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Abstract

A wealth of information has been gathered during the past decades that water molecules do play an important role in the
structure, dynamics, and function of bacteriorhodopsin (bR) and purple membrane. Light-induced structural alterations in
bR as detected by X-ray and neutron diffraction at low and high resolution are discussed in relationship to the mechanism of
proton pumping. The analysis of high resolution intermediate structures revealed photon-induced rearrangements of water
molecules and hydrogen bonds concomitant with conformational changes in the chromophore and the protein. These
observations led to an understanding of key features of the pumping mechanism, especially the vectoriality and the different
modes of proton translocation in the proton release and uptake domain of bR. In addition, water molecules influence the
function of bR via equilibrium fluctuations, which must occur with adequate amplitude so that energy barriers between

conformational states can be overcome. © 2000 Elsevier Science B.V. All rights reserved.
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1. Water molecules: necessary elements for proton
translocation by bacteriorhodopsin

The photon-driven proton pump bacteriorhodop-
sin (bR) in the purple membrane (PM) of Haloarch-
aea is the prototype of an integral membrane protein,
especially of the family of seven membrane-spanning
a-helical proteins. At present, bR is one of the best
characterized active ion-translocating proteins. In the
near future, it will be the first membrane protein

Abbreviations: bR, bacteriorhodopsin; PM, purple mem-
brane; BR, light-adapted ground state of bR; wt, wild-type;
r.h., relative humidity
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whose vectorial transport mechanism is understood
at the atomic level.

An advantage of bR is the possibility to monitor
the kinetics and stoichiometry of proton pumping by
flash absorption spectroscopy in combination with
optical pH indicators [1,2]. In this way, it was shown
that only one proton per cycling bR is released dur-
ing the first part of the photocycle [2-6]. From spec-
troscopic data the occurrence of conformational
changes during the BR to M transition was suggested
[1,4]. Although bR is arranged in the PM as a lattice
of trimers in a two-dimensional hexagonal crystal,
the bR monomer itself is the functional unit for pro-
ton pumping [6,7]. By employing optical pH indica-
tors bound selectively to both membrane surfaces
[5,8-14] vectorial proton transfer steps across bR
and along the membranes surface can be examined,
as illustrated in Fig. 1. H* transfer processes from
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the active centre of bR to the extracellular side (Fig.
1A, reaction 1) and from there along the membrane-
water interphase to the cytoplasmic side of bR (re-
action 2) are kinetically and spatially resolved. In
Fig. 1B, the respective absorbance changes upon
light excitation are plotted on a logarithmic time
scale covering seven decades. The upper trace (M)
represents rise and decay of the photocycle inter-
mediate M, which plays a major role in the proton
pumping process. The lower traces are absorbance
changes of the pH indicators fluorescein (F) bound
to K129 at the extracellular surface of bR and of
pyranine (P) which resides in the aqueous bulk phase
(Fig. 1A). Upon light excitation, concomitant with
the rise of the M intermediate (Tmean =83 Us at
20°C), a proton is pumped from the interior of bR
(RHT, reaction 1) to the extracellular surface where
it is detected by fluorescein (t=90 us). The pumped
proton dwells for about 1 ms at the membrane sur-
face (reaction 2) before it is released into the aqueous
bulk phase (t=830 us, as monitored by fluorescein,
reaction 3) and is detected by pyranine (t=1100 ps,
reaction 3). Proton reuptake necessary to complete
proton cycle and photocycle (reaction 4), is moni-
tored by the relaxation of the absorbance changes
of both pH indicators to the initial value (pyranine:
1=6.7 ms, fluorescein: 1=10.4 ms), just after the
decay of the M intermediate (Typean =35.0 ms, Fig.
1B). Under physiological conditions, the cytoplasmic
surface of bR has to pick up protons from the well-
buffered, slightly alkaline cytoplasmic matrix. Attrac-
tion of protons from the medium and funnelling
these protons into the orifice of the cytoplasmic pro-
ton channel are enhanced by a cluster of exposed
carboxylates, acting as proton-collecting antenna
[13,15,16]. A contradicting view, however, is pre-
sented by Brown et al. [17].

