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Abstract Fast stochastic equilibrium fluctuations (time
scale: 1071°-107*® seconds) in purple membranes (PM)
and in disk membranes (DM) have been measured with
quasielastic incoherent neutron scattering. The compari-
son of predominantly stochastic motionsoccurring in pur-
ple membranes and in disk membranes revealed qualita-
tively similar dynamical behaviour. Models of internal
motions within restricted volumes have been shown to be
useful to fit the spectra from both samples. From fits us-
ing these models we found “amplitudes” 15 to 20% larger
for motionsin DM samplescomparedto PM samples. This
indicates a higher internal flexibility of the DM. Because
the dynamical behaviour isvery sensitiveto the hydration
of the protein-lipid complex, we also performed neutron
diffraction experiments to determine lamellar spacings as
ameasure of level of hydration and as a function of tem-
perature. From these studies the interaction of solvent
molecules with the surface of the protein-lipid complex
appearsto be qualitatively similar for both types of mem-
branes.
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1 Introduction

One of the main features of biological macromoleculesis
their individual and specific three dimensional structure.
In the case of proteins this feature is more or less deter-
mined by the sequence of the amino acids. On the other
hand, the physiol ogical function of proteinscannot becom-
pletely understood from their static structures since dy-
namical aspects are of great importance. Internal molecu-
lar motions, which give biological molecules the confor-
mational flexibility required for function have been stud-
ied by Mdsshauer spectroscopy, NMR techniques, neutron
spectroscopy, and molecular dynamic simulations (for an
overview see, for example, McCammon and Harvey 1987).
In particular, studies using neutron scattering techniques
(time scale 1071°-1071® seconds) revealed that environ-
mental conditions (e.g., hydration, temperature) have a
strong influence on the dynamical behaviour (Doster et al.
1989; Ferrand et a. 1993; Andreani et al. 1995; Fitter
et al. 19964, b). In these studies water soluble proteins
(myoglobin, superoxide dismutase) as well as the integral
membrane protein bacteriorhodopsin have been investi-
gated. Qualitatively all these proteins exhibit the same
main features: (i) decreasing flexibility as represented by
internal motions on the picosecond time scale, when the
temperature and the hydration level are lowered. (ii) Dy-
namical transition accompanied by the onset of nonhar-
monic large amplitude motions, when the temperature is
increased beyond about 170 to 230 K.

In the present work we report on a neutron scattering
study comparing two membrane proteins embedded in
their natural lipids. We have studied the light-driven pro-
ton pump bacteriorhodopsin (BR) in the purple membrane
(PM) and the photoreceptor rhodopsin (RH) in the disk
membrane(DM). Both proteinsareintegral membrane pro-
teins having a seven-helix membrane-spanning structure
with a molecular mass of 27 kD (BR) and about 40 kD
(RH). In contrast to the membrane proteins BR and RH,
which share many similarities, the whole membranes are
very different. The DM is characterized by a much larger



fluidity due to more lipid molecules per RH (=60 moles
lipids/mole RH) as compared to the PM, where BR forms
amore rigid complex, having strong protein-protein inter-
actions, and with only afew lipids (=8 moles lipids/mole
BR) (for more details see, for example, Stoeckenius et al.
1979; Hofmann and Heck 1996). The subject of thiswork
was to study the internal molecular motions by the use of
guasielastic incoherent neutron scattering (QINS). As al-
ready mentioned above, the hydration of biological mac-
romolecules is of great importance for function, because
essential dynamical properties are very sensitive to the
level of hydration. Using lamellar structures, like stacks of
membrane sheets, enables one to study important proper-
ties of the hydration water. Therefore, we have also per-
formed neutron diffraction experiments at different tem-
peratures, in order to analyse solvent properties which are
directly related to the dynamical behaviour.

2 Sample preparation

Purple membranes. Patches of purple membranes were
isolated from Halobacterium salinarum according to
standard procedures (Bauer et al. 1976). The patches
obtained (patch diameter of about 0.5-1.0 um) were
washed with distilled D,O. By a slow drying process of
asuspension (6 ml) with 200 mg PM, we obtai ned orient-
ed stacks with membrane planes parallel to a planar
sample support (aluminum plates: thickness 0.2 mm,
diameter of 50 mm).

