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ABSTRACT During light-driven proton transport bacte-
riorhodopsin shuttles between two protein conformations. A
large-scale structural change similar to that in the photo-
chemical cycle is produced in the D85N mutant upon raising
the pH, even without illumination. We report here that (i) the
pK. values for the change in crystallographic parameters and
for deprotonation of the retinal Schiff base are the same, (i)
the retinal isomeric configuration is nearly unaffected by the
protein conformation, and (iii) preventing rotation of the
C;3—Cy4 double bond by replacing the retinal with an all-trans
locked analogue makes little difference to the Schiff base pK,.
We conclude that the direct cause of the conformational shift
is destabilization of the structure upon loss of interaction of
the positively charged Schiff base with anionic residues that
form its counter-ion.

The functions of some transmembrane ion pumps, and recep-
tors that transmit light-dependent or chemical signals, depend
on global changes in protein structure upon a chemical reac-
tion or ligand binding at the active site (1). In the light-driven
proton pump, bacteriorhodopsin, such a conformational shift
seems to be related to the change of the access of the buried
proton binding group, the retinal Schiff base, from the extra-
cellular to the cytoplasmic membrane surface (2-4). A mech-
anism based on such a two-state conformational change, and
in particular on an alternating access of a single binding site,
must account for transport in some of the more complex ion
pumps also (5).

Bacteriorhodopsin is a small protein containing seven trans-
membrane helices A through G that enclose an all-trans retinal
linked to Lys-216 via a protonated Schiff base (6). The reaction
cycle that follows photoisomerization of the retinal to 13-
cis,15-anti is described by the sequence of intermediate states
J, K, L, M, N, and O, and their substates (for recent reviews,
see refs. 7-13). The M state is formed when the Schiff base
proton is transferred to Asp-85, near the extracellular surface.
A proton from Glu-204 and probably bound water is then
released to the extracellular surface. The N state is formed by
reprotonation of the Schiff base from Asp-96, near the cyto-
plasmic surface. This is followed by proton uptake to Asp-96
from the cytoplasmic surface and reisomerization of the retinal
to all-frans in the O state. The initial state recovers upon loss
of proton from Asp-85. Maps of the changed structure of the
M state obtained by diffraction have been interpreted as
density increases at the cytoplasmic halves of helices B and G.
When M is stabilized under various conditions this is seen to
be followed by tilting of the cytoplasmic end of helix F away
from the central cavity (14-16). The latter change persists in
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the N state stabilized in mutants (17, 18). A component of
these large-scale structural changes, termed collectively the E
to C shift (4), may be the basis of the extracellular-to-
cytoplasmic change of the connectivity of the Schiff base, the
postulated “reprotonation switch” (2-4). The outward tilt of
helix F and its reversal, were shown to be linked to proton
transfer from Asp-96 to the Schiff base (decay of M) and
reprotonation of Asp-96 from the aqueous medium (decay of
N), respectively (19). It has been argued that the appearance
of a large negative amide I band in Fourier transform infared
(FTIR) difference spectra, originating from changed hydro-
gen-bonding of the polypeptide chain, is another indication of
the structural change (20-24).

Does photoisomerization of the retinal to 13-cis,15-anti
trigger these protein conformational changes directly or indi-
rectly? Analogously to the much discussed question of how
energy is stored in this system after photoexcitation (25-27),
there are three simple alternatives. First, the transition from a
linear to a bent polyene chain could result in a poor fit of the
retinal in its binding pocket, that forces the protein into a
changed conformation that better accommodates it. Second,
because the distal end of the retinal is fixed by three trypto-
phan rings (6), the acute bend in the polyene chain will displace
its proximal end with the positively charged protonated Schiff
base relative to the anionic Asp-85 and Asp-212, and nearby
bound water (28, 29). This displacement may initiate long-
range structural changes independent of the deprotonation of
the Schiff base. Third, the Schiff base—counter-ion interaction
becomes weaker once the proton is transferred to Asp-85
because the charges of both this residue and the Schiff base are
eliminated. This may remove sufficient stabilization of the
structure to allow its collapse into a more stable conformation.
In the D85N mutant, where the counter-ion is weaker without
a contribution from Asp-85, deprotonation of the Schiff base
upon raising the pH from 7 to 11 without illumination resulted
in a protein conformation similar to that which occurs nor-
mally only in the M state of photocycle (4). Diffraction
measurements with the D85N/D96N double mutant revealed
that the second mutation further destabilized the structure, so
as to shift the conformation of the unphotolyzed protein
substantially even without deprotonation of the Schiff base.
These results tend to argue for the third alternative.

Descriptions of the complex and interdependent chro-
mophore and protein changes during the photochemical cycle
do not clearly distinguish between what is cause and what is
effect, and thus do not provide an unambiguous answer. The
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D85N mutant, in which the conformation changes occur
independent of photoexcitation of the retinal, is a simpler
system. Experiments directed to three questions in this recom-
binant protein will decide whether deprotonation of the Schiff
base during the photocycle is indeed the cause of the E to C
conformational shift: (/) Does the structural change in D85N
strictly correlate with deprotonation of the Schiff base? The
appearance of the FTIR amide band after photoexcitation of
the D85N mutant with unprotonated Schiff base at pH 9.4
suggested that it might not (30). If the amide band originates
from the structural shift, it cannot have occurred at this pH
before photoexcitation even though the Schiff base is depro-
tonated. It was therefore suggested that the C structure
correlates instead with another FTIR change of the polypep-
tide backbone, observed (31) at much higher pH. (ii) Does the
retinal configuration change along with the protein confor-
mation? The D85N and D85N/D96N mutants provide the
means to test this without complication from other events in
the photocycle. The all-frans and 13-cis,15-syn retinal config-
urations, that equilibrate thermally, have roughly the same
linear shape. However, it is possible that the retinal is forced
by the changed protein conformation into the strongly bent
13-cis,15-anti configuration that is produced normally only
upon photoisomerization. The possibility that such a config-
uration can be assumed in the absence of illumination was
raised from solid-state 3C NMR measurements of wild-type
bacteriorhodopsin at a pH low enough to protonate Asp-85
(32). (iii) Finally, is retinal isomerization necessarily coupled to
deprotonation of the Schiff base? As judged from the effect of
deuterium substitution at C;5 on the C—C vibrational bands of
the retinal, once the Schiff base of D85SN deprotonated at
elevated pH the Cy3—C4 bond configuration is mostly trans
(30), but according to analysis of extracted retinal the 13-cis to
all-trans ratio increases rather than decreases with pH (33).

METHODS

Structure Determination. X-ray diffraction measurements
were carried out with the MUSCLE Diffractometer at BL-15A
in the Photon Factory at Tsukuba, Japan, as described (15).
The purple membranes were suspended in 100 mM KCI
buffered at the pH indicated, up to As7y or Aepo = 20. Of this
suspension, 100 ul was dropped on a piece of aluminum foil,
incubated at a relative humidity of 95% for 3 days, and another
drop was layered on to the resulting wet film. The layering
procedure was repeated four to five times to obtain a thick wet,
well-hydrated film. The analysis of the intensities of the
reflections was as before (4).

Fourier Transform Raman (FT-Raman) Spectroscopy. In-
strument used was a Bruker IFS66/S-FRA106/S, with 180°
backscatter, at 2 cm™! resolution. The excitation energy of the
Nd-yttrium/aluminum garnet (Yag) laser was 300 mW. The
samples were membrane suspensions in a 4 mm path length
quartz cuvette.

Retinal Reconstitution. The samples were bleached by
illuminating with hydroxylamine (34). After removal of the
retinal oxime by washing three times with 1% bovine serum
albumin, retinal or its analogue was added. The chromophore
regenerated in a few hours with authentic retinal, and in about
2 weeks with the analogue.

RESULTS

pH Dependence of the Crystallographic Structure of D§5N
Bacteriorhodopsin. The pK, of the protonated Schiff base in
D85N is lowered from >13 in the wild type (35) to about 9 (4,
33, 36, 37). We measured x-ray diffraction at numerous pH
values between pH 6 and 11. Fig. 1 shows difference Fourier
transform projection maps between the structures upon raising
the pH from 6.0 to 9.2 and 6.0 to 10.4. The density increase at
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Fic. 1. Difference projection maps of structural changes in D85N
bacteriorhodopsin upon raising the pH from 6.0 to 9.2 (a) or 10.4 (b).
Bold contour lines indicate density increase, dashed lines density
decrease. Although the changes in b are larger than in a, they are
represented with equal amplitude. End-on views of transmembrane
helices B, C, and D, and the smeared outline of the more tilted helices
A, G, F, and E of one bacteriorhodopsin in the trimer are superim-
posed.

helices G and a pair of negative and positive density differences
at helix F resemble the changes in the M state. The near
identity of the difference maps below and above the pK,
indicates that essentially only one kind of structural change
occurs. Fig. 2 shows the integrated intensities of reflections
(L,1), (3,2), and (4,1) as functions of pH. The changes in
reflections (3,2) and (4,1), are the most characteristic of the £
to C conformational transition (4, 38). The same dependence
of the crystallographic parameters on pH as the deprotonation
of the Schiff base strongly implicates the protonation state of
the Schiff base in the structural change. The other reflections
were nearly unaffected by pH (data not shown).

The results raise a question about the origin of protein
conformation change detected by FTIR. Are the structural
changes of the polypeptide backbone that give rise to the amide
I band in the My (24) and N (21-23) photointermediates the
same as those described by diffraction in M and N? Since it is
observed after photoexcitation of D85N with unprotonated
chromophore (30), the FTIR band seems not to be linked to
the structural change that we detect upon deprotonation of the
Schiff base. We must conclude that what is measured by
diffraction methods and FTIR are distinct from one another.

Relationship of Retinal Isomeric State and Global Protein
Conformation. Extraction of retinal and analysis by chroma-
tography is often used to determine isomeric composition.
HPLC of the extracted retinal gave 40 and 55% 13-cis content
for dark-adapted D85N and D85N/D96N, respectively, but
could give no information on the configuration of the C;5=N
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F1G6.2. Integrated intensities of reflections (1,1), (3,2), and (4,1) in
a, b, and c, respectively vs. pH. Conditions are the same as in Fig. 1.

bond (37). Recently FT-Raman (39, 40) became the method of
choice for determining the configuration of retinal because (i)
it does not perturb the protein, (if) unlike resonance Raman it
utilizes 1.064 um excitation that has virtually no effect on the
isomeric state, and (ii7) it can distinguish between 13-cis,15-anti
and 13-cis,15-syn. When the protonation state of the Schiff
base is unchanged, the amplitudes of several vibrational modes
determine the configuration of the bonds between C;3 and C;s
unambiguously. Fig. 3 contains FT-Raman spectra for the
wild-type all-trans and 13-cis,15-syn chromophores. The
C14—C;s stretch band at 1168 cm™~! is prominent in all-trans
but weak in 13-cis, while the opposite is true for the C;—Ci;
band at 1182 cm™!. For reasons of steric constraint in the
binding pocket, the C;4 hydrogen-out-of-plane band at 800
cm~! is strong in 13-cis, 15-syn retinal but has negligible
amplitude in all-trans or 13-cis, 15-anti (41-43). Fig. 3 shows
that D85N near neutral pH, with the E protein conformation,
contains a mixture of all-trans and 13-cis retinals, consistent
with chemical analysis (37) and resonance Raman (44). In
D85N/D96N at the same pH, but with a mostly C protein
conformation (4), the ratio of the 1182 to the 1168 cm™~! band
is slightly higher, but the 800 cm™! band is hardly changed.
Thus, the isomeric state of the retinal is nearly unaffected by
the global protein conformation, and the conformational shift
produces no detectable isomerization to 13-cis,15-anti.
Relationship of Retinal Isomeric State and Deprotonation
of the Schiff Base. According to these results, in these mutants
the isomeric state of the retinal should not be linked to the
deprotonation of the Schiff base since the latter is associated
with the protein conformation (Figs. 1 and 2). If it were,
making isomerization impossible would substantially raise the
observed pK,. In 13-demethyl 12-14 ethano retinal (45, 46),
the C;3—Ci4 double bond is locked in the all-trans configura-
tion. Fig. 4 shows titration of the Schiff base of D85N
containing authentic retinal and the locked analogue. Elimi-
nating the possibility of isomerization has little effect on the
apparent pK, in D85N. Thus, when residue 85 is uncharged,
deprotonation of the Schiff base (and therefore the global
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Fic. 3. FT-Raman spectra of wild-type, D85N, and D85N/D96N
bacteriorhodopsins. Conditions are 100 mM NaCl, pH 6.6, at 22°C.
Wild-type spectra are for all-trans (light-adapted) and 13-cis (from a
dark-adapted sample that contains 33% all-trans) chromophores.
These are essentially the same as reported before (39) and shown as
controls only. For the mutants spectra of dark-adapted samples are
shown. Amplitudes of the two wild-type spectra adjusted (together) for
best comparison with the mutants.

conformation change it triggers) is at most weakly coupled to
the isomeric state of the retinal.

DISCUSSION

We report here on conditions where a conformational shift
similar to the large-scale structural change of bacteriorhodop-
sin in the photocycle occurs, but in the absence of photoexci-
tation. The structural change detected is nearly or completely
indifferent to the isomeric state of the retinal and depends
instead on deprotonation of the retinal Schiff base. If this
applies to the photocycle as well, we would argue that the main
significance of the photoisomerization is that it allows proton
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FiG. 4. Titration of the retinal Schiff base in D85N bacteriorho-
dopsin. Deprotonation was determined from the amplitudes of the
shift of the maximum from near 600 nm to 410 nm. Reconstitution of
the hydroxylamine-bleached chromophores was with either authentic
(0) or 13-demethyl 12-14 ethano (@) retinal. Titration was in 2 M
NaCl, where the apparent pK, of the Schiff base is somewhat lower
than at lower NaCl concentrations (4, 33, 37).

transfer from the Schiff base to Asp-85. It may be then the
resulting abolition of the charge-pair at the active site, rather
than the isomerization directly, that allows the protein to
assume its alternative conformation and to facilitate the
reprotonation of the Schiff base by Asp-96. Inasmuch as the
pK. of Asp-96, and therefore the role of this residue as proton
donor, depends on the conformation changes at the cytoplas-
mic surface (19, 47), this seems reasonable. From different
evidence, it has been argued, however, that deprotonation of
the Schiff base and the reprotonation switch are both direct
consequences of the isomerization (48). Deciding between
these alternatives will require a better understanding of the
relationship between protein conformation changes, both local
and global, and the accessibility of protons to the Schiff base.

In similar experiments with unphotolyzed visual rhodopsin,
Schiff base—counter-ion interaction and retinal isomeric con-
figuration both affected protein conformation. From a survey
of the signaling state in a large number of mutated rhodopsins
(49) it appears that there is an electrostatic as well as a steric
component to what determines the active receptor conforma-
tion. Thus, for example, removal of the ion pair at the active
site of vertebrate rhodopsin, by replacing Glu-113, caused shift
to the postulated transducin-binding conformation only in the
retinal-free opsin (50), and in a mutant with weakened
counter-ion interaction photoisomerization was alone suffi-
cient for transducin binding (51).

The results reported here emphasize the role of the Schiff
base—Asp-85 proton donor-acceptor pair as the active site in
bacteriorhodopsin. This is in keeping with the findings that the
D85T bacteriorhodopsin mutant transports not protons but
chloride like halorhodopsin (52), and halorhodopsin, which
lacks the equivalent of Asp-85, transports not chloride but
protons like bacteriorhodopsin when an artificial proton ac-
ceptor is bound near the Schiff base (53).
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