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ABSTRACT: Protein dynamics in hydrated and vacuum-dried photosystem Il (PS Il) membrane fragments
from spinach has been investigated by quasielastic neutron scattering (QENS) in the temperature range
between 5 and 300 K. Three distinct temperature ranges can be clearly distinguished by active type(s) of
protein dynamics: (A) At low temperature§ & 120 K), the protein dynamics of both dry and hydrated

PS Il is characterized by harmonic vibrational motions. (B) In the intermediate temperature range (120

T < 240 K), the total mean square displacemefiy slightly deviates from the predicted linear behavior.

The QENS data indicate that this deviation, which is virtually independent of the extent of hydration, is
due to a partial onset of diffusive protein motions. (C) At temperatures above 240 K, the protein flexibility
drastically changes because of the onset of diffusive (large-amplitude) protein motions. This dynamical
transition is clearly hydration-dependent since it is strongly suppressed in dry PS II. The thermally activated
onset of protein flexibility as monitored by QENS is found to be strictly correlated with the temperature-
dependent increase of the electron transport efficiency frano@k (Garbers et al. (1998 iochemistry

37, 11399-11404). Analogously, the freezing of protein mobility by dehydration in dry PS Il appears to
be responsible for the blockage of, Qeoxidation by @ at hydration values lower than 45% r.h.
(Kaminskaya et al. (2003iochemistry 428119-8132). Similar effects were observed for reactions of

the water-oxidizing complex as outlined in the Discussion section.

The unique physical properties of proteins provide the PQH, is formed at the acceptor side with,Qacting as
basis for optimization and regulatory control of their reductant. This process comprises two sequential one-electron
particular biological function. One prominent example is the steps from Q to a PQ9 molecule transiently bound at the
electron transfer in Photosystem Il (PS)lbf oxygen-  Qg-site and coupled proton uptake reactions (for a review
evolving photosynthetic organisms. PS Il is a multimeric see ref4). The cation radicaP680t provides the driving
protein complex that is embedded into the thylakoid mem- fo(ce for oxidative water splitting into molecular oxygen and
brane and functions as light-driven watgrlastoquinone  foyr protons that takes place at a manganese-containing
oxidoreductasel). The light-induced charge separation in - ater-oxidizing complex (WOC) through a four step reaction
PS Il leads to the formation of the ion radical pRB80™  sequence referred to as Kok-cych.(All cofactors partici-
Pheo* (see ref2 and references therein) followed by pating in these reaction sequences are bound to a het-

stabilization via electron transfer frofheo to a perma-  grgdimeric protein matrix consisting of polypeptides D1 and
nently bound plastogquinone 9 (PQ9) moleculev@th a time D2. Recent X-ray crystallographic studies at resolutions of

constant of about 300 ps3) Subsequently, plastoquinol 3.5 A (6) and 3.0 A 7) have revealed the spatial arrangement
of most of these cofactors.
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TP Al) is gratefully acknowledged.
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to freezing, with characteristic temperatures that depend on In the present contribution, QENS studies were performed
the redox state;$13—15). The thermal activation of essential in order to elucidate the temperature and hydration depen-
electron transport reactions indicates that protein dynamicsdence of protein dynamics in PS || membrane fragments.
is of key relevance for PS Il functionality. The comparison of the QENS data with results obtained by
The flexibility of proteins depends not only on thermal ©Ptical spectroscopy opens the pathway to unravel correla-
activation but also on the respective environment and in tioNS between protein flexibility and the functional compe-
particular on the presence of hydration water molecules. In t€nce of PS Il The results of this study provide further

a recent study, the effect of dehydration on the light-induced support for a crucial role of protein flexibility for two effects
reaction of P’S Il has been analyzed in films of PS Ii of functional importance: (a) the thermally activated onset

membrane fragments from spinach. It was shown that g{o(e:LZCtgogf ganse%(;ritd;rt?om é? (tgoa:gli)vslﬁ) d?gtciior(lbl)e\jgles
lowering of the water content causes an effect similar to 9 y y

freezing, that is, suppression of,Qreoxidation by @ and (16).

significant modification of the reaction pattern of the PS Il \ATERIALS AND METHODS

donor side 16). Likewise, FTIR measurements revealed that

S-state transitions in the WOC are blocked upon dehydration Sample PreparationPS Il membrane fragments were
(17). The effect of dehydration has also been studied in obtained from spinachSpinacea oleracgafollowing the
anoxygenic purple bacteria. It was shown that in dehydrated procedure described by Berthold et a2( with modifica-
samples the electron transfer froma Qo Qs (Qp) is tions accordmg to Vtker et al. @3)._ All sam_pl_es were
impaired (L8, 19) and the rate of recombination betweRtt washed three times in a buffer solution containingdD50

and Q" significantly increased1@). The recombination mM MES (p[? 6.5), 0.4 M sucrose, 1.5 mM Nap!, anq 10
reaction betweerP* and Q" is also sensitive to other mM CaCb. Finally, the sample material was divided into

environmental conditions as shown by a study on reaction two sets with a dry weight of-300 mg each. The first set

: ; was equilibrated using the,D vapor of a relative humidity
centers of purple bacteria embedded in trehalose gla&8es ( r.h.) of 90%, whereas the second fraction was vacuum-dried.
The temperature dependence of electron-transfer processe

. ~~Two sets of buffer samples were prepared under identical

has_ g!ready been gorrelated with .the onset of protein conditions for separate QENS measurements.
flexibility of the. reaction _cether proteirtg, 21-23). _ ) The water content of the sample set hydrated at 90% r.h.