Disk membranes. Bovine rod outer segments (ROS) were
prepared according to Wilden and Kilhn (1982) from
fresh, dark-adapted retinas obtained from alocal slaugh-
terhouse by means of adiscontinuous sucrosedensity gra-
dient centrifugation. All procedures were performed
under dim red light. To obtain washed disk membranes,
peripheral proteinswere fivefold extracted from the ROS
preparation with extraction buffer (5 mM Pipes, 1 mM
EDTA, 1 mM DTT, pH 7.0) followed by centrifugation.
The membranes were washed with 5 mM Bis-Tris, 200
mM NaCl, pH 6.2 in deionized water and then with 5 mM
Bis-Tris, 500 mM NaCl, pH 6.2 in D,0O. The pellet was
resuspended by vortexing, briefly ultrasonicated and se-
dimented for 6 hrs at 4500 g and 15°C (K80 centrifuge,
VEB MLW Medizintechnik Leipzig, former GDR) onto
aluminum plates. In order to reduce the high salt concen-
trationsafter centrifugation, the pellet wasbriefly washed
by twofold immersionin 5mM Bis-Tris(pH 6.2) in D,0.
Finally, an amount of 250 mg disk membrane patches
(with a diameter less than 1.5 um) was dried under con-
trolled conditions.

Preparation of hydrated membrane stacks. Owing to the
drying process of the membrane suspensions we obtained
samples, consisting of lamellar stacks with membranes
parallel to the surface of the aluminum plates. Neutron
scattering experiments require a large amount of sample

639

material, at least 100-200 mg. In this case, areproducible
adjustment of aspecific hydrationlevel needsarather long
equilibrium time. Both types of sample have been rehy-
drated with D,O using vapor exchange over a saturated
K,SO, solution (corresponding to a relative humidity of
98% at 20°C) within an exsiccator. The corresponding hy-
dration levels have been monitored by measuring the la-
mellar spacings and by the determination of sample
weight. After approximately seven days, final (equilibri-
um) hydration levels have been reached with h = 0.51 g
D,0 per g membranes for the DM and with h=0.42 for
the PM %, In addition to these hydration levels, dried DM
and PM sampleswere prepared for neutron diffraction ex-
periments. These samples have been dried by exposing
them for three days to silica gel within the exsiccator. All
samples were sealed in circular slab-shaped aluminum
containers, which guaranteed constant water content dur-
ing the experiments.

3 Measurements and data analysis
3.1 Neutron diffraction

Lamellar diffraction patterns were recorded in so-called
w,20 scans with wavelengths of 5.418 A and 4.617 A us-
ing the V1 Membrane-diffractometer at the Hahn-Meitner
Institut (Berlin). Sample temperatures between 220 and
300 K were set using an “orange”-cryostat (ILL standard
type). The measurements have been performed by cooling
the samples from 300 K down to 220 K, applying a cool-
ing rate of approximately 8 K per hour. Subsequently the
samples were heated with arate, which was also about 8 K
per hour. Excitation of lamellar reflections was obtained
by the use of a sample orientation, where the vertical sur-
face of the slab-shaped sample was nearly parallel to the
incoming beam direction. In ,26-scans we measured first
(and in some cases second) order reflections on a two-di-
mensional position sensitive *He-detector. Owing to the
fact that the samples were hydrated with D,,0, large inten-
sitieswere obtained for thelamellar reflections. Therefore,
ameasuring time of about 10 minutes for each w position
was sufficient to determine 28 valuesfor thefirst order re-
flections. Values of the lamellar spacing were obtained
from the 26 values.

3.2 Time-of-flight spectroscopy

Time-of-flight (TOF) spectra were measured using the
high-resolution multichopper spectrometer NEAT (Lech-
ner 1996) located at the Hahn-Meitner Institut. Using in-
cident wavelengths of 6.20 A and 5.10 A, elastic energy

1 A direct comparison of h-values between PM and DM is not
straightforward, because the PM and the DM have different mem-
brane thicknesses, different protein-lipid ratios and therefore differ-
ent specific densities (see Sect. 4.1 and Table 1)
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Table1 Distribution of protonsin the purple membrane and in the
disk membrane as calculated from membrane compositions deter-
mined by Kates et al. (1982), Ovchinichov et al. (1979), Miljanich
et a. (1981) and Hargrave et al. (1983)

Compo- Purple membrane Disk membrane

sition
Content Number of non-  Content Number of non-
(w/w)  exchangeable (w/w)  exchangeable
[%] protons (per [%] protons (per

BR-molecule) RH-molecule)

