
low-energy wing and a more slowly tailing Lorentzian shape at its
high-energy side [7].

3. Results and discussion

3.1. EINS experiments

In order to characterize localized conformational dynamics,
temperature-dependent EINS experiments were carried out on PS II
membrane fragment samples equilibrated at hydration levels of 44
and 57% r.h. The latter hydration values were chosen, because previ-
ous QENS experiments indicated the onset of conformational dynam-
ics above 44% r.h. at room temperature [42], while temperature-
dependent QENS experiments have only been performed for samples
hydrated at 90% r.h. or dried in vacuum [41]. Thus, information
on the dynamical transition for intermediate hydration levels is
so far lacking.

The average atomic mean square displacements bu2> shown in
Fig. 1 were extracted from semi-logarithmic plots of the elastic scat-
tering intensity as a function of Q2 according to Eq. (6) (not
shown). Before determination of the bu2>-values, the buffer data
were subtracted from the sample data according to the buffer mass
contribution. Inspection of the data shown in Fig. 1 reveals that the
dynamical behavior of PS II membrane fragments hydrated at 57%
r.h. is characterized by two distinct temperature regions. While
there is only a slight linear increase of bu2> with increasing temper-
ature below ~240 K, a strong deviation is observed above ~240 K,
where bu2> increases linearly with a much steeper slope (see full
squares in Fig. 1). This feature is the signature of the dynamical tran-
sition in proteins andmembranes [53]. In contrast, the bu2>-values of
the sample equilibrated at 44% r.h. increase almost linearly with in-
creasing temperature within the whole range from 100 K to 280 K
(see open triangles in Fig. 1). Thus, it can be concluded that the dy-
namical transition is absent at the hydration level of 44% r.h. As also
shown in Fig. 1, the increase of electron transfer efficiency from QA

−•

to QB with increasing temperature (data taken from [10]) strictly
Fig. 1. Temperature dependence of the average atomic mean square displacement
bu2> obtained for PS II membrane fragments hydrated at 57% r.h. (full squares) and
44% r.h. (open triangles). The full lines are given as a guide to the eye. The increase
of electron transfer efficiency from QA

− to QB taken from Renger et al. [10] (red line)
with increasing temperature strictly correlates with the dynamical transition.
correlates with the dynamical transition of PS II membrane frag-
ments hydrated at 57% r.h. The observed phenomenon provides fur-
ther evidence for our previous finding of a hydration-dependent
“dynamical transition” [41] and for an onset of localized conforma-
tional motions above 44% r.h. in PS II membrane fragments at
room temperature [42]. It should be mentioned, however, that the
latter data were obtained at a different resolution corresponding
to motions at a time scale of ~20 ps in comparison to ~100 ps in
the present study. In summary, it can be concluded that dehydra-
tion of PS II membrane fragments leads to “freezing” of protein flex-
ibility and to a concomitant inhibition of electron transfer from QA

−•

to QB as similarly observed for a number of other proteins or pro-
tein–lipid systems [32,34–36].

Interestingly, there is evidence for a similar dynamics-function
correlation in type II reaction centers of purple bacteria (PBRC) but
the threshold temperature of the transition is lower [54]. The struc-
ture of the acceptor side of PBRC (for a review, see Lancaster [55]) ex-
hibits striking similarities to that of PS II except of the coordination of
the non-heme iron (NHFe) by glutamate in PBRC and (bi)carbonate in
PS II (for a recent review, see [56]). In case of PBRC it appears likely
that the triggering by conformational changes required for QB reduc-
tion by QA

−• comprises the rearrangement of hydrogen bonds, most
prominently the reorientation of Ser223 of the L-subunit [55,57].
Based on the similarity of the acceptor side reactions in anoxygenic
PBRC and in PS II it seems likely that an analogous conformational
triggering of QA

−• reoxidation by QB exists in both systems (for a re-
view see [4]) but some differences probably exist in the details of
the structural rearrangements as reflected by different threshold tem-
peratures [11]. Recently a change of the coordination mode of the
NHFe by bicarbonate was reported to be involved in the triggering
of PS II [58]. A corresponding change of the NHFe coordination by
glutamate in PBRC has not been reported so far. In conclusion,
these findings underline that protein dynamics on the picosecond
timescale plays a key role for the reactions of oxidative water split-
ting and plastoquinol formation that are energetically driven by
the radical ion pair P680+•QA

−• generated via light-induced charge
separation in PS II [59].

3.2. IINS experiments

In order to gain information on vibrational protein dynamics,
complementary IINS experiments were performed in the same tem-
perature range covered by the EINS measurements discussed above.
So far, the NERA spectrometer has beenmainly used to determine dis-
tinct localized vibrational frequencies of comparatively small mole-
cules like methanol [60] in the neutron energy transfer range
between 5 and 200 meV. However, with an elastic energy resolution
of ~0.7 meV it is also well suited to measure IINS spectra in the
range of low-frequency protein vibrations, which typically exhibit
Boson peaks in the neutron energy transfer range smaller than
20 meV.