Very early, the influence of water on the photo-
cycle kinetics and on charge movements in bR has
been observed [1,4,18,19] and previously studied in
great detail [20-27]. The functional importance of
water molecules for bR is clearly demonstrated in
Fig. 1C, illustrating the dependence of the kinetics
of the intermediate M as well as the kinetics and
efficiency of proton pumping on the relative humid-
ity. Both the decay of M (but not its formation) and
the regeneration of the ground state are strongly
slowed down below 80% relative humidity (r.h.)

(compare Fig. 1B and C). As measured with the op-
tical pH indicator pyranine, the proton pumping ac-
tivity is decreased below 70% r.h. and no activity is
observed below about 50% r.h., although there is still
a — very slow — photocycle (Fig. 1C). At the same
threshold value of about 60-50% r.h., where proton
transport stops, also the light-induced conformation-
al changes in the protein vanish [20] (see below). All
these properties of bR, i.e., the photocycle, the pro-
ton pumping cycle, and the conformational changes
are influenced by the extent of hydration, proving the
functional importance of water.

A first glance on the structural basis for the ob-
served participation of water in the function emerged
from neutron diffraction experiments in which the
water distribution in projection on the PM plane at
different r.h. was determined by H,O/*H,O exchange
experiments [28]. A dominant difference density peak
corresponding to 6-8 water molecules [29] was de-
tected in the central part of the projected structure
of bR in the vicinity of the Schiff base end of the
chromophore (SB, Fig. 2) [28,30]. The water mole-
cules are very strongly associated with the protein
[28]. These water molecules together with exchange-
able hydrogens were suggested to be elements of the
active centre as well as to provide the conductance
pathway for protons connecting the active centre
with both surfaces of the membrane.

A further outcome of the neutron diffraction in-
vestigation is the finding that at high hydration, the
lipid head group region of the membrane surface is
more hydrated than the protein [28,30]. The hydra-
tion water of the PM surface has peculiar properties.
For example, freezing of water occurs several degrees
below the freezing point of bulk water (supercooled
membrane water) and the first surface layer does not
transform into the crystalline state, even below 240
K (‘nonfreezing water’) [31,32]. Water molecules at
the PM surface show anisotropic (only parallel to the
membrane plane) two-dimensional long-range trans-
lational diffusion (Ds=4.4x107% cm?/s), about five
times slower than in bulk water [33,34]. Translational
diffusion in the direction perpendicular to the PM
surface is not observable during the time window
of the neutron scattering measurement. This extraor-
dinary behaviour of the surface hydration water in
combination with the high buffer capacity of bR and
lipid head groups [10,35] might be the reason for the
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Fig. 1. Proton transfer reactions across bR and along the PM surface. (A) Sketch of bR molecules (RH™, protonated Schiff base) in
the PM with fluorescein (F) covalently bound to the amino acid K129 at the extracellular side and to C36 at the cytoplasmic side.
Pyranine (P) resides in the aqueous bulk phase. Numbers refer to proton transfer reactions monitored by the respective optical pH
probes. (B) Comparison of the time course of light-induced pH changes at the PM with rise and decay of the M intermediate. M was
monitored as absorbance changes at 412 nm while bR-bound fluorescein and pyranine in the aqueous bulk phase were measured at
490 and 457 nm, respectively (aqueous PM suspension, 150 mM KCI, pH 7.1, 20°C; unpublished results by D. Rottschifer and
N.A.D.). Further experimental details and discussion of the data are presented in [5,8-10]. (C) Effect of hydration on the photocycle
(M intermediate, upper traces) and pumping cycle (pyranine signal, lower traces) of bR in oriented PM films at 20°C (unpublished re-

sults by S. Verclas and N.A.D.).

«—

observation that all protons pumped by bR are dif-
fusing laterally along the membrane surface for long
distances (several thousand A; reaction 2 in Fig. 1A)
before equilibrating into the aqueous bulk phase (re-
action 3) [5,14]. Hydrogen ions move more slowly at
the membrane-water interphase (diffusion coefficient
Dipp =1Xx107% cm?/s at 20°C; about 240 nm in 150
us [5]) than in the aqueous bulk phase (D =9.3Xx 107
cm?/s). However, due to the surprisingly slow surface
to bulk transfer rate (about 1 ms; Fig. 1B, reaction
3) protons can laterally diffuse macroscopic distances
along the PM. For PM in ice [8], or in the presence
of mobile buffer molecules [3,10,36] pyranine re-
sponds to the ejected proton as fast as fluorescein
bound to bR, demonstrating that the surface/bulk
transfer is no longer rate limiting. Since the transla-
tional diffusion of water molecules is 4.4 times faster
than the measured H™ transfer rate along the sur-
face, diffusing water molecules can act as vehicles.
H* transfer along a membrane surface via water
molecules could significantly contribute to, or even
dominate, chemiosmotic energy coupling.

