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Picosecond Molecular Motions in Bacteriorhodopsin from
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ABSTRACT The characteristics of internal molecular motions of bacteriorhodopsin in the purple membrane have been
studied by quasielastic incoherent neutron scattering. Because of the guasihomogeneous distribution of hydrogen atoms in
biological molecules, this technique enables one to study a wide variety of intramolecular motions, especially those occurring
in the picosecond to nanosecond time scale. We performed measurements at different energy resolutions with samples at
various hydration levels within a temperature range of 10-300 K. The analysis of the data revealed a dynamical transition at
temperatures T, between 180 K and 220 K for all motions resolved at time scales ranging from 0.1 to a few hundred
picoseconds. Whereas below T, the motions are purely vibrational, they are predominantly diffusive above T, characterized
by an enormously broad distribution of correlation times. The variation of the hydration level, on the other hand, mainly affects

motions slower than a few picoseconds.

INTRODUCTION

Biological macromolecules, such as enzymes or transport
proteins, share a structural complexity, which is also re-
flected in a complex dynamical behavior. The large number
of polypeptide side groups and the superposition of reori-
entational motions of these groups yield a remarkably rich
dynamical spectrum ranging from rapid local vibrations to
slow collective distortions of large domains within the pro-
tein. These internal motions are characterized by correlation
times from 10™'* to 10' s (McCammon and Harvey, 1987).
Dynamical properties of biological macromolecules, partic-
ularly proteins, have been studied with various experimental
and theoretical methods (see, for example, Rupley and
Careri, 1991; McCammon and Harvey, 1987). Neutron
spectroscopy using time-of-flight and backscattering spec-
trometers permits the investigation of motions in the time
range from 10~ "2 to 1077 s. On this time scale the spectrum
is dominated by various types of thermal fluctuations from
small-amplitude internal vibrations up to large-amplitude
diffusive reorientational motions of molecular subunits
(e.g., polypeptide side groups). In particular, the quasielas-
tic incoherent neutron scattering (QINS) of hydrogen atoms
reveals some important dynamical properties of biological
macromolecules, because this technique resolves both struc-
tural and dynamical details at the molecular scale (Lechner,
1983). Because of the large incoherent cross section of
hydrogen nuclei (~40 times larger than the cross section of
other elements) and the fact that hydrogen atoms are dis-
tributed nearly homogeneously in a biological macromole-
cule, this technique is a powerful tool for the study of all
internal motions.
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The temperature as well as the hydration are of outstand-
ing importance for the dynamical behavior of biological
macromolecules. This is indicated by the fact that proteins
in general are “fully functional” only under physiological
temperatures and at a sufficient hydration level. The study
of the dynamical characteristics as a function of these pa-
rameters may give information about the kind of dynamical
properties that are essential for the function. Recent studies
using neutron scattering and Mossbauer spectroscopy inves-
tigated the temperature dependence of protein dynamics in
fully hydrated as well as in “dry” samples of globular,
water-soluble proteins (Parak et al., 1982; Doster et al.,
1989; Andreani et al., 1995). Because of phenomenological
similarities between proteins and glass-forming liquids, the
observations in these studies have been related to the well-
known dynamical glass transition (Iben et al., 1989), which
occurs in proteins at temperatures between 180 and 230 K.
Below this temperature mainly vibrational motions and
correspondingly small global average mean square displace-
ments are observed. Above the transition temperature, the
motions in fully hydrated samples become more and more
anharmonic and even have the character of diffusive
motions, resulting in much larger mean square displace-
ments. “Dry” samples show only a small increase in mean
square displacements at temperatures above the transition
temperature.

As a prominent prototype of an active transport protein,
we have investigated the membrane protein bacteriorhodop-
sin (BR) by using QINS. BR, which serves as a light-driven
proton pump in Halobacterium salinarium, is the only pro-
tein in the purple membrane (PM) and aggregates with a
few lipids into a highly ordered two-dimensional lattice. BR
shares with many other membrane proteins the seven-helix
structure, which has been studied extensively by cryoelec-
tron microscopy (Henderson et al., 1990; Grigorieff et al.,
1996). The application of many biophysical methods dem-
onstrated that BR is an appropriate candidate for extending
our knowledge of the structure-function relation of proteins
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(Dencher et al., 1989; Koch et al., 1991; Hauss et al., 1994;
Sass et al., 1997). Thermal fluctuations of BR on the pico-
second time scale have been studied as a function of tem-
perature by incoherent neutron scattering (INS) in work by
Ferrand and co-workers (1993).

In recent QINS studies we investigated the dynamical
behavior of hydration water (Lechner et al., 1994a, b) on
PM, as well as the protein dynamics of BR (Fitter et al.,
1995, 1996b). These studies were performed with samples
at room temperature, and we focused our analysis on the
interpretation of the data by using specific models. The
subject of the present work is a QINS study as a function of
temperature (10 K to 300 K) of PM samples hydrated with
D,O at several different levels. The effects of temperature
and hydration on the dynamics of the protein-lipid complex
were examined by a phenomenological analysis. This anal-
ysis makes use of the concept of quasielastic incoherent
structure factors (Lechner, 1994) to quantify the internal
flexibility within the PM and its dependence on environ-
mental conditions.