So far, protein dynamics in PS Il has only been investi- a5 ~45% of its dry mass. PS Il membrane fragment
gated by Mssbauer spectroscopy using the non-heme iron samples were characterized by small angle scattering (SANS)
*’Fe in the close vicinity of the Qand @ sites as a probe  sing the membrane diffractometer V1 and the multidetector
for the averaged mean square displacement of the surroundpf \v3 NEAT (BENSC, HMI Berlin, Germany).
ing protein (L1). However, protein dynamics can be directly Measurements of flash-induced oxygen evolutidd) (
observed using quasielastic neutron scattering (QENS) a\vealed that BD-hydrated PS Il membrane fragments
because of the high incoherent scattering cross section Ofyemain functionally competent. Laser flash-induced absorp-
hydrogen atoms and their almost homogeneous distributionsjon changes at 830 n%) and fluorescence quantum yield
in biomolecules. QENS has been widely used to study measurementsi6) prove that both the reduction 8680
dlffusw_e (see, e.g., ref4—26) as well as vibrational by Y and the reoxidation of Qby Qs remain fully active
dynamics of proteins27, 28). QENS experiments revealed \yith retarded kinetics upon & hydration.
that proteins generally undergo a dynamical transition QENS MeasurementsQuasielastic neutron scattering
corresponding to the onset of localized diffusive protein (QENS) experiments were performed at the time-of-flight
motions at about 230 K in aqueous ;oluti(ﬂg)( Similar spectrometer NEAT 47, 48) at BENSC (Hahn-Meitner
effects were observed for both native membrane-bound i te, Berlin, Germany). QENS spectra were measured
proteins @4) and lipid-bilayers as well as lipidprotein — ih an incident neutron wavelength of 5.1 A3.2 meV)
system_s:GO). As shown for lysozyme, h(_)wever, the_protein corresponding to an elastic Q range of 6233 AL The
dynamics depends largely on the environment with water g|astic energy resolution determined by vanadium standard
and glycerol acting as plasticizer and stabilizer, respectively i ns wasAE = 0.093 meV. QENS data were corrected for
(31). In general, the dynamical transition is suppressed Uponempty cell contribution, detector efficiency, and sample
dehydration and significantly affected by solvents of different geometry dependent attenuation, normalized to the integrated
viscosity, such as glycerol, sucrose, or trehal@&2-87). vanadium intensity as well as converted to energy scale using
Likewise, the dynamics of hydration water molecules, that the program package FITMO-419). To ensure a proper
is, water molecules bound at the surface of proteins or lipid correction of temperature-dependent QENS spectra, empty
bilayers, is significantly slowed down (see, e.g., 24538, cell runs were recorded for five representatiVevalues
39) compared to that observed in bulk watd0f. Among between 5 and 300 K and interpolated to yield spectra for
membrane proteins, bacteriorhodopsin (BR) is best charac-intermediate temperatures. The sample transmission was
terized by QENS (see ré¥4 and references therein) and can  approximately 96% so that multiple scattering artefacts
therefore serve as a prototype for investigations of the should be negligible in the QENS data. For each separate
structure-function relationship at the atomic level. In this measurement, the sample cell was placed carefully at the
case, the thermal activation of localized diffusive atomic and same position relative to the incident neutron beam in order
molecular motions of the macromolecular protemem- to avoid normalization errors in buffer subtraction. Before
brane complex could be correlated with its temperature- subtraction, the buffer spectra were normalized by weight
dependent functional activity as a proton purdg)( to determine their contribution to the total sample scattering.
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The sample temperature was maintained using an Orangespecific situations, such as confined atomic or molecular
Cryofurnace and stabilized by a Lakeshore temperaturediffusion, e.g., between a finite number of discrete sites, on
controller. Prior to neutron scattering measurements, thea spherical surfacesg), or in a spherical cavity54), which

temperature was allowed to equilibrate for 60 min.
Theoretical Backgroundn an incoherent QENS experi-

lead to scattering functions comprising finite or infinite series
of Lorentzian components,{H,,w), respectively. Another

ment, the measured quantity is the double-differential cross approach would consist in replacing the multiexponential

section B0, 51), which describes the number of neutrons
scattered into a solid angle elemedf2 and an energy
transfer elemendw

8% ki,
500w kgl Pne Snc(Q @)l

1)

wherek, andk; are the wave vectors of incident and scattered
neutrons, respectivel¥y is the incoherent scattering length,
Sne(Q,w) is the incoherent scattering function withbeing

the momentum transfer defined Iy = k; — ko, andhw
reflects the energy transfeb2). The functionS,.(Q,w) is
related to the Van Hove self-correlation functi@g(r,t) by

the following equation 0, 51):

SndQ, ©) = % SO e [T UG drdt (2)

where, in the classical approximatidBs(r t) is the average
time-dependent probability density distribution of the hy-
drogen atoms in the studied sample. In pract&e(Q,w)

decay model by a KohlrausetWilliams—Watt (KWW)
function B5) yielding a stretched exponential decay. Fur-
thermore, the fractional FokkePlanck equation56) has
been proposed recently for constructing non-exponentially
decaying solutions26), and last but not least, the model of
coupled Langevin oscillators describing multiscale relaxation
dynamics has been applied recentfy7,(58). Analogous
methods of calculation could in principle be applied to the
much more complex geometries encountered in biological
systems like Photosystem Il. Given the size of this system
under study here and the related mathematical complexity,
however, any of these approaches would certainly be beyond
the scope of the present work. The second, equally relevant
reason for refraining from such implied theoretical complex-
ity is that the experiment being analyzed was carried out
with a single value of the energy resolution. As a conse-
guence, the observation time window is rather restricted and
does not allow us to distinguish more than a very small
number of different Lorentzian components, in the actual
case only two. For the same reason, rather than aiming at a
characterization of the sample dynamics on time scales

needs to be replaced by an experimental scattering functionextending over several orders of magnitude, we have to