BR 75 1891 - -

RH - - 45 2619

Lipids 25 635 50 3621

Other - - 5 131*

proteins

Total 100 2526 100 6371

* Thisnumber was approximated by the assumption, that other pro-
teinsin the DM have the same number of nonexchangeable protons
per molecular mass as rhodopsin

resolutions AE of 34 peV and 100 peV (FWHM) within an
angular range of 13.3°<@<136.7° were achieved. Both
samples, which have been measured at room temperature
(293 K), exhibit transmission values of T (90°) = 0.92—
0.94. A sample orientation angle of a = 45° with respect
totheincident neutron beam direction wasused for all sam-
ples, including vanadium standard and empty can. This
sampl eorientation guaranteed that no Bragg reflectionsare
excited and the predominant part of the measured signal is
due to incoherent neutron scattering from nonexchange-
able hydrogen atoms. All TOF spectrawere corrected, nor-
malized, grouped and transformed to the energy transfer
scale using the data analysing program FITMO (Fitter
1998). A correction for multiple scattering has not been
applied.

The incoherent scattering from quasi-homogenously
distributed nonexchangeable hydrogen atoms in the bio-
logical macromolecules gives information on the general
dynamical properties of these molecules. According to
the formalism of the self correlation functions developed
by Van Hove (1954) the incoherent scattering function
Sne(Q, w) can be related to the self correlation function
G(r, t):

Sw(Q @)= 5 S e By(r dr ot (1)
In the classical approximation the Fourier transform in
spaceandtimeof theincoherent scattering function G4(r, t)
describes the average time dependent probability density
distribution of hydrogen atoms (see for example Lechner
1983). G4(r, t) may be found as a solution of an equation
of motion describing the dynamics of all hydrogen atoms.
Because our samples include many hydrogen atoms lo-
cated in very different environments (see Table 1), itisin
general not straightforward to find an adequate equation
of motion. Therefore we use simple models, which should
describe some general properties of the complex dynami-
cal behaviour as found in biomolecules. According to the
stochastic character of the predominant part of themotions,

asum of Lorentzians was used to describe the theoretical
scattering function

Sheor(Qaw) = e_‘ - ¢ [E%(Q) |]5(("-’) + Z Ah(Q) DLn(Hmw)E
)

Here the scattered intensity was separated into an elastic
O(w)-shaped component and quasielastic Lorentzian-
shaped contributions L,,(H,, ), where H,, = (1,) " arethe
widths (HWHM) of the L orentzians(1,, arethe correspond-
ing correlation times). The intensity fractions correspond-
ing to these components are described by the elastic inco-
herent structure factor (A, or EISF) and the quasielasticin-
coherent structure factors (A,)). Theinelastic spectral con-
tributions have been taken into account by the Debye-
Waller factor, where WCgives the global average “mean
square displacement” of vibrational motions. The theo-
retical scattering function was fitted to the measured
Sheas(Q, @) scattering function:

—hw
Shneas(Q, W) = Fy @27 [ISpeor (Q, ) 0 Ses(Q, w)] + B
(3)

In addition to the scalar quantities, such as the normalisa-
tion factor Fy, Iinhear “background” B, and the detailed
-hw

balance factor e?*s™ a convolution (O: energy convolu-

tion operation) with the resolution function S..(Q, w) ob-
tained from vanadium measurements has been applied.

4 Results and discussion
4.1 Lamellar structure and hydration

Because the samples were made of alternating layers of
solvent water mol ecul es and membrane sheets giving them
the character of lamellar structures we were also able to
study aspects of the solvent-membrane interaction by
measuring lamellar spacings. Measurements with dried
samples gave lamellar spacings which correspond to the
thickness of the sole membrane. With increasing hydration
level one obtains larger values of the lamellar spacing,
which include the thickness of the water layers between
two adjacent membrane bilayers. Recent measurements of
the lamellar spacings of hydrated PM stacks as a function
of temperature have shown that the membranes are par-
tially dehydrated, when cooled below a hydration water
freezing point T, (Fig. 1). This phenomenon isreversible,
and a hysteresis is observed, when the PM is rehyrated
upon reheating. In several measurements using cool-
ing/heating rates from 5 to 40 K per hour, we did not ob-
serve any rate dependence. Therefore, wewere certain that
at every temperature of these measurementsthe samplewas
practically at thermal equilibrium (Lechner et al. 1998).
We have now carried out such measurements on DM and
compare the results to those of PM.
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Fig. 1a, b Lamellar spacings of hydrated disk membrane and pur-
ple membrane samples measured as a function of temperature (cool -
ing: downsided triangles; heating: upsided triangles). In order to ob-
tain the water layer thickness (at room temperature: d,; below 240
K: d.), lamellar spacings of dried samples have been measured. Be-
cause these values do not show atemperature dependence (see Lech-
ner et al. 1998), they are represented by a straight dotted line