MATERIALS AND METHODS
Samples

Purple membrane sheets were isolated from H. salinarium and washed with
distilled water. In addition to the natural PM, with a lipid content of ~25%
(w/w) (Kates et al., 1982), we prepared delipidated PM with only 5% (w/w)
lipids. Lipids were partially removed from PM without BR solubilization
by a method that has been described in detail elsewhere (Fitter et al.,
1996a). A suspension of 300 mg natural or delipidated PM, respectively,
was deposited on planar aluminum foil and was dried in an exsiccator.
With relatively slow drying over 3 days we obtained PM stacks with
membrane planes parallel to the surface of the aluminum foil. Then the
samples were rehydrated with D,O and equilibrated at different hydration
levels, using vapor exchange over pure D,0 and over saturated salt
solutions to achieve specific relative humidities (see, for example, Landolt-
Bornstein, 1967) inside the exsiccator. Relative humidities from 10% to
100% were used, which corresponded to hydration levels ranging from
0.05 to 0.56 g D,0/g PM. The various hydration levels were reached within
3 days. The samples were made of alternating layers of solvent water
molecules and PM sheets, giving them the character of lamellar structures.
The hydration level of the samples was controlled by the determination of
the sample weight as well as the lamellar spacing. The latter was obtained
from neutron diffraction experiments. Finally, the equilibrated samples
were sealed in a circular slab-shaped aluminum container, which protected
the samples against the dry helium atmosphere inside the cryostat at the
spectrometer.

Measurements

The experiments were carried out using the time-of-flight spectrometers
NEAT (HMI, Berlin) and IN6 (ILL, Grenoble) and the backscattering
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spectrometer IN10 (ILL, Grenoble). The relevant spectrometer character-
istics as well as the spectrometer settings that were used during the
measurements are shown in Table 1. All samples, including vanadium
standard and empty can, were measured with a sample orientation angle of
a = 45° with respect to the incident neutron beam direction. The different
temperatures were achieved within an experimental error limit of =1 K by
using a cryostat, which was the same ILL standard type (orange cryostat)
at all spectrometers. Between 200 and 300 K a step width of 10 K was
used, and below 200 K we measured only at a few temperatures. More
methodical details have been published elsewhere (Lechner et al., 1994a;
Fitter et al., 1995).

Incoherent neutron scattering

We are dealing with incoherent neutron scattering, and the predominant
part of the measured signal is due to nonexchangeable hydrogen atoms.
Most of the polar and charged polypeptide side groups as well as the polar
lipid headgroups contain exchangeable protons, which are replaced by
deuterons if the samples are hydrated with D,0. Nevertheless, most of the
protons are not exchangeable and, from a practical point of view relevant
for the QINS analysis, these protons are distributed nearly homogeneously
in the sample (see Table 2). In contrast to small-angle neutron scattering
(SANS) techniques and other neutron diffraction methods, we are not
dealing with H/D contrast matching, because we do not have scattering
from Bragg reflections, and we do not include data from small scattering
angles (within the studied range of scattering angles and with a = 45°). For
this reason we have to consider the same individual incoherent cross
section for all hydrogens (79.91 barns), which “monitor” the general
dynamical properties of the sample as a probe. In this case the double-
differential cross section,

do 1 Ik
Ndw 47 V;ol

* biznc . Sinc(é’ (.0) (1)

determines the number of neutrons scattered into a solid angle element 9}
and an energy transfer element dw. The wave vectors for incident and
scattered neutrons are given by l‘co and 7(,, respectively, and b, is the
incoherent scattering length. Using the formalism of self-correlation func-
tions developed by Van Hove (1954), the incoherent scattering function
Si,,c((), w) can be related to the self-correlation function G (7, 1):
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Here G,(7, ¢) is the Fourier transform in space and time of the incoherent
scattering function. In the classical approximation, G(F, f) describes the
average time-dependent probability density distribution of hydrogen atoms
(see, for example, Lechner, 1983).

Data analysis

The measured time-of-flight (TOF) spectra were corrected, normalized,
and transformed to the energy transfer scale by adapted standard routines.
At the present stage of our data analysis, the spectra were not corrected for

TABLE 1 Spectrometer characteristics and settings applied for the measurements

NEAT IN6 IN10
Elastic wavelength A, 5.10 A 5.02A 6271 A
Angular range ¢ 13.3-136.7° 10.3-113.5° 14.3-153.23°
Elastic energy resolution (FWHM) 100 peV 80 peV 1.8 peV
Energy transfer range —2.2-8.0 meV —2.0-8.0 meV +0.015 meV
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Natural PM Delipidated PM
Nonexchangeable Exchangeable Nonexchangeable Exchangeable
BR 1891 78 1891 78
Lipids 635 35 127 7
PM 2526 113 2018 85

In addition to nonexchangeable protons (mostly carbon bound), there are also exchangeable protons, which are generally replaced by deuterons if the
samples are hydrated with D,O. Structural information of the lipid molecules (Kates et al., 1982) and of BR (Ovchinnikov et al., 1979) has been used to

calculate the given numbers.

multiple scattering, because we performed measurements with sample
transmissions of ~90-95%. The spectra measured with the time-of-flight
spectrometers NEAT and ING6, characterized by a rather large energy
transfer range, have been transformed and binned to constant Q (momen-
tum transfer) spectra. Using the energy transfer ranges given in Table 1, six
spectra with Q values ranging from 1.2 to 1.7 A~! were obtained. To study
the average thermal fluctuation within the protein-lipid complex as a
function of environmental conditions, in the present analysis we did not use
specific models, but a phenomenological fitting procedure. The following
scattering function SPM(Q, w) was applied to describe the dynamical
behavior of the PM:

Sem(Q, ®) = e “*[EISF(Q) * 8(w)
+2 QISF,(0) - L(H,, ®)]  (3)

This type of expression (see Lechner, 1994) permits a model-independent
separation of the scattered intensity into an elastic 8(w)-shaped component
and quasielastic Lorentzian-shaped contributions L. (H,, w), where H, =
(7,)~ " are the widths (half-width half-maximum) of the Lorentzians (7, are
the corresponding correlation times). The elastic scattering amplitude is
described by the elastic incoherent structure factor (EISF) and the
quasielastic scattering amplitudes by n quasielastic incoherent structure
factors (QISF,). Although predominant scattering was due to hydrogens
located in the protein-lipid complex, scattering of deuterons, mainly from
D,0 solvent, is still a few percent, depending on the hydration level. In
previous publications we have already analyzed the dynamical behavior of
hydration water on purple membranes, so that we may approximate the
scattering of D,0 molecules by a properly weighted term developed for
H,O molecules (Lechner et al.,, 1994a, b). In these previous studies we
described the motions of water molecules by a specific model, which took
into account translational diffusion (S,,,,.(Q, ®)) and rotational diffusion
(S,m(é, w)), resulting in the following convolution expression:

Ssol(é’ (1)) = Srot(é’ w) ® Strans(é’ w) (4)

According to this model, the quasielastic structure factor QISF, of Sm,(é,
w) (with width H,) has been used to describe the quasielastic scattering of
rotational diffusion and the quasielastic structure factor QISF, of §,,,,(Q,
) (with width H,) for the translational diffusion. The values of these
parameters have been taken from previous work (Fitter, 1994; Lechner et
al., 1994b) and are given in the legend of Fig. 2 in the next section. At
temperatures below T; (see next section), we assumed the scattering due to
solvent molecules to be purely elastic.