Sx(Q.w) with

Sexp(va) = FNR(va) X Sheo (Qv w) (3)
which is composed of a normalization factog Bnd the
convolution of an experimentally obtained resolution function
R(Q,w) with a theoretical model functionsadQ,w) describ-

restrict the analysis to the available observation time window
and intend to obtain information on the dynamical behavior

within this window, for different levels of hydration and as

a function of temperature. For this purpose, two phenom-
enological Lorentzian components employed appear to be
sufficient.

For the inelastic scattering functidd,(Q,w), a damped

ing the dynamics of the sample system. The neutron harmonic oscillator (DHO) scattering function derived in the
scattering spectra are compared to the following expression:framework of linear response theory and using the fluctua-

YireYA h
Sheo (Q.0) = g IR [AO(Q)a(w) + ex;{— %) X

> Ay QL (Hy @) + 5, (Q,w)] 4)

In this phenomenological description, the scattered inten-

sity consists of three contributions, dw)-shaped elastic

tion—dissipation theorem (see for instance &) is em-
ployed as a realistic model. The well-known frequency
distribution of this model has been applied for describing
inelastic low-energy spectral features in many different areas
in the past. Examples of very different types include
superfluid*He (60), heavy water at room temperatuigl),
hydration water in porcine stratum corneu3g), and the
purple membrane dflalobacterium salinarumin the latter
case, in order to meet the requirements of the sum rules and

component, a sum of quasie|astic Lorentzian_shaped Com_the correct dimenSionality, the DHO frequency distribution

ponents l(Hn,w) with half-width at half-maximum (HWHM)
Hn, and an inelastic paf,(Q,w) describing low-frequency,
moderately damped vibrational motions. Here exjhd/
2kT] is the detailed balance factor. The fractional intensities

of the elastic and quasielastic contributions are given by the
elastic and quasielastic incoherent structure factors (EISF and  (

QISF), A(Q) and A(Q), respectively. The terre @ js
the Debye-Waller factor characterized by the global vibra-
tional mean square displacementL]

has been included with proper normalization into the total
incoherent scattering function, as follow&2y:

Sh Q) =
eEhZEJHoQZ -1) w rE”

kT — 1) (B2 — 0?)? + »T?

(5)

Here, 3o is the mean square displacement of the DHO,

The quasielastic term stands for the correlation functions E the DHO frequency, anfl the DHO damping. It should

due to localized diffusive (i.e., confined stochastic) motions
exhibiting a multiexponential decay in time, which are

be noted that we are employing eq 5 as a purely phenom-
enological model. Although it explicitly contains only one

considered to be an important part of the internal motions single DHO frequency E, an appropriate choice of the

of proteins or lipids. This type of decay is well known for

damping factorI' provides a broad and relatively flat
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Ficure 1: Comparison of QENS spectra of PS II| membrane fragmewtsuid the corresponding buffer solutiof) (for two different
hydration levels, i.e., 90% r.h. (frame A) and vacuum-dry (frame B), respectively. The spectra were obtained with an incident neutron
wavelength of 5.1 A and an elastic resolution of 0.093 meV at a scattering angle 6fari2it a temperature of 300 K.