2. The low resolution structure of the M intermediate

For a complete understanding of the function of a
protein like bR it is desirable to follow up structural
changes in space and time with high resolution par-
allel to the working cycle. Since the intensity scat-
tered from a single molecule is too low, taking into
account the limits set by radiation damage, an en-
semble of molecules has always to be considered. In
this situation information about structural changes
during the working cycle can be obtained in two
ways, either by trapping intermediate states or by
time-resolved detection of the scattered intensity

after excitation. Both alternatives were successfully
carried out in the case of bR.

2.1. Electron, neutron, and X-ray structures

Since the observation that one proton is translo-
cated by bR to the extracellular side during the tran-
sition from L to M [1-6,8,14,36], the M intermediate
was considered to be a key state in the pumping
process. It was obvious that knowledge of the M
state structure would give an insight into the mech-

Fig. 2. *H,0/H,0 difference density map at 15% r.h. (bold con-
tour lines) showing the location of water molecules and ex-
changeable hydrogens in projection on the PM plane in the vi-
cinity of the Schiff base (SB). The outline of three bR
monomers and the position of the ring (R) of retinal are indi-
cated. The in-plane position and orientation of the retinal are
depicted according to neutron [46] and X-ray diffraction [65]
experiments.
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anism of proton translocation. One of the first at-
tempts to visualize the M intermediate at low tem-
peratures was performed by Glaeser et al. [37] using
electron diffraction. The experiments showed no in-
tensity changes in the resolution region from 60 to
5 A and only small changes between 5 and 3.5 ATt
was assumed that proton pumping in bR is not ac-
companied by conformational alterations in the pro-
tein moiety. Neutron diffraction experiments were
undertaken by Dencher et al. [38,39] with the aim
to observe changes in the distribution of water mol-
ecules in M as compared to the ground state. As it
was known that GuaHCI at high pH slows down the
decay of the M state, wild-type PM films were
soaked in a buffer containing GuaHCI at pH 9.4
and illuminated at +8°C. The films become yellow
indicating the complete transformation to the M
state, which was then preserved at liquid nitrogen
temperatures. Neutron diffraction patterns of the
ground state and of the M intermediate displayed
clear differences in the reflection intensities of up to
9% in X|AII/Z1 in the resolution region of 60-7 A.
By comparing diffraction patterns between films in
H,0 and 2H,O it was derived that at least 80% of
the differences resulted from changes in the protein
structure and only a minor contribution could orig-
inate from a redistribution of water molecules. These
observations indicate that small changes in the terti-
ary structure of bR take place during the photocycle.
Significant density increase was observed near helix F
and G and smaller alterations at helices B and D
(Fig. 3A), which were interpreted as small changes
in tilt angle of respective helices or as positional
changes of amino acids [38,39]. These results were
in contradiction to diffraction experiments by Glaes-
er et al. [37] and Nakasako et al. [40]. In their more
recent studies the occurrence of conformational
changes was confirmed and analysed in detail [41-
43]. It was observed by optical spectroscopy that
the bR mutant D96N is characterized by a large
decrease in the decay rate of the M state with in-
creasing pH [44]. Koch et al. [45] performed X-ray
diffraction experiments on films of this mutant under
continuous illumination at room temperature and
pH 9.6. They found similar intensity changes be-
tween the BR and M state structures (Fig. 3B,
100% r.h.) as observed for wild-type (wt) bR in the
neutron diffraction measurements mentioned above.

Neutron diffraction experiments with selectively
deuterated retinals indicated that in the M state the
polyene chain has tilted out of the plane of the mem-
brane towards the cytoplasmic side by about 10°
with only a minor movement of the B-ionone ring
[46], in agreement with recent high resolution X-ray
diffraction experiments [47,48].

