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We report a comprehensive electron crystallographic analysis of confor-
mational changes in the photocycle of wild-type bacteriorhodopsin and in
a variety of mutant proteins with kinetic defects in the photocycle. Speci®c
intermediates that accumulate in the late stages of the photocycle of wild-
type bacteriorhodopsin, the single mutants D38R, D96N, D96G, T46V,
L93A and F219L, and the triple mutant D96G/F171C/F219L were trapped
by freezing two-dimensional crystals in liquid ethane at varying times
after illumination with a light ¯ash. Electron diffraction patterns recorded
from these crystals were used to construct projection difference Fourier
maps at 3.5 AÊ resolution to de®ne light-driven changes in protein confor-
mation.

Our experiments demonstrate that in wild-type bacteriorhodopsin, a
large protein conformational change occurs within �1 ms after illumina-
tion. Analysis of structural changes in wild-type and mutant bacteriorho-
dopsins under conditions when either the M or the N intermediate is
preferentially accumulated reveals that there are only small differences in
structure between M and N intermediates trapped in the same protein.
However, a considerably larger variation is observed when the same opti-
cal intermediate is trapped in different mutants. In some of the mutants, a
partial conformational change is present even prior to illumination, with
additional changes occurring upon illumination. Selected mutations, such
as those in the D96G/F171C/F219L triple mutant, can suf®ciently destabi-
lize the wild-type structure to generate almost the full extent of the confor-
mational change in the dark, with minimal additional light-induced
changes. We conclude that the differences in structural changes observed
in mutants that display long-lived M, N or O intermediates are best
described as variations of one fundamental type of conformational change,
rather than representing structural changes that are unique to the optical
intermediate that is accumulated. Our observations thus support a simpli-
®ed view of the photocycle of wild-type bacteriorhodopsin in which the
structures of the initial state and the early intermediates (K, L and M1) are
well approximated by one protein conformation, while the structures of
the later intermediates (M2, N and O) are well approximated by the other
protein conformation. We propose that in wild-type bacteriorhodopsin and
in most mutants, this conformational change between the M1 and M2 states
is likely to make an important contribution towards ef®ciently switching
proton accessibility of the Schiff base from the extracellular side to the cyto-
plasmic side of the membrane.
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Introduction ation (Smith et al., 1983; Delaney et al., 1995;
Kandori et al., 1997). At 25 �C, the photocycle is
Isomerization of retinal by light is the ®rst step
in the transduction of light energy by proteins in
the rhodopsin family. In bacteriorhodopsin, light-
induced retinal isomerization from the all-trans to
the 13-cis con®guration (Tsuda et al., 1980;
Stoeckenius et al., 1979) triggers changes in protein
conformation which result in three important
stages in the photocycle: (i) the release of a proton
into the extracellular medium; (ii) the uptake of a
proton from the cytoplasmic medium; and (iii) the
thermal re-isomerization of retinal to the starting
all-trans con®guration. These conformational
changes are re¯ected as changes in the visible
region of the absorption spectrum, as evidenced by
the sequential formation and decay of the optical
intermediates J, K, L, M, N, and O (Lozier et al.,
1975; Ebrey, 1993). Spectroscopic studies of wild-
type bacteriorhodopsin have shown that the
release of a proton (t � 50 ms) into the extracellular
medium coincides with the formation of the M
intermediate (Grzesiek & Dencher, 1986). Detailed
spectroscopic and biochemical analyses of many
site-speci®c mutants (Butt et al., 1989; Otto et al.,
1990; Subramaniam et al., 1990) have established
that the presence of a deprotonated carboxylate
group at residue 85 is essential for effective proton
release. The path of the proton from the Schiff base
to the external medium is lined by residues Asp85,
Arg82, Asp212, Glu204 and Glu194. Replacements
of each one has measurable effects on the kinetics
and/or ef®ciency of proton release. However, none
of these residues are completely indispensable for
the functioning of the proton pump, and indeed it
has been proposed that a complex H-bonded net-
work involving these residues and bound water
molecules is responsible for proton conduction
(Rammelsberg et al., 1998). Together, these ®ndings
suggest that the proton released from the Schiff
base can reach the extracellular medium at varying
speeds and through multiple routes, and that the
most likely route need not be the same in different
mutants. Similar mutagenesis studies have estab-
lished that the presence of a carboxylate group at
residue 96 is important for rapid reprotonation of
the Schiff base (Gerwert et al., 1989; Marinetti et al.,
1989; Tittor et al., 1989; Otto et al., 1989; Miller &
Oesterhelt 1990). Reprotonation of the Schiff base
by Asp96 is re¯ected by the spectroscopically
detectable conversion of the M intermediate to the
N intermediate. Asp96 is reprotonated from the
cytoplasmic medium, initiating formation of the O
intermediate. Amino acid replacements of residues
that are in the vicinity of the reprotonation path-
way such as Thr46, Phe171 and Phe219 result in
accumulation of the N intermediate (Brown et al.,
1994a; Kamikubo et al., 1996), while replacement of
Leu93 or Val49 result in an accumulation of the O
intermediate (Delaney et al., 1995). In the ®nal
phase of the photocycle, retinal is thermally re-iso-
merized from the 13-cis to the all-trans con®gur-
complete in about 10 ms.
A combination of previous neutron (Dencher