frequency distribution, which describes the vibrational part  Typical QENS spectra obtained for PS Il membrane
of the observed neutron spectra very well and permits the fragments hydrated at 90% r.h. are shown in Figure 2 for
separation of the latter from the quasielastic components,three representative temperature values of 100, 200, and 300
which are due to confined stochastic motions mainly of small K. The QENS spectra obtained at 100 and 200 K appear to
side groups in biological macromolecules represented bybe dominated by elastic scattering. In comparison to the
eq 4. representation chosen in Figure 1, the double logarithmic
Considering only the elastic contribution to eq 5, one can plot reveals that the elastic peak is accompanied by a well-
define a temperature-dependent total mean square displaceseparated Boson peak. The spectra differ mainly in a very
ment [Pl by the following equation: weak quasielastic contribution visible at 200 K (indicated
by an arrow in Figure 2). The latter component is completely
mﬁ%al(-r) = A~ iz In A(Q) = — iz In ST (6) absent at 1OQ K. At 300 K, a strong qu_asielas_tic cont_ribu_tion
appears, which clearly overlaps the inelastic contribution.
To investigate the influence of hydration on protein
The termlPlw is identical to the vibrational mean square  dynamics in PS Il membrane fragments, QENS spectra were
displacemenfi’Cwhen quasielastic scattering is absent at also measured for a vacuum-dried sample in the same
low temperatures, that is, the EIS%k is equal to one.  temperature range, that is, between 5 and 300 K. Typical
Otherwise, diffusive localized motions contribute via the term QENS spectra obtained for dry PS Il membrane fragments
In Ay(Q), which becomes constant in the so-called Gaussianare shown in Figure 3 for temperature values of 100, 200,
approximation at very low Q. and 300 K. As for the hydrated sample, the QENS spectrum
obtained at 100 K exhibits predominantly elastic scattering.
RESULTS A quasielastic contribution becomes visible at 200 and 300
QENS spectra were measured at temperatures between . However, at 300 K, the latter contribution is significantly
and 300 K for both the dry and the hydrated sample as well Smaller than that in hydrated PS II (cf. Figure 2).
as buffer solutions prepared under identical conditions. The A more detailed analysis of the QENS spectra of hydrated
buffer composition is given in detail in the Materials and and dry PS Il membrane fragments is achieved by employing
Methods section. Typical spectra of hydrated PS Il membrane phenomenologic fits according to eq 4. In order to minimize
fragments and the corresponding buffer solution obtained atthe number of free parameters in each fit, an iterative three-
300 K are compared in frame A of Figure 1. An inspection step fit procedure has been used. First, the data at all
of these data reveals that the main contribution to the temperatures were fit using a single quasielastic component
quasielastic region originates from PS || membrane fragmentswith a Lorentzian width (HWHM) of 0.1135 meV and a flat
(note the logarithmic scaling). Especially below 240 K, the background. The elastic intensity approximated by these fits
QENS spectra of the buffer solution are widely dominated was used to calculat@( according to eq 6 (Figure 4).
by elastic scattering consistent with a crystalline character Below 120 K, there is a linear increase @f(4 for both
(not shown). QENS spectra of the dry sample and the the hydrated and the dry sample, which is typical for
corresponding buffer solution measured at 300 K are harmonic vibrational motions (see range A in Figure 4), that
compared in frame B of Figure 1. Here, the quasielastic is, 2Lk should mainly reflect the vibrational mean square
contribution to both spectra is significantly suppressed displacemenfii’lj,. An extrapolation to higher temperatures
compared to those shown in frame A of Figure 1. Neverthe- of this anticipated linear function fdri®Lj,, is given by the
less, the quasielastic broadening present in the spectrum ofolid line in Figure 4. Consequently, these values are used
dry PS Il membrane fragments is more pronounced than inas an upper limit for the vibrational mean square displace-
the corresponding buffer solution. For further analysis, the ment at each temperature in the further analysis.
buffer contribution was subtracted from the QENS spectra In a second step, a damped harmonic oscillator (DHO)
of PS Il membrane fragments. function described by eq 5 is added as a realistic inelastic
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Ficure 2: Double-logarithmic plots of QENS spectra of PS Il membrane fragments hydrateg®indpor of 90% r.h.€) obtained with

an incident neutron wavelength of 5.1 A and an elastic resolution of 0.093 meV, at a scattering anglé afd$eBnperatures of 100, 200,

and 300 K. The black solid line is a phenomenological fit of the data, and the gray lines correspond to the quasi and inelastic contributions
to the fit. The weak quasielastic contribution emerging at 200 K is indicated by an arrow. Note the different scaling of the spectra obtained
at 100 K.

contribution to eq 4. The resulting model function is fit to as a free parameter. This approach leads to a well-defined
the low-temperature spectra, where quasielastic broadenindine shape of the DHO in the quasielastic region, which
is absent (range A in Figure 4) to determine the line shape differs from that of a flat background. Thus, it also affects
of the DHO term (see solid line in the lower spectrum of the fit of the quasielastic components. A good overall
Figure 2). The DHO function derived from this fit has an description of the QENS spectra shown in Figures 2 and 3
energyw of 8.50 meV and a damping of 10 meV for requires a minimum of two Lorentzian components at 300
hydrated PS Il membrane fragments. In the case of dry PSK, a component with a width (HWHM) of 0.1135 meV
Il membrane fragments, the DHO energyshifts to 7.65 corresponding to a slow relaxation time of 5.8 ps, and another
meV, while the dampind@’ remains at 10 meV. Both sets of one having a width (HWHM) of 2.467 meV corresponding
parameters lie in the typical range for low-frequency protein to a faster relaxation time of 0.3 ps. When using this
vibrations. Thus, the line shape appears to be well suited tophenomenological approach, one has to keep in mind that
describe the inelastic part of the QENS spectra in the low- the above two relaxation times reported here do actually
temperature range investigated in this study. Thego represent a broad spectrum of relaxation rates (see, e.g., ref
values derived from the fits, however, are a factor of 2 26 for a detailed discussion). The slow component is also
smaller thanlly, at eachT value for both the hydrated present at 200 K as indicated by the arrow in Figure 2. The
and the dry sample, that is, the DHO accounts for only half Lorentzian widths were kept constant at all temperature
of the total vibrational intensity. values, while the corresponding structure factors, hereafter
Finally, the QENS spectra of hydrated and dry PS Il referred to as QISFand QISE for the slow and fast
membrane fragments obtained at higher temperatures (rangesomponent, respectively, were treated as free parameters.
B and C in Figure 4) are fit according to eq 4. Some  Fits of quality similar to those shown in Figures 2 and 3
representative fits are shown in Figures 2 and 3. A number have been obtained for all QENS spectra in the temperature
of the parameters used have been determined separatelyange between 5 and 300 K. As described above, elastic
above and are fixed accordingly, that is, the line shape of intensities from these fits were used to determine the total
the DHO function and the vibrational mean square displace- average mean square displacemaitfi, in the whole
mentPL}y. In the case of the DHO term, thermal population temperature range under study according to eq 6. The
is taken into account according to Bedginstein statistics  temperature dependenceltif[}. Shown in Figure 4 reveals
(see eq 5). The vibrational mean square displacement forthree characteristi€ ranges. In range A, below 120 K there
each temperature is calculated by linear extrapolation of is a linear increase ifiL, Which is typical for harmonic
Wl to higher temperatures (see solid line in Figure 4), vibrational motions (see above). Deviations from the linear
while the DHO mean square displacemaritgyo is treated behavior of the total mean square displacement are visible
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Ficure 3: Double-logarithmic plots of QENS spectra of vacuum-dried PS Il membrane fragne¢rdbt@ined with an incident neutron
wavelength of 5.1 A and an elastic resolution of 0.093 meV, at a scattering angle dfans.3emperatures of 100, 200, and 300 K. The