2.2. Time-resolved X-ray diffraction on wt bR and the
mutant DI6N

To correlate structural changes with relaxation
processes in the photo- and pumping cycle of bR,
the structural transition from the M state to the
ground state was followed by time-resolved X-ray
diffraction using intense synchrotron radiation
[9,45]. The changes in individual reflections before
and immediately after the light flash are consistent
both in amplitude and in direction with the steady-
state experiments.

A comparison of these structural relaxation times
at various environmental conditions with optical de-
cay rates of intermediate states in the photocycle in-
dicated that the observed structural changes relax
during the transition from the N state to the ground
state. In functional terms this means that the struc-
tural changes relax after the reprotonation of the
Schiff base.

2.3. M accumulates in M; or M, depending on
hydration

By time-resolved X-ray experiments only the relax-
ation of structural changes was followed. The onset
of these changes could not precisely be attributed to
photocycle intermediates. A first hint was obtained
from X-ray diffraction experiments on the bR mu-
tant D96N (pH 9.6) equilibrated at different relative
humidities (15, 57, 75, and 100% r.h.) transformed to
the M state by continuous illumination [20]. PM
films at relative humidities = 75% showed the known
changes in the tertiary structure (Fig. 3C), whereas
films at r.h. =57% r.h. displayed no changes in the
difference density maps (Fig. 3D). These experiments
demonstrated that two types of M states with and
without structural changes compared to the ground
state are existing. If one assumes that both M states
would occur in the photocycle also at high hydration
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D96N, pH 9.4, 100% r.h.

C D96N, pH 9.6, 75% r.h. D D96N, pH9.6, 57% r.h.

100% r.h.

7
N

2= 1y
72 7
1757~ 1y

s
WS

Fig. 3. Difference density maps (M minus BR state) of PM in projection: (A) from neutron diffraction on wt bR in 2 M GuaHCl in
H,0 [39]; (B-D) from X-ray diffraction on the bR mutant D96N at three different hydrations [20,45]; (E,F) from X-ray diffraction
on the bR mutant D38R at high and low pH [52]. The bold contour outlines the bR monomer; individual helices are marked by
upper case letters from A to G. Continuous lines correspond to five positive, dashed lines to five negative equidistant density levels.
Contour levels in different maps are scaled to each other.
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but in a sequential order, the changes in the tertiary
structure would develop within the M intermediate
between M; and M, and would relax after the N
state. Reconsidering the earlier experiments of Glaes-
er et al. [37] and Nakasako et al. [40], it seems now
very probable that the M, intermediate was accumu-
lated and therefore no changes in the tertiary struc-
ture were observed.

FT-IR measurements under identical conditions,
although with much thinner PM films, verify that
for all hydration levels the films were trapped in
the M intermediate [20]. The distinction between L,
M, M, My, and N intermediates was made upon
the fingerprint region of the FT-IR difference spec-
tra. The largest differences in the M state between the
differently hydrated samples were found in the amide
regions. Samples at hydration levels greater than
60% r.h. display the structural changes in the diffrac-
tion experiment and at the same time show in the
amide I region a larger difference band at 1670
cm~! than at 1660 cm™! (M,). On the other hand,
the samples which do not show the changes in the
tertiary structure (r.h. less than 60%) display a larger
difference band at 1660 cm~! than at 1670 cm™!
(My). These differences in the amide I region are
also reflected in the amide II region, where the differ-
ence band at 1556 cm™! is much larger in the more
hydrated samples.

The concept of two M states was brought up from
the evaluation of spectroscopic data in the visible
wavelength region [49,50]. An irreversible step was
assumed between M; and M; acting as a switch by
changing the proton accessibility of the Schiff base
from the extracellular to the cytoplasmic side and
thus creating the vectoriality of the proton pump
[50].

With respect to the function of bR, it was demon-
strated that proton pumping occurs only in samples
with hydration levels above 50-60% r.h. [29] (Fig.
1C). These results indicate that the observed struc-
tural changes are necessary for proton translocation
and that at least part of these changes may form the
switch, which changes the accessibility to the Schiff
base [51].