(i) Comparing the lamellar spacings from PM and DM
samples we find much larger values for the DM samples
(Fig. 1). Thisis certainly due to the fact that rhodopsin is
alarger molecule than BR, with much larger loop regions
protruding intheintermembrane space. I n addition, hydro-
philic oligosaccharides, which arelinked to membranepro-
teins in the DM (Fukuda et a. 1979), protrude into the
intermembrane space and may also determine the lamellar
spacing. For dried samples we find a membrane thickness
(single bilayer) of 59.2 A for the DM and 49.1 A in the
case of PM (see Fig. 1). These values are in good agree-
ment with values determined in previous studies (Zaccai
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1987; Papadopoulos et al. 1990; Dratz et al. 1979; Pasco-
lini et al. 1984). According to atopological model of rho-
dopsinin DM (Hargraveet al. 1984) it isassumed, that only
50% of thetotal proteinisintheinterior of thelipid bilayer,
while 25% protrude in the interbilayer space on each side
of the membrane. In the case of BR in the PM one finds
nearly 80% of the protein embedded in the lipids, whereas
only 10% of the protein on each side of the membrane is
part of the loop regions (Grigorieff et al. 1996).

(ii) At room temperature and a rather high hydration
levels (such ash = 0.42 and 0.51) the predominant part of
the solvent molecules is located in the intermembrane
space represented by the corresponding water layer thick-
ness, giveninFig. 1, of d..: 19.4 A (PM), 22.8 A (DM). At
the freezing temperature Ty, a significant part of the sol-
vent suddenly starts to crystallize, accompanied by a tre-
mendous decrease of lamellar spacings indicating a “re-
moval” of solvent molecules out of the interbilayer space.
Well below thefreezing point wefindin both typesof mem-
branesalimited amount of nonfreezing water, correspond-
ing to athickness d, of about 2 monolayers of water, that
is bound quite tightly to the membrane surface (L echner
et al. 1998).

The purple membrane and the disk membrane are char-
acterized by very different protein-lipid ratios and differ-
ent kinds of lipids and proteins with possibly different
membrane surface charges. This might be the reason that
we observe differences in the d,; and d. values. Neverthe-
less, the interaction with solvent molecules (characterized
for instance by Ty, and d..) is qualitatively similar (Fig. 1).
With respect to the dynamical behaviour of the protein-
lipid complex one may therefore expect that the influence
of the solvent on the dynamics of the different molecules
in the membrane (lipids and proteins) is also qualitatively
similar for both types of membrane.

4.2 Dynamical behaviour

As known from previous work, the observed motions on
the picosecond time scale are mainly stochastic reorienta-
tions of molecular subunits, such as polypeptide side
groups or fatty acid chains (Fitter et al. 1996b; Konig
et al. 1995). We applied two simple models, which can be
used to describe these local diffusive motions within re-
stricted volumes.

Jump diffusion between two sites: The simplest model
for amotion is ajump between two separated sites. Such
amotion is parameterized by ajump distance d, which can
befor exampl e the distance between two potential minima.
A spatial average over al possible orientations of d leads
to

_1 sn(Qd)0
AO(Q)_E[%+WH

for the elastic incoherent structure factor (EISF) (see for
example Lechner et al. 1983). Here the jump distance d
permitsadescription of the*volume” availablefor thismo-
tion.