IINS spectra were measured for a PS II membrane fragment sam-
ple hydrated at 57% r.h. and the corresponding buffer solution at
temperatures of 20, 150, and 250 K in order to characterize the
low-frequency vibrations. It is important to note that at this hydra-
tion level PS II membrane fragments are capable to undergo the dy-
namical transition (see above), and the inelastic features observed
can be correlated with the dynamics unraveled by EINS (see
above). The data obtained at 250 K are shown in Fig. 2 for both, PS
II membrane fragments (upper blue line) and the D2O-containing
buffer solution (lower red line). In Fig. 2, the latter contribution
was scaled by a factor of two in order to avoid overlap with other
data shown in the figure. Both data sets reveal two broad features
peaking at about 5.4 meV and at about 18.5 meV (see black arrows
in Fig. 2). The buffer spectrum was subtracted from the sample spec-
trum according to its mass contribution. The difference spectrum



Fig. 2. IINS spectra of PS II membrane fragments hydrated at 57% r.h. (blue line) and
corresponding buffer solution (red line, scaled by a factor of two for better visibility)
obtained with an elastic resolution of 0.7 meV at 250 K. The difference spectra attribut-
ed to PS II membrane fragments are shown for temperature values of 20 K (gray dia-
monds), 150 K (gray squares), and 250 K (gray triangles). The smooth black lines are
data fits calculated according to Eq. (8) (see text for details).

Fig. 3. IINS difference spectra of PS II membrane fragments hydrated at 57% r.h.
obtained at five different scattering angles with an elastic resolution of 0.88 meV at
room temperature (see inset for scattering angles). The difference between sample
and buffer spectra was obtained as described in Fig. 2.

1217J. Pieper et al. / Biochimica et Biophysica Acta 1817 (2012) 1213–1219
reflecting the IINS spectrum of PS II membrane fragments is dis-
played by gray triangles in Fig. 2. As expected, the latter spectrum
exhibits typical properties of a Boson peak with a broad maximum
at about 2–3 meV and a very slight tailing towards higher neutron
energy transfers. On the other hand, the additional peak at
~18.5 meV vanishes, which is an indication for a proper subtraction
of the buffer contribution.

The data obtained at temperatures of 20 and 150 K (not shown)
were treated in the same way as described above for the 250 K
data. The resulting inelastic scattering functions at 20, 150, and
250 K are displayed in Fig. 2. The shapes of the three spectra are
qualitatively quite similar. Moreover, the peak position of the
Boson peak at 20 K is found at ~7.5 meV, which closely resembles
the values reported previously for PS II membrane fragments at
low temperature [41]. However, the most remarkable finding is
that the peak position shifts to lower neutron energy transfer values
with increasing temperature (see below). It is important to note in
this regard that the Boson peak remains distinct from the elastic
peak at all temperature values under study. The latter finding proves
that even at 250 K the quasielastic contribution is relatively small, so
that the spectra can be fit with phenomenological scattering func-
tions according to Eq. (8), where the one-phonon function is repre-
sented by an asymmetric profile composed of a Gaussian shape at its
low-energy wing and a more slowly tailing Lorentzian shape at its
high-energy side. The fit parameters are listed in detail in Table 1.
According to these fits, the peak position of the Boson peak shifts
from 7.5 meV at 20 K to 2.5 meV at 250 K.

For comparison further IINS experiments at room temperature
were carried out at the time-of-flight spectrometer DIN-2PI using a
resolution of 0.88 meV. The difference scattering functions obtained
for PS II membrane fragments hydrated at 57% r.h. at selected scatter-
ing angles are shown in Fig. 3. It is apparent from this data that no dis-
tinct Boson peak can be observed at this temperature. Rather, the
inelastic part of the IINS spectrummerges with the elastic and quasie-
lastic part of the spectrum.
Table 1
Parameters of the one-phonon profiles used to fit the IINS spectra shown in Fig. 2.