The scattering intensities from the PM and the solvent have been
considered by a statistical weight F for each category (the sum of all F’s
is equal to unity), which gives a resulting theoretical scattering function:

Sineor(Q> ®) = For* Sem(Q, @) + Fogy* Sl @, @) (5)

The value for the statistical weight F,,, is proportional to the hydration A
and shows that the scattering from solvent molecules ranges from 0.4% to
5% of the total scattering, depending on the hydration level. (The statistical
weight reads F,,, = h - SPp, where SP, = 1/11 is the scattering power of

deuterons compared to that of hydrogens.) The scattering from the protein-
lipid complex is mainly due to the nonexchangeable hydrogens of the PM
(see Table 2). Because we are not able to distinguish between scattering
from the lipids and that from the protein, the dynamical properties of both
will be analyzed together in the components of SPM(Q, ). On the other
hand, the numbers of protons located in the protein and the lipids (Table 2)
show that scattering from the protein is dominating the spectra. With
respect to the dry PM (i.e., without solvent), the contribution of scattering
from BR is 75% in the case of natural PM and 94% in the case of
delipidated PM. .

We fit the theoretical scattering function to the measured Smm(é, )
scattering function by using

Smeas(Q7 w) = FN : e—ﬁaﬁkBT : [Stheor(Q’ w) ® SRes(Qs w)]

(6)
Here F, represents a normalization factor, e ~#“/2%8T is the detailed balance
factor, and S,es(é, w) is the resolution function obtained from vanadium
measurements, which is convoluted (®: energy convolution operator) with
the theoretical scattering function.

At the present stage of the analysis we focus mainly on results obtained
at only one relatively large value of momentum transfer (Q = 1.7 A7Y.
The analysis of data within a relatively large energy transfer range requires
constant Q data (although the spectra have been measured at constant
scattering angle ¢), because Q is not only a function of ¢, but also a
function of the energy transfer w. Considering the fact that we are dealing
with combined data from different instruments, 1.7 A~! was the largest
available value of Q. Furthermore, we observed at this Q value the largest
amplitudes from quasielastic scattering, as compared to smaller Q values.
In this sense the value of Q = 1.7 A~! is the most suitable one for the
analysis of effects like dependence on temperature and on hydration level,
because the QISF values at this momentum transfer may be considered as
expressive parameters quantifying a “general flexibility” within the pro-
tein-lipid complex. A report on an analysis focusing on the spatial infor-
mation of PM dynamics (Q dependence) contained in the experimental data
will be postponed to a later publication (Fitter et al., manuscript in prep-
aration).

PROPERTIES OF THE MEASURED TOF SPECTRA
OF PM

As already mentioned in the previous section, we measured
spectra with different elastic energy resolutions. To charac-
terize the scattering occurring from the protein-lipid com-
plex, we first performed a purely phenomenological fit,
based on Eq. 3 (and setting S,,(Q, ®) = 0 in Eq. 5), of spectra
measured at room temperature. It revealed the following
features:

1. All spectra measured with the specific elastic energy
resolutions (AE = 1.8, 80, and 100 peV (full width half-
maximum) can be fit with two quasielastic components. In
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these fits linewidths and structure factors of both compo-
nents have been used as free parameters. Applying fits with
more quasielastic components does not significantly im-
prove the quality of fits within their individual energy
transfer ranges. Fits with two quasielastic components re-
vealed that the spectra can be decomposed into a rather
broad component with a linewidth of a few meV and a
second component width a linewidth strongly correlated
with the resolution width. The linewidth of the latter com-
ponent is larger by a factor of 2 or 3, as compared with the
resolution width (see Fig. 1 and Table 3).

2. The integral of the quasielastic incoherent scattering
increases from small to large Q values.

3. The obtained linewidths do not show a significant Q
dependence.

4. An increase in the total quasielastic scattering is ob-
served when going from lower to higher energy resolution
(100 to 1.8 peV) (Table 3). The fact that we obtain different
average linewidths, even for only slightly different energy
resolutions (see H, for NEAT and IN6 in Table 3), is a
strong indication that the quasielastic spectrum of purple
membranes could also be described by a large number of
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Lorentzians showing a broad and more or less continuous
distribution of linewidths. The linewidths obtained at spe-
cific energy resolutions must be understood as mean values
of a distribution of linewidths, and the related motions are
characterized by the corresponding range of different cor-
relation times. The elastic energy resolution as well as the
energy transfer range determine which part of this wide
distribution of linewidths is singled out by the measure-
ment. (In this sense a linewidth obtained from the fit is not
only a sample property, but also a distinct feature of the
spectrometer setting.) Furthermore, a clear distinction be-
tween vibrational and diffusive motions within the mea-
sured spectra is not possible in every case. In particular, the
broad Lorentzian-shaped components include contributions
of vibrational motions (see next section, Fig. 3 C). As
shown in recent studies, the major part of the scattering
described by these components is due to local diffusive
motions of hydrogen atoms within restricted volumes (with
a size of a few A) with correlation times from 0.1 to 200 ps
(Fitter et al., 1995, 1996b). Stochastic reorientations of
molecular subunits, such as methyl and larger polypeptide
side groups are candidates for this kind of motion. The very

