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Abstract By neutron scattering experiments and time-resolved 
absorption spectroscopy we have investigated picosecond equi- 
librium fluctuations and the kinetics of the photocycle of 
bacteriorhodopsin (BR) in the purple membrane (PM). Natural 
PM samples composed of 75% BR (wlw) and 25% lipid (w/w) as 
well as delipidated PM having only 5% lipid (w/w) were 
measured at different levels of hydration. We observed a reduced 
'flexibility', due to a diminished weight of stochastic large- 
amplitude motions occurring in the delipidated PM as compared 
to the natural PM. This effect is more pronounced for wet 
samples, indicating the importance of lipid hydration for protein 
dynamics. The reduced flexibility is accompanied by significantly 
larger time constants describing the decay of the M-intermediate. 
Therefore, a correlation between the dynamical behavior of the 
protein-lipid complex and BR function emerges. 
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1. Introduction 

Bacteriorhodopsin (BR), which functions as a light-driven 
proton pump in Halobacterium salinarum, is one of the best 
characterized membrane proteins. Upon  capture of a photon 
a conformational  transition from the all-trans to the 13-cis 
isomer of the chromophore retinal initiates a photocycle char- 
acterized by spectroscopic intermediates (for a review see [1]). 
As the only protein in the purple membrane (PM) BR forms 
together with lipids a highly ordered two-dimensional hexag- 
onal lattice of BR trimers. In the natural  PM the content of 
BR is about 75% (w/w), while the remaining part of  the PM 
consists of lipids [2]. The seven-helix membrane spanning 
structure of BR and the arrangement of the surrounding lipids 
have been studied mainly by cryo-electron microscopy [3-5]. 
Neutron diffraction experiments showed that the photocycle 
of BR is accompanied by structural changes of the order of 
10% in the observed intensity up to 7 A resolution [6]. In time- 
resolved X-ray diffraction experiments, these structural 
changes were monitored with a time resolution of a few milli- 
seconds and correlated with the photocycle kinetics [7,8]. It is 
known from many studies that the amount  of  water molecules 
associated with BR and with the membrane surface has an 
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important  effect on the dynamical behavior of the protein- 
lipid complex [9-12], the kinetics of the photocycle, and on 
the vectorial proton translocation [13 15]. In particular, fast 
picosecond equilibrium fluctuations are very sensitive to the 
hydration level. Recent neutron scattering studies with fully 
hydrated purple membranes report on translational diffusion 
of water molecules on the membrane surface [16,17], as well as 
the effect of solvent properties on the internal molecular mo- 
tions of BR in the PM. Only a sufficient level of hydration 
permits a structural 'flexibility', which is assumed to be essen- 
tial for the function of biological molecules [9,10]. In this 
context, the amount  and composition of lipids in which BR 
is embedded are other important  environmental factors for 
BR itself, and for the hydration of the whole protein-lipid 
complex. In order to elucidate the influence of lipids on the 
function and on the dynamics of BR, we have compared PM 
samples with two different lipid contents at different hydration 
levels. We examined the thermal equilibrium fluctuations in 
the PM by employing quasielastic incoherent neutron scatter- 
ing (QINS). 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 distrib- 
uted quasi homogeneously in biological macromolecules, this 
technique is a powerful tool for the study of all internal mo- 
tions in the time range of 10 13-10 L(~ s. Characteristic fea- 
tures of the photocycle (e.g. time constants of the spectro- 
scopic intermediates) have been measured in these samples. 
using time-resolved absorption spectroscopy. The aim of the 
present study was therefore, by a combinat ion of both tech- 
niques, to investigate the protein function and picosecond 
dynamics and to look for correlations between both. 