et al., 1989), X-ray (Koch et al., 1991; Kamikubo
et al., 1997) and electron diffraction studies
(Subramaniam et al., 1993, 1997; Vonck, 1996), have
provided strong evidence that the transmembrane
regions of bacteriorhodopsin undergo signi®cant
light-induced changes in conformation during the
course of the photocycle. In our earlier work, we
reported projection structural changes in wild-type
bacteriorhodopsin and the D96G mutant trapped
10 or 20 ms after illumination at 5 �C, and in the
L93A mutant trapped ®ve seconds after illumina-
tion at 5 �C. Based on these projection maps we
concluded that the main structural change in the
photocycles of both proteins was largely localized
to the central four helices lining the proton channel
(F, G, B and C; see Figure 1(c)). Based on the rela-
tive disposition of the positive and negative peaks
in the projection difference maps, and from a low-
resolution three-dimensional difference map, we
proposed that the main features of the structural
change were likely to be an ordering of helix G at
the cytoplasmic end and an outward tilt of helix F,
with Pro186 likely to serve as a ``hinge'' residue.
An unresolved aspect of these difference maps was
that while the difference Fourier maps for wild-
type bacteriorhodopsin, the D96G mutant and the
L93A mutant were qualitatively similar, there were
nevertheless noticeable differences in the relative
magnitudes of the peaks observed in different
regions of the protein. Thus, in wild-type bacterio-
rhodopsin, the strongest peak was near helix G,
with progressively weaker peaks near helices B, F
and C, respectively. In the D96G mutant, the peaks
near helices F and G were of a similar magnitude,
and weaker peaks were observed near helices B
and C, while in the L93A mutant the peaks near
helices G and C were of a similar magnitude, with
weaker peaks near helix F and B.

The differences observed between wild-type bac-
teriorhodopsin and the mutants could have two
origins. One potential source is the difference in
composition of intermediates trapped in wild-type
and the mutant. Under the conditions of our exper-
iment, a mixture of M and N intermediates is
expected to be trapped in wild-type bacteriorho-
dopsin (Varo & Lanyi, 1991b). In the D96G mutant,
the only optically distinguishable intermediate pre-
sent is the M intermediate. Based on FTIR studies
with the D96N mutant, Sasaki et al. (1992) pro-
posed that the M intermediate in the photocycle of
this mutant (which they named the MN intermedi-
ate) has protein structural features more closely
resembling the N intermediate of the photocycle of
wild-type bacteriorhodopsin. If this interpretation
also holds true for the D96G mutant, it is possible
that the structural features observed in the D96G
mutant are more representative of the N intermedi-
ate. Similarly, detailed optical spectroscopic studies



Figure 1. (a) Ribbon representation and (b) projection view from the cytoplasmic side of the three-dimensional
structure of bacteriorhodopsin as reported by Grigorieff et al. (1996). (c) Two-dimensional projection Fourier map of
wild-type bacteriorhodopsin at 3.5 AÊ resolution, identifying locations of the seven transmembrane helices. The ®lled
triangle indicates the location of the 3-fold axis. The grid bars are spaced at 20.81 AÊ , which is one-third the length of
the unit cell. The continuous lines around the densities show the approximate boundaries of individual molecules in
the lattice.
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with the L93A mutant have shown that only the O
intermediate is expected to be trapped under the
conditions of our experiment (Delaney et al., 1995).
Therefore, one possible explanation for the vari-
ations in the projection maps is that the structural
features observed for wild-type bacteriorhodopsin
are more representative of the M intermediate,
while those observed in the D96G and L93A
mutants are representative of the N and O inter-
mediates, respectively. An alternative possibility is
that variations in the difference maps are primarily
due to the energetic consequences of replacing
Asp96 by Gly, or Leu93 by Ala. The presence of
these mutations could cause a difference in confor-
mational ¯exibility and in helix-helix interactions,
especially in the cytoplasmic half of the mem-
brane-embedded portion of the protein, thereby
causing variations in the extent of the confor-
mational change in different regions of the protein.
In this scenario, the structural changes observed in
wild-type bacteriorhodopsin, D96G and L93A
mutants would be best described as variations of
one basic type of conformational change, rather
than representing structural changes that are
unique to the M, N or O intermediates.

To assess whether one or both of the above
mechanisms are responsible for the differences
observed between wild-type bacteriorhodopsin
and the D96G mutant, we have calculated differ-
ence Fourier maps using diffraction patterns
recorded from crystals of wild-type bacteriorho-
dopsin under conditions where either the M or the
N intermediate is the predominant intermediate
present. To investigate whether structural changes
in the D96G mutant are signi®cantly in¯uenced by
energetic consequences of the Asp96! Gly
mutation, we have compared structural changes in
the D96G mutant with those in the D96N mutant.
We have also calculated difference Fourier maps
using diffraction patterns recorded from illumi-
nated crystals of the F219L mutant in which there
is a clear kinetic separation between the M and the
N intermediates. Finally, we have also studied
three other mutants (D38R, T46V and the D96G/
F171C/F219L triple mutant) in which the photo-
cycle is signi®cantly slowed down, resulting in the
accumulation of either M-like or N-like intermedi-
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ates. Figure 1(a) and 1(b) show the locations of the
residues replaced in the various mutants described
above, while Figure 1(c) shows a projection map of
wild-type bacteriorhodopsin to serve as a guide in
interpreting the locations of peaks in the difference
Fourier maps shown in subsequent Figures.

Results

Structural changes in wild-
type bacteriorhodopsin

Figure 2(a) shows a difference Fourier map illus-
trating structural changes in wild-type bacteriorho-
dopsin (pH 6, 5 �C) � 1 ms into the photocycle,
which represents the earliest time that we were
able to trap the crystals after illumination (see
Methods section for experimental details on trap-
ping intermediates at this early time). Comparison
of this difference map with those obtained at later
times in the photocycle (Figure 2(b)-(e)) shows that
all of the main features in the difference maps seen
at times as late as 35 ms are also present at 1 ms.
As previously reported for intermediates trapped
at 10 and 20 ms after illumination (Subramaniam
et al., 1993), the strongest peak in all of the maps is
near helix G, with progressively weaker features
near helices B and F, and C. We therefore conclude
that the main conformational change in the photo-
cycle has already occurred within 1 ms after illumi-
nation.