NEAT A IN6 B IN10 4 C
AE= 100 ueV 15 4 AE = 80 |.LeV AE = 4
10 ~ 4 A1 1.8 uev j 4
. 0.5
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FIGURE 1 A comparison of spectra measured with delipidated, fully hydrated PM [0.38 g D,0/g PM]. These room-temperature measurements have been
performed at a momentum transfer of @ = 1.7 A7}, using three different energy resolutions (AE in [FWHM]). For the purpose of comparison the intensity
scale has been chosen such that the highest value shown (top of frame) is 20% of the elastic peak intensity in each case. The spectra measured with NEAT
and IN6 have been fitted with two quasielastic components, whereas three quasielastic components have been applied in the case of IN10 data. This figure
shows the total scattering function (solid line) fitting the expetimental points (triangles). The Lorentzian-shaped quasielastic contribution L, is represented
by the dashed-dotted line, L, by the dotted line, and L, by the dashed line (only IN10). The obtained linewidths and quasielastic incoherent structure factors
are given in Table 3. Note that two quasielastic components can fit all spectra with a sufficient quality within their energy transfer range. Nevertheless,
we applied an additional third quasielastic component in the case of IN10 spectra. Because of the small energy transfer range of IN10 data, the still existing
“broader” components cannot be determined precisely. Therefore, we included both quasielastic components (L,, L,) with structure factors and linewidths
obtained from the NEAT spectra as “fixed numbers.” This procedure enabled us to compare the total quasielastic scattering (see Table 3) of spectra
measured at very different elastic energy resolutions.
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TABLE 3 The parameters characterizing the quasielastic contribution are given for the fits of spectra measured with three

different energy resolutions

L, L, L, Total

QISF

Quasielastic contribution H, [meV] QISF, H, [peV] QISF, H; [peV] QISF, QISF,
NEAT 4.0 0.27 113.50 0.164 — — 0.434
IN6 39 0.26 102.07 0.211 — — 0.471
IN10 4.0 0.27 113.50 0.164 5.88 0.198 0.632

The quasielastic structure factors and the corresponding linewidths of the components L, and L, have been used as free fitting parameters in the case of
NEAT and IN6 data. In the case of IN10 data, only the parameters of L, were free in the fitting procedure, whereas the parameters of L, and L, have been

taken from NEAT spectra and were used as fixed parameters. See Fig. 1.

slow motions contribute “elastic scattering” to the spectra,
measured at low energy resolution, but occur as quasielastic
scattering (and thus increase the total QISF) in spectra
measured at higher energy resolution. The large number of
different polypeptide side groups and other molecular sub-
units as parts of the protein-lipid complex and their indi-
vidual motions are responsible for this enormous variety in
the dynamical behavior (see also Parak et al., 1993).

THE TEMPERATURE DEPENDENCE

We performed measurements at temperatures ranging from
100 K to 300 K (respectively, from 10 K to 300 K) at those
three different elastic energy resolutions (see Table 1).
Phenomenological fits as described in the previous section
have been applied to all measured spectra. Just as in the case
of spectra measured at room temperature, spectra from
measurements at lower temperatures can be fitted with only
two Lorentzians. Here also, every Lorentzian represents a
broad distribution of many Lorentzians, each characterized
by its own linewidth. As a consequence of this, there is a
strong correlation between the values of the fit parameters
(quasielastic structure factors and linewidths), and this
makes the analysis of the temperature effects more difficult.
The minimum of the sum of error squares in the least-
squares fitting procedure turns out to be very flat. Therefore
there is appreciable uncertainty in the determination of H
and QISF, characterized by correlated pairs of strongly
fluctuating individual parameter values. Nevertheless, to
obtain a smooth phenomenological description of the tem-
perature dependence, the following method was applied.

First the quasielastic structure factors and their corre-
sponding linewidths were determined from spectra mea-
sured at room temperature. Then the data taken at other
temperatures were examined:

1. Fits at lower temperatures were performed with fixed
linewidths (obtained from room-temperature fits), but with
structure factors as free parameters.

2. Fits at lower temperatures were performed with fixed
structure factors (obtained from room-temperature fits), but
with linewidths as free parameters.

Both kinds of procedures give fitting results of the same
acceptable quality. Furthermore, both procedures revealed
the main features of the temperature dependence (presented

below in the section Quasielastic structure factors). The
general decrease in quasielastic scattering, which is present
from the phenomenological point of view in both 1 and 2,
may be due to one of several possible, qualitatively different
dynamical properties. The decrease can be caused by a
reduction in jump distances (smaller volume explored by
the moving unit), by a reduction in jump rates (slowing of
the motion), or a combination of both. Any of these may
lead to a partial or complete disappearance of the diffusive
motions (“freeze out”). In the case of a complex dynamical
behavior such as that observed in biological macromole-
cules, it is not always possible to distinguish between the
various above-mentioned alternatives.

Crystallization and supercooling of solvent
molecules in PM samples

Although the study of dynamical aspects of the hydration
water is not within the focus of this study, some solvent
properties are of fundamental interest, because they are
correlated with the dynamical properties of the protein-lipid
complex (see, for example, Rupley and Careri, 1991). In the
case of PM samples, solvent molecules are located in the
interior of the protein, on the surface of the protein and lipid
molecules, as well as in the interbilayer space between two
adjacent PM fragments. Because of the geometry of the PM
fragments, most of the solvent molecules are located in the
interbilayer space if the samples are hydrated above a level
of h = 0.05 g D,0O/g PM. (Compared to BR molecules,
which are embedded in a lipid bilayer, water-soluble pro-
teins need many more solvent molecules to cover the whole
surface of the protein.) At relatively high hydration levels
(h = 0.3 g D,O/g PM), the water molecules undergo a
long-range translational diffusion parallel to the membrane
surface, characterized by a room-temperature diffusion co-
efficient of D, = 4.4 - 10~® cm?/s, which is about five times
slower than that of bulk water (Lechner et al.,, 1994b). At
lower hydration levels (k = 0.05 g D,O/g PM) such a
translational diffusion was not observed. As known from
previous studies, it is possible that hydration water does not
crystallize at low temperatures (Kuntz and Kauzmann,
1974; Doster et al., 1986). The conditions for supercooling
of water molecules depend on the hydration level and on the
geometry of the surface of the biological macromolecules.
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To achieve supercooling, it seems to be of importance that
the water molecules interact strongly with the biological
macromolecule (Rupley and Careri, 1991).