(4)



642

(a) 40 (b)
20 PM: AE = 100 peV DM: AE = 100 peV
3
E 204
)
g
® 10
0
0,8
100 (C) 100 4 (d)
PM: AE = 34 peV DM: AE = 34 peV
80 80
3
© 60 60 4
-
)
S 404 40
]
204 204
0 e n O SeSEe ey - 0 : :

> . '
04 -0,2 0,0 0,2 04
energy transfer [meV]

Fig. 2a—d Fitsof spectrameasured at ascattering angle of ¢=90.5°
with samples of disk membranes (DM) and of purple membranes
(PM) areshown in thisfigure. These spectra have been measured us-
ingawavelengthof A=5.1A (a, b)and A= 6.2 A (c, d), correspond-
ing to an elastic energy resolution of AE = 100 peV and 34 peV, re-
spectively. The total scattering function which fits the experimental
points (circles), is composed of an elastic component and two
guasielastic components: a L orentzian corresponding to the internal
diffusive motions of the membrane with linewidths of H = 150 peV
(a, b) and 60 peV (c, d), represented by dashed lines, and one com-
ponent taking into account solvent scattering with H = 60 peV (dot-
ted line). A further straight solid line represents alinear background

Diffusion inside a sphere: This model, developed by
Volino and Dianoux (1980), is characterized by afree dif-
fusioninsidethevolume of aspherewithradiusr and gives
an EISF, whichis

A(Q) = %sin(Qr)(—QQr;gmzos(Qr)ﬁ

Both kinds of model have already been applied in previ-
ouswork to fit neutron scattering data measured with pro-
teins. The two-site model was used in the case of myoglo-
bin (Doster et al. 1989) and purple membranes (Fitter
et al. 1996b), the spherical diffusion model for C-phycoc-
yanin (Bellissent-Funel et al. 1996) and for phosphogly-
cerate kinase (Receveur et al. 1997). Because our datais
limited in Q and we used only arestricted energy transfer
range, Qnax = 1.85 A and |ha<0.5 meV for the

(5)

energy transfer [meV]

6.2 A data, resp. Q.. = 2.25 A=t and |ha|<0.8 meV for
data measured with A = 5.1 A, we need to consider only
the first quasielastic component, with a width (7,)™ (see
for example Bee 1988). Therefore, in the case of both mod-
els, we obtain the quasielastic incoherent structure factor

(QISF) simply by
A =1-A,. (6)

Since the various moving groups in the samples are struc-
turally different from each other, correlationtimes 7;, jump
distances d and radii r must be understood as values aver-
aged over the motions observable in the time window cor-
responding to the energy resolutions used in the experi-
ments. For samples hydrated in D,O the major part, ap-
proximately 95% (at the given hydration levels), of the
scattered intensity is caused by nonexchangeable hydro-
gens of the membranes. Referring to earlier work, where
we have studied the scattering from solvent molecules in
purple membranes, we approximate the scattering from
D,O solvent molecules by an additional Lorentzian
(H =60 peV), representing rotational diffusion of solvent
molecules (for details see, Lechner et al. 19944, b and
Fitter et al. 1996b). At thegiven energy resolutionsatrans-
lational diffusion of solvent molecules appears only as
elastic scattering. The Q dependent structure factors have
been calculated using the theories described in the above
mentioned publication and werefinally multiplied by afac-
tor Fg, = h - SPp (h: hydration level, SPy, = 1/11 scatter-
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Fig. 3a, b Q-dependence of EISF. For the 5.1 A data (a) and the
6.2 A data (b) the experimental EISF (or A) as obtained from “free
fits" of DM spectra (open squares) and of PM spectra (solid circles)
are shown as a function of Q. These fits have been performed for
each spectrum separately with radiusr (or jump distancesd) asafree
parameter. The statistical error of the experimental EISF is approx-
imately +0.015, which is about the size of the symbols. The corre-
sponding theoretical EISF were obtained from afit, where all spec-
traof adataset have been fitted simultaneously. For the“ 2-sitejump”
model and the “ diffusionin a sphere” model they are represented by
the following lines: “2-site jump” model: PM (short dotted), DM
(short dashed); “diffusioninasphere” model: PM (longdotted), DM
(long dashed). The resulting jump distances and radii are given in
Table 2

2,0

ing power of deuterons compared to that of hydrogens).
For the solvent molecules the resulting incoherent struc-
ture factors, as well as the linewidth of the quasielastic
component were represented by fixed parameter valuesin
the fitting procedure.

Model fits using the linewidth r; and the jump dis-
tance d or radius r as free fitting parameters revealed the
following results:

(i) Fits of spectrafrom both samples (PM and DM) give
fitting results of acceptable quality for both models
(Figs. 2 and 3). As predicted in the theory of diffusion in
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Fig. 4 “log-log” plot of the 5.1 A data. For PM and DM the data
shown represent the sum over spectra measured at all scattering an-
gles = 13.3°-136.7°

restricted volumes the linewidth obtained is Q indepen-
dent.

(ii) Because we used two data setswith different energy
resolutions and different energy transfer ranges we ob-
tained different linewidths for both data sets. For the data
measured with an energy resolution of 34 peV (6.2 A data)
we obtained alinewidth of 60 peV corresponding to a cor-
relation time of 7; = 11.0 ps. In the case of data measured
with 100 peV energy resolution (5.1 A data) as linewidth
of 150 peV with a corresponding correlation time of
17, = 4.4 ps has been obtained.

(iii) As seenin Fig. 3 larger EISF values found in the
case of PM samples, indicate a smaller internal flexibility
as compared to DM samples. This behaviour is observed
in both data sets.

The extent to which qualitative agreement of experi-
mental EISF with theoretical values is obtained for both
models, is shown in Fig. 3. For both models we found
systematic deviationsfromtheoretical Q dependenceof the
EISF at low Q values, which are typical for multiple scat-
tering effects (see for example Steiner et al. 1991). In the
Qrangeup to approximately 1.5-1.7 A~ both model sshow
a very similar Q dependence of the EISF. Above this
Q vaue the EISF values are larger in the case of the
“2-site jump” owing to the smaller number of accessible
states as compared to the “diffusion in a sphere” model.
With respect to the experimental data from higher Q val-
ues(Q=1.7-2.25 A1), we observe aslightly better agree-
ment withthe* 2-sitejump” model. Thisappearsto be plau-
sible, given the fact that mobile side groups cannot rotate
isotropically because of necessarily existing geometric re-
strictions. Because our experimental datais limited in Q
(Qmmax = 1.85 A7t and 2.25 A™) we can at present not go
beyond this qualitative statement. Furthermore one has to
consider, that these simple models can only be a crude ap-
proximation of a much more complex dynamical behavi-
our, which might also lead to systematic deviations at
higher Q values (above Q = 2.5 A™). Nevertheless, these
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Table2 Theresulting jump
distances and radii (standard
deviation 0.017 A) are given
for model fits of the 5.1 A data
with the corresponding

150 peV component and for the
6.2 A datarepresented by a

60 peV component (for more
details, see text)

Model Purple membrane Disk membrane
Quasielastic  Quasielastic Quasielastic  Quasielastic
component component component component
H =60 peVv H =150 peVv H =60 pev H =150 pev
[rT=11.0ps] [r=4.4p9 [T=11.0ps] [r=4.4p9

2-site jump diffusion with 1.72 1.37 2.10 1.63

jump distance d [A]

Diffusion inside a sphere with 1.02 0.81 121 0.96

radiusr [A]

models are good enough to perform a qualitative compar-
ison of the different samples. The reduced internal flex-
ibility of moving H atoms in the PM as compared to the
DM, is expressed by smaller values of jump distances ad
radii, as shown in Table 2. Compared to the 4.4 ps
component we find larger “amplitudes’ in both samples
for the slower 11.0 ps component. Although the absolute
values for the amplitudes of motions are strongly depen-
dent on the geometry of the motion (i.e., the specific
model), the relation of radii or jump distances from both
samplesisthe samefor both models. We alwaysfind jump
distances or radii obtained from the PM sample which are
approximately 80-85% of those obtained from the DM
sample.

In addition to the analysis of the quasielastic compo-
nents we also compared the contributions of scattered
intensity at higher energy transfers in a “log-log” plot
(Fig. 4). This figure shows not only (quasielastic) scatter-
ing related to motions in the picosecond time range, but
also (inelastic) scattering, which is due to vibrational
motions (in this figure up to 100 meV, corresponding to
T = 6.6 femtoseconds). As already shown for the diffusive
motions, the vibrational motions exhibit alarger contribu-
tion in the DM samples as compared to the PM samples.
Above approximately 3 mev (7~ 0.2 ps) the difference be-
comes small.