2.4. Charge-controlled conformational changes

A hint for the origin of the conformational

changes was given by the investigation of the bR
mutant D38R [13,52]. X-ray diffraction experiments
on samples at pH 6.7 do not show light-induced
changes in the tertiary structure of bR to its full
extent (Fig. 3F) whereas at pH 9.6 the characteristic
structural changes were found (Fig. 3E). The inter-
pretation of these experiments is that under illumi-
nation at pH 6.7 mainly the M; state is accumulated
and the M, state at pH 9.6.

The substitution of the aspartic acid 38 by an ar-
ginine makes the charge pattern at the cytoplasmic
side more positive. This new charge pattern in the
mutant could interfere with the charge variation re-
sulting from the deprotonation of the Schiff base and
therefore slow down the large structural rearrange-
ments. This would result in the accumulation of the
M, state at neutral pH. At alkaline pH, another
group on the cytoplasmic side might be deprotonated
and compensates at least partly the added positive
charge of the arginine. This would allow the struc-
tural changes associated with the transition to the
M, state to take place.

The general conclusion also for wild-type bR can
be drawn that a charge redistribution around the
Schiff base and at the extracellular side of the mole-
cule results in an altered force field within bR which
drives the large structural changes [52].

3. The M state structure at high resolution elucidates
the functional importance of water molecules

With the advent of the new concept for crystalli-
zation of bR in the lipidic cubic phase [53] high res-
olution ground state [54,55] and intermediate struc-
tures become available. Recently, Edman et al. [56]
succeeded in solving the crystal structure of the early
K intermediate and small structural changes with
respect to the ground state BR could be resolved.
Luecke at al. [48] trapped the late M state in crystals
of the mutant D96N (PDB entries: 1c8r and 1c8s,
release date: 20 October 1999). The advantage of this
mutant is that a high amount of late M can be
trapped at room temperature. The disadvantage is
that, as indicated by the long decay time of M, the
cytoplasmic proton translocation pathway is dis-
turbed. To circumvent this disadvantage, the M,
state in wild-type bR was accumulated to about
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Fig. 4. Stereo images of atomic models of wt bR in the BR state (purple) and in the M state (yellow) from the cytoplasmic domain
in A and the extracellular domain in B (PDB ID: lcwq) [47]. Green dotted lines mark possible hydrogen bonds in the range between
2.4 and 3.7 A for the M state model. Water molecules are displayed as purple and yellow balls for the BR and M state model, respec-

tively. Only the water molecules of the M state structures are labelled.

35% and the crystal structure solved to 2.25 A reso-
lution (PDB ID: lcwq, release date: 20 October
1999) [47]. It is obvious that both procedures to ob-
tain information about late M have positive and neg-
ative consequences. The lower occupancy of 35% M,
in the wild-type crystals leads to an increase of the
noise in the density map for the M state. Both M
state structures [47,48] show quite similar changes
at the proton release side of bR. The striking features
of the extracellular domain are the conforma-
tional changes in R82 and of the dyad E194/E204

in combination with displacements of water mole-
cules (Fig. 4). It seems that after proton transloca-
tion from the Schiff base to D85 the effect of this
movement of a positive charge results in a large
downward reorientation of the positively charged
R82 side chain towards the negatively charged
dyad E194/E204. The switch function of R82 was
predicted from theoretical considerations [57]. The
change in the charge distribution and in the hydro-
gen bonding network should affect the pK values of
the glutamic acid residues of the dyad so that a pro-
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ton is released either directly from one of the gluta-
mic acids or indirectly via a net of water molecules
[12,28]. The 13-cis isomerization of the retinal with
the SB nitrogen oriented upward towards T89, which
in the ground state was hydrogen bonded to D85, the
reorientation of D85, the downward displacement of
the water molecule W710 and the reorientation of
R82 (Fig. 4) leads to an isolation of the SB nitrogen
from the new extracellular domain network of hy-
drogen bonds. Therefore, the reprotonation of the
SB from the extracellular side in the late M state is
improbable. Thus, one important element of the vec-
torial pump became visible.

Both structural M state models [47,48] do not pro-
vide a sufficiently clear picture of the proton pathway
across the cytoplasmic domain. A common feature is
the alteration in helices F and G, in line with the low
resolution data [9,39,41,45,51], which result in an
enlargement of cavities thereby enabling the inward
and outward diffusion of water molecules. However,
a continuous water-filled channel below or above the
position of D96 is not seen. Therefore, the reproto-
nation of the Schiff base from D96 as well as the
reprotonation of D96 itself is only possible by fluc-
tuating water molecules and motions of amino acid
side chains, as previously suggested by Dencher et al.
[58,59].