Concerning crystallization and supercooling of solvent
water in PM samples, we observed the following:

TOF spectra measured with NEAT and IN6 clearly show
Bragg peaks due to ice in the case of PM samples hydrated
at levels above h = 0.18 g D,0/g PM. The fact that these
Bragg peaks occur only at temperatures 7; below 267 K
indicates that hydration water is supercooled down to this
temperature.

At high hydration levels, the major part of the solvent
water is located in the interbilayer space and participates in
crystallization below the freezing temperature 7. Those
solvent molecules that crystallize cannot contribute in the
usual sense to the hydration of the protein-lipid complex.
Therefore the “effective” hydration level is reduced at tem-
peratures below T. The crystallization of hydration water at
low temperatures was observed in PM samples at hydration
levels down to at least 0.2 g D,O/g PM. Details of these
observations are reported in another publication (Lechner et
al., manuscript submitted for publication).

Quasielastic structure factors

The investigation of an average internal molecular flexibil-
ity within the PM-protein-lipid complex was realized by the
determination of the quasielastic structure factors as a func-
tion of temperature. Fits of spectra measured at the different
temperatures have been performed, using fixed values for
the linewidths as obtained from fits of spectra measured at
room temperature. The temperature dependence of the re-
sulting quasielastic incoherent structure factors, as deter-
mined in fits of spectra measured with fully hydrated de-
lipidated PM samples, is shown in Figs. 2 and 3. For one
elastic energy resolution (NEAT AE = 100 ueV), we have
also performed measurements of the delipidated sample at
low hydration level. As shown in a recent study (Fitter et al.,
1997), we know that the protein/lipid ratio in the PM has an
influence on the dynamical behavior of the protein-lipid
complex. Therefore, in addition we measured a fully hy-
drated natural PM as a function of temperature. The analysis
of these measurements yielded the following results:

1. Combining the results of measurements performed
with three different elastic energy resolutions, we were able
to separate three different quasielastic components with
their individual structure factors (QISF, — QISF;) and
average linewidths (corresponding correlation times): H, =
4.0meV (7, = 0.16 ps), H, = 110-120 peV (1, = 6.0-5.5
ps), and H; = 5.5 ueV (3 = 120 ps). (The relation between
linewidths and correlation times, as defined in our phenom-
enological treatment, reads: 7{sec] = (H[meV] + 1.519 -
10'2)~1)

2. The “slowest” component, represented by QISF;, de-
creases in the temperature range from 300 K to 200 K. We
do not find an appreciable contribution of this component
below a temperature of ~180-220 K (Fig. 3 A).
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FIGURE 2 As an example of the temperature dependence, fits of NEAT
spectra (Q = 1.7 A™") measured at two different temperatures (a: 100 K;
b: 297 K) are shown. The total scattering function (solid line), which fits
the experimental points (triangles), includes the following quasielastic
components: scattering from the PM, represented by Lorentzian L, with H,
= 4 meV (dashed-dotted line), and L, with H, = 120 ueV (dotted line).
Scattering due to rotational diffusion of D,O molecules is represented by
L., with QISF, = 04 and H, = 60 eV (dashed line). Quasielastic
scattering due to translational diffusion of solvent molecules (H, = 7 ueV)
is not resolved in the NEAT spectra and is therefore contained in the elastic
component. The highest intensity values (top of the frame) shown in both
figures correspond to 10% of the elastic peak intensity.

3. QISE,, representing motions characterized by correla-
tion times of a few picoseconds, shows a gradual decrease
with decreasing temperature. We find a moderate decrease
between 300 K and 270 K, which is followed by a more
pronounced decrease between 270 K and 260 K. From 250
K down to 200 K, we find again a moderate decrease, and
below ~200 K there is no significant scattering correspond-
ing to this quasielastic contribution (Fig. 3 B).

4. The quasielastic component QISF,, representing “fast-
er” motions, also shows a strong decrease in the temperature
range from 300 K to 200 K. In contrast to the other com-
ponents, QISF, still has an amplitude below 200 K, which
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FIGURE 3 The temperature dependence of all quasielastic incoherent
structure factors (QISF, — QISF;): for component L, with corresponding
correlation time 73 = 120 ps (a), L, with 7, = 6.0 ps (IN6) and 5.5 (NEAT)
(both b), and L, with 7, = 0.16 ps (c). The dotted straight line in ¢
represents a linear decrease in QISF, at temperatures below 200 K, indi-
cating vibrational motions in this temperature regimen (see also Fig. 4).
The error of the given QISF values is about +0.015 at low temperatures
(below 200 K), but is smaller at higher temperatures.

decreases less steeply and tends toward zero at 0 K, showing
a temperature dependence typical for (more or less har-
monic) vibrational motions (Fig. 3 C). This behavior is also
confirmed by an “elastic-scan” measurement with IN10.
From this measurement average mean square displace-
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ments, including all motions with correlation times below
~300 ps (limited by the instrument energy resolution), have
been determined as a function of temperature (Fig. 4).

5. The quasielastic scattering obtained from spectra mea-
sured with weakly hydrated samples is much smaller in the
temperature range from 300 K to 262 K (the latter is
approximately the value of T;) compared to that obtained
from fully hydrated samples. Below T, QISF, shows no
significant difference between the two hydration levels (Fig.
5 A).

6. Comparing delipidated and natural PM, we find larger
QISF, values in the case of natural PM at high temperatures.
This difference vanishes with decreasing temperatures, and
we even find smaller values of QISF, from the natural PM
as compared to the delipidated PM at temperatures below
T;. Although the latter may be an interesting phenomenon,
we are not able to analyze it in more detail, because we
measured the natural PM only at two temperatures below T,
Nevertheless, the general features of the temperature depen-
dence, mainly described in result 3, are qualitatively ob-
served for both types of samples, the delipidated and the
natural PM one (Fig. 5 B).

The main feature of the investigated temperature depen-
dence is characterized by a general reduction of thermal
fluctuation with decreasing 7, which is observed in the
whole time scale, from a few hundred to a few tenths of
picoseconds. Below temperatures of 180-220 K, those mo-
tions vanish that have diffusive character. In the case of
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N »
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]
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FIGURE 4 The temperature dependence of the average mean square
displacements as obtained from an “elastic scan” measured with IN10. The
average mean square dlsplacements ((#?)) have been derived by using

5,e@, @ = 0) x e~“>Q2, which includes all diffusive as well as vibra-
tional motions with correlation times smaller than 300 ps. The straight line
represents an assumed linear temperature dependence of the average mean
square displacements below 200 K, corresponding to (harmonic) vibra-
tional motions in this temperature range. Note that this kind of analysis also
reveals the relevant features of temperature dependence at higher temper-
atures, which is mainly represented by the temperature dependence of
QISF, and QISF, shown in Fig. 3, B and C.
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FIGURE 5 Quasielastic incoherent structure factors of PM samples at
different conditions. (a) QISF, of delipidated PM, fully hydrated with 1 =
0.38 g D,0/g PM (A) and weakly hydrated with # = 0.18 g D,O/g PM ().
(b) QISF, of fully hydrated samples of delipidated PM (A) and of natural
PM (@).

fully hydrated samples, there is an additional reduction in
thermal fluctuations (between 270 K and 260 K) resulting
from the crystallization of hydration water. The scattering
component representing the faster motions (with correlation
times smaller than 0.2 ps) seems to include diffusive and
vibrational motions. The analysis of spectra at lower Q
values (Q = 1.2-1.6 A"') shows a very similar behavior,
with vanishing diffusive motions below 180-220 K.

Although we focus mainly on the fact that the motions are
purely vibrational below 180-220 K, in contrast to predom-
inantly diffusive motions above this temperature, we also
want to comment briefly on the question of harmonicity of
the vibrational motions. A linear dependence of mean
square displacements on the temperature is evidence for a
parabolic energy potential, which gives rise to harmonic
vibrational motions. Because our data are not really com-
plete at low temperatures (see Figs. 3 C and 4), we are not
able to prove a pure linearity of mean square displacements
with the temperature. It seems reasonable to assume, how-
ever, that the motions are close to harmonic in this temper-
ature regimen.
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THE DEPENDENCE ON HYDRATION LEVEL

The dynamical properties have been studied as a function of
hydration level by measuring natural PM samples hydrated
at levels ranging from 0.05 to 0.56 g D,0/g PM. These
measurements were performed at room temperature with
NEAT, with an elastic energy resolution of AE = 100 peV.
As in the procedure applied for studying the temperature
dependence, we determined the linewidths and quasielastic
structure factors of two components with the fully hydrated
sample (h = 0.56 g D,O/g PM) and used the obtained
linewidths as fixed parameters in the analysis of spectra
measured at lower hydration levels. This procedure enabled
fits of reasonable quality (Fig. 6) to be obtained. The re-
sulting quasielastic structure factors are shown as a function
of hydration level in Fig. 7. The analysis of these fits
revealed the following features:

1. “Fast” motions due to the broad component (repre-
sented by QISF,) are not influenced very much by the
hydration level. In contrast to this, the “slower” motions
(represented by QISF,) are much more pronounced at high
hydration levels than they are at low hydration levels.

2. Even at rather low hydration levels, an appreciable
part of slow diffusive motions contributes to the total dy-
namics. Raising the hydration level, we find a drastic in-
crease in these slower motions (above h = (.3), which
seems to be characterized by a saturation above & = 0.4.

These results suggest that mainly the slow local diffusive
motions of molecular subunits located on the surface of the
protein-lipid complex are influenced by the solvent mole-
cules. These subunits are affected by surrounding solvent
molecules through van der Waals interaction and by screen-
ing of electrostatic interaction, which have the effect of an
increased flexibility induced in parts of the protein-lipid
complex. Additional solvent molecules (leading to 2 = 0.4)
do not participate in the hydration of the protein-lipid com-
plex, but increase the amount of excess water. Therefore we
do not observe an increasing flexibility above a certain
value of hydration. On the other hand, quasielastic scatter-
ing is clearly resolved, also at very low hydration levels,
suggesting that we are observing slow stochastic motions of
subunits located in the interior of the protein-lipid complex,
which are not much influenced by solvent molecules.

DISCUSSION

The well-known “dynamical transition” is one of the most
important features of the temperature dependence of molec-
ular motions in proteins. Up to now, the physical and
chemical details of this transition are not fully understood.
Its phenomenological characteristics are found to be very
similar in many different proteins, even by different meth-
ods. A drastically increased “flexibility” of the protein
structure above the transition temperature (Ty, = 180-220
K) is always observed, even at very different time scales
ranging from 10~7 s (as observed by Mossbauer spectros-
copy; Parak et al., 1982), to 10~ '3 s (as observed by neutron
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FIGURE 6 The influence of the hydration level on the quasielastic
components is shown by fits of NEAT spectra (Q = 1.7 A~™") measured at
room temperature. The spectra have been measured with natural PM
samples at low hydration level (a) and high hydration level (b). The total
scattering function (solid line), which is fitted to the experimental points
(triangles), includes the following quasielastic components: scattering
from the PM represented by Lorentzian L, with H, = 4 meV (dashed-
dotted line), and L, with H, = 120 peV (dotted line). Scattering due to
rotational diffusion of D,O molecules is represented by the dashed line
(parameter values; see legend of Fig. 3). The largest intensity values (top
of the frame) shown in both figures correspond to 10% of the elastic peak
intensity.

spectroscopy; Doster et al., 1989; Ferrand et al., 1993).
Furthermore, the increase in “flexibility” is much more
pronounced in fully hydrated samples as compared to dry
samples. A detailed interpretation of spectroscopic neutron
scattering data from biological macromolecules in terms of
mean square displacements, jump distances, jump rates, and
correlation times is difficult. These parameters and, in par-
ticular, their dependence on environmental conditions (tem-
perature and hydration) often cannot be determined unam-
biguously (see The Temperature Dependence, above).
Using the Gaussian approximation, one obtains global
mean-square displacements characterizing the combined ef-
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FIGURE 7 Two quasielastic structure factors as function of hydration
level. QISF, (O) with H; = 4 meV is related to faster motions, whereas
QISF, (A) with H, = 120 peV represents the slower motions.

fect of all types of motions that are faster than those corre-
sponding to a certain correlation time determined by the
energy resolution of the measurement. Comparing our IN10
data (see Fig. 4) with data measured by Ferrand et al.,
(1993) for IN13 (AE = 10 peV (full width half-maximum,;
FWHM)) and using a similar PM sample, we find mean
square displacements for the IN10 data, which are larger by
a factor of 2 to 3 than those from IN13. (To compare the
values given in this paper with the IN13 data, divide the
mean square displacements of the latter (Ferrand et al. 1993)
by a factor of 3, because the authors used another definition
of {(«?).) This is due to the better energy resolution of IN10
as compared to IN13. Apart from this, the qualitative fea-
tures of the temperature dependences are rather similar. A
more detailed study of the individual temperature depen-
dences of motions in different time protocols requires the
analysis of the whole spectra and measurements at different
energy resolutions. Such an analysis, presented in this pa-
per, revealed that broad components corresponding to faster
motions with correlation times smaller than 0.2 ps are not
exclusively diffusive, but also include an appreciable
amount of vibrational motion, which does not vanish im-
mediately below the transition temperature. In this context
the question of how the individual motions are affected by
lowering the temperature is of fundamental interest. A de-
scription of the dynamical transition, using mean-square
displacements as a function of temperature, suggests that the
required volume or the jump distances of the motions are
decreasing with decreasing temperature. Such an interpre-
tation was given in a study of superoxide dismutase by
Andreani and co-workers (1995). Furthermore, these au-
thors found, with decreasing temperature, a T-independent
linewidth (24 weV (half-width half-maximum; HWHM)
recorded with an elastic energy resolution of 15 eV
(FWHM) within an energy transfer range of 0.5 meV) of
a quasielastic component with decreasing intensity, which
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was related to decreasing volumes explored by the individ-
ual motions. In a study on the dynamical transition of
myoglobin, Doster and co-workers (1989) separated two
quasielastic components using data obtained from measure-
ments with IN13 (AE = 10 eV (FWHM)) and IN6 (AE =
80 peV (FWHM)). These authors report that a broad com-
ponent (linewidth of 1.5-2.0 meV) shows a T-independent
linewidth, whereas the linewidth of the other component
(related to slower motions) broadens with increasing tem-
perature. The linewidths obtained by these authors, charac-
terizing individual motions occurring in the samples, seem
to depend strongly on the energy resolution and energy
transfer range of the analyzed measurements. Nevertheless,
from the phenomenological point of view, all above-men-
tioned studies of the temperature dependences of myoglo-
bin, superoxide dismutase, and BR give very similar results,
as compared to those for BR in this paper as well as in
previous studies (Fitter et al., 1996a). But as reported in the
present work, the approach of relating decreasing quasielas-
tic scattering components to decreasing “amplitudes” of the
motions is only one possible interpretation. Another one is
that the motions become slower with decreasing tempera-
ture. According to the model introduced by Frauenfelder
and co-workers (1979), diffusive motions are related to
“barrier crossing” between conformational substrates, and
reduced jump rates at lower temperatures may appear more
plausible than the idea of decreasing the jump distances.
(This is also supported by the fact that the three-dimensional
structure of proteins, which determines the energy land-
scape, is not significantly changed at low temperatures as
compared to room-temperature structures.) In this picture,
the “amplitudes” of moving subunits may become smaller
only in the sense that below a certain temperature the
diffusive motions vanish and we only observe vibrational
motions restricted by potential barriers, which results in
much smaller apparent “amplitudes.” Indeed, below ~200
K, we do not find quasielastic scattering in the spectra. On
the other hand, the dynamical properties of the hydration
water, which are also 7-dependent, showing increasing re-
orientation rates with increasing temperatures, are strongly
related to the energy landscape of the protein structure
(Singh et al., 1981). In contrast to low temperatures, at
higher temperatures hydration water is able to lower the
energy barriers, which may cause not only higher jump rates
but also larger jump distances (Pethig, 1992; Rupley and
Careri, 1991). Nevertheless, even with combined data from
spectra measured at different energy resolutions, it has so
far not been possible to deduce unambiguously whether the
relaxational processes are generally slowed down or
whether the spatial extension of the motion is reduced by
lowering the temperature. Although the studies of other
authors, cited above, have been performed with different
proteins, it can be assumed that the discussed dynamical
characteristics are general properties of all proteins, or even
of all biological macromolecules.