black solid line is a phenomenological fit of the data, and the gray lines correspond to the quasi and inelastic contributions to the fit. The
weak quasielastic contribution emerging at 200 K is indicated by an arrow. Note the different scaling of the spectra obtained at 100 K.
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Ficure 5: Temperature dependence of QJS&nd QISE for

hydrated &) and dry @) PS Il membrane fragments as obtained
above 120 K (range B) and above 240 K (range C) for from the phenomenological fits shown in Figures 2 and 3. Note

hydrated PS Il membrane fragments. Surprisingly, a small the gifferent scaling in the two frames. The thin solid line is meant
deviation from the linear behavior of the total mean square to guide the eye. The thick solid lines in the lower frame give the

displacement above 120 K (range B) is also visible for the 2L, (upper line) andilPlpyo values (lower line) used in the fits

dry sample. However, the transition observed at 240 K (rangeShown in Figures 2 and 3 (see right scale).

C) is by far less apparent than that in hydrated PS II. Thus,

the main difference in dynamical behavior caused by the hydrated sample appear to be a factor of 2 smaller than

hydration is seen in the presence (or absence) of the?l, at eachT value (see lower frame in Figure 5). Both

dynamical transition at 240 K. QISFs exhibit a quite similar temperature dependence with
The temperature dependence of the QISFs of the twoa significant increase starting at 240 K. Since this effect is

Lorentzian components obtained for hydrated PS Il mem- co-incident with the main transition observed f6fLha, it

brane fragments is shown in Figure 5. Tiié3o values of can be concluded that the deviation from the linear temper-



11404 Biochemistry, Vol. 46, No. 40, 2007 Pieper et al.

ature dependence @il above 240 K is due to the thermal Therefore, the dynamics observed in this study should be
activation of anharmonic, diffusive protein motions at about regarded as that of a proteitipid system.

240 K with mean relaxation times of 5.8 and 0.3 ps, Despite the complex composition of the sample system,
respectively (region C). A closer inspection of QISF the temperature dependence of the QISFs (Figure 5) and the
corresponding to the slow Lorentzian component reveals aaverage atomic mean square displaceri&hg, of hydrated
second transition at about 120 K (see upper frame in Figure PS Il membrane fragments (Figure 4) revealed three different
5). This transition is co-incident with the (slight) deviation temperature regions that can be clearly distinguished by the
from the linear temperature dependenceldii, observed active type(s) of protein dynamics. The deviation @

at 120 K (Figure 4) and corresponds to the weak quasielasticfrom linearity in regions B and C is due to the appearance
contribution present at 200 K (Figure 2). This indicates that of quasielastic scattering in the QENS spectra (Figure 5).
there is also a thermal activation of diffusive protein motions The presence of two transition temperatures at about 120
with a mean relaxation time of 5.8 ps at temperatures asand 240 K is qualitatively similar to results reported for
low as 120 K (region B). bacteriorhodopsin (see, e.g., re?d, 66). This striking

The temperature dependence of the QISFs obtained forsimilarity suggests that the two distinct transition tempera-
dry PS Il membrane fragments is also shown in Figure 5. tures and the corresponding types of thermally activated
The PBro values are similar to those of the hydrated protein motions could be a general feature of membrane
sample, and thus are a factor of 2 smaller thigfj;, at each proteins. In the case of bacteriorhodopsin, the protein
T value. An inspection of Figure 5 reveals that there is an dynamics on the ps-time scale has mainly been attributed to
onset of diffusive protein motions at 120 K similar to that localized diffusive motions within the protefrmembrane
observed in the hydrated sample. The strong increase of botffomplex encompassing three different types of motions: (a)
QISFs observed for the hydrated sample above 240 K, fast methyl group reorientation, (b) jump diffusion of protons
however, is not present in the dry sample. Thus, the stronglocated in hydrogen bonds, and (c) slower reorientational
suppression of protein mobility visible in the temperature motions of larger protein residue8?). Molecular dynamics
dependence oftPh Of dry PS Il membrane fragments Simulations of C-Phycocyanin assigned the main anharmonic
(Figure 4) is also reflected in the small values determined contribution to the incoherent scattering function to motions
for the QISFs of the two Lorentzian components. of side chains relative to the protein backbob&)(