Spectroscopic studies (Varo & Lanyi, 1991b)
have shown that at 5 �C, and at times between
1 ms and 35 ms, an equilibrium mixture of M and
N intermediates is accumulated. At 1 ms, mostly
the M intermediate is present (> � 90 %), while at
35 ms the intermediate composition is only �2:1
ratio in favor of the M intermediate. A double
difference map between the maps obtained at early
and late times may therefore contain any
additional features that are unique to the N inter-
mediate. Such a double difference map comparing
changes at 35 ms versus changes at 1 ms is shown
in Figure 2(f). The positive and negative peaks in
this map are �twofold above the noise level, with
features detectable in the vicinity of helices F and
G. It is important to note that a quantitative com-
parison of the difference maps at early and late
times is somewhat dif®cult because of possible
variations in illumination conditions depending on
the speed of the plunger (see Methods). With this
caveat in mind, we conclude that in addition to the
main structural change that occurs early in the
photocycle, a further smaller additional change
may occur on a time-scale corresponding to the
conversion of the M to the N intermediate. From
an extrapolation of our earlier work, it seems likely
that these additional changes would also be loca-
lized to the cytoplasmic domain and could rep-
resent a further ``widening'' of the proton channel
by the movement of helix F.

Analysis of structural changes at pH 9.5 pro-
vides a further insight into this problem. Figure 3(a)
shows a difference Fourier map illustrating struc-
tural changes in wild-type bacteriorhodopsin
35 ms after illumination at 5 �C at pH 9.5. Spectro-
scopic studies (Ames & Mathies, 1990; Pfefferle
et al., 1991) have suggested that under these con-
ditions, an equilibrium mixture of M and N inter-
mediates is accumulated; however, in contrast to
the situation at pH 6, the equilibrium favors popu-
lation of the N intermediate by a ratio of �2:1.
Differences between the maps in Figure 2(e) (pH 6,
35 ms) and Figure 3(a) (pH 9.5, 35 ms) could there-
fore re¯ect structural differences between the M
and N intermediates. Comparison of the difference
maps at pH 6 and 9.5 reveals that they are funda-
mentally similar with respect to the location of the
various positive and negative peaks, but that
almost all of the peaks are stronger in the map at
pH 9.5. Because of the slower decay of the M and
N intermediates at pH 9.5 as compared to pH 6, a
higher ``occupancy'' of the intermediates states (by
a factor of about 1.2) is expected at pH 9.5. The
stronger peaks seen at pH 9.5 are therefore comple-
tely consistent with this prediction.

To estimate any differences in detail between the
maps obtained at the two pH values, a double
difference map was calculated (Figure 3(b)).
Inspection of the double difference map reveals
that although small, there are detectable peaks in
the map near helices G, F and B. We conclude that
at pH 9.5, the amplitude of the structural change is
larger than that which would be expected solely
on the basis of the slower photocycling time. This
increase could be interpreted as an intrinsic differ-
ence between the M intermediate (in which the
Schiff base is deprotonated, and proton donor
Asp96 is protonated) and the N intermediate (in
which the Schiff base is protonated and Asp96 is
deprotonated). As with the conclusion above
regarding additional changes at later versus early
times (Figure 2(f)), it seems likely that the
additional changes seen at higher pH could also
represent a further ``widening'' of the cytoplasmic
proton channel.

Comparison of structural changes in the D96G
and D96N mutants

The small differences observed between structur-
al changes at pH 6 and pH 9.5 appear to be insuf®-
cient to account for the differences previously
observed (Subramaniam et al., 1993) between struc-
tural changes in wild-type bacteriorhodopsin and
the D96G mutant. To establish whether the ener-
getic consequences of the Asp96! Gly mutation
in¯uence the nature of the light-driven confor-
mational change, we have compared conformation-
al changes in the D96G mutant with a mutant
(D96N) in which Asp96 is replaced by the isosteric
residue, asparagine. Figure 4(a) and (b) show pro-
jection Fourier maps obtained for the D96G mutant
(pH 6) at 1 ms and 20 ms after illumination at 5 �C.
The two maps are very similar to each other and,
in turn, are similar to the previously reported map



Figure 2. Difference maps showing structural changes in crystals of wild-type bacteriorhodopsin at different times
after illumination at pH 6 and at 5 �C using unilluminated crystals of wild-type bacteriorhodopsin under the same
conditions as a reference. The times between illumination and freezing are (a) 1 ms, (b) 2.5 ms, (c) 5 ms, (d), 10 ms
and (e) 35 ms. The maps show that similar features are observed at early and late times in the photocycle. The
slightly lower peak height observed in the 1 ms map is due, at least in part, to a lower occupancy of the intermediate
since the transit time of the grid across the beam (�0.3 ms) is signi®cantly shorter than the width of the ¯ash
(�1 ms). (f) Double difference map comparing changes at 35 ms to those at 1 msec shows peaks in the vicinity of
helices F, G and B. The continuous line in each difference map has been drawn to show the approximate boundary
of an individual molecule in the lattice. Difference maps in this Figure and in all subsequent Figures have been con-
toured at the same interval, which, in turn, is one-tenth of the contour interval used for the native projection map
in Figure 1(c). Difference maps in (b), (d) and (e) are at 3.5 AÊ resolution, and the ones in (a), (c) and (f) are at 4.0 AÊ

resolution.
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Figure 3. (a) Difference map showing structural changes in crystals of wild-type bacteriorhodopsin 35 ms after illu-
mination at pH 9.5 and at 5 �C using unilluminated crystals of wild-type bacteriorhodopsin at pH 6 as a reference.
(b) Double difference map comparing structural changes at pH 9.5 to those at pH 6 (both measured at 35 ms after
illumination) shows features in the vicinity of helices F, G and B, similar to those in the double difference map
observed in Figure 2(f).
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(Figure 4(c)) using crystals trapped 20 ms after illu-
mination at room temperature (Subramaniam et al.,
1993). Spectroscopic studies have shown that only
the M optical intermediate is accumulated in the
D96G mutant over this time and temperature
range.

Figure 4(d) and (e) show projection difference
maps for the D96N mutant 10 ms after illumina-
tion (at 5 �C) at pH 6 and pH 9.5, respectively. The
photocycle of the D96N mutant is very similar to
that of the D96G mutant (Tittor et al., 1989) and
spectroscopic studies have shown that only the M
intermediate is accumulated at times greater than
about 1 ms (Miller & Oesterhelt, 1990). As noted
earlier, Sasaki et al. (1992) have argued previously
that the amide I region of the FTIR spectrum of
this M-like state is more analogous to the N rather
than the M intermediate of the wild-type photo-
cycle. Our experiments show that the difference
maps obtained at both pH values (Figure. 4(d) and
(e)) are remarkably similar to the difference map
obtained for wild-type bacteriorhodopsin at pH 9.5
(Figure 3(a)), and noticeably different from the
difference maps obtained for the D96G mutant
(Figure 4(a)-(c)). In particular, although in both
D96N and D96G mutants there are peaks near
helices G, F and B, the relative amplitudes and
shapes of each of these features are clearly differ-
ent. The similarity of the wild-type and D96N
difference maps is clearly established by the double
difference map calculated in Figure 4(f), which has
no signi®cant features above the noise level.