The reorientations also allow new hydrogen bonds
in the cavity between D96 and K216. Two further
water molecules, W723 and W724, appear in the M
state structure (Fig. 4A). W724 interacts with Od; of
D96 and Oy, of T46 which had been in hydrogen
bond contact in BR. W723 is in contact with
W724, W720, and the carbonyl oxygen of A215.
Thus W723 is strongly fixed in its position in con-
trast to the results for the D96N mutant [48]. We
think this water is of importance for proton trans-
port through the cytoplasmic part. Together these
water molecules could form a proton transfer chain
from D96 - W724 - W723—0-A215—-W722—SB.
Only the remaining gap between W722 and SB of
5.8 A is too large for a direct proton transfer. We
suggest that this water molecule, since it is less sta-
bilized than the next neighbour water molecules, can
fluctuate to the Schiff base when the proton has
reached the carbonyl oxygen region of A215 through
the more stable water chain above.

The reprotonation pathway of D96 from the cyto-

plasmic surface seems to be different from what has
been observed in other parts of the molecule. Here a
density in the larger cavity formed in the M state is
attributed to a water molecule (W740) which is sur-
rounded by mostly hydrophobic residues (T170, F42,
L100, L223, 1229). The assignment of this density to
a water molecule, which has no hydrogen bonding
partners in its vicinity, is crystallographically quite
unusual. However, it seems not improbable that an
hydrophobic cavity can trap a water molecule. W740
has a distance of 5.35 A to D96. This cavity has a
narrow opening to the cytoplasmic surface formed
by the nonpolar parts of the residues (A228, T170,
L100, 1229, S226). The higher flexibility and the par-
tial opening in this part of the molecule may allow
from time to time a water molecule to penetrate into
this hydrophobic area. In this way, the contact to
D96 might be achieved by a fluctuating water mole-
cule and not by a continuous water channel. These
results, in line with low resolution diffraction data
[30], exclude that structural changes in the M state
lead to a large increase in the number (11-20) of
water molecules in the proton channel as previously
proposed [60,61].

4. Thermal equilibrium fluctuations ‘lubricate’
transitions between intermediates

The kinetics of the photocycle is determined by
energy barriers which need to be surmounted during
subsequent steps between the different intermediate
states. In particular in the case of charge displace-
ments and conformational changes, thermal equilib-
rium fluctuations provide a kind of ‘stochastic driv-
ing force’ to overcome these barriers. With respect to
the microsecond and millisecond time regime, deter-
mining the transition rates between intermediates
(with the exception of the early J and K intermedi-
ates), even faster picosecond fluctuations play a ma-
jor role for the intermediate transitions. A powerful
tool to study dynamical properties of biological sys-
tems in a time range from 107°-10"!4 s is given by
the incoherent neutron scattering (INS) [32]. Because
the neutrons are scattered mainly at more or less
homogeneously distributed hydrogens in the sample,
the hydrogen nuclei serve as probes to monitor the
‘overall fluctuations’ of the investigated structures.
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4.1. Temperature and hydration control bR function
via equilibrium fluctuations

Environmental conditions, like temperature and
the hydration level (Fig. 1C), have a distinct influ-
ence on the kinetics of the photocycle and on proton
pumping [21,24,62]. On the other hand, the temper-
ature and the amount of solvent molecules surround-
ing biological macromolecules strongly determine dy-
namical properties [63]. Since the equilibrium
fluctuations are not only influenced by temperature
but also by the hydration level, a reduced quasi-elas-
tic incoherent structure factor is observed due to
‘dehydration by cooling’ [31]. The influence of
temperature on the dynamical behaviour of samples
at different initial hydration levels is shown in
Fig. 5. Regarding the equilibrium fluctuations at
particular temperatures where the individual inter-
mediate states are trapped (Fig. 5) the following re-
lation between photocycle kinetics and dynamical
properties evolves: the first part of the photocycle
(bR —>J—> K —1L) seems not to be significantly influ-
enced by large amplitude fluctuations. Therefore, the
change of residue K216 in helix G reported for the K
state [56] is not caused by large amplitude thermal
fluctuations but a consequence of the local stress ex-
erted on the backbone hydrogen bonds due to retinal
isomerization together with the K216 structural alter-
ations. It appears that the ‘quantity’ of large ampli-
tude fluctuations is rate-limiting for transitions be-
tween the intermediates of the second half of the
photocycle. The prominent tertiary structural change
[39,45] which occurs during the M; — M, transition
is inhibited below 230 K and at hydration levels be-
low 4=0.18 [20]. Above 250 K a significant deviation
in the ‘quantity’ of large amplitude fluctuations for
different hydration levels is observed (Fig. 5). There-
fore, reduced large amplitude fluctuations seem to be
responsible for prolonged or hindered transitions
(M{—>M; and M; > N—-0—-DbR) [24] and disable
tertiary structural changes at low temperatures and
at low hydration levels [20]. The difference in the
dynamical properties is largest above 7=260 K
and decay rates of the M intermediate are prolonged
by one order of magnitude when lowering the hydra-
tion level from /2 =0.38 to 0.18 [24] (see also Fig. 1C).
This indicates that in particular the M decay and the
relaxation back to the ground state need a consider-
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Fig. 5. Temperature dependence of the quasi-elastic incoherent
structure factor of PM samples at different hydration levels (h,
weight water per weight PM; data from [63]). For the inter-
mediates K, L, M; and M, the corresponding trapping temper-
atures are indicated.

able ‘quantity’ of large amplitude picosecond fluctu-
ations to ‘lubricate’ conformational relaxation of the
protein scaffold on the millisecond time scale.

4.2. Water molecules at lipid head groups modulate
bR flexibility and function

The influence of lipids in the PM on the dynamical
and functional properties of bR was investigated by
comparing the natural purple membrane composed
of 75% bR (w/w) and 25% lipid (w/w) and a partially
delipidated PM having only 10% lipids (w/w) [24].
With both types of membranes measurements have
been performed using moderately and weakly hy-
drated (2=0.38 and h=0.18, respectively) samples.
The difference in flexibility between both types of
membranes is relatively small in the case of weakly
hydrated samples and more pronounced in the case
of moderately hydrated samples. As already known
from results given before, a more complete hydration
is related to an increased internal flexibility (Fig. 5).
This effect is more pronounced in the case of natural
PM samples as compared to delipidated PM samples.

The fact that the differences in the flexibility be-
tween natural and delipidated PM samples are much
more pronounced in more completely hydrated sam-
ples gives strong evidence that mainly the presence of
hydration water, which is attached to the polar lipid
head groups at high hydration levels [28,30,64], in-
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creases the internal flexibility of the protein-lipid
complex [32]. The impressive accordance of the ob-
served dynamical properties with the time constant
characterizing the M decay [24] demonstrates that
restricted internal flexibility is related to prolonged
M decay. Therefore, one of the outstanding proper-
ties of lipids in the PM seems to be that mainly these
lipids attract solvent molecules ensuring a sufficient
structural flexibility of the whole PM, which is essen-
tial for a proper function of bR.

5. Concluding remarks

Bacteriorhodopsin is a superb system to elucidate
the functional importance of water in membranes. In
fact, besides the water-soluble protein myoglobin, bR
is the best understood protein in respect to the hy-
dration dependence of function and dynamics, as
well as to the properties of the hydration water.
From all the data gathered, the importance of water
molecules for the function, structure, and dynamics
of bR and the PM is established. Water molecules
are key elements of the proton transport mechanism
by providing a proton pathway and proton acceptor/
donor groups. In addition, water molecules ‘lubri-
cate’ the picosecond molecular motions and the
light-triggered micro- to millisecond tertiary structur-
al changes of the protein. With the advent of high
resolution structures of photocycle intermediates,
such as of the M state(s), the detection of photon-
induced rearrangement of water molecules and hy-
drogen bonds concomitant with the conformational
changes in the chromophore and the protein moiety
is feasible. This will be a clue for understanding vec-
torial proton transport by bR at the atomic level.
Last but not least, the hydration water at the mem-
brane surface with its peculiar properties participates
in long range proton transfer, mediating bioenergetic
coupling between the proton source bR and a sink,
e.g., the HT-ATP synthase or the flagellar motor.
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