In summary, the dynamics of PS || membrane fragments The main transition temperature of 24(.) K o_bta|.ne.d for
hydrated at 90% r.h. is characterized by purely harmonic the PS || membrane fragments (Figure 2) is quite S'.”.“'ar to
vibrational motions at temperatures lower than 120 K, which (€ results of Mesbauer spectroscopg1). The transition

is indicated by the absence of quasielastic scattering and t 120 K, however, seems to be absent_ In th.'s data set. It
linear increase il With increasing temperature. The as to be noted at this point that QENS is mainly sensitive

temperature dependence of both the QISFs of the two 0 protons that are glmost evenly djstributed in proteins and
Lorentzian fit components and @2 in ranges B and C !|p|d§,7 whereas the NVasbauer experiments use the non-heme
suggests the onset of diffusive protein motions due to the iron >Fe Ipcated bgtween the;@nd @ sn.es as a probe for
availability of additional conformational substates at 120 and th€ Protein dynamics. Thus, a comparison of the comple-
240 K, respectively. The dynamics of hydrated and dry ps Mentary results from Mesbauer spectroscopy and QENS can
Il membrane fragments is virtually similar at low tempera- lead to |dent|f|cat|_on O.f the protein motions characteristic
tures (<240 K), while a striking difference emerges at for the o.v.er_all multimeric p“’te”? Comp"?x and those releyant
temperatures above 240 K due to the strong Suppres_to the vicinity of Fhe Q and @ sites, which are |nvolved.|n
sion of diffusive protein motions in the dry sample, that s, the functionally important charge-transfer processes in the

; T e Giifi ; ; PS 1l RC. The nature of the protein motions in the three
rotein flexibility is significantly reduced at physiological ' . . .
femperatures. y g y phy ¢ identified temperature ranges-A and their functional

relevance will be discussed in the following paragraphs.
DISCUSSION Vibrational Dynamics at Low Temperatures (Range A).

The linear increase il With increasing temperature

The sample type used in the present study was character{Figure 4) in range AT < 120 K) originates from purely

ized by electron microscopy and biochemical methods and harmonic vibrational motions. Thus, the QENS spectra of
found to consist of oxygen-evolving membrane fragments hydrated and dry PS Il membrane fragments are composed
from the grana stacks of plant thylakoid63). These of elastic and inelastic contributions only ( Figures 2 and
preparations are highly enriched in functionally competent 3). The inelastic part resembles the well-known Boson peak,
Photosystem 1l complexes and form widely flat stacks of which is characteristic for disordered systems such as proteins
two membrane fragments, which are lacking the round- and lipids. Similar low-temperature dynamical behavior has
shaped edges typical for thylakoids. Neighboring membranesrecently been reported for the solubilized trimeric antenna
appeared to be associated at the acceptor side of the PS Itomplex LHC Il ©8), which is a constituent of PS Il
complexes. The polypeptide composition of PS Il is quite supercomplexess).
complex, comprising at least 20 polypeptidéd)( The PS In hydrated PS Il membrane fragments, the inelastic part
Il core consisting of the D1/D2 heterodimer and associated can be modeled, within the considered energy transfer range,
cofactors, CP47, CP43, Cytb 559, and smaller subunits, isusing a damped harmonic oscillator function (DHO) with
surrounded by the minor and major Chl a/b-containing light- an energy of 8.5 meV and a damping of 10 meV. Thus, the
harvesting complexe$9). It adds to the complexity of the  DHO reflects the broad distribution of low-frequency protein
system that lipid molecules not only form the membrane vibrations (phonons) of PS Il. The mean square displacement
bilayer but also appear as intrinsic constituents of P3)Il (  of the DHO, however, was found to be a factor of 2 lower
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than PG, that is, the DHO accounts for only about 50% (see upper frame of Figure 5). Thus, there is an onset of
of full vibrational intensity. This is quite plausible given the protein mobility at 120 K, which is observed almost similarly
limited energy transfer range of up to 10 meV (80¢émn in both dry and hydrated PS Il membrane fragments.
This window is exceeded, for example, by the localized Accordingly, this transition is not related to the hydration
vibrations of the pigments bound in the RC and antennae of state of the protein. The presence of some protein flexibility
PS II, which fall into the 46-220 meV (326-1760 cn1?) at temperatures below the dynamical transition has also been
range 69). Note, however, that a quantitative comparison reported for other proteins/2, 76) and is consistent with
of vibrational intensities in optical and neutron scattering recent simulations of methyl group dynamics in RNa&#.(
spectra is precluded by the possible presence of frequency-The results in ref§6 and77 suggest that the onset of methyl
dependent coupling strengths and selection rules for particulargroup rotations could be responsible for the slightly non-
vibrational frequencies in optical spectra (see, e.g.68f  harmonic behavior ofti}, above 120 K.
and references therein). Regardless of this fact, it is interest- Interestingly, the transition at 120 K was absent in the
ing that in ref69, the integral HuangRhys factors reflecting ~ Mdssbauer data of PS Il membrane fragments using the non-
the electron vibrational coupling strengtB$or protein and heme iron®Fe as a probe for protein flexibilityl@). This
chlorophyll vibrations in the antenna complex LHC Il were means that the dynamical processes responsible for the
found to be quite similar at 0.8 and 0.43, respectively. This increase i, May not be present in the whole protein
supports our finding that the low-frequency protein vibrations but should be more or less confined. It follows that depending
reflected by the DHO term constitute only about 50% of the on the degree of spatial localization, the actual amplitude of
total vibrational contribution to the QENS spectra of PS Il the respective protein motions can be larger than indicated
membrane fragments. by the small increase il L}, because QENS gives an