Structural changes at early and late times in
the F219L mutant

The experiments presented so far demonstrate
that there are only small differences in structure
between M and N intermediates in the photocycle
of wild-type bacteriorhodopsin, and that the struc-
tural changes previously observed between wild-
type bacteriorhodopsin and the D96G mutant can
be explained in large part by the energetic conse-
quences of the Asp96! Gly mutant. A more strin-
gent estimate of the structural change between the
M and N intermediates would be possible if con-
ditions were identi®ed in which there is a clear
kinetic separation of the M and N intermediates
upon illumination at the same temperature and pH
conditions. The F219L mutant is useful in this
regard, since in the photocycle of this mutant the
decay of the M intermediate is about 100-fold fas-
ter than the decay of the N intermediate (Figure 5).
We have therefore calculated difference Fourier
maps to analyze structural changes in this mutant
at early times (6 ms) close to the peak concen-
tration of M, and at later times (35 ms) when most
of the M intermediate has decayed to generate the
N intermediate.

Figure 6(a) shows a control difference map com-
paring the structure of the unilluminated F219L
mutant to that of unilluminated wild-type bacter-
iorhodopsin. Noticeable structural changes in the
vicinity of helices B, C and G are observed, indicat-
ing mutation-induced perturbations of the struc-
ture even in the absence of illumination. A similar
observation was reported for the L93A mutant
(Subramaniam et al., 1997), in which a long-lived O
intermediate is accumulated during the photocycle.
Figure 6(b) and (c) show difference Fourier maps
illustrating light-induced changes in the F219L
mutant when trapped at 6 ms (Figure 6(b)) or at
35 ms (Figure 6(c)) using the unilluminated mutant
as a reference. It is clear that the structural changes
at both times are very similar, with a marginally
larger extent of the structural change at the later
time. The experiments with the F219L mutant
therefore provide independent con®rmation for the



Figure 4. Difference maps showing structural changes in crystals of the D96G mutant (a) 1 ms and (b) 20 ms after
illumination at pH 6 and at 5 �C, using unilluminated crystals of the D96G mutant as a reference. The maps are not
different when wild-type bacteriorhodopsin is used as a reference (data not shown), as expected based on our pre-
vious ®nding (Subramaniam et al., 1993) that the structure of the D96G mutant in the unilluminated state is similar to
that of unilluminated wild-type bacteriorhodopsin. (c) Difference map showing structural changes in crystals of the
D96G mutant 20 ms after illumination at pH 8.5 and at 25 �C, using unilluminated crystals of the D96G mutant as a
reference (data taken from Subramaniam et al., 1993). The more pronounced features in the 5 �C maps are due mainly
to the higher occupancy of the intermediate state. In the new experiments ((a) and (b)), higher light intensities were
incident on the grid since a 570 nm cutoff ®lter was used, as compared to the previous experiments, in which a 550
(�20) nm interference ®lter was used. Difference maps showing structural changes in crystals of the D96N mutant
10 ms after illumination at (d) pH 6 and (e) pH 9.5 at 5 �C, using unilluminated crystals of wild-type bacteriorhodop-
sin at pH 6 as a reference. (f) Double difference map comparing structural changes in the D96N mutant 10 ms after
illumination, and at pH 9.5 to those in wild-type bacteriorhodopsin 35 msec after illumination, also at pH 9.5. The
features in this double difference map are near the noise level, implying that structural changes in the D96N mutant
are closely comparable to those in wild-type bacteriorhodopsin.



Figure 5. Transient absorption
changes after ¯ash excitation of
membrane fragments of the F219L
mutant at 5 �C in 200 mM sodium
chloride and 10 mM phosphate
buffer at pH 7. Absorbance changes
at 410 nm provide a marker for the
time-dependent changes in the con-
centration of the M intermediate,
which peaks at �6 ms. Absorbance
changes at 570 nm provide a mar-
ker for time-dependent changes in
the concentration of the N inter-
mediate, which peaks at �200 ms.
The absorbance at 570 nm contains
contributions from both the initial
bacteriorhodopsin state (lmax �
570 nm) and the N intermediate
(lmax � 560 nm). Since the extinc-
tion coef®cient of the N inter-
mediate is less than that of bacter-
iorhodopsin, the decay of the N
intermediate is seen as a transient
with net negative absorbance
values.
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principal conclusions drawn from analysis of struc-
tural changes at the M and N stages of the photo-
cycle of wild-type bacteriorhodopsin. Figure 6(d)
shows a difference map illustrating structural
changes in the F219L mutant using unilluminated
wild-type bacteriorhodopsin as a reference. The
features of this last map demonstrate that in the
F219L mutant, addition of the light-induced con-
formational changes to those present prior to illu-
mination results in a net conformational change
that is essentially similar in character and in extent
to that observed with wild-type bacteriorhodopsin
(compare with Figure 2).

Structural changes before and after
illumination in other mutants that trap either M
or N intermediates

Comparison of the projection maps obtained
from wild-type bacteriorhodopsin with those
obtained from the D96G, D96N and F219L mutants
show that the extent of the light-driven confor-
mational change depends to a considerable extent
on the nature of perturbations introduced by the
mutation rather than on the optically determined
spectroscopic state of the intermediate. This con-
clusion is further supported by the studies
reported below with three other mutants that dis-
play slowed photocycles, resulting in the accumu-
lation of M or N intermediates.