In addition to the temperature, the degree of hydration is
also a relevant parameter that has a strong influence on the
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characteristics of the dynamical properties of proteins and
on the dynamical transition. We find an influence of the
hydration level on the dynamical behavior (described by
motions with correlation times of a few picoseconds; see
Fig. 5 A) only at temperatures higher than 7} Previous
investigations on purple membranes (Ferrand et al., 1993),
on superoxide dismutase (Andreani et al., 1995), and on L-«
dipalmitoylphosphatidylcholine multilayers (Konig et al.,
1995) show significant differences of the average mean
square displacements and of quasielastic structure factors
between wet and dry samples above temperatures of 200—
220 K. When the dynamical behavior of the PM is com-
pared as a function of temperature and as a function of
hydration level, the two parameters have rather different
effects on the dynamical behavior. In contrast to low tem-
peratures, where the slower motions (tr = 5 ps) really
vanish, these motions were still observed to an appreciable
extent at rather low hydration levels. Furthermore, the faster
motions (7 = 0.2 ps) are not influenced very much by a
decreasing hydration level, but they are significantly re-
duced by lowering the temperature.

The results obtained in the present investigation support
the idea that hydrogen bond networks play an essential role
in the dynamical transition. Relative to covalent and ionic
bonds, which are also present in protein structures, hydro-
gen bonds are rather weak and can be transiently formed
and broken because of the thermal energy fluctuations oc-
curring at physiological temperatures. At sufficient hydra-
tion, the presence of numerous water molecules in the
vicinity of polypeptide side groups is related to many alter-
native hydrogen bonds between polypeptide side groups and
different water molecules. These hydrogen bonds have
comparable energy and similar probability, which permits
structural flexibility of the protein due to large amplitude
stochastic fluctuations (see for example Rupley and Careri,
1991; Pethig, 1992). Limiting factors in this process are a
sufficient number of solvent molecules and temperatures
high enough to enable forming and breaking of alternative
hydrogen bonding arrangements. A further increase in the
temperature leads to higher reorientation rates or larger
“amplitudes.” (In general, even higher temperatures (above
330 K) may cause the denaturation of water-soluble proteins
accompanied by the unfolding of the tertiary structure,
demonstrating that hydrogen bonds in protein structures
play another important role: the stabilization of the three-
dimensional structure at physiological conditions (Myers
and Pace, 1996).) In contrast to this, the addition of further
solvent molecules (A = 0.4) is not related to an additional
increase in flexibility within the protein. In the case of BR,
which is embedded in lipids, the protein has many hydro-
phobic polypeptide side groups on its surface contacting the
hydrophobic chains of the lipids. Although the lipid head-
groups in particular are supposed to play an important role
in the hydration of the PM (Zaccai, 1987), which is also
related to internal motions inside the PM (Fitter et al.,
1997), hydrophobic groups should be less influenced by the
network of hydrogen bonds. This is probably the reason
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why we still find some reorientational motions, even at low
hydration levels.

Finally, we want to discuss the dynamical properties in
relationship to the function of BR as a proton pump. The
effects of lowering the temperature and lowering the hydra-
tion level as compared to samples at physiological condi-
tions are rather similar in many respects. In both cases a
decreasing decay rate of the M-intermediate and, related to
this, a reduced H*-pump activity are observed. In fully
hydrated samples, the decay rate of the M-intermediate
becomes extremely small below temperatures of ~180-200
K (Iwasa et al., 1980). At room temperature proton pumping
is drastically reduced below hydration levels of about 2 =
0.13-0.15 (Korenstein and Hess, 1977; Thiedemann et al.,
1992). (A hydration level of 0.15 is achieved in samples that
are hydrated at 75% relative humidity.) The latter is accom-
panied by the disappearance of conformational changes in
the tertiary structure below the hydration level given above
(Sass et al., 1997). The observed transition from supercool-
ing to crystallization of parts of the hydration water at T,
resulting in an effective dehydration of the samples (see The
Temperature Dependence), gives rise to the following ques-
tion: Is the cooling itself, or is the resulting dehydration the
reason that BR is missing its functional properties at low
temperatures; or is it a combination of both? Nevertheless,
the observations suggest that the picosecond dynamics stud-
ied in the present paper is related to the photoinduced
processes (e.g., late intermediates of the photocycle, vecto-
rial proton transfer, conformational changes) occurring on
the microsecond to millisecond time scale. Qualitatively we
find that decreasing protein activity is accompanied by a
decreasing internal flexibility of the protein on the picosec-
ond time scale. But up to now we are not able to find
detailed indications of how the features of the picosecond
dynamics are linked to the features or key events of the
protein working process. In the particular case of BR, the
following questions concerning this subject are of special
interest: Is the dynamical transition responsible for the onset
of proton pumping above 180-200 K? Water molecules
serve the proton pump BR as a solvent to hydrate the protein
and to ensure a sufficient internal flexibility. In addition,
water molecules are found to be a part of a proton pathway
inside the protein (Papadopoulos et al.,, 1990), which is
supposed to be functionally important for the vectorial
proton transfer across the membrane (Nagel et al., 1983;
Dencher et al., 1992). Which of these two roles of water
molecules is the limiting factor of proton pump activity at
low hydration levels? Answering these questions will re-
quire further experiments and a combination of techniques
investigating the dynamical aspects of both the “overall”
structure (neutron spectroscopy) and important functional
local sites (label techniques).

CONCLUSION

Using measurements with three different elastic energy res-
olutions, we analyzed local diffusive motions occurring in
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the protein-lipid complex of purple membrane. The corre-
lation times of these motions exhibit a broad quasicontinu-
ous distribution, ranging from 0.1 to a few hundred pico-
seconds. Within the whole range of this time regime, a
dynamical transition, characterized by the onset of local
diffusive motions, appears between temperatures of 180 K
and 220 K. The hydration level of the purple membranes
affects mainly motions with correlation times slower than a
few picoseconds. In contrast to the temperature dependence,
faster motions are not much influenced by the level of
hydration. A transition from supercooling to crystallization
of hydration water (at T = 267 K) in samples with moderate
(physiological) hydration levels (2 > (.2) exhibits a strong
correlation between temperature and hydration level, which
is also reflected in the dynamical behavior of the protein-
lipid complex. This observation is relevant for many inves-
tigations of the functional properties of BR at low temper-
atures.
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