20 K 150 K 250 K

Peak phonon frequency ωm [meV] 7.5 5.0 2.5
FWHM of Gaussian wing ΓG [meV] 10 12 8
FWHM of Lorentzian wing ΓL [meV] 30 30 30
FWHM, one-phonon profile Γ [meV] 20 21 19
A more detailed analysis of the QENS spectra of PS II membrane
fragments is achieved by employing a phenomenological model
according to Eq. (3). A magnification of the quasielastic region of
the IINS spectra of Fig. 3 is shown in Fig. 4. Satisfactory fits require
a model scattering function comprising a single quasielastic Lorent-
zian component and an elastic contribution determined in separate
vanadium runs. The Lorentzian width (HWHM) of 4.06 meV was
found to be independent of the momentum transfer Q. It is impor-
tant to note that a Q-independent linewidth is the signature of local-
ized conformational proton motions in the protein–lipid system
under study. The width (HWHM) of 4.06 meV corresponds to a
mean relaxation time ~162 fs. More generally, a broad and widely
continuous distribution of relaxation times and corresponding line-
widths is expected in a complex amorphous system [24,61]. There-
fore, the correlation time of 162 fs has to be viewed as a mean
value of the distribution of relaxation times at the given instrument
resolution. The elastic intensities (EISF) approximated by the phe-
nomenological fits described above are shown in the inset of Fig. 4
as a function of momentum transfer Q. The Q-dependence of the
EISF can be well fitted with a double well jump model according to
Eq. (4) (see full red line in Fig. 4). This implies that the potential
Fig. 4. Magnification of the quasielastic region of the IINS spectra shown in Fig. 3. The
dashed black lines are Lorentzian fits according to Eq. (3). The inset shows the elastic
incoherent structure factor obtained from the Lorentzian fits as a function of momen-
tum transfer Q. The red line is a fit according to the double-well jump model (see
Eq. (4)).
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landscape of PS II membrane fragments at room temperature can be
well approximated by a double well potential, where the occupation
probability of the ground state potential is about 51% and the aver-
age jump distance between the two wells is 0.94 Å. The latter finding
illustrates that the scattering function at room temperature is dom-
inated by the signature of localized conformational dynamics.

The results of the present study are summarized in Fig. 5. The
Boson peak energies determined above (see red points) are compared
to the average atomic mean square displacements bu2> of PS II mem-
brane fragments hydrated at 57% r.h. (full squares) and 44% r.h. (open
triangles) obtained at a time resolution of ~100 ps in this study
(taken from Fig. 1) as well as to bu2> of PS II membrane fragments
hydrated at 90% r.h. (gray diamonds, data taken from [41]) obtained
at a time resolution of ~20 ps. As discussed in our previous study
(see [41] and references therein), the bu2>-values reveal three
temperature regions (see Fig. 5): region A with Tb120 K is charac-
terized by purely harmonic vibrational motions, region B with
120 KbTb230 K exhibits a slight deviation from the harmonic vi-
brational behavior due to the onset of methyl group rotations and
finally, region C with T>230 K shows a strong increase of bu2>
due to the presence of hydration-induced localized diffusive mo-
tions. IINS spectra of PS II membrane fragments hydrated in D2O
at 57% r.h. were measured at one temperature value in each of
the three temperature regions. The IINS experiments revealed a dis-
tinct Boson peak at ~7.5 meV at 20 K, which subsequently shifts
towards lower energy transfers to 2.5 meV at 250 K upon tempe-
rature increase.

This effect differs from that observed for the antenna complex LHC
II, where the density of vibrational states remained virtually identical
below ~120 K [17]. This is also widely assumed in the interpretation
of temperature-dependent HB experiments, which are restricted to
temperatures below 40 K [7]. In contrast, the deviation from this be-
havior observed in the case of PS II membrane fragments in tempera-
ture region B indicates a softening of the protein matrix along with
the onset of conformational dynamics that leads to a shift of the
mean phonon frequency. If the protein matrix is viewed as a harmon-
ic oscillator, this effect could be rationalized as a weakening of the
force constant. This finding may further imply that the density of vi-
brational states is affected by the transition from the crystalline-like
to the amorphous state of the protein matrix observed at ~120 K
and the dynamical transition at ~230 K. In consequence, this means
that simulations of EET kinetics at physiological temperatures should
account not only for thermal population of vibrational states, but also
for a temperature-dependent density of vibrational states.
Fig. 5. Comparison of Boson peak energy (red points, taken from Fig. 2) and average
atomic mean square displacements bu2> of PS II membrane fragments obtained at dif-
ferent hydration levels and time resolutions. The average atomic mean square dis-
placements bu2> were acquired for PS II membrane fragments hydrated at 57% r.h.
(full squares) and 44% r.h. (open triangles) at a time resolution of ~100 ps in this
study (see Fig. 1) as well as for PS II membrane fragments hydrated at 90% r.h. (gray
diamonds, data taken from Pieper et al. [41]) at a time resolution of ~20 ps. The straight
lines are given as a guide to the eye.
It has to be kept in mind, however, that the data presented here
were obtained for membrane fragments. Therefore, further experi-
ments on isolated antenna complexes like LHC II are necessary to
verify the significance of the observed effect in specialized light-
harvesting complexes. Nevertheless, the data presented here from
NERA and DIN-2PI measurements nicely demonstrate that IINS is ca-
pable of providing valuable quantitative information on the vibra-
tional dynamics of pigment–protein complexes not only at low, but
also at physiological temperatures.
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