In such complex systems as the PM and the DM, it is
not easy or straightforward to find out the origin of the
observed differences in the dynamical behaviour. In par-
ticular, we are not able to decide whether the differences
in the dynamical behaviour arerelated to the proteins (BR
and RH). Including results from a previous study on dif-
ferent kinds of PM samples indicates that the amount of
lipids in the membranes plays a major role in the dynam-
ical behaviour. In this recently published study we re-
ported on a comparison of dynamics in delipidated (5%
lipid, 95% protein) and natural (25% lipid, 75% protein,
see Table 1) PM samples (Fitter et al. 1997). As aresult
of this comparison, we found more internal flexibility in
the natural PM as compared to delipidated PM samples.
Supporting the conclusion that more lipids increase the
internal flexibility of a protein-lipid complex, “ampli-
tudes’ of internal motion have been obtained from delip-
idated PM samples, which were only 75%—85% of those
obtained from the natural PM (Fitter et al., unpublished
results). Interestingly, a comparison of all three samples
revealed, that the “amplitudes” (delipidated PM: d =1.10

A, natural PM: d = 1.37 A, DM: d = 1.63 A) exhibit, to a
very good approximation, a linear dependence on the
weight percentage of lipids in the different samples (de-
lipidated PM: 5%, natural PM: 25%, DM: 50%). There-
fore, thedifferent protein-lipid ratiosof PM and DM might
be the predominant reason for the observed differencesin
the dynamics. In this case, differences in the dynamical
behaviour between BR and RH which might exist due to
differencesinthestructure (e.g., larger loop regionsin RH
as compared to BR), could to be small. Otherwise, one
would expect clearly larger differences in the scattering
between DM and natural PM as compared to delipidated
PM and natural PM.

Acknowledgements Wethank thetechnical staff at the Hahn-Meit-
ner Institut for their assistance, Mrs. C. Schrépfer (TU Darmstadt)
was well as C. Koch (Humboldt-Universitét Berlin) for preparing
purple membranes and disk membranes, respectively. Thiswork was
supported by grants from the Deutsche Forschungsgemeinschaft
(SFB 472 and 366), from the Bundesministerium fur Bildung und
Forschung (03-DE4DAR-1) and by Fonds der Chemischen Industrie
(to N.A.D.).

References

Andreani C, Filabozzi A, Menzinger F, Desideri A, Deriu A, Di Co-
la D (1995) Dynamics of hydrogen atoms in superoxide dismu-
tase by quasielastic neutron scattering. Biophys J 68: 2519-2523

Bee M (1988) Quasielastic neutron scattering. Adam and Hilger,
Philadelphia

Bellisent-Funel M-C, Zanotti J-M, Chen SH (1996) Slow dynamics
of water molecules on the surface of a globular protein. Faraday
Discuss 103: 281-284

Bauer PJ, Dencher NA, Heyn M (1976) Evidence for chromophore
interactions in the purple membrane from reconstitution experi-
ments of chromophore-free membrane. Biophys Struct Mecha-
nism 2: 79-92

Cusack S, Doster W (1990) Temperature dependence of low frequen-
cy dynamics of myoglobin. Biophys J 58:243-251

Doster W, Cusack S, Petry W (1989) Dynamical transition of myo-
globin revealed by inelastic neutron scattering. Nature 337: 754—
756

Dratz EA, Miljanich GP, Menes PP, Gaw JE, Schwartz S (1979) The
structure of rhodopsin and its disposition in the rod outer seg-
ments disk membrane. Photochem Photobiol 29: 661670

Ferrand M, Dianoux AJ, Petry W, Zaccai G (1993) Thermal motions
and function of bacteriorhodopsin in purple membranes: effects
of temperature and hydration studied by neutron scattering. Proc
Natl Acad Sci USA 90:9668-9672

Fitter J, Lechner RE, Bildt G, Dencher NA (1996a) Temperature de-
pendence of molecular motions in the membrane protein bacte-
riorhodopsin from QINS. Physica B 226: 6165



Fitter J, Lechner RE, Bildt G, Dencher NA (1996b) Internal molec-
ular motions of bacteriorhodopsin: hydration-induced flexibility
studied by quasielastic incoherent neutron scattering using
oriented purple membranes. Proc Natl Acad Sci USA 93: 7600—
7605

Fitter J, Lechner RE, Dencher NA (1997a) Influence of lipidsonthe
dynamical behavior of bacteriorhodopsin in the purple mem-
brane. In: Cusack S, Buettner H, Ferrand M, Langan P, Timmins
P (eds) Biologica macromolecular dynamics. Adenine Press,
New York, pp 123-127

Fitter J, Lechner RE, Dencher NA (1997b) Picosecond molecular
motions in bacteriorhodopsin from neutron scattering. BiophysJ
73:2126-2137

Fitter J (1998) TOF-data analysing program for NEAT. Interner Be-
richt, Hahn-Meitner-Institut, Berlin

Fukuda MN, Papermaster DS, Hargrave PA (1979) Rhodopsin car-
bohydrate: Structure of small oligosaccharides attached at two
sites near the NH,, terminus. J Biol Chem 254: 8201-8207

