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ABSTRACT The existence of two different M-state structures in the photocycle of the bacteriorhodopsin mutant ASP38ARG
was proved. At pH 6.7 (0 to �6°C) a spectroscopic M intermediate (M1) that does not differ significantly in its tertiary structure
from the light-adapted ground state accumulates under illumination. At pH � 9 another state (M2), characterized by additional
pronounced changes in the Fourier transform infrared difference spectrum in the region of the amide I and II bands,
accumulates. The M2 intermediate trapped at pH 9.6 displays the same changes in the x-ray diffraction intensities under
continuous illumination as previously described for x-ray experiments with the mutant ASP96ASN. These observations
indicate that in this mutant the altered charge distribution at neutral pH controls the tertiary structural changes that seem to
be necessary for proton translocation.

INTRODUCTION

Upon illumination, the integral membrane protein bacterio-
rhodopsin (BR) generates a proton gradient across the mem-
brane of Halobacterium salinarum (for reviews see Oester-
helt et al., 1992; Ebrey, 1993; Lanyi, 1995). Conformational
changes in the protein moiety and/or the chromophore ret-
inal are assumed to be key elements of the light-driven
proton pumping cycle of BR (Schulten and Tavan, 1978;
Fodor et al., 1988; Dencher et al., 1989; Hauss et al., 1994;
Haupts et al., 1997), which transfers a proton from the
cytoplasmic to the extracellular side.
In the membrane BR is naturally arranged in two-dimen-

sional crystalline arrays, the so-called purple membrane.
Therefore structural investigations using electron crystal-
lography, neutron and x-ray diffraction were successful.
These experiments and the recent x-ray crystallographic
work on 3D crystals of BR resulted in a ground-state model
of the molecule with atomic resolution (Grigorieff et al.,
1996; Kimura et al., 1997; Pebay-Peyroula et al., 1997).
Furthermore, tertiary structural changes were identified
with the transition to the M intermediate (Dencher et al.,
1989; Koch et al., 1991; Nakasako et al., 1991; Subrama-
niam et al., 1993). Recently it was demonstrated that these
structural changes also persist in the following intermediate
of the photochemical cycle, the N state (Kamikubo et al.,
1996; Vonck, 1996), as originally suggested by time-re-
solved synchrotron x-ray diffraction (Koch et al., 1991).
Furthermore, it could be shown that the onset of the tertiary
structural changes is correlated with the transition between
two M states (Sass et al., 1997), called M1 and M2. The

latter finding contrasts with predictions based on Fourier
transform infrared (FTIR) investigations (Braiman et al.,
1991; Souvignier and Gerwert, 1992; Hessling et al., 1997),
which indicated that the largest structural changes, defined
by difference bands in the amide I and II region, take place
with the M 3 N transition for wild-type (wt) BR and with
the M3MN transition for the Asp96Asn BR (Sasaki et al.,
1992). A state comparable in the amide regions to the MN
state, but with a deprotonated Asp96 (negative band at 1742
cm�1 in the FTIR difference spectrum), was detected for the
wt BR incubated with guanidine hydrochloride (GuaHCl)
and was therefore called MG (Sass et al., 1997). In contrast
to the additional changes in the amide regions of the MG
state compared to M2, the same large structural changes for
both states are detected by diffraction experiments.
To verify the x-ray results indicating that the large

changes in the structure occur with the M13M2 transition,
we have investigated the appearance of the structural
changes for the Asp38Arg-BR mutant, by both x-ray dif-
fraction and FTIR spectroscopy. This mutant was chosen
because it has a long-lived M state and pumps protons, even
though there are no indications in the amide region of the
FTIR difference spectrum for large structural alterations
compared to the ground state (Riesle et al., 1996).

MATERIALS AND METHODS

X-ray diffraction experiments

Purple membranes (PMs) of the BR mutant Asp38Arg were isolated from
Halobacterium salinarum, strain L33, transformed with the appropriate
vector carrying the mutated bacterioopsin (BO) gene according to the
standard protocol (Riesle et al., 1996). PM films for x-ray measurements
were prepared by drying an aliquot of a 30 mg/ml PM suspension at 86%
relative humidity (r.h.) on a mica window at room temperature to obtain an
optical density around 6 at 568 nm. This ensures a reasonable signal-to-
noise ratio for the diffraction experiments, while still allowing most of the
BR molecules to accumulate in the M state during continuous illumination.
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The adjustment of the desired pH value and the incubation with GuaHCl
were performed by overlaying 50 �l of 20 mM phosphate buffer (pH 6.7),
100 mM carbonate buffer (pH 9.6) or 1 M GuaHCl in 100 mM carbonate
buffer (pH 9.6) on top of the PM film and incubating the sample in a
humidity chamber at 100% r.h. for at least 12 h. After removal of the
excess liquid from the films with filter paper, all samples were adjusted to
100% r.h. for an additional 12 h. Subsequently, PM films were enclosed in
airtight sample cells.
X-ray diffraction patterns were recorded on beamline X13 of the

EMBL/Hamburg (on the storage ring DORIS of the Deutsches Elektronen
Synchrotron (DESY), using a linear position sensitive detector with delay
line readout (Gabriel and Dauvergne, 1982) and the standard data acqui-
sition system (Boulin et al., 1988). To avoid radiation damage, the sample
was continuously translated vertically in the x-ray beam. A small solenoid-
driven shutter protected the sample from unnecessary irradiation between
data collection periods. The total exposure time did not exceed 600 s.
Steady-state illumination was performed with a halogen cold light

source equipped with a light guide (Schott, Mainz, Germany). A wave-
length bandpass from 500 nm to 800 nm was selected, using a combination
of an OG515 long-pass and a KG1 short-pass filter (Schott). For the x-ray
experiments, accumulation of the M state was checked by measuring the
absorption spectra at thinner positions of the PM films with a diode array
spectrometer (J&M, Aalen, Germany) installed at the beamline. For the
optical measurements, the sample and illumination conditions were iden-
tical to the ones of the diffraction experiment. The temperature of the
samples was adjusted by a stream of dry cool air.
X-ray diffraction data were background-subtracted and Lorentz-cor-

rected by multiplying the experimental intensities with the corresponding
values of the scattering vector s (s � 2sin �/�, where 2� is the scattering
angle and � � 1.5 Å, the wavelength). Diffraction patterns of the PM films
incubated at pH 6.7 or pH 9.6 or with 1 M GuaHCl (pH 9.6) were obtained
from three different samples and at different temperatures, about �6°C,
�6°C, and�6°C, respectively. The different patterns were scaled by using
the sum of the integrated reflection intensities in the range from reflection
(1, 1) to (5, 2). This procedure is, of course, not entirely accurate, as the
samples might have developed different amounts of disorder.
Difference density maps with a resolution of 7 Å were calculated from

the difference amplitudes of the illuminated and the light-adapted ground-
state samples by using phases from electron microscopy (Henderson et al.,
1986). The amplitudes of overlapping reflections were determined by
splitting Lorentz-corrected intensities according to the electron microscopy
data.

FTIR spectroscopy

For FTIR measurements, PM films of the BR mutant ASP38ARG were
prepared by applying a 5-�l aliquot of a 10 mg/ml suspension to a CaF2
window and allowing it to stand for a few minutes in air until most of the
water was evaporated. Thereafter, the samples were adjusted to 100% r.h.
by incubating them for at least 12 h over pure water in a humidity chamber.
Subsequently, the samples were sealed with a greased Teflon spacer ring
and a second CaF2 window.
For incubation with GuaHCl, 20 �l of a 1 M solution (pH 9.6) was

deposited on a PM film for at least 1 h at 100% r.h. Thereafter, the excess
GuaHCl solution was removed with filter paper. The samples were stored
at 100% r.h. before the cell was sealed as described above.
FTIR difference spectra were recorded with a Bruker IFS66V spectrom-

eter after baseline stability was ensured. Difference spectra with a resolu-
tion of 2 or 4 cm�1 were obtained from the average of at least 100 scans
in the dark and the average of the immediately following 100 scans under
continuous illumination, using the same light source as for the x-ray
measurements. All measurements were repeated at least three times. They
were performed either at 20°C or at 10°C. For comparison, the spectra were
scaled to the same difference absorbance value at 1201 cm�1.

RESULTS AND DISCUSSION

X-ray diffraction and visible
absorption spectroscopy

The ASP38ARG-BR photocycle intermediates, accumu-
lated under various conditions, were characterized by visi-
ble and FTIR difference spectroscopy. For the exact control
of the state of the sample, measurements in the visible
wavelength region were performed under conditions iden-
tical to those in the diffraction experiment. The optical
spectra of the ASP38ARG-BR sample at pH 6.7, 100% r.h.,
and of a sample incubated with GuaHCl, pH 9.6, are shown
in Fig. 1. The absorption maxima around 410 nm clearly
indicate the presence of a predominant fraction of M inter-
mediate during illumination. Despite the fact that the ab-
sorption band of the ground state is distorted because of the
response of the spectrometer, this conclusion can be drawn,
because the ratio of the absorption bands of the illuminated
sample (around 410 nm) to the light-adapted ground state

FIGURE 1 Optical spectra of the BR-ASP38ARG samples cooled to
�6°C with (�����) and without (——) illumination as used for the diffraction
experiment. The spectra of the ground state are slightly disturbed around
the absorption maximum by the response of the spectrometer at such high
OD. The spectra of the illuminated samples are only shown up to 520 nm,
because the longer-wavelength part is disturbed by the excitation light.
(Top) Sample at pH 6.7. (Bottom) Sample incubated with GuaHCl, pH 9.6.
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(around 570 nm) is in the range of 0.7 for both samples. An
absorption ratio of this amount is indicative for an accumu-
lation of all molecules in the M intermediate (Nagle et al.,
1982). These optical spectra were obtained by cooling both
samples between �2° and �6°C. Only under this condition
could most of the BR molecules of the pH 6.7 sample be
trapped in the M intermediate under continuous illumination.
Diffraction patterns of a sample at pH 6.7, cooled just

below 0°C, and of samples at pH 9.6 with and without
GuaHCl, at �6°C, are shown in Fig. 2. Despite the large
differences in the diffraction patterns, according to the op-
tical measurements all three samples are in the M state when
illuminated. Although background noise is high, it is evi-
dent that the sample at pH 6.7 does not diplay any signifi-
cant changes in the intensities of the diffraction pattern

under continuous illumination. On the other hand, clear
differences are detectable between intensities of the ground
state and the illuminated state of the samples at pH 9.6, with
and without GuaHCl. In particular, the changes in the (3, 2)
and (4, 1) reflections characteristic of the large tertiary
structural changes associated with the transition to the M
intermediate (Dencher et al., 1989; Koch et al., 1991) or,
more precisely, to the M2 intermediate (Sass et al., 1997) are
clearly present in the diffraction patterns. Only the extent of
the changes is different in the two samples at pH 9.6,
because the number of molecules in the M intermediate is
expected to be slightly smaller without than with GuaHCl at
the measuring temperature of about �6°C. This is reason-
able because optical measurements show that without the
addition of GuaHCl, the number of molecules accumulated

FIGURE 2 Lorentz-corrected x-ray diffraction patterns of BR-ASP38ARG purple membranes at 100% r.h. (Top) Light-adapted ground state (——) and
illuminated sample (�����) of a PM film incubated with GuaHCl (pH 9.6). (Bottom) Range from reflection (2, 2) to (5, 1) under different conditions on an
expanded scale. Left: pH 6.7 (around�6°C); center: pH 9.6 (around�6°C); right: pH 9.6� GuaHCl (around�6°C). The shift of diffraction peaks to lower
s values corresponding to an increase in the lattice constant for films under illumination is clearly visible for all samples. s � 2sin �/�, with Bragg angle
� and wavelength � � 1.5 Å.
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in the M state is more temperature dependent. The charac-
teristic changes in the (3, 2) and (4, 1) reflections are
slightly more pronounced in the presence of GuaHCl, as a
result of the expected larger number of molecules accumulated
in M2.
The corresponding difference electron density projections

are depicted in Fig. 3. They confirm that only at pH 9.6 do
the continuously illuminated samples with and without
GuaHCl display the previously determined changes mainly
at helices F and G. The sample at pH 6.7, on the other hand,
shows not only much smaller difference densities, but also
no significant variations at positions in the BR molecule
known to be involved in the larger structural changes. This
is most obvious in the vicinity of helix G, where the most
pronounced positive difference density is found in the maps
of the other samples. Morever, the difference densities near
helix F are increased at higher pH for both samples. The
most likely explanation for the observed differences is that
the M2 state accumulates at pH 9.6 with the characteristic
changes of helix G and the outward tilt of helix F (Dencher
et al., 1989; Koch et al., 1991; Subramaniam et al., 1993),
whereas the M1 state is enriched at pH 6.7. Because small
positive difference densities are also detectable in the region
of helices B, E, and F in the latter sample, it is possible that

the M1 state also displays small structural changes com-
pared to the ground state, without showing the pronounced
changes in the tertiary structure visible at high pH with and
without GuaHCl.
This finding is consistent with the separation of the M

state into two states, M1 and M2, of which only the M2 state
displays the characteristic large structural changes (Varo
and Lanyi, 1991, 1995; Sass et al., 1997). The smaller
structural changes in the sample at pH 6.7 are in accordance
with the previous interpretation that structural changes be-
tween the intermediates are not a single-step event. The
smaller changes prepare the large changes in the tertiary
structure (Sass et al., 1997). In this respect it is noteworthy
that the lattice constant of the low-pH sample also increases
upon illumination (s. Fig. 2) and is therefore already present
in the M1 state. Thus this lattice constant increase of �0.2
Å is completed before the large alterations at helices F and
G become visible in the difference electron density map
(Fig. 3).

FTIR measurements

To further characterize the differences between M interme-
diates detected by diffraction experiments, FTIR difference
spectra of comparable samples were measured (Figs. 4 and
5). The spectra have a difference band pattern characteristic
of the M intermediate, i.e., the deprotonation of the Schiff
base (a positive band at 1624 cm�1 and a negative band at
1639 cm�1), the protonation of Asp85 (a positive band at
or near 1761 cm�1), and the typical fingerprint region (no
positive band at 1186 cm�1) (Braiman et al., 1987; Gerwert
et al., 1989). Fig. 4 (top) shows that upon cooling, the
difference band pattern of the FTIR spectrum of the sample
at pH 6.7 does not change appreciably. Only the intensities
of the difference bands increase at lower temperature, indi-
cating that under identical conditions of continuous illumi-
nation, more BR molecules are trapped in the M state. The
most pronounced differences between the FTIR spectra of
the samples at different pH are in the amide I region
1670–1660 cm�1 (Figs. 4 and 5). The ASP38ARG sample
at pH 6.7 (Figs. 4 and 5) displays, as already reported by
Riesle et al. (1996), a very small difference band at 1670
cm�1 and only a small negative one at 1660 cm�1. The
ASP38ARG sample at pH 9.6, with and without GuaHCl
(Fig. 4), on the other hand, shows a negative difference band
at 1670 cm�1 and a shoulder, i.e., a smaller band, at 1660
cm�1. This is another indication, albeit somewhat contro-
versial (Ormos, 1991; Ormos et al., 1992; Perkins et al.,
1992; Vonck et al., 1994; Sass et al., 1997; Hessling et al.,
1997), that the sample at pH 6.7 is accumulated in the M1
state, whereas the samples at higher pH with and without
GuaHCl are trapped in the M2 state (Fig. 5). The amide II
region, 1540–1560 cm�1, also presents the characteristic
differences between the two M states: a less pronounced
broad difference band for the M1 state and a stronger band
peaked at 1557 cm�1 for the M2 state (Ormos, 1991; Sass et
al., 1997).

FIGURE 3 Difference electron density maps (M state minus light-
adapted ground state) of the BR-ASP38ARG PM at 100% r.h. under
different conditions. (Top) pH 6.7, M1 state. (Center) pH 9.6, M2 state.
(Bottom) pH 9.6, incubated with GuaHCl, M2 state. The bold contour
outlines the BR monomer; individual helices are marked by capital letters
from A to G. Continuous lines correspond to positive, dashed lines to
negative electron density levels. Contour levels are on the same scale in all
maps.
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In addition, the difference band of Asp85 clearly indi-
cates a correlation with the changes in the structure detected
by the diffraction experiment. The band at 1761 cm�1 for
the pH 6.7 sample is broadening/shifting toward 1755 cm�1

for the sample at pH 9.6. This indicates that the postulated
alteration in the environment leading to the shift of the
difference band toward 1755 cm�1 (Braiman et al., 1991;
Pfefferle et al., 1991; Sasaki et al., 1994) takes place with
the transition from the M1 to the M2 state.
In agreement with our investigations on wt BR (Sass et

al., 1997), the results in Fig. 5 confirm that the sample
incubated with GuaHCl under continuous illumination is
trapped in a state with a deprotonated Asp96, as indicated
by the negative difference band at 1742 cm�1 (Gerwert et
al., 1989; Braiman et al., 1991; Sasaki et al., 1994). In the
region of 1700 cm�1, assigned to be indicative for the
deprotonation of Glu204 (Brown et al., 1995), no difference
is detectable between the samples at pH 6.7 and pH 9.6.
This indicates that, if this residue is the proton-releasing

group, it is already deprotonated in the M1 state, i.e., the
proton is released from the extracellular protein surface
during the transition from the L to the M1 state.

CONCLUSIONS

The results obtained with the ASP38ARG-BR mutant sup-
port the idea that large tertiary structural changes are not
associated with the transition from the L to the M interme-
diate, but with the transition from the M1 to the M2 state.
The detectable large changes in the structure take place after
the deprotonation of the Schiff base, as could be demon-
strated in a diffraction experiment for the ASP85ASN-BR
mutant (Brown et al., 1997), and after the release of the
proton at the extracellular side. This implies that the struc-
tural changes follow a redistribution of charges. This model
is also supported by the recent observation of the influence
of an externally applied electrical field on the ratio of the
M1 to M2 state (Nagel et al., 1998). Because the charge
displacements responsible for the transition from the M1 to

FIGURE 4 FTIR difference spectra (M state minus light-adapted ground
state). (Upper spectra) BR-ASP38ARG (pH 6.7, 100% r.h.) at 20°C (——)
and 10°C (�����). The larger differences at the lower temperature show the
higher degree of accumulation of the same M state. (Lower spectra)
BR-ASP38ARG (pH 9.6, 20°C, 100% r.h., scaled) with (——) and without
(�����) the addition of GuaHCl.

FIGURE 5 FTIR difference spectra (M state minus light-adapted ground
state). (Upper spectra) BR-ASP38ARG (100% r.h.), pH 6.7 (——) and pH
9.6 with GuaHCl (�����). (Lower spectra) An expanded region of the upper
spectra.
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the M2 state involve at least the region of the Schiff base
and the extracellular side of BR, changes in the global
charge pattern could also explain the long-lived M1 state of
this mutant at pH 6.7. The substitution of an arginine for an
aspartic acid makes the charge pattern at the cytoplasmic
side more positive, either directly by the positive charge of
the arginine or indirectly but more effectively, because
another positive charge is no longer compensated for by the
interaction with the aspartic acid. This new charge pattern,
more positive at the cytoplasmic side than in wt BR, could
interfere with the charge variation resulting from the de-
protonation of the Schiff base and therefore slow down the
large structural rearrangements. This would result in the
accumulation of the M1 state. Because no large structural
changes are detectable under this condition, and if one
assumes a sequential order of M1 and M2, the general
conclusion for wt BR can be drawn that a charge redistri-
bution around the Schiff base and at the extracellular side of
the molecule results in an altered force field within BR,
which drives the large structural changes.
At a pH above 9, another group on the cytoplasmic side

might be deprotonated and at least partly compensate for the
added positive charge of the arginine. This would allow the
structural changes associated with the transition to the M2
state to take place. The transition to the subsequent photo-
cycle intermediates N and O, however, would then also be
slowed down as a result of this global charge distribution
and/or because of the lack of protons necessary for the
reprotonation of the Schiff base. Additional changes in the
structure that are not detectable in ASP38ARG-BR under
the used conditions seem to be necessary for the transition
to the N intermediate. This is indicated by the less pro-
nounced changes in the FTIR difference bands at 1670 and
1650 cm�1 for the M state trapped in the mutant in the
presence of GuaHCl, as compared to the MG state accumu-
lated under identical conditions with wt BR (Sass et al.,
1997).
Another important conclusion is that also for

ASP38ARG-BR, for which no indications for structural
changes were found in time-resolved FTIR experiments at
pH 6.7 (Riesle et al., 1996), the known structural variations
during the photocycle take place. The intermediates that
display these changes accumulate only under specific ex-
perimental conditions. At pH 6.7, the relaxation of the
structural alteration after the extended period in the M1 state
is too fast to be detectable. At pH 9.6, on the other hand, it
is not the structural change that limits, but the steps follow-
ing it. The photocycle of ASP38ARG is therefore retarded
in a state similar to that previously found in the mutant
ASP96ASN-BR (Koch et al., 1991; Subramaniam et al.,
1993), i.e., the M2 state with the characteristic alterations in
the tertiary structure. Therefore, if one assumes that the
same sequence of events takes place in the photocycle of
this mutant at pH values above and below 9, vectorial
proton pumping in this mutant also seems to be dependent
on tertiary structural changes which, however, can only be
observed under the appropriate kinetic conditions.
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