In dry PS II, the DHO energy is shifted to 7.65 meV, that average measure for the mobility of all hydrogen atoms in
is, to a smaller value than that observed for the hydrated the studied pigmentprotein—lipid system.
sample. Thus, there seems to be a shift of the protein Observation of an onset of protein mobility at 120 K is
vibrations toward smaller frequencies with decreasing hydra- most interesting since it correlates with changes observed
tion level. Similar observations have already been reportedin the fluorescence properties of the PS Il (and other)
for other proteins such as myoglobiiQj, -lactoglobulin antenna complexes. For instance, a remarkable red-shift of
(71), and pig liver esterase7®) as well as those from the fluorescence spectrum of LHC Il occurs above 120 K
computer simulations7@). This effect would be consistent  (78), which is inconsistent with the low-energy, @vel
with a strengthening of the force constants of the protein structure assigned by hole-burning experiments at 4.29 (
system with increasing hydration. Accordingly, it was A similar effect has been reported for the absorption bands
suggested that the increased rigidity is due to hydrogen bondof individual Chl molecules of LHC Il as determined using
formation between hydration water molecules and solvent- reconstituted LHC Il lacking individual Chis8(Q). A shift
exposed external protein residue®d); More recently, emerging at about 150 K has also been observed for the B850
inelastic neutron scattering of partially deuterafetacto- band of bacterial LH281). So far, an interpretation for these
globulin (71) revealed that external residues display lower effects was given in terms of crystal expansion, that is, larger
vibrational frequencies than the protein backbone in the dry atomic displacements due to an increasing anharmonicity of
protein. It was concluded that surface residues are involvedthe protein vibrations lead to an increasing Stokes shift with
in more delocalized, intermolecular, vibrations than the increasing temperature. On the basis of the results of the
protein core in the dehydrated state. In contrast, in the present study, however, the thermal activation of diffusive
hydrated protein, external and internal protein regions protein motions at about 120 K appears to be responsible
displayed similar vibrational frequencies so that the corre- for the observed changes in the fluorescence properties of
sponding vibrations should be restricted to similar localiza- the LHC ll—antenna complex. This is plausible, if these
tion domains. Low-frequency inter-protein vibrations have protein motions represent or accompany conformational
also been reported from recent molecular dynamics simula-changes between thermally activated protein substates in the
tions of myoglobin 75). Thus, the shift of the DHO energy vicinity of pigments. Such conformational changes may
with dehydration of PS Il membrane fragments appears to affect the potential experienced by the chromophore and
be in line with QENS and simulation results obtained for induce significant shifts in their site energie2), which

other protein systems. are also visible in hole burning88) and single-molecule
Protein Dynamics at Intermediate Temperatures (Range spectroscopy84).
B). In the intermediate temperature range of 126Kl < Protein Dynamics at Higher Temperatures (RangeT@e

240 K (range B), the protein dynamics of dry and hydrated most pronounced change in the temperature dependence of
PS Il membrane fragments is characterized by a predomi-the QISFs and of the total mean square displace i
nantly linear temperature dependencelipfd and small is observed for hydrated PS Il membrane fragments at about
values of the QISFs corresponding to the two quasielastic 240 K. This finding indicates that at temperatures above 240
contributions to the QENS spectra. This indicates that the K (region C), a new thermally activated type of protein
protein dynamics observed is quite similar to that described dynamics becomes effective. A comparison of the latter effect
for the low-T range A with mainly harmonic vibrational  with the temperature dependence of the QISFs for the two
motions. fitted quasielastic components proves that the change in
However, there is a small deviation from the linear increase protein flexibility at about 240 K is due to the onset of
of WPl With increasing temperature starting at about 120 diffusive (large-amplitude) protein motions (Figure 5). The
K (Figure 4). This effect is mirrored by a small increase in similarity of the temperature dependence for the two Lorent-
QISF corresponding to the narrow quasielastic contribution zian components characterized by different time scales of
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motion indicates a general effect on protein flexibility 0.4 7 80
emerging at 240 K. This feature is characteristic for the so- A E B g
called dynamical transition that has been observed for a ! L 5
number of proteins4, 29, 30). 031 ! 60 g
The dynamical transition at 240 K is clearly absentin dry = | g
PS Il membrane fragments as reflected in both the temper-B&4 45 | E L 40 *2 =
ature dependence of the total mean square displacement an ! =
the significantly smaller quasielastic contributions in the ' :
QENS spectra at room temperature. The latter finding is the 0.1 1 | v 20 2
most striking difference observed between dry and hydrated E 3
samples in this study. This implies that dehydration of PS Il 0.0 1 ! g 2" Lo M

membrane fragments leads to a considerable freezing of
protein flexibility, that is, dehydration has an analogous effect
on protein dynamics as temperature decrease. Since protein Temperature [K]
mobility is activated in hydrated PS Il membrane fragments, Ficure 6: Temperature dependence of Q|$H) and QISE (a)
the dynamical transition observed at 240 K can be regardedfor hydrated PS Il membrane fragments as obtained from the
as solvent-dependent, that is, water acts as a plasticizer fofhenomenological fits shown in Figure 2. The increase of electron-
the protein-lioid svstem 81). In this sense. the dvnamical transfer efficiency taken from refl (solid line) with increasing
p_ - p y_ 8 )_ ) ! Yy temperature strictly correlating with the onset of protein flexibility

transition at 240 K is essentially different from that at about jn temperature region C.
120 K, though both phenomena seem to originate from
activation of diffusive protein motions. An analogous hydra- mobility is also relevant for the protein domain in the vicinity
tion dependence of the dynamical transition has beenof the Q@ and @ binding sites. In agreement with this
observed, for instance, for bacteriorhodop<#)( conclusion, a number of studies provided evidence that the