2. Materials and methods 

2.1. Sample preparation 
Patches of purple membranes were isolated from H. salinarum ac- 

cording to standard procedures [18]. Beside the natural PM with a 
lipid content of about 25% (w/w), we prepared delipidated PM having 
only 5% (w/w) of lipids. The partial removal of lipids from PM with- 
out BR solubilization was performed by a modified method according 
to Szundi and Stoeckenius [19]. In order to obtain partially delipi- 
dated samples the detergent 3-[(3-cholamidopropyl)dimethylamino]-l- 
propanesulfonate (CHAPS) (Boehringer Mannheim) was used. More 
details on methods are described elsewhere [20]. Similar to the natural 
purple membrane the delipidated PM exhibits crystallinity, character- 
ized by a hexagonal unit cell containing a BR trimer. X-ray diffraction 
measurements with moderately hydrated membranes revealed that the 
cell parameters of 62.4 A in the natural PM is reduced in the delipi- 
dated PM to 56.9 A (Fitter, unpublished results). It is known from a 
previous diffraction study that the BR structure is identical in natural 
and delipidated PM [5]. Suspensions of natural and delipidated PM, 
having a concentration of about 25 mg BR/ml (for neutron scattering) 
and 8.1 mg BR/ml (for absorption spectroscopy) with pH of 7.0 and 
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6 mM imidazole, were applied to prepare samples of hydrated mem- 
brane stacks. For the purpose of neutron scattering experiments an 
amount of 5 ml suspension was deposited on a aluminum plate (thick- 
ness 0.2 mm, diameter 50 mm). After a short drying process with silica 
gel, the samples have been re-hydrated with D20 using vapor ex- 
change over saturated K2SO4 solution (corresponding to a relative 
humidity (r.h.) of 98% at 20°C) and over NaCI solution (75% r.h.). 
Finally, all samples were sealed in a circular slab-shaped aluminum 
container, which guaranteed constant hydration levels during the ex- 
periments. The samples for the absorption spectroscopy have been 
prepared using 40 pl suspension, which was deposited on a surface 
of quartz plates (1 cm2). All samples were shortly dried in nitrogen 
atmosphere and subsequently the individual samples have been ex- 
posed for at least 24 h in H20 atmospheres with saturated salt sol- 
ution obtaining the following relative humidities: 29'/0 [CaCI2], 41% 
[Zn(NO3)2], 58% [NaBr], 75% [NaC1], 81% [(NH4)2SO4], 86% [KCI], 
94% [KNO3], 98% [K2SO4] and 100% [pure H20]. 

2.2. Incoherent neutron scattering 
Neutron scattering experiments have been carried out using the 

time-of-flight (TOF) spectrometer NEAT (Hahn-Meitner Institut, 
Berlin) ~[21]. TOF spectra were measured using an incident wavelength 
of 5.1 A, with an elastic energy resolution of 100 geV, and within an 
angular range of 13.3°- < 0 -< 136.7°- All samples, including vanadium 
standard and empty can, were measured at room temperature (293 K) 
and with a sample orientation angle of c~=45 ° with respect to the 
incident neutron beam direction. The TOF spectra were corrected, 
normalized, grouped, and transformed to the energy transfer scale 
using our data analyzing program FITMO. Relatively large transmis- 
sion values of T(90 °) ~ 0.93 0.95 enabled us to perform the data anal- 
ysis without a correction for multiple scattering. 

Using samples hydrated in D20, the predominant part of the meas- 
ured signal is due to incoherent scattering by the non-exchangeable 
hydrogen atoms. According to the stochastic character of the predom- 
inant part of the motions (in our time range), the following expression 
was used for the theoretical incoherent scattering function: 

Sth,~, ( Q ~, to) = e (":)Q-"[A0(Q)'8((o) + ZA,,(Q)'L,,(H,,,o.))] (I) 
n 

The scattered intensity is separated into an elastic 8((0)-shaped com- 
ponent and quasielastic Lorentzian-shaped contributions Ln(H,,,(o), 
parameterized by the width H,, =(x,,) 1 (% are the corresponding 
correlation times) and the quasielastic incoherent structure factors 
A,,. The amplitude of the elastic component is given by the elastic 
incoherent structure factor (EISF) A(~. Faster motions are taken into 
account by the Debye-Waller factor, where (u 2) gives the global aver- 
aged 'mean square displacements' of vibrational motions. As already 
known from previous dynamic studies, the major part of the scatter- 
ing is due to local diffusive motions of hydrogen atoms within re- 
stricted volumes (with a size of a few ,~.) and with correlation times 
of 0.I I00 ps [10,22]. A convenient phenomenological description, 
which should reproduce some more general properties of the complex 
dynamical behavior, is provided by a model, developed by Volino and 
Dianoux [23]. It describes free diffusion inside the volume of a sphere 
with the radius r, where the EISF is given by 

[ sin(Qr)-(Qr).eos(Qr)] ~" 
Ao(~) = 3 (Qr) 3 j (2) 

Because our data are limited in momentum transfer Q (with 
Q ..... =2.25 /~) and we used only an energy transfer range with 
Ihcol -< 0.8 meV, we need to consider only the first quasielastic com- 
ponent. Therefore, the theoretical scattering function is only parame- 
terized by r (determining A() and A1 = l--A0) and the width of the 
quasielastic contribution H1 = (xa)-l. For more details on methods see 
for example [22,24]. 