Grigorieff N, Ceska TA, Downing KH, Baldwin JM, Henderson R
(1996) Electron-crystallographic refinement of the structure of
bacteriorhodopsin. JMal Biol 259:393-421

Hargrave PA, McDowell JH, Curtis DR, Wang JK, Juszcak E, Fong
SL, Rao JKM, Smith DP (1983) Structure of bovine rhodopsin.
Biophys Struct Mech 9:235-244

Hofmann KP, Heck M (1996) Light-induced protein-protein interac-
tions of the rod photoreceptor disc membrane. Biomembrane
2A:141-198

Kates M, Kushwaha SC, Sprott GD (1982) Lipids of purple mem-
branefrom extreme hal ophiles and methanogenic bacteria. Meth-
ods Enzymol 88:89-111

Ko6nig S, Bayerl TM, Coddens G, Richter D, Sackmann E (1995) Hy-
dration dependence of chain dynamics and local diffusion in
L -a-dipalmitoyl phosphatidylcholine multilayers studied by in-
coherent quasielastic neutron scattering. Biophys J68:1871—
1880

Lechner RE (1983) Neutron scattering studies of diffusionin solids.
In: Beniere F, Catlow CRA (eds) Mass transport in solids. Ple-
num Press, pp 169-226

Lechner RE, Dencher NA, Fitter J, Buldt G, Belushkin AV (1994 4a)
Proton diffusion on purple membrane studied by neutron scatter-
ing. Biophys Chem 49: 91-99

Lechner RE, Dencher NA, Fitter J, Dippel T (1994b) Two-dimen-
sional proton diffusion on purple membrane. Solid State lonics
70/71:296-304

645

Lechner RE (1996) NEAT experiments at BENSC. Neutron news
7:9-11

Lechner RE, Fitter J, Dencher NA, Haul3 T (1998) Dehydration of
biological membranes by cooling: an investigation on the purple
membrane. JMol Biol 277:593-603

McCommon JA, Harvey SC (1987) Dynamicsof proteinsand nucle-
ic acids. Cambridge University Press, Cambridge

Miljanich GP, Nemes PP, White DL, Dratz EA (1981) Theasymmet-
ric transmembrane distribution of phosphatidylethanolamine,
phosphatidylserine, and fatty acids of bovine retinal rod outer
segment disc membrane. J Memb Biol 60: 249-255

Ovchinikov YA, Abdulaev NG, Feigina MY, Kiseley AV, Lobanov
NA (1979) Thestructural basisof functioning of bacteriorhodop-
sin: an overview. FEBS Lett 100: 219-224

Papadopoulos G, Dencher NA, Zaccai G, Buldt G (1990) Water
molecules and exchangeable hydrogen ions at the active centre
of bacteriorhopsin localized by neutron diffraction. JMol Biol
214:15-19

Pascolini D, Blaise JK, Gruner SM (1984) A 12 A resolution x-ray
diffraction study of the profile structure of isolated bovine reti-
nal rod outer segment disk membranes. Biochim Biophys Acta
777:9-20

Receveur V, Calmettes P, Smith JC, Desmadril M, Coddens G, Du-
rand D (1997) Picosecond dynamical changes on denaturation of
yeast phosphoglycerate kinase revealed by quasielastic neutron
scattering. Proteins 28: 380-387

Steiner T, Saenger W, Lechner RE (1991) Dynamics of orientation-
ally disordered hydrogen bonds and of water moleculesin a mo-
lecular cage. Mol Phys 72:1211-1232

Stoeckenius W, Lozier RH, Bogomolni RA (1979) Bacteriorhodop-
sin and the purple membrane of halobacteria. Biochim Biophys
Acta 505:215-278

Van Hove L (1954) Correlationsin space and time and born approx-
imation scattering in systems of interacting particles. Phys Rev
95:249-262

Volino F, Dianoux AJ (1980) Neutron incoherent scattering law for
diffusionin apotential of spherical symmetry: general formalism
and applicationto diffusioninsideasphere. Mol Phys41: 271-279

Wilden U, Kiihn H (1982) Light-dependent phosphorylation of rho-
dopsin: number of phosphorylation sites. Biochemistry 21: 3014—
3022

Zaccai G (1987) Structureand hydration of purplemembranesin dif-
ferent conditions. J Mol Biol 194:596-572