In addition to the presence of water, sucrose was used asplasticizing effect of water extends across the whole protein
a cryoprotectant in sample preparation (see the Materials andrather than affecting only the external surfa@é, (77, 85).
Methods section). As pointed out in the Introduction section, Analogously, the freezing of protein mobility by dehydration
it is generally known that solvents of different viscosity affect is represented by the drastically smaller increase of both
both transition temperature and extent of protein flexibility QISFs with increasing temperature in dry PS Il (Figure 5).
above the dynamical transition. This was investigated in This effect appears to be responsible for the blockagesof Q
detail, for example, for lysozyme in r&f6. In the present  reoxidation by @ at hydration values lower than 45% r.h.
study, however, all experiments were performed at a constantreported by Kaminskaya et all ).
sucrose concentration so that the temperature and hydration- A similar correlation between protein flexibility and the
dependent effects observed here are virtually free from efficiency of electron transport fromAQ to Qs was found
artefacts due to a variation of sucrose concentration. How- in the reaction center in chromatophores of purple bacteria
ever, the sucrose concentration has to be taken into accoun{22). On the basis of X-ray crystallography, a drastic
when comparing the results presented here to those of othereorientation of the quinone headgroup of ®Was inferred
studies. Therefore, it is important to note that the sucroseto be required for the formation of the semiquinone state
concentration of 0.4 M is identical to that used by Garbers Qg™ in isolated reaction centers &b. sphaeroide$86).
et al. 1) and Kaminskaya et all6) when investigating However, the idea of a simple conformational gating
the temperature and hydration dependenceofif@oxidation mechanism has been question&d)(and is not supported
by Qs in PS Il membrane fragments. by recent FTIR measuremen®&3( 89) and a time-resolved

In summary, the protein dynamics of PS Il membrane X-ray crystallography study8Q). In addition, it seems likely
fragments exhibits dependences on temperature and hydrathat the conformational changes required fgy I®duction
tion, which are quite typical for protein systems. The by Q.~ comprise the rearrangement of hydrogen bonds, most
intriguing phenomenon, however, is that the activation of prominently the reorientation of the Ser223 of thsubunit
protein dynamics appears to be the prerequisite for some(91, 92). As discussed above, this is the type of motion
important functional properties of PS Il. This is illustrated probed by QENS on the ps-time scal67) Thus, an
in Figure 6, where the temperature dependence of the QISFsanalogous type of conformational triggering can be assumed
for hydrated PS Il membrane fragments is compared to theto take place on the acceptor side of PS Il. The assumption
efficiency of Q.~ reoxidation by Q. The latter quantity was  of a conformational change is also in line with the finding
determined from the relaxation amplitude of the flash- that Q.= reoxidation remains possible at much lower
induced normalized fluorescence quantum yield as a functiontemperatures than 240 K, provided that the semiquinone state
of temperatureX(1, 12). The similar temperature dependence Qg™ is populated by preillumination before freezirtg). It
suggests that there is an intimate correlation between theshould be added that a functional role of protein mobility is
thermally activated onset of the electron transport froqn Q  also observed for distinct redox steps of the water oxidation
to Qs and protein flexibility as monitored by QENS. The leading to Q evolution in the WOC. This conclusion is
temperature dependencel@ffor T > 240 K obtained by  strongly supported by the strikingly similar freezing tem-
QENS for the overall proteinlipid system is strikingly peratures of the S~ S;and S —— & + O, reactions {3,
similar to that gathered from Msbauer spectroscopy for 14). Likewise, these redox transitions are also inhibited upon
the protein environment of the non-heme ifgRe, which the dehydration of PS Il core complexes from the thermo-
is located between the binding sites of @d @ (7). This philic cyanobacteriumT. elongatus(17). These findings
coincidence indicates that the observed onset of proteinemphasize the key role of protein flexibility for the reactions

0 50 100 150 200 250 300
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of oxidative water cleavage and plastoquinol formation that
are energetically driven by the radical ion pair P6&D,~
generated via light-induced charge separation in PS Il

CONCLUDING REMARKS

In the present study, quasielastic neutron scattering
(QENS) experiments have been employed to study the
protein dynamics in dry and hydrated PS || membrane
fragments at temperatures between 5 and 300 K. For
temperatures below 120 K, the protein dynamics of both dry
and hydrated PS Il is characterized by harmonic vibrational 11.
motions. The inelastic contribution resembles the well-known
Boson peak, which is characteristic for disordered systems
such as proteins and lipids. Two transitions visible in the
temperature dependence of the total mean square displace-
ment [Pl at 120 and 240 K can be correlated with the
onset of localized diffusive protein motions with character-
istic times of 5.8 and 0.3 ps in both dry and hydrated PS I
membrane fragments. While the transition at 120 K appears
to be virtually independent of the hydration degree, the
dynamical transition at 240 K is clearly solvent-dependent 14,
because it is strongly suppressed in dry PS Il membrane
fragments.

The thermally activated onset of protein flexibility as
monitored by QENS in hydrated PS Il membrane fragments
is shown to be correlated to the temperature dependence of
the electron transport from Q to Qs (11). Analogously,
the freezing of protein mobility by dehydration in dry PS Il
membrane fragments appears to be responsible for the 17,
blockage of Q™ reoxidation by @ as observed for hydration
values lower than 45% r.hL.§). These findings emphasize
the crucial functional relevance of protein flexibility for the
reactions of oxidative water cleavage and plastoquinol
formation in PS Il of green plants.
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