Spectroscopic studies with the D38R mutant
have shown that decay of the M intermediate is
the rate-limiting step in the photocycle (Riesle et al.,
1996). Like the F219L mutant, small perturbations
of the structure are detectable even before illumi-
nation (Figure 7(a)). In contrast to the other
mutants discussed so far (see for example Figures 4
or 6), there are only small further changes in pro-
tein structure upon illumination (Figure 7(b)).
Thus, even though the D38R mutant displays a
light-driven transition to the M intermediate that is
spectroscopically similar to that observed in wild-
type bacteriorhodopsin and the Asp96 mutants, it
is not accompanied by a large protein confor-
mational change. A similar result was reported
recently by Sass et al. (1998), based on difference
Fourier maps constructed using X-ray powder dif-
fraction data to 7 AÊ , who showed that light-
induced structural changes in this mutant are mini-
mal at pH 6, but much more pronounced at pH 10.
Their results, as well as ours, are consistent with
the accumulation of the M1 intermediate (Varo &
Lanyi, 1991a) in the photocycle of this mutant at
pH 6.

Replacement of Thr46 by Val results in very
rapid decay of the M intermediate (t � 1 ms) and
accumulation of the N intermediate (Marti et al.,
1991; Brown et al., 1994a). Difference Fourier maps
for this mutant show that as in the case of the
F219L mutant, there are signi®cant structural
changes before illumination (Figure 7(c)) and
further signi®cant changes upon illumination
(Figure 7(d)). Although the light-induced structural
changes bear a general resemblance to those
observed with wild-type bacteriorhodopsin and
the other mutants, there are noticeable differences
in detail, especially in peaks that are in the vicinity
of helices B and C.

The D96G/F171C/F219L triple mutant was
designed to incorporate three mutations that are
individually known to delay the late stages of the
bacteriorhodopsin photocycle. As shown in
Figure 7(e), a large conformational change is
observed in this mutant even before illumination.
This structural change, with density changes in the
vicinity of helices B, C, F and G displays in projec-



Figure 6. (a) Difference map showing structural changes in unilluminated crystals of the F219L mutant at pH 6.0
and at 5 �C, using unilluminated crystals of wild-type bacteriorhodopsin at pH 6 as a reference. Difference map show-
ing structural changes in crystals of the F219L mutant at pH 6.0 at either (b) 6 ms or (c) 35 ms after illumination
using unilluminated crystals of the F219L mutant as a reference. (d) Difference map showing structural changes in
crystals of the F219L mutant 35 ms after illumination at pH 6 and at 5 �C using unilluminated crystals of wild-type
bacteriorhodopsin at pH 6 as a reference.
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tion all of the features seen previously in light-
induced structural changes in wild-type bacterior-
hodopsin and other mutants. Quantitative analysis
of the proton pumping ef®ciency of the triple
mutant relative to wild-type bacteriorhodopsin is
underway (J.T. & D.O., unpublished results). Pre-
liminary data suggests that the mutant is capable
of light-driven proton translocation, and time-
resolved spectroscopic studies show that long-
lived M and O intermediates accumulate in the
photocycle. However, as in the case of the D38R
mutant, only minimal structural changes are
observed upon illumination (Figure 7(f)).

Discussion

The most important conclusions from the work
presented here can be summarized as follows:
(i) Analysis of structural changes in wild-type
bacteriorhodopsin reveals that a signi®cant protein
conformational change occurs as early as 1 ms
after illumination at pH 6. (ii) Small increases in
the extent and character of this structural change
are observed at higher pH, and at later times in the
photocycle, under conditions when a greater
accumulation of the N intermediate is expected.
(iii) The differences in the structural change
between pH 6 and pH 9.5, or between earlier and
later times are, however, insuf®cient to account for
the differences seen between structural changes
present at the M intermediate stage of the wild-
type photocycle, and the N-like (MN) intermediate
of the D96G mutant photocycle. (iv) Structural
changes in the D96N mutant are almost identical
with those seen in wild-type, suggesting that the
Asp96! Gly mutation results in alteration of the
overall conformational ¯exibility of the protein,
and that this effect is not observed with the isos-
teric Asp96! Asn replacement. (v) Comparison of
structural changes in the F219L mutant at early (M
intermediate) and late (N intermediate) stages
further con®rms that there are only minor global



Figure 7. (a) Difference map showing structural changes in unilluminated crystals of the D38R mutant at pH 6 and
at 5 �C using unilluminated crystals of wild-type bacteriorhodopsin at pH 6 as a reference. (b) Difference map show-
ing light-induced structural changes in the D38R mutant 10 ms after illumination using unilluminated crystals of the
D38R mutant as a reference. (c) Difference map (at 4.2 AÊ resolution) showing structural changes in unilluminated
crystals of the T46V mutant at pH 6 and at 5 �C using unilluminated crystals of wild-type bacteriorhodopsin at pH 6
as a reference. (d) Difference map (at 4.2 AÊ resolution) showing light-induced structural changes in the T46V mutant
10 ms after illumination using unilluminated crystals of the T46V mutant as a reference. (e) Difference map showing
structural changes in unilluminated crystals of the D96G/F171C/F219L triple mutant at pH 6 and at 5 �C using uni-
lluminated crystals of wild-type bacteriorhodopsin at pH 6 as a reference. (f) Difference map showing light-induced
structural changes in the D96G/F171C/F219L triple mutant 10 ms after illumination using unilluminated crystals of
the triple mutant as a reference.
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protein conformational changes associated with the
conversion of the M to the N intermediate. (vi) The
extent of the light-induced structural changes
associated with formation of the M intermediate
can be minimal as in the D38R and triple mutants,
or considerably larger as in most other mutants,
demonstrating that changes in absorption spec-
trum do not necessarily correlate with global
changes in protein conformation. (vii) In many of
the mutants studied, there is some detectable per-
turbation of the unilluminated structure when
compared to unilluminated wild-type bacteriorho-
dopsin. The nature of this structural perturbation
depends on the mutation, and in selected instances,
the resulting change in conformation in the absence
of illumination is comparable both in character and
extent to the light-induced structural change in
wild-type bacteriorhodopsin.

A number of previous publications have dis-
cussed the results of efforts to analyze structural
changes in the photocycle using NMR, vibrational
and EPR spectroscopic methods, as well as by elec-
tron and X-ray diffraction methods. Solid state
NMR experiments (Hu et al., 1997) using isotopi-
cally labeled probes have provided especially use-
ful insights into local environmental changes of
selected residues during the photocycle, and are
therefore complementary to the electron crystallo-
graphic experiments reported here. FTIR spectro-
scopic studies have identi®ed vibrational
spectroscopic features associated with the amide
region of the spectrum that are unique to the N
intermediate, and are not present in the M inter-
mediate (Braiman et al., 1991; Sasaki et al., 1992;
Souvignier & Gerwert, 1992; Kandori, 1998). It has
therefore been inferred that large protein confor-
mational changes may occur upon conversion of
the M to the N intermediate (Ludlam &
Rothschild, 1997). The observation of signi®cant
changes in amide group vibrations between M and
N intermediates is not inconsistent with the small
changes reported here for global changes in protein
conformation between these intermediates.
Vibrational spectra are very sensitive to local
changes in environment, and in particular to tor-
sional motions or constraints of the peptide back-
bone. In contrast, the projection difference maps
presented here re¯ect changes in conformation
integrated over the length of each helix. While the
changes in the vibrational spectrum between the M
and N intermediates must undoubtedly be
accounted for in a complete mechanistic descrip-
tion of the photocycle, based on the difference
Fourier maps presented here, we conclude that
these changes cannot re¯ect large changes in global
protein conformation. A similar conclusion was
reached by Sass et al. (1997), who made parallel
X-ray and FTIR measurements in photostationary
states at different relative humidities.

From EPR spectroscopic studies using spin labels
introduced into the B-C and E-F loop regions of
the protein, Steinhoff et al. (1994) and Thorgeirsson
et al. (1997) have concluded that there are essen-
tially no protein structural changes associated with
formation of the M intermediate, and that all
changes occur upon formation of the N intermedi-
ate. The most likely reason that the EPR measure-
ments have not detected the structural changes at
the M intermediate stage is that the spin labeling
studies have primarily addressed local structural
changes in the loop regions of the protein. It is
possible that these loop region structural changes
are related to the features that we observe in the
double difference map comparing structural
changes in intermediates trapped at early and late
times in the photocycle (Figure 2(f)). However,
since these are small compared to the main confor-
mational change, we conclude that the EPR
measurements must be sensing either a local
change at the surface which is insensitive to the
main, large conformational change in structure that
occurs within the membrane-embedded portion of
bacteriorhodopsin, or that the EPR signal which
senses these main changes is somehow delayed in
time.

The conclusions from our work are in agreement
with the deductions from the analysis of earlier
optical spectroscopic data (Lanyi, 1993; Oesterhelt
et al., 1992) and recent X-ray (Sass et al., 1997) and
neutron diffraction (Weik et al., 1998) studies with
the D96N mutant which suggest that the main con-
formational change in the photocycle occurs on a
time-scale when the M intermediate has accumu-
lated. These studies, carried out with oriented two-
dimensional crystals, have suggested that the
structural change which is observed in the D96N
mutant at hydration levels >75 % under steady-
state illumination is essentially absent at low
hydration (<57 %). Since light-induced deprotona-
tion of the Schiff base occurs at both lower and
higher hydration levels, the implication of these
experiments is that the occurrence of the protein
structural change correlates with the transition
from the M1 to the M2 intermediate. Similar results
have also been reported by Kamikubo et al., (1997),
who refer to the hydration-dependent changes as
M-type (low hydration) and N-type (high
hydration). Irrespective of the nomenclature used,
the results from both X-ray diffraction experiments
are consistent in general terms with the ®ndings
reported in the present work, which has been car-
ried out under fully hydrated conditions and with
millisecond time-resolution.

Knowledge of the structures of each of the inter-
mediates in the photocycle will be essential for a
complete understanding of the mechanism of pro-
ton transport. Although each of these intermediates
must have at least subtle differences in confor-
mation from the others, our structural analyses
suggest that a simpli®ed view of the photocycle in
terms of two principal protein conformations is jus-
ti®ed (Figure 8(a)). Efforts to determine structural
changes at the K (Bullough & Henderson, 1999)
stage of the photocycle by trapping it at ÿ170 �C
have shown that there are no signi®cant differ-
ences in structure compared to the unilluminated



Figure 8 (legend opposite)
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state of wild-type bacteriorhodopsin. Hendrickson
et al. (1998) have carried out similar experiments
aimed at trapping the L intermediate (at ÿ100 �C),
and have reported that there are no detectable
structural changes at this stage of the photocycle.
The results from the X-ray and neutron diffraction
studies at low humidity (Sass et al., 1997;
Kamikubo et al., 1997; Weik et al., 1998) clearly
show that there is no evidence for a structural
change at the M1 stage of the photocycle. We there-
fore conclude that the structures of the initial uni-
lluminated state and those of the early
intermediates (K, L and M1) are likely to be well-
approximated by one conformation, in which the
Schiff base is preferentially accessible to the extra-
cellular side. From the present work and the results
reported in Subramaniam et al. (1997), we conclude
that the structures of the other intermediates (M2,
N, and the 13-cis O intermediate) are well-approxi-
mated by the other conformation, in which the
Schiff base is preferentially accessible to the cyto-
plasmic side. In wild-type bacteriorhodopsin, and
in several mutants, the main structural change in
the photocycle occurs with the formation of the M2

intermediate. This structural change is reversed in
the ®nal stage of the photocycle, corresponding to
the decay of the N and O intermediates back to the
initial bacteriorhodopsin state. In selected mutants,
a partial conformational change is already present
before illumination. The full extent of the confor-
Figure 8. Schematic description of conformational changes
studied in this work. It is proposed that in all cases, the u
equilibrium mixture between two conformations. In one, th
side, and in the other, primarily to the cytoplasmic side. In e
cycle intermediate is shown in ®lled color, whereas the min
unilluminated wild-type bacteriorhodopsin, the equilibrium
accessibility to the extracellular side. Upon illumination, retin
base, and the equilibrium is then shifted to favor the confor
change in accessibility of the Schiff base is indicated, in part
The purpose of showing the opening is to conceptually high
ity, and should not be taken to imply an associated large in¯
nal component of the change in accessibility is indicated sch
circles in the center of the protein. In intermediates where
atom (®lled circle) is in the position closer to the extracellula
nitrogen atom is in a position closer to the cytoplasmic side.
tion-induced decrease in curvature of retinal (S.S. & R.H., u
ential reprotonation of the unprotonated Schiff base via the c
Schiff base, and the thermal re-isomerization of retinal, the
that has accessibility to the extracellular side. For simplicity
reversed with the decay of the O intermediate. While we hav
in the 13-cis O intermediate, it is possible that the structura
trans O intermediate. (b) In mutants such as T46V, L93A, o
unilluminated state towards the conformation that has acce
equilibrium shifts completely to this state. Since the features
are somewhat different from those observed upon illumina
unilluminated state of these single mutants remains to be te
expected that structural changes in both retinal and the p
required for light-driven proton transport. However, in thes
tribution from the protein as compared to the case of wild-ty
ple mutant, the equilibrium is almost completely shifted in th
accessibility primarily to the cytoplasmic side. Only minima
likely that in this triple mutant, structural changes in retina
switch in accessibility.
mational change is obtained upon illumination,
even though the two components, i.e. the confor-
mational change in the unilluminated state and the
change occurring upon the light-driven formation
of the M (or N) intermediate do not bear a direct
resemblance to each other (Figure 8(b)). Finally, in
the D96G/F171C/F219L triple mutant, the confor-
mation of the protein is almost completely shifted
in favor of the conformation that is only observed
upon illumination in wild-type bacteriorhodopsin
(Figure 8(c)).

A similar example has been previously reported
in the case of the D85N single mutant and the
D85N/D96N double mutant, where substantial
protein conformational changes in the vicinities of
helices F and G are observed even in the absence
of illumination (Kataoka et al., 1994; Brown et al.,
1994b; Lindahl & Henderson, 1997).

Since there is a large variation in the extent of
the light-driven protein conformational change in
the different mutants, what can be concluded
about the nature of the ``switch'' that accounts for
the change in proton accessibility of the Schiff base
from the extracellular side to the cytoplasmic side?
Is the large protein conformational change essential
for switching accessibility of the Schiff base? Is
there a role for subtler, and as yet unobserved
structural changes in retinal and/or the protein
that are the heart of the mechanism of proton
pumping? Since the triple mutant can function as a
in wild-type bacteriorhodopsin and the various mutants
nilluminated state of the protein is best described as an
e Schiff base is primarily accessible to the extracellular
ach panel, the predominant conformation of each photo-
or conformation is shown with stippled coloring. (a) In
is shifted largely towards the conformation which has
al is isomerized, followed by deprotonation of the Schiff

mation that has accessibility to the cytoplasmic side. The
, by an ``opening'' of the protein to the cytoplasmic side.
light the protein contribution to the change in accessibil-
ux of water from the cytoplasmic side. Similarly, the reti-
ematically by the change in ``®ll'' pattern in the pair of
the Schiff base is protonated, the Schiff's base nitrogen
r side. In the deprotonated Schiff base intermediates, the
Such a change in position could occur upon a deprotona-
npublished results), providing an explanation for prefer-
ytoplasmic half-channel. Following re-protonation of the
equilibrium is shifted back in favor of the conformation
, the protein structural change is shown here as being
e shown before that the structural change is still present
l change is already reversed upon formation of the all-
r F219L, the equilibrium is partially shifted even in the
ssibility to the cytoplasmic side. Upon illumination, the
of the conformational change in the unilluminated state

tion, the postulate about cytoplasmic accessibility in the
sted. As in the case of wild-type bacteriorhodopsin, it is
rotein contribute to the ``switch'' in accessibility that is
e mutants, it is likely that there is a smaller relative con-
pe bacteriorhodopsin. (c) In the D96G/F171C/F219L tri-
e unilluminated state towards the conformation that has

l further changes occur with illumination. It is therefore
l provide most of the contribution to the light-induced
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proton pump, it follows that a switch in accessibil-
ity of the Schiff base can occur even in the absence
of a signi®cant light-induced protein conformation-
al change in the cytoplasmic half of the membrane
at the 3.5 AÊ resolution of our difference maps
(Figure 7(f)). Hence, in this mutant, the molecular
origin of the switch must reside in subtle structural
rearrangements in retinal and/or the protein that
are triggered by light absorption. Given the central
location and importance of the retinylidene Schiff
base in proton pumping, it is most likely that this
subtler component is constituted by structural
changes localized on the retinal moiety.

If indeed there are changes in retinal that consti-
tute the ``switch'' it is necessary that they occur
between the L state where the Schiff base accessi-
bility is extracellular and the M2 state where the
Schiff base accessibility is cytoplasmic (see
Figure 8(c)). Further, the nature of this change
must be to displace the Schiff base nitrogen atom
from a position that is connected or proximal to
the extracellular half-channel to a position that is
connected or proximal to the cytoplasmic half-
channel. Schulten & Tavan (1978) proposed that
such a repositioning could occur as a consequence
of rotation around the C14ÐC15 single bond fol-
lowing retinal-isomerization around the C13�C14
double bond. This model is, however, not sup-
ported by the Resonance Raman studies by Fodor
et al. (1988) who showed that the con®guration of
retinal remains 13-cis, 15-anti in both L and N
intermediates, which occur on different sides of the
``accessibility switch''. An alternative model for
displacement of the Schiff base nitrogen atom
derives from an analysis (S.S. & R.H., unpublished
results) of the spectroscopic properties and crystal
structures of a number of retinylidene compounds,
which indicates a reduction in the curvature of reti-
nal upon deprotonation of the Schiff base. Such a
decreased curvature is in the right direction to con-
tribute to the observed change in accessibility,
since it should result in a displacement of the Schiff
base nitrogen atom towards the cytoplasm. If
neither of the above models is con®rmed by exper-
iment, a third possibility is that single-bond, out-
of-plane rotations of retinal reposition the Schiff
base following deprotonation. How such a move-
ment could generate the required change in acces-
sibility, is, however, not clear.

None of the mutants analyzed in this work
involve amino acid replacements that are in the
immediate vicinity of the Schiff base. We therefore
expect that irrespective of the nature of any retinal
structural change between the L and M2 intermedi-
ates, deprotonation-induced repositioning of the
Schiff base will contribute to the overall switching
action that is required for vectorial proton trans-
port in wild-type bacteriorhodopsin as well as in
all the mutants studied. In wild-type bacteriorho-
dopsin, there is no de®nitive evidence yet for or
against the contribution of the large protein confor-
mational change to the switch in accessibility.
However, because of its cytoplasmic location, and
inferred ``opening'' of the protein structure
(Subramaniam et al., 1993), we expect that light-
induced protein conformational changes are likely
to make an additional contribution to the switch.
In mutants where there is already a partial confor-
mational change before illumination, we expect
that there would be smaller additional contri-
butions from the protein conformational change
than in wild-type bacteriorhodopsin, while in the
case of the D96G/F171C/F219L triple mutant, as
discussed above, contributions from the protein
component of the switch would be minimal. A full
understanding of the molecular basis of proton
transport now awaits biophysical experiments that
can quantitatively dissect the relative contributions
of structural changes in retinal and the protein to
the switch in accessibility, and structural exper-
iments that will provide an atomic description of
the main protein conformational change that we
have analyzed here.

Methods

Preparation of crystalline patches
of bacteriorhodopsin

Purple membranes containing either wild-type bacter-
iorhodopsin or various mutants were isolated from H.
salinarium as described (Oesterhelt & Stoeckenius, 1974;
Ferrando et al., 1993). The isolated membranes, which
were typically 0.5 to 1.0 mm in size, were then fused in
the presence of octyl glucoside and DTAC as described
(Baldwin & Henderson, 1984) to obtain larger crystalline
patches with an average size of �5 mm).

Preparation of specimens for microscopy

Samples were processed for electron microscopy
essentially as described by Subramaniam et al. (1993). A
3 ml sample of a suspension of fused membranes was
deposited on carbon-coated electron microscopic grids,
pretreated with 1 ml of 1 % (w/v) octyl glucoside at pH 7.
The pH of the droplet on the grid was measured to
be � 6.0. In experiments where intermediates were
trapped at alkaline pH, 2 ml of the fused membranes
were mixed with an appropriate volume of 1 M sodium
bicarbonate buffer at pH 10 for a ®nal concentration of
0.7 M carbonate and a ®nal pH of 9.5. The specimen was
inserted into a temperature-controlled environmental
chamber designed by Dr Y. Talmon and colleagues
(Bellare et al., 1988) and blotted with Whatman no. 1 ®l-
ter paper to remove excess liquid. To determine changes
in the unilluminated state, the fully hydrated grids (typi-
cally at �5 �C) were plunged at speed of 2 to 9 m/
second into liquid ethane following a dark adaptation
period, typically about three minutes in duration. To
trap intermediates, the suspension on the grid was ®rst
light-adapted with several ¯ashes of illumination before
being inserted into the environmental chamber. Follow-
ing blotting , and while the grid was in transit towards
the surface of the liquid ethane, it was illuminated with
a ¯ash of light (l > 570 nm) to initiate the photocycle.
The duration of the light ¯ash was �1 ms, with an inten-
sity that was suf®cient to excite most (>80 %) of the bac-
teriorhodopsin molecules on the grid.
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In experiments where intermediates were trapped at
times >5 ms after illumination, the speed of the spring-
based plunger was �2 m/second as described in our
earlier work. For trapping intermediates at earlier times,
a pneumatically driven plunger was constructed based
on a design previously developed by Drs J. Trinick and
H. White at Bristol University (White et al., 1998). Grids
held at the end of this plunger could be propelled at
speeds of up to 9 m/second, as monitored using a
photodiode assembly connected to a digital oscilloscope.
At the highest speed, the transit time of the grids across
the ¯ash was �0.3 ms, since the radius of the circular
grids used in our experiments is �1.5 mm. All crystals
on the grid were illuminated simultaneously since the
width of the illuminating beam in the plane of the falling
grid was set to be �10 mm wide. To obtain the shortest
possible delay times, grids were illuminated at a distance
of �6 mm above the surface of the liquid ethane to give
a maximal delay of � 0.8 ms between the ¯ash and time
when the grid contacted the surface of the liquid ethane.
It has been estimated that the specimens on copper grids
are cooled at a rate >100,000 K/second following the
plunge into liquid ethane (Mayer & Astl, 1992; Berriman
& Unwin, 1994). At this freezing rate, a temperature
drop of 20 �C will therefore occur within 0.2 ms. This
additional delay is a reasonable estimate to account for
the time over which any further evolution of the confor-
mational change may occur, since it is known that a ®ve-
fold reduction in the rate of decay of the M intermediate
requires a temperature drop of about 20 �C (Varo &
Lanyi, 1991b; Delaney et al., 1995). We therefore obtain
an estimate of �1 ms for the total delay between the
``¯ash'' and ``freeze'' events under the conditions of our
experiment. Once frozen, the grids were transferred from
liquid ethane into liquid nitrogen. All subsequent manip-
ulations of the sample were carried out at liquid nitrogen
temperatures.

Recording of diffraction patterns and construction
of Fourier difference maps

The specimens were analyzed at liquid nitrogen tem-
peratures using a Philips CM-12 microscope operating at
120 kV. Diffraction patterns were collected with the aid
of a CCD detector (Faruqi et al., 1995, 1998), and pro-
cessed using previously described methods (Baldwin &
Henderson 1984). Difference Fourier maps were obtained
using phases for bacteriorhodopsin reported in
Grigorieff et al. (1996). Typically, structure factors aver-
aged from diffraction patterns of six to ten illuminated
crystals and six to ten unilluminated crystals were used
in construction of the difference map. Unless otherwise
noted, all difference maps are plotted at 3.5 AÊ resolution.
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