In the case of biological macromolecules, the correlation times xl 
and radii r must be understood as values averaged over all the mo- 
tions observable in the time window of our experiments (a few pico- 
seconds). The theoretical scattering function was fitted to the meas- 
ured scattering function using the following relation: 

-h to  

S ....... (Q~,, o) = F'e2kBT'[Sth~or(Q, o)@Sr~,~(Q, to)] + B (3) 

where a convolution with the resolution function Sres(Q,(.o) (obtained 
from vanadium measurements) and factors, such as the normalization 
factor F, the detailed balance factor exp(-hol2kBT), and a linear 
'background' B have been applied. 

2.3. Time-resolved absorption spectroscopy 
The time-resolved absorption spectroscopy allows the measurement 

of the transient absorption changes from bacteriorhodopsin after a 
pulsed laser stimulation. The measurements have been performed us- 
ing a transient absorption spectrometer, which was described in detail 
elsewhere [15]. The transient absorption changes were monitored at 
room temperature (293 K) in a time range of 10 -a 10 +2 s. After light 
absorption, bacteriorhodopsin undergoes a photocycle, passing a ser- 
ies of intermediates with characteristic protein-chromophore states 
and characteristic absorption spectra (see for example [25]). 

BR + hv---,J <--} K <--} L ~ M1 --~M2 ~ N ~ O--~BR (4) 

The most prominent intermediate is the M-intermediate, which is 
directly correlated with the proton release event. This intermediate is 
characterized by a blue-shifted absorption maximum at 412 nm in 
comparison with the maximum of the ground state at 568 nm. The 
two spectroscopic substates M~ and M2 cannot be separated by spec- 
troscopic visible light absorption methods; thus, here they will be 
represented by only one M-intermediate. The time-resolved M-signal, 
i.e. the absorption changes at 412 nm after a laser flash, can be taken 
as a simplified representation for the whole photocycle. The evalua- 
tion of the M-signal was done by fitting a sum of n exponentials to the 
measured data, where n is the number of the intermediates. In general, 
the time-resolved absorption changes AA at the wavelength 1~ can be 
described by the following equation, in which the time constants x.~i 
characterize the transitions between the intermediates: 

n 

~XA(X, t) = ~a~ .exp( - t /~M~)  (5) 
i - - I  

With respect to the six intermediates, which can be separated by 
spectroscopic methods, we used in the present study a sum of n = 6 
exponentials guaranteeing a sufficiently good fit quality of the time 
resolved M-signal. 

3. Results and discussion 

As already ment ioned,  the internal  mot ions  on the picosec- 
ond  time scale are mainly stochastic reor ientat ions of  molec- 
ular  subunits,  such as polypeptide side groups or fatty acid 
chains [22,26]. These kinds of  mot ions  are restricted to limited 
volumes (as described by our  model).  As a consequence of  
this, and in the case of  a limited energy t ransfer  range, we 
were able to fit all da ta  with only one quasielastic componen t  
having a Q independent  line width of  H =  150 geV, which 
corresponds  to a corre la t ion time of  "[1 =4 .4  ps. Since we 
are dealing with very complex biological macromolecules  per- 
forming various and different types of  molecular  mot ions ,  the 
obta ined correlat ion time "~1 and  the radius r must  be under-  
s tood as 'mean '  values. Examples of  the fit quali ty and the 
resulting parameters  of  the fits are shown in Fig. 1. The radii 
r, de termining the volume of  the stochastic reor ientat ional  
mot ions ,  can be interpreted as 'ampli tudes '  of  these motions.  
These ' large ampl i tude '  mot ions  give the main  cont r ibu t ion  to 
what  we will call ' in ternal  flexibility'. The averaged 'mean  
square displacements '  (u 2) represent  ampli tudes  of  mainly vi- 
bra t iona l  motions.  The compar ison  of  internal  molecular  mo- 
t ions occurr ing in na tura l  PM and in delipidated P M  samples 
revealed the following results. 

( l )  We find more internal  flexibility, related to more  qua- 
sielastic scattering with larger radii r and to larger (u2), in 
na tura l  P M  as compared  to delipidated P M  (see inserted 
box in Fig. 1). As shown in the inserted graphs  of  Fig. 1, a 
steeper decrease of  the A0 with Q is related to larger 'ampli-  
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Fig. 1. Comparison of TOF spectra measured with natural and delipidated PM samples at two different hydration levels. The spectra shown in 
this figure have been measured at a scattering angle of ~ = 90.5 °. The total scattering function which fits the experimental points (open symbols) 
is composed of an elastic component (represented by the area between fitting solid line and dotted line), a quasielastic component (area between 
dotted line and solid background line) and a linear background (solid line). Inserted graph: The experimental EISF (A0) (solid symbols) as ob- 
tained from fits are shown as a function of momentum transfer Q. For this purpose, all 16 spectra have been fitted separately with radius r as 
a free parameter. The statistical error of the experimental EISF is approximately +_0.015, which is about the size of the symbols. The corre- 
sponding theoretical EISF (PM,+,t : dashed-dotted line, P M d e l i  p solid line) were obtained from fits, where all spectra have been fitted simulta- 
nously. Inserted box: The given radii r and averaged 'mean square displacements' (u 2) are the parameters resulting from these fits. 

tudes' r and therefore to a larger internal flexibility. The dif- 
ference in flexibility between natural and delipidated PM is 
relatively weak in the case of  'dry'  (75% r.h.) samples and 
more pronounced in the case of  'wet '  (98% r.h.) samples 
(Fig. 1). 

(2) With respect to the obtained radii r, and as already 
known from previous studies, 'wet '  samples exhibit more in- 
ternal flexibility than 'dry'  samples. This effect is more pro- 
nounced in the case of  natural PM samples as compared to 
delipidated PM samples. Due to damping of  the vibrational 

motions in wet samples, the mean square displacements (u 2) 
are smaller as compared to dry samples (Fig. 1). 

Because the samples were hydrated with D 2 0  (solvent scat- 
tering at 100% r.h. is about  3.6% of the total scattering and 
less at lower hydration levels), we do not observe the dynam- 
ics of  the solvent itself, but the effect of  solvent on the dy- 
namics of  the protein-lipid complex. Furthermore,  the results 
indicate that either the lipids themselves are more flexible than 
the membrane protein BR (a high lipid content leads tO an 
increased 'overall '  internal flexibility in the PM as compared 
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Fig. 2. Time-resolved absorption changes of the M-intermediate as 
measured with (a) natural and (b) delipidated PM samples. For 
each relative humidity the curve shown was obtained by adding up 
20 consecutive absorption change measurements performed under 
constant conditions (constant temperature and relative humidity) 
and with a sampling rate of l0 s s -]. For times longer than 10 '~ s 
the statistical error of the given absorption changes is 1 2%. 

to a low lipid content), or that more lipids increase the flex- 
ibility of the membrane proteins. A further, and most prob- 
able, possibility is a combination of both influences, It is 
reasonable to assume that in the tightly packed protein-lipid 
complex the dynamics of BR is coupled with the dynamics of 
the lipids. The fact that the differences in the flexibility be- 
tween natural and delipidated PM samples are much more 
pronounced in 'wet' samples, gives strong evidence that 
mainly the presence of hydration water, which is attached to 
the polar lipid headgroups at high hydration levels, increases 
the internal flexibility of the protein-lipid complex. This hy- 
pothesis is supported by diffraction experiments performed 
with natural PM, where at high hydration levels a larger in- 
plane cell parameter was found (62.4 A) as compared to dry 
samples (61.4 A). The reduction of the in-plane cell dimension 
is related to a removal of solvent molecules which were 
around the lipid headgroups [27,28]. Although, on the basis 
of the present data, we are not able to distinguish between 
dynamics of the lipids and dynamics of BR, we can draw the 
conclusion that the amount  of lipids and their ability to at- 
tract solvent molecules is strongly related to 'large amplitude'  
motions of the whole purple membrane [29]. 

The influence of hydration and of lipid content on the ki- 
netics of the photocycle of BR has been investigated by time- 
resolved absorption spectroscopy of the M-intermediate. A 
comparison of time-resolved absorption changes for two rel- 
ative humidities (75% and 98% r.h.) is shown in Fig. 2. With 
respect to the natural PM sample hydrated at 98% r.h. the 
75% sample (Fig. 2a) is characterized by a small shift to lon- 
ger times for the M-formation (rise of the curve), while the M- 
decay (decent of the curve) is strongly shifted to longer times. 
In the case of delipidated PM samples, the M-formation of 
the 75% sample is shifted to shorter times as compared to the 
98% sample. The M-decay is similar to the natural PM char- 
acterized by a shift to longer times 2. A quantitative character- 
ization of the M-absorption kinetics for the natural and the 
delipidated PM is given, according to Eq. 5, by the corre- 
sponding time constants, shown as a function of all measured 

2 Note that the logarithmic time scale 'overestimates" absorption 
differences at short times. 

relative humidities (see Fig. 3). The time constants TMI-~M3 
are attributed to the M-formation, while the time constants 
"C~H-~M~ are characterizing the M-decay. The following fea- 
tures are represented by the data: 

With respect to the hydration level the M-decay of both the 
natural and delipidated PM is affected only between 100% and 
75% r.h. In the case of natural PM the M-decay is prolonged 
approximately by an order of magnitude going from 100% to 
75% r.h.. In contrast to natural PM samples, the prolongation 
of the M-decay between 100% and 75% r.h. is much less 
pronounced in delipidated samples, because their decay time 
constant is much larger already at full hydration. At hydra- 
tion levels below 75% r.h. the M-decay is similar and no more 
dependent on the hydration level for both, the natural and the 
delipidated PM. Within the limits of error the M-formation 
kinetics of delipidated samples is not affected by the hydration 
level. The hydration dependence of the M-formation in the 
case of natural PM is more complex. With respect to the 
delipidated PM, the natural PM shows between 100% and 
75% r.h. a "~M1 which is smaller (and slightly increasing), while 
"cxt2 and zx~:~ values coincide with those observed in delipidated 
samples. Natural PM samples exhibit larger time constants 
(~.~f~ ~x~:~) at 58% r.h. and smaller time constants at 29% r.h. 
as compared to delipidated PM. 

Similar observations of the effect of hydration on the one 
hand [13,15] and the effect of lipidation on the other hand 
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Fig. 3. Time constants characterizing the absorption signal of the 
M-intermediate in natural PM (squares) and in delipidated PM 
(circles) as a function of relative humidity. Time constants "~,~1 "c~:~ 
represent the M-formation, while "cM4 %i6 relate to the decay of the 
M-intermediate. 
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[30,31], have already been reported previously. The combina- 
tion of measurements using samples at different hydration 
levels and different lipidations, as performed in the present 
work for the first time, shows further that the kinetics of 
the M-decay is only significantly different for both lipid con- 
centrations at hydration levels higher than 75% r.h. Support- 
ing the central idea of dynamics-function correlation, the time 
constants related to the M-decay and the parameters describ- 
ing the internal flexibility (Fig. 1) also differ only at high 
hydration levels for both lipid concentrations. As shown in 
recently published diffraction studies, the prominent  tertiary 
structural change [6,7], which is supposed to occur during the 
M~ ~ M 2  transition, is inhibited at hydration levels below 
75% r.h. [11]. Asking for the reason of the prolonged M-decay 
at low hydration levels, which seems be related to hindering of 
the M1 ~ M2 transition, mainly two explanations were pro- 
posed in the literature [32-34]: (1) the removal of essential 
water molecules (as part of the proposed proton pathway) 
located in the interior of BR, (2) reduced flexibility of the 
protein structure. Recent studies on PM using pH-sensitive 
dyes, revealed that BR in delipidated (partially delipidated 
as used in this present study) and fully hydrated PM is active 
as a light-driven proton pump [35]. The rate of proton trans- 
fer from the Scbiff base to the extra-cellular BR surface is not 
altered by delipidation, however, the surface to bulk equili- 
bration rate is slowed down by a factor of about 7. On the 
other hand, proton re-uptake is dramatically slowed down in 
the delipidated PM. The overall proton transfer process from 
the cytoplasmic surface to the Schiff base is decelerated 17 
times, whereas the bulk to surface transfer is retarded even 
by a factor of 37. 

In the present work we found a prolonged M-decay in the 
fully hydrated but delipidated PM samples 3, where no water 
molecules attached to the BR molecule are removed. There- 
fore, this supports the following concept: internal fast sto- 
chastic and large amplitude motions occurring in BR (or in 
the PM) are strongly related to the hydration of the lipid 
phase. These motions are essential (in the sense of a 'lubri- 
cant ')  for slower (micro- to millisecond time scale) conforma- 
tional changes, which are directly related to the vectorial pro- 
ton translocation. 
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