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Pathways of proton transfer in the light-driven pump bacteriorhodopsin
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Abstract. The mechanism of proton transport in the light-driven pump bacteriorhodopsin is beginning to be
understood. Light causes the all-trans to 13-cis isomerization of the retinal chromophore. This sets off a sequential
and directed series of transient decreases in the pK,’s of a) the retinal Schiff base, b) an extracellular proton release
complex which includes asp-85, and ¢) a cytoplasmic proton uptake complex which includes asp-96. The timing of
these pK, changes during the photoreaction cycle causes sequential proton transfers which result in the net
movement of a proton across the protein, from the cytoplasmic to the extracellular surface.
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The cytoplasmic membrane of the extremely halophilic
archae contains a unique retinal-protein which func-
tions as a light-driven pump for protons (for reviews see
refs 21, 26, 32 and 35). Illumination of this purple
protein named bacteriorhodopsin causes the outward
flow of protons from the cells and the development of a
negative inside membrane potential. The electrochemi-
cal gradient for protons across the membrane, so cre-
ated, will energize ATP synthesis'>!%-31:%3 and drive
secondary transport systems such as a sodium/proton
antiporter®?>2° and a large number of sodium/amino
acid symporters®® ¢, Together with oxidative phospho-
rylation which also occurs under aerobic conditions,
this system for light-energy capture will contribute to
the ability of the cells to exclude sodium ions and
accumulate potassium and thus survive at high salt
concentrations®’.

How membrane pumps transport ions against a gradi-
ent is an important and still largely unsolved question.
The simplicity and technical advantages of bacteri-
orhodopsin have allowed significant advances in the last
twenty years in understanding its proton transport
mechanism. This short review attempts to give a birds-
eye view of recent progress in studies on how such a
pump functions.

Bacteriorhodopsin contains seven transmembrane heli-
cal segments A through G'7 connected by short loop
regions, and a long C-terminal tail with no apparent
function for transport. The helices enclose space in the
membrane bilayer which is occupied by an all-trans
retinal lying slightly inclined from the plane of the
membrane. It is attached to the g-amino group of lys-
216 near the middle of helix G via the protonated Schiff
base linkage —CH=—NH*'—CH,—. Two essential
aspartate residues, asp-85 on the extracellular and asp-
96 on the cytoplasmic side, together with the Schiff
base, form the proton translocation trajectory. This
trajectory is roughly normal to the membrane, and
defines an ‘extracellular proton channel’ to one side of

cytoplasmic side

Figure 1. Approximate structure of bacteriorhodopsin and the
pathway of the transported proton. The arrangement of helices A
through G and the location of the retinal and important residues
are drawn after the structural model in ref. 17.

the Schiff base and a ‘cytoplasmic proton channel’ to
the other. A rough sketch of this structure is given in
figure 1.

Tllumination initiates a reaction cycle for the chro-
mophore with a turnover time of tens of msec. Its
intermediate states are distinguished by their changed
absorption spectra, for example, in the visible re-
gion®?**! The spectral changes identify states termed
J, K, L, M, N, and O. The time-courses of their rise
and decay are most conveniently determined in single-
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turnover experiments where the photo-excitation is by
laser flashes and the absorbance changes are followed in
real time. The initial even which produces K is isomer-
ization of the retinal from all-trans to 13-cis. By the
time the I. state is reached the change in the retinal
geometry is communicated to the protein, and this
allows transfer of the Schiff base proton to the anionic
asp-85. The M intermediate with the deprotonated
Schiff base undergoes an important reaction not obvi-
ously reflected in spectral changes, except under special
conditions*>*. In this step, referred to as the reprotona-
tion switch!':17:26.30.36.90.44 access to the Schiff base
changes from the extracellular to the cytoplasmic side.
It is designated as the M, »M, reaction. The conse-
quence of this switch is that when the Schiff base is
reprotonated in the M to N step which follows, it is by
the COOH of asp-96 located on the cytoplasmic side. In
the N to O reaction the retinal is reisomerized to all-
trans. The initial protein state is regained in the final O
to BR reaction. The result of these reactions is therefore
the gain of a proton in the extracellular region of the
protein and loss from the cytoplasmic region, i.e. shift
in the internal protonation state of the protein in the
direction of the transport.

The internal proton transfers, which thus redistribute
the protonation state of the two asparate residues men-
tioned, are coupled to proton release and uptake at the
two membrane surfaces. On the extracellular side this
comes about because asp-85 is part of a complex of
residues which also includes arg-82, tyr-57, and proba-
bly a bound water molecule (refs 1, 3, 34, and Brown,
Cao, Needleman and Lanyi, in preparation). After asp-
85 becomes protonated in the L to M step a proton is
released*®, probably from the water molecule, while
asp-85 remains protonated until the last step in the
cycle. On the cytoplasmic side asp-96 is part of a com-
plex which includes also arg-227 and thr-46, and proba-
bly bound water (refs 5, 25, 37, Brown, Cao,
Needleman, and Lanyi, in preparation, and Zimanyi,
Cao, Needleman, Ottolenghi and Lanyi, in prepara-
tion). After asp-96 is deprotonated in the M to N step,
a proton is taken up, probably here also first by bound
water as asp-96 is reprotonated.

The groups which accomplish these proton exchange
reactions at the surface must have suitable pK,’s. The
proton release complex has initially a high pK, in order
to be protonated as the source of the released proton,
but during the photocycle its pK, will decrease in order
to lose the proton. Similarly, the proton uptake complex
must have an initially high pK, so as to have it begin
protonated, a transiently lowered pK, to allow it to
transfer its proton to the Schiff base, and it must regain
its high pK, once again in the cycle so as to induce the
proton uptake. What are these pK,’s? The pH dependen-
cies of chromophore reaction steps and the proton release
and uptake provide some answers to this question.
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The photocycle of the asp-96 — asn mutant is simplified
by the greatly slowed decay of the M intermedi-
ate®>'%28 Since N and O do not accumulate it is
described approximately by the sequence BR—>
K < L+ M, > M, —» BR*. The Schiff base deprotona-
tion leads to an equilibrium between L and M at about
10 ps. This equilibrium contains a considerable amount
of L. However, at pH 7 or higher the unidirectionality
of the M, - M, reaction causes the disappearance of L
at about 100 us. At lower pH the L intermediate does
not tend to zero but to a second equilibrium with M
which persists until the end of the photocycle*®. The
results thus argue for an M, — M, back-reaction of
increasing rate as the pH is decreased. Analysis of the
kinetics in these terms identifies a pH dependent equi-
librium during the life-time of M, ie. argues for the
existence of a group whose pK, determines the pathway
of further reactions*. There are two alternatives for the
photocycle: either it proceeds with deprotonation of
this group and a unidirectional M, — M, reaction (at
pH > 6) or it proceeds without it and a reversible
M, «» M, reaction (at pH < 6). This group must be the
proton release complex. Its pK,, as calculated from the
data, is about 6. The unidirectionality of the M, > M,
reaction above pH 6 is thus explained by the unidirec-
tionality of the proton release at a pH above this pK,.
Strong support for this model is provided by the pH
dependency of the proton release itself. The transient
release of the proton on the extracellular side can be
measured by following the absorbance changes of pH-
indicator dyes in the bulk, such as pyranine, during the
photocycle. At pH > 6 the proton is released approxi-
mately during the formation of M#® 41645 Uptake of
another proton on the cytoplasmic side follows approx-
imately during the lifetime of the N intermediate. How-
ever, at lower pH the proton is not released in this way.
While proton uptake occurs at the usual time, the
release follows it rather than precedes it”*6. The reversal
of the two protonation reactions is detected as the
transient net loss of a proton from the protein at the
higher pH but a transient net gain of a proton at the
lower pH. This is confirmed also by the results of steady
illumination experiments. Itlumination of purple mem-
brane sheets produces photostationary states'® '>3%46 in
which protons are found to be either released to the
bulk {at pH > 6) or taken up from the bulk (at pH < 6).
The pH dependency of the proton release thus also
identifies the pK, of the proton release complex as
about 6.

The pK, associated with proton uptake was explored in
a similar way (Zimanyi, Cao, Needleman, Ottolenghi
and Lanyi, in preparation). At high pH the O interme-
diate does not accumulate, and the analysis of transient
absorption changes of the chromophore and pyranine
becomes simpler. Under these conditions the proton
uptake occurs after the rise of the N state but before its
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decay. The data thus suggest two N states, one before
and the other after the proton uptake. The pH depen-
dency of the interconversion of these N states provides
a way to calculate the pK,, of the uptake complex. It is
approximately 11, i.e. higher than any pH at which the
photocycle is normally studied.

These results indicate that under physiological condi-
tions transport of the proton in this pump occurs,
because the release on the extracellular side is from a
group with low pK, relative to the pH (low proton
affinity) while the uptake on the cytoplasmic side is to a
group with high pK, (high proton affinity). The essence
of the transport process in this pump is that both
release and uptake groups have initially high enough
proton affinities to be protonated, but their proton
affinities are transiently decreased in a timely manner
during the photocycle. First, the pK, of the third,
internal group (the Schiff base) decreases and it depro-
tonates, second, the pK, of the release group decreases
and it releases a proton to the bulk, and third, the pK,
of the uptake group decreases and it reprotonates the
Schiff base. The pK,’s recover in a different sequence:
first, the pK, of the Schiff base rises and it reprotonates,
second, the pK, of the uptake group rises and it regains
a proton from the bulk, and finally, the pK, of the
release group rises and it regains its proton.

The free energy which drives these changes of the pK,’s
resides initially in retinal bond rotations and torsions
after absorption of a photon®. It affects the protein
primarily as the Schiff base of the isomerized retinal
changes its relationship to the charged residues which
constitute the extracellular release complex. After the
reprotonation switch it is a protein conformational
change detected by crystallographic methods® 8, as well
as by the thermodynamics of the chromophore reac-
tions'***4° which evidently causes changes in the pro-
ton affinity of the cytoplasmic uptake complex.

Balashov, S., Govindjee, R., Kono, M., Lukashov, E., Ebrey,
T. G, Feng, Y., Crouch, R. K., and Menick, D. R., Arg82ala
mutant of bacteriorhodopsin expressed in H. halobium: drastic
decrease in the rate of proton release and effect on dark
adaptation, in: Structures and Functions of Retinal Proteins,
pp. 111114, Ed. J. L. Rigaud. John Libbey Eurotext Ltd.,
Montrouge 1992.

Becher, B., Tokunaga, F., and Ebrey, T. G., Ultraviolet and
visible absorption spectra of the purple membrane protein and
the photocycle intermediates. Biochemistry 17 (1978) 2293—
2300.

Braiman, M. S., Mogi, T., Marti, T., Stern, L. J., Khorana, H.
G., and Rothschild, K. J., Vibrational spectroscopy of bacteri-
orhodopsin mutants: Light-driven proton transport involves
protonation changes of aspartate residues 85, 96, and 212.
Biochemistry 27 (1988) 8516-8520.

4 Butt, H.-J.,, Fendler, K., Bamberg, E., Tittor, J., and Oester-
helt, D., Aspartic acids 96 and 85 play a central role in the
function of bacteriorhodopsin as a proton pump. EMBO J. 8
(1989) 1657-1663.

Cao, Y., Varo, G., Chang, M., Ni, B., Needleman, R., and
Lanyi, J. K., Water is required for proton transfer from
aspartate 96 to the bacteriorhodopsin Schiff base. Biochem-
istry 30 (1991) 10972-10979.

[

L

W

Reviews

6 Dencher, N, A., Dresselhaus, D., Zaccai, G., and Biildt, G.,
Structural changes in bacteriorhodopsin  during proton
translocation revealed by neutron diffraction. Proc. natl Acad.
Sci. USA 86 (1989) 7876--7879.

Dencher, N. A., and Wilms, M., Flash photometric experi-

ments on the photochemical cycle of bacteriorhodopsin. Bio-

phys. Struct. Mech. [ (1975) 259-271.

Drachev, L. A., Kaulen, A. D., and Skulachev, V. P., Correla-

tion of photochemical cycle, H™ release and uptake, and

electrical events in bacteriorhodopsin. FEBS Lett. 178 (1984)

331-33s.

9 Eisenbach, M., Cooper, S., Garty, H., Johnstone, R. M.,
Rottenberg, H., and Caplan, S. R., Light-driven sodium trans-
port in sub-bacterial particles of Halobacterium halobium.
Biochim. biophys. Acta 465 (1977) 599-613.

10 Fischer, U., and Oesterhelt, D., Chromophore equilibria in

bacteriorhodopsin. Biophys. J. 28 (1979) 211-230.

Fodor, S. P., Ames, J. B., Gebhard, R., van den Berg, E. M.,

Stoeckenius, W., Lugtenburg, J., and Mathies, R. A., Chro-

mophore structure in bacteriorhodopsin’s N intermediate: im-

plications for the proton pumping mechanism. Biochemistry

27 (1988) 7097-7101.

12 Garty, H., Caplan, S. R., and Cahen, D., Photoacoustic
photocalorimetry and spectroscopy of Halobacterium halobium
purple membranes. Biophys. J. 37 (1982) 405-415.

13 Garty, H., Klemperer, G., Eisenbach, M., and Caplan, S. R.,
The direction of light-induced pH changes in purple membrane
suspensions. Influence of pH and temperature. FEBS Lett. 81
(1977) 238-242.

14 Grzesiek, S., and Dencher, N. A., Time-course and stoi-
chiometry of light-induced proton release and uptake during
the photocycle of bacteriorhodopsin. FEBS Lett. 208 (1986)
337-342.

15 Hartmann, R., and Oesterhelt, D., Bacteriorhodopsin-medi-
ated photophosphorylation in Halobacterium halobium. Eur. J.
Biochem. 77 (1977) 325--335.

~3

o0

—

. 16 Heberle, J., and Dencher, N. A., Surface-bound optical probes

monitor proton translocation and surface potential changes
during the bacteriorhodopsin photocycle. Proc. natl Acad. Sci.
USA 89 (1992) 5996- 6000.

i7 Henderson, R., Baldwin, J. M., Ceska, T. A.,, Zemlin, F.,
Beckmann, E., and Downing, K. H., Model for the structure
of bacteriorhodopsin based on high-resolution electron cry-
omicroscopy. J. molec. Biol. 213 (1990) 899-929.

18 Holz, M., Drachev, L. A., Mogi, T., Otto, H., Kaulen, A. D.,
Heyn, M. P., Skulachev, V. P., and Khorana, H. G., Replace-
ment of aspartic acid-96 by asparagine in bacteriorhodopsin
slows both the decay of the M intermediate and the associated
proton movement, Proc. natl Acad. Sci. USA 86 (1989) 2167
2171,

19 Lanyi, J. K., Light energy conversion in Halobacterium halo-
bium. Microbiol. Rev. 42 (1978) 682-706.

20 Lanyi, J. K., The role of Na* in transport processes of bacterial
membranes. Biochim. biophys. Acta 559 (1979) 377-397.

21 Lanyi, J. K., Proton transfer and energy coupling in the
bacteriorhodopsin photocycle. J. Bioenerg. Biomembr. 24
(1992) 169-179.

22 Lanyi, J. K., and MacDonald, R. E., Existence of electrogenic
hydrogen ion/sodium ion antiport in Halobacterium halobium
cell envelope vesicles. Biochemistry 15 (1976) 4608 -4614.

23 Lozier, R. H., Bogomolni, R. A, and Stoeckenius, W., Bacte-
riorbodopsin: a light-driven proton pump in Halobacterium
halobium. Biophys. J. 15 (1975) 955-963.

24 MacDonald, R. E., Greene, R. V., and Lanyi, J. K., Light-
activated amino acid transport systems in H. halobium envel-
ope vesicles: role of chemical and electrical gradients. Bio-
chemistry 16 (1977) 3227-3235.

25 Marti, T., Otto, H., Mogi, T., Résselet, S. J., Heyn, M. P., and
Khorana, H. G., Bacteriorhodopsin mutants containing single
substitutions of serine of threonine residues are all active in
proton translocation. J. biol. Chem. 266 (1991) 6919-6927.

26 Mathies, R. A., Lin, S. W., Ames, J. B., and Pollard, W. T.,
From femtoseconds to biology: Mechanism of bacteri-
orhodopsin’s light-driven proton pump. A. Rev. Biophys.
Chem. 20 (1991) 491-518.



Reviews

27

28

29

30

3

—_

32

33

34

35

36

37

Mehihorn, R. J., Schobert, B., Packer, L., and Lanyi, J. K.,
ESR studies of light-dependent volume changes in cell envel-
ope vesicles from Halobacterium halobium. Biochim. biophys.
Acta 809 (1985) 66-73.

Miller, A., Oesterhelt, D., Kinetic optimization of bacteri-
orhodopsin by aspartic acid 96 as an internal proton donor.
Biochim. biophys. Acta Bioenergetics 1020 (1990) 57-64.
Murakami, N., and Konishi, T., DCCD-sensitive Na+ trans-
port in the membrane vesicles of Halobacterium halobium. J.
Biochem., Tokyo 103 (1988) 231-236.

Nagle, J. F., and Mille, M., Molecular models of proton
pumps. J. chem. Phys. 74 (1981) 1367-1372.

Oesterhelt, D., Hartmann, R., Michel, H., and Wagner, G. in:
Energy Conservation in Biological Membranes, pp. 140—156.
Eds G. Schaeffer and M. Klingenberg. Springer-Verlag, Berlin
1978.

Oesterhelt, D., Tittor, J., and Bamberg, E., A unifying concept
for ion translocation by retinal proteins. J. Bioenergy.
Biomembr. 24 (1992) 181-191.

Ort, D. R, and Parson, W. W., Enthalpy changes during the
photochemical cycle of bacteriorhodopsin. Biophys. J. 25
(1979) 355-364.

Otto, H., Marti, T., Holz, M., Mogi, T., Stern, L. J., Engel, F.,
Khorana, H. G., and Heyn, M. P., Substitution of amino acids
Asp-85, Asp-212, and Arg-82 in bacteriorhodopsin affects the
proton release phase of the pump and the pK of the Schiff
base. Proc. natl Acad. Sci. USA 87 (1990) 1018-1022.
Rotschild, K. J., FTIR difference spectroscopy of bacteri-
orhodopsin: toward a molecular model. J. Bioenerg.
Biomembr. 24 (1992) 147-167.

Schulten, K., Schulten, Z., and Tavan, P. An isomerization
model for the pump cycle of bacteriorhodopsin, in: Informa-
tion and Energy Transduction in Biological Membranes, pp.
113-131. Eds A. Bolis, H. Helmreich, and H. Passow. Alan R.
Liss, Inc., New York 1984.

Stern, L. J., and Khorana, H. G., Structure-function studies
on bacteriorhodopsin. X. Individual substitutions of arginine

Experientia 49 (1993), Birkhduser Verlag, CH-4010 Basel/Switzerland

38

39

40

41

42

43

44

45

46

517

residues by glutamine affect chromophore formation, photo-
cycle, and proton translocation. J. biol. Chem. 264 (1989)
14202-14208.

Subramaniam, S., Gerstein, M., Oesterhelt, D., and Hender-
son, R., