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The tertiary structural changes occurring during the
photocycle of bacteriorhodopsin (BR) are assigned by
X-ray diffraction to distinct M states, M ; and M..
Purple membranes (PM) of the mutant Asp96Asn at
15, 57, 75 and 100% relative humidity (r.h.) were
studied in a parallel X-ray diffraction and Fourier
transform infrared (FTIR) spectroscopic investigation.
Light-dependent conformational changes of BR-Asp96-
Asn are observed at high hydration levels (100 and
75% r.h.) but not in partially dehydrated samples (57
and 15% r.h.). The FTIR spectra of continuously
illuminated samples at low and high hydration, despite
some differences, are characteristic of the M inter-
mediate. The changes in diffraction patterns of samples
in the M, state are of the same magnitude as those of
wild-type samples trapped with GuaHCI in the Mg
state. Additional large changes in the amide bands of
the FTIR spectra occur between M and Mg. This
suggests, that the tertiary structural changes between
M, and M, are responsible for the switch opening the
cytoplasmic half-channel of BR for reprotonation to
complete the catalytic cycle. These tertiary structural
changes seem to be triggered by a charge redistribution
which might be a common feature of retinal proteins
also in signal transduction.

Keywords conformational changes/hydration/

M intermediates/photocycle/proton pumping

Introduction

The spectroscopic transition of BR to its M intermediate
is characterized by a shift of the absorption maximum of
the retinal chromophore from 570 nm in the light-adapted
ground state to 410 nm. This shift results from thetahs
to 13<isisomerization of the retinal, the deprotonation of
its Schiff base linkage and the concomitant protonation
of amino acid Asp85. Thereafter a proton is released at
the extracellular side of the membrane (Dencheral,
1991). The next intermediates of the photocycle, called N
and O, are relaxation processes leading to the restoration
of the ground state. With the transition to the N inter-
mediate, the Schiff base is reprotonated from the Asp96,
which is located on the cytoplasmic side of the proton wire,
whereas re-isomerization of the retinal and reprotonation of
Asp96 occur with the transition to the O state. The
initial state which is finally reached is characterized by
a protonated Schiff base, a protonated Asp96 and a
deprotonated Asp85 (for reviews, see Oesterkelal,
1992; Ebrey, 1993; Lanyi, 1995).

The M intermediate formed under release of a proton
towards the extracellular side decays with the reprotonation
from the intracellular side via Asp96. Thus, two M states
must exist with different  values and accessibilities of
the Schiff base for the proton, conveniently called M
and M,. The switch in accessibility must be due to
conformational changes of the protein and/or the retinyl-
idene moiety (Schulten and Tavan, 1978; Foeoral,
1988). To describe the kinetics of the photocycle, Varo and
Lanyi (1990, 1991a) postulated an irreversible transition
between M and M,. This could not, however, hitherto
be unambiguously proven experimentally, although the
presence of two M intermediates (Mnd M,) had been
deduced much earlier from spectroscopic measurements
(Korensteinet al,, 1978).

UV-VIS (Varo and Lanyi, 1991b; Vareet al, 1992;
Zimanyi et al, 1992) and Fourier transform infrared
(FTIR) spectroscopy (Ormos, 1991; Perketsal,, 1992)
revealed a transition from Mto M, by a slight shift in
the absorption maximum of the M intermediate and
changes in the amide-I region (1650-1670Ynrespect-
ively. Later, the FTIR results were, however, re-interpreted
as giving no evidence for a Mo M, transition, due to
doubts about the purity of the accumulated substates

Changes in the tertiary structure of the membrane protein (Ormoset al, 1992; Voncket al,, 1994).

bacteriorhodopsin (BR) during the transition from its

Different procedures have been used to generate the M

ground state to the photocycle intermediate M have intermediate: (i) cooling wild-type BR to a temperature

been observed by neutron (Dencledral, 1989), X-ray
(Dencheret al, 1991; Kochet al, 1991; Nakasaket al,
1991) and electron diffraction (Subramaniairal., 1993;

between 220 and 260 K before illumination (Ormos,
1991); (ii) incubation of wild-type BR with guanidine
hydrochloride (GuaHCI) at pH 9.6 (Denchetral., 1989);

Han et al, 1994). A concomitant increase of the lattice and (iii) using the BR mutant Asp96Asn (BR-D96N),
constant of the purple membranes (PM) in the range which displays a pH-dependent retardation of the M decay
between 0.2 and 0.5% also occurs with the transition to (Butt et al,, 1989; Kochet al, 1991; Subramaniarat al,,

the M intermediate (Denchest al, 1989; Kochet al,
1991. Nakasaket al, 1991).
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1993). Dehydration of the PM is also known to influence
the kinetics of the photocycle and especially retards the
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Fig. 1. Lorentz-corrected X-ray diffraction patterns of BR-D96N light-adapted purple membranes (pH 9.6, room temperature) at different hydration
levels in the absence of light (solid line) and under steady-state illumination (dottedsligre2sin®/A, with Bragg angle® and wavelength
A = 1.5 A. The lower panels represent the reflection range (2,2) to (4,1) at different r.h. on an expanded scale.

decay of the M intermediate (Korenstein and Hess, 1977,
Varo and Lanyi, 1991c; Thiedemart al., 1992). the ground-state to the M intermediate are most pro-

To clarify whether the changes in the tertiary structure nounced in the (3,2) and (4,1) reflections of the samples
of the protein take place at the onset of the M intermediate with hydration at or above 75% relative humidity (r.h.).
or with the transition between M states, we have performed At lower r.h. the intensity differences become small. This
a combined FTIR and X-ray diffraction study on BR- is illustrated further by the difference electron density
D96N samples trapped in the M intermediate at different maps in Figure 2, demonstrating the presence (75% r.h.)
degrees of hydration. Comparison of these trapped M and the absence (57% r.h.), respectively, of a pronounced
states with that of wild-type M obtained by cooling or by density increase at helix F, G and B in the M intermediate
incubation with GuaHCI led to the conclusion that the as reported in previous publications (Dencletr al,
changes in the tertiary structure of BR occur during the 1989, 1991; Kochkl, 1991; Nakasakeet al, 1991;
M, to M, transition. Furthermore, it could be demonstrated Subramanianmet al, 1993; Hanet al, 1994). Both the
that the large structural changes reflected in the diffraction hydrated and the dry samples are in the M state during
experiments are not identical to the largest changes in thecontinuous illumination, as indicated by their colour
amide bands of the FTIR difference spectra. The light- change from purple to yellow. The intensity of the (3,1)
induced alteration of the tertiary structure, especially the reflection decreases continuously between 100 and 57%
changes in the vicinity of helix F and G, are only detectable r.h. and then remains nearly constant. It does not change
under conditions which allow the release of the proton to upon illumination independently of hydration. This makes
the extracellular side of the membrane. This indicates that it a good marker of the hydration level and allows us to
proton translocation initiates the structural changes by a exclude that the changes between the dark and illuminated
charge redistribution. samples would be due to an artificial transient dehydration.

characteristic changes accompanying the transition from

M states of the hydrated and dehydrated samples

The FTIR difference spectra of BR-D96N and wild-type
Tertiary structural changes seen by X-ray samples with hydration levels comparable with those of the
diffraction X-ray experiments are shown in Figures 3and 4. The spectra
The X-ray diffraction patterns of the BR-D96N mutant at clearly illustrate that the M states of the hydrated (100 and
different hydration levels in the ground-state and during 75% r.h.) and dry (50 and 38% r.h.) samples differ mainly
steady-state illumination are shown in Figure 1. The in the amide bands, at 1650-1670 @rtamide-I region)

Results

1485



H.J.Sass et al.

o e S
EC)
oo O F
;D .
0 -y \ O N °
., C O g
o GPIIEN 2
D o
. 7]
O o B /A 2
o © o o 57% . b
/ o =5

75% r.h.

.
7

.

ST

1761 cm”!

1705 cm™ | 1660 cm

1670 cm™

! 1395 cm™
1557 cm’

\\ {/r’wfw ﬂw /ﬁ "

A w\ —

I
1700

1500

I I 1
1300

Fig. 2. Difference electron density maps (M state minus light-adapted
ground state) of the BR-D96N purple membranes at different
hydration levels. Top: 57% r.h., Mstate. Bottom: 75% r.h., Mstate.
The bold contour outlines the BR monomer, individual helices are
marked by upper case letters from A to G. Continuous lines

correspond to positive, dashed lines to negative electron density levels.

Contour levels are scaled to each other in both maps.

and 1540-1560 cm (amide-II region). The most obvious
difference lies in the ratio of the intensities at 1670 and
1660 cntl, which is<1 in the dry samples ang1 in the

hydrated samples. The increase in relative humidity is also

-1
wavenumber (cm )

Fig. 3. FTIR difference spectra (M state minus light-adapted ground
state). Upper four spectra: BR-D96N (pH 9.6, room temperature) at
different levels of hydration and wild-type BR at 50% r.h. Lower three
spectra: wild-type BR (pH 10, 100% r.h.) at different temperatures.
Successive spectra, all having zero value at 1800 cwere displaced
by 0.01 units along the ordinate for better visualization.

250 K are also presented in Figures 3 and 4. The direct
comparison illustrates similarities in the changes found

for M states trapped either by cooling or dehydration. As
already observed by Ormos (1991), samples trapped in

the M state at temperatures of 240 K and below have an

accompanied by a qualitative change in the appearance ofamide-I ratio (1670:1660 cm) <1, whereas above 240 K

the amide-Il band.

Additional differences are also detectable in the amide-I
region of the various dry samples. The intensity of the
amide-| band is clearly lower at the lowest hydration (38%

r.h.) thaninthe sample at 50% r.h., although the other bands,

especially those at 1761, 1640 and 1620 %are similar.

All difference spectra of these samples display a positive

band around 1761 crh indicative of the protonation of
Asp85. The negative band around 1640—tand the posit-
ive band around 1620 crhare characteristic of the depro-
tonation of the Schiff base. Also the fingerprint region (C—
C stretch of the retinal) of the difference spectra of all
these samples exhibits negative values at 1188, giving
further evidence for the M intermediate (Braimanhal.,
1987; Gerwertt al, 1989; Pfefferlest al,, 1991). Even at

this ratio i>1. In contrast to the spectra of the mutant
at 100% r.h. and of wild-type at or below 240 K, the
spectrum of wild-type BR at 250 K gives clear indications
of contributions from the N intermediate. These are
mainly the asymmetric broadening of the difference band
at 1761 cm! towards 1755 cmi, the appearance of a
negative band at 1742nchof a positive band region
around 1390-1400 crh as well as an increase in the
band at 1188 chiPfefferleet al, 1991). These observa-
tions are in agreement with those which led Orrepsl.

(1992) to reject the existence of different M states as
an explanation for the changes observed at different
temperatures. The changes in the amide-I and amide-Il|
regions of wild-type BR at 250 K cannot, however, simply

be due to a contamination of the trapped M state by the

the lowest hydration level investigated here, the difference N intermediate, since the same pattern is seen in the

bands characteristic of the M intermediate are clearly

hydrated BR-D96N samples, where no indications of N

observed. The dry samples used for the X-ray experimentsstate contributions are detectable in the FTIR difference

are thus also trapped in the M intermediate.

M states at different temperatures
Beside the mutant samples at different hydrations, differ-

spectrum (Figure 3).
Similar X-ray diffraction and FTIR observations were
made on BR-D96N embedded in glucose at different
levels of hydration (data not shown). They demonstrate

ence spectra of BR wild-type samples at 220, 240 and that glucose has less influence on the M intermediate than
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Fig. 4. Top: expanded carboxy, amide-l and amide-II region of the Fig. 5. FTIR difference spectra (M state minus light-adapted ground
wild-type samples (pH 10, 100% r.h.) at 220 and 250 K. Bottom: state). Top: BR-D96N at 75 and 100% r.h., wild-type BR incubated
carboxy, amide-I and amide-II region of the BR-D96N samples with GuaHCI and BR at 250 K. The successive spectra, all having
(pH 9.6, room temperature) at different levels of hydration (38 and zero value at 1809 veene displaced by 0.01 units along the
100% r.h.). ordinate for better visualization. Bottom: expanded carboxy, amide-|

and amide-II regions.

the actual hydration of the sample, as already suggestedl188 cnt! nor in the region of the protonated Schiff base

by Vonck et al. (1994). NH bending (1395 cm¥), indicative of the reprotonation
of the Schiff base and hence of the N intermediate, are
The M state trapped with GuaHCI detectable.

A comparison of all FTIR difference spectra with an
amide-I ratio (1670:1660 cmy >1 with those of a BR
wild-type sample incubated with GuaHCI is presented
in Figure 5. The latter spectrum clearly displays all The structures of the M; and M, states

characteristic difference bands assigned earlier by SasakiBoth the X-ray diffraction and FTIR results point to the

Discussion

et al. (1992) to a state which was calledyMo indicate existence of distinct states in the M intermediate of the
the presence of the amide-1 and -Il band patterns character-BR photocycle. The hydrated samples (100 and 75% r.h.,
istic of the N state without any indication of the reproton- Figure 1) display the same changes in the intensities of

ation of the Schiff base. It should be noted that the the diffraction pattern as reported previously (Dencher
difference spectra of the pstate presented here were et al, 1989, 1991; Kochet al, 1991; Nakasaket al.,
obtained without additional subtraction of a ‘pure M’ 1991; Subramanianet al, 1993), whereas almost no
difference spectrum from the measured difference spec- intensity changes are detectable in the diffraction patterns
trum, as described in earlier work (Sasakial, 1992). of the less hydrated samples (57 and 15% r.h.) upon
The wild-type sample incubated with GuaHCI also illumination. These dry samples are, however, also trapped
showed a negative band at 1742 ¢émindicating the in the spectroscopic M intermediate, as judged from
deprotonation of Asp96. Therefore, we call thiglike their colour and FTIR spectra obtained under identical
state M;. The FTIR difference spectrum of this final conditions. The changes in the tertiary structure during
substate of the M intermediate is characterized by a shifted the transition from one M state to another determined
positive band for Asp85 (1755 c), a negative band  above are in line with the recently reported differences in
at 1742 cm! and large changes in the amide-I (1650, the activation volume between the Laodw; to M,
1670 cntd) and the amide-II region (~1555 cH com- transitions (Varo and Lanyi, 1995), indicating that major
pared with the other M spectra. In contrast, none of the changes occur betwesamd WA
characteristic changes in the fingerprint region at Inparallel, there are also clear differences in the amide-I
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region of the FTIR difference spectra of the dry and ~1760'aso0 changes clearly from having a shoulder

hydrated samples, in particular in the peak amplitude ratio near 1755 cmt to having a clear maximum at 1755 th

1670:1660 cimt. The latter was originally taken by Ormos in wild-type BR incubated with GuaHCI. Alltogether, these

(1991) and Perkinset al. (1992) as an indication of differences indicate that even assuming an admixture of the

different M states, Mand M. Although the interpretation \state in the spectra of the wet samples, this contribution

of the FTIR spectra initially supported the hypothesis of is not dominating and therefore cannot be the origin of the

the existence of the Mand M, states (Ormos, 1991; large structural changes detected with X-ray diffraction.

Perkinset al,, 1992), it was later revoked by Ormesal. This is true especially if one also considers that there are no

(1992), arguing that the differences in the spectra simply further great changes in the diffraction intensity distribution

result from a mixture of L and M or M and N intermediates, upon illumination between the sample at 75 and 100% r.h.

and modified by Voncket al. (1994), defining the first and those of the wild-type BR incubated with GuaHCI.

state as pure M or Mand the second as a mixture obM  Therefore, we conclude that the structural changes detected

and M. with X-ray diffraction are completed before the sample is
Concerning our X-ray data, we suggest that the initial inthe My state, i.e. they are already present in theskéte.

assignment (Ormos, 1991; Perkies al, 1992) of the Conversely, small changes occur in the amide regions

FTIR difference peaks in the amide-I region to the M before the changes in the diffraction pattern become detect-

states M and M, was correct, although their samples able. The FTIR measurements at different temperatures and

might have had admixtures of the L or N state respectively. different degrees of hydration indicate that the changes in

Consequently, we assign our dry samples, exhibiting no the amide regions develop continuously and can be trapped

changes in the tertiary structure according to our X-ray at different magnitudes. When the difference peak ratio in

data, to be in the Mstate. Since Mlis supposed to be in the amide-I region rises beyond a value of unity, a state is

equilibrium with the L intermediate, one would expect reached where the large structural changes are observed in

admixtures of characteristic L difference bands in our the diffraction pattern. The IR spectra always unequivocally

FTIR spectra of the dry samples. Obviously this is not indicate the protonation of Asp85 (difference band at

the case, as shown in Figure 3 for the mutant sample at 1761) and the deprotonation of the Schiff base.

38% r.h. The fingerprint region gives no indication of These continuous IR changes preceding a large con-

this; for example, compare the band at 1188-%aof this formational transition can be interpreted by assuming a

spectrum with the L spectrum published by HeRletgl. hierarchy of conformational substates of the M inter-

(1993). However, the absence of admixtures of the L mediate (Frauenfelder, 1995). These are separated by

intermediate in the spectra of our dry samples at pH 9.6 comparatively low energy barriers and therefore trapped

does not exclude the assignment of this intermediate as at slightly different temperatures or hydration levels.

M;. This is understandable from earlier observations noted At the onset of the Nregion, no changes in the amide

in the literature. Varo and Lanyi (1991c) found a decrease regions are detectable but all features characteristic of

in the production of L from M and in the rate constant a deprotonated Schiff base and a protonated Asp85.

for the conversion of Mto M, with decreasing water Subsequently, some changes develop in the structure of

content. Zimanyet al. (1992) reported a 50-fold accelera- the protein which are accompanied by changes in the

tion in the L to M, reaction at pH 10 compared with pH amide-l region of the FTIR difference spectra. These

<8. These results strongly suggest that an accumulationsmaller structural changes ultimately lead to the conform-

of the M; state under the condition of low hydration and ational transition detected in the diffraction experiments.

high pH occurred in our samples. For the hydrated samples (75 and 100% r.h.), the
Comparison of the low temperature measurements with characteristic changes associated with the large alteration

those at different hydration levels confirms that the changesof the tertiary structure are illustrated in the difference

occurring in the amide regions and hence also the develop- electron density map in Figure 2. They are the same as

ment of the M states in the wild-type BR and in the BR- reported earlier (Dencheat al, 1989, 1991; Koctet al,

D96N are comparable, asillustratedin Figure 3. For samples 1991; Nakesakp1991; Subramaniarat al, 1993)

which display an amide-I ratio (1670:1660 Tin<1, only with the main positive peaks near helices B, F and G.

small changes in the tertiary structure of the protein are The closely apposed negative peaks near helix F were

detected in diffraction experiments, whereas large changesproposed to indicate a net outward movement of this helix

occurin all samples displaying an amide-I ratia (Figures away from the central position of the protein. It was

1 and 2). We thus conclude that the change in the peakshown further that the structural changes are located in

amplitude ratio is indicative of the transition from one M the cytoplasmic half of the protein (Subramaniam

state to another. The structural changes detected by thel993; Vonck, 1996).

diffraction experiments are, however, not correlated with

the largest changes in the amide regions which are only The particular structure of the My/Mg state

fully developed in the Iy state. That is, comparing the The differences in the amide regions of the FTIR spectra

amide regions of the sample at 75% r.h. (already showing of the samples at 75 and 100% r.h. suggest that beside
the full changes in the X-ray structure) with the spectra of the large changes in tertiary structure seen in diffraction,
wild-type BR incubated with GuaHCI, the latter sample there are additional smaller ones, resulting in large alter-
displays not only much larger difference bands in this ations of the FTIR signal, which fully develop until the
region, but also different relative values of the difference next intermediate, the N state, is reached. This is in
maxima (1670, 1660and 1650 th This reducesthe pos- agreement with the proposal of Vonek al. (1994) and

sibility that only the influence of the water content is a pure laral. (1994) that the second M state detectable by

source of this distinction. In addition, the band of Asp85 at FTIR spectroscopy is a mixture of Mand My. The first
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evidence for such a mixture of M states came from FTIR
investigations on the BR mutant D96N (Sasaii al,,
1992), which demonstrated that at high pH the M differ-
ence spectrum is a combination of a pure M spectrum
and a spectrum which clearly displays the characteristic
difference band pattern of the N state in the amide regions,
although the fingerprint region still confirms the existence
of the M intermediate. The changes in the amide regions
are larger in the | state than in the Mor M, states and
similar to those of the N intermediate (Pfeffert al,
1991; HeRlinget al,, 1993), as illustrated by the spectrum
of the wild-type sample incubated with GuaHCI (Figure 5).
In our previous diffraction experiments on wild-type
samples incubated with GuaHCI (Denchetral, 1991), : : ; 5
we found nearly the same changes in the intensities upon Lo M, 3M2 M, N ' 0O
illumination as with the hydrated samples of the mutant
D96N. The additional changes in the amide regions Fig. 6. Schematic diagram of the structural changes during the
occurring during the Mto My transition are thus cIearIy _photocycle of_BR as observed in the X—ray diffrz_iction experiment and
not correlated with the changes in the tertiary structure ™ the FTIR difference spectra. Solid lines: relative differences
. . . . . . determined in the present report; dashed lines: as determined by
detected in the diffraction experiments. This conclusion prefterleet al. (1991), Sasakét al. (1992), Kamikubcet al. (1996)
is supported further by the recent X-ray diffraction experi- and Vonck (1996); dotted lines: assumed changes.
ment by Kamikubeet al. (1996) and an electron diffraction
investigation by Vonck (1996), demonstrating the same
structural changes for the N intermediate as determinedto prevent the direct transfer of the proton to the Schiff
before for the M intermediate (Denchetral,, 1989, 1991; base.
Koch et al, 1991; Nakasaket al, 1991). These results
(Kamikuboet al., 1996; Vonck, 1996) support the previous Structural changes and proton pumping
conclusion that the tertiary structural changes relax in the The importance of the transition from the;Nb the M,
catalytic cycle later than in the N intermediate (Dencher State, as indicated by our X-ray experiment as well as in
et al, 1991; Kochet al, 1991). On the other hand, the the amide-I region of the FTIR spectra of the dry and
clearly different FTIR spectra of the wet BR-D96N and hydrated samples, is supported further by proton transport
the wild-type sample incubated with GuaHCl indicate that Measurements at different hydration levels (Thiedemann
contrary to the assumption of Hat al. (1994) and Vonck €t al, 1992). The time course of proton release and re-
(1996), the structural changes shown for the BR-D96N UPtake, as measured with different pH-indicator dyes, was
sample are those characteristic for, nd not for the  drastically reduced below 75% r.h. Taken together with
M, state. the diffraction experiments, these results suggest that
To understand the above-mentioned differences in the Proton translocation across the membrane is only possible
extent of structural changes between the FTIR and X-ray When the large tertiary structure changes can take place.
results, it should be noted that structural changes resolved® récent quasi-elastic incoherent neutron study on BR
by FTIR are not necessarily large enough to be detectable(Fitter et al, 1996) supports the idea that a decrease in

by diffraction methods at the presently accessible hydration results in an appreciable decrease in internal
resolution. molecular flexibility.

An experiment with mutant Asp85Asn (Kataoktal,

1994), which revealed structural changes, similar to those
The deprotonated Asp96 in the Mg state seen during the catalytic cycle, upon increasing the pH
The FTIR measurements on wild-type samples incubatedyp to 11 to deprotonate the Schiff base, gave a clear
with GuaHClI reveal another interesting feature of thg M indication that the protonation state of certain groups is
state. Indeed, changes in the environment of the protonatecof importance in order for the structural changes to
Asp85, indicated by the positive difference band centred take place.
at 1755 cm!, as well as the deprotonation of Asp96,
indicated by the negative difference band at 1742'cm  Conclusions
are detectable. This contradicts the assumption that theseOur results support the following model for the changes
difference bands are characteristic of the N state (Gerwert(Figure 6) occurring in the M intermediate (MM,
et al, 1989; Braimaret al, 1991, Pfefferleet al, 1991). and My/Mg). After isomerization of the retinal upon
Since the Schiff base is still deprotonated, the proton of illumination, the Schiff base is deprotonated and Asp85
Asp96 might have been transferred to a water or a GuaHCl protonated concomitantly. This state is called. M this
molecule. It suggests that the illuminated sample trapped state, the orientation of some amino acid residues changes,
with GuaHCl is in a state where all changes in the structure preparing the transition to the Mtate. The onset of the
and orientation of amino acid residues are as required for M, state is correlated with the change in the tertiary
the transition to the N state and that only the reprotonation structure of the protein. This large structural change seems
of the Schiff base has not yet taken place; hence theto be the result of the proton movement from the Schiff
denomination M for this state or N if samples of the base to Asp85 and the subsequent release of the proton
mutant BR-D96N were investigated. GuaHCI thus seems from another group, probably Glu204 (Brownhal., 1995),

A amide band intensitz A X-ray structure
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to the extracellular side. Thereafter, further changes take another pattern can only give a qualitative answer. However, a comparison
place in the orientation of amino acid residues to prepare of intensity ratios with and without illumination or of ratios between

intensities of different reflections in the same pattern with those at
the release of the proton from Asp96 and the transfer of ;,qiher humidity is quantitatively valid.

the proton to the Schiff base. These additional structural Density maps were calculated from the difference amplitudes of the
changes may be correlated with movements in the inter- illuminated and the light-adapted ground state samples using phases
helical |00pS C-D or E-F revealed by spin-labelling from electron microscopy (Henderset al., 1986). The amplitudes of

. . . overlapping reflections were determined by splitting the Lorentz-
gﬁée&;] Z%fég;/ glr; dl(?ogjflz:l rz?leea()tﬁgjlra;getg%éli?()en;?gﬁgn(gescorrected intensities according to the electron microscopy data.
in the amide region in the Mintermediate. This final M FTIR spectroscopy
state would display all structural features—Ilarge changes For the FTIR measurements, PM films of either wild-type BR or mutant
in the tertiary structure as well as proper orientation of P96N were prepared by applying afaliquot of a 10 mg/mi solution

th . id bli t ¢ fer to the Schiff to a Cak window and allowing it to stand for a few minutes in air until
€ amino acids—enabling proton transter 10 the SCNNT g most all of the water was evaporated, before transferring it to a

base. humidity chamber where the required r.h. was adjusted for at least 12 h
Taking all the results together, a link between the time by a saturated salt solution. Before the measurements, the samples were

course of structural changes and that of chemical eventssealed by pressing them tightly in a metal holder together with a greased

i Teflon spacer ring and a second Ga#ndow.
can be suggested. The L to M transition causes a charge For incubation with GuaHCI, 2@l of a 2 M solution (pH 9.6) were

redistribution by proton tr"?‘nSfer from the_ Schiff base t0  geposited on a BR film for at least 1 h in a hydration chamber at 100%
Asp85 followed by the switch event leading to a change r.h. Thereafter, the GuaHCI solution was removed with filter paper.

in pK and accessibility of the Schiff base. This switch, The samples were stored at 100% r.h. before sealing the cell as
occurring during the Mto M, transition, is part of a large ~ described above.

f fi | ch . th topl ic half FTIR difference spectra were recorded with a Bruker IFS66V spectro-
contormational change opening € cytoplasmic hall- meer after baseline stability was ensured. Difference spectra with a

channel for later reprotonation of the Schiff base. Structural resolution of 2 or 4 crmi were obtained from the average of at least 100
changes, not visible by X-ray at the present resolution but scans in the dark and the average of the immediately following 100
monitored by FTIR, continue via Muntil the proton is sr::ans under continuous iIIuTination using the same Iightdsourlce ashfor
the X-ray measurements. All measurement were repeated at least three
rele‘.ased from ASpo6 (M ?tate) an.d transferred to the times. Those at low temperatures were performed with an Oxford
Schiff base to form the N intermediate. DN1704 cryostat and repeated after illumination by allowing the samples
to warm up above 273 K, before cooling and illuminating again. For

. comparison, all spectra were scaled to the sénadsorbance value at
Materials and methods 1201 cnit,

X-ray diffraction experiment

PM were isolated fromHalobacterium salinarium(S9) or from the Acknowledgements
mutant Halobacterium sp Asp96Asn (strain 326). PM films for the
X-ray measurements were prepared by drying an aliquot of a 30 mg/ml
BR solution at 86% r.h. on a mica window at room temperature to
obtain an optical density of ~6 at 568 nm. This ensures a reasonable
signal-to-noise ratio for the diffraction experiments while still allowing
the accumulation of most of the BR molecules in the M state during
continuous illumination. Complete accumulation in the M state is easily
checked by the colour change from purple to yellow of the sample upon
illumination. The humidity was adjusted by incubating a film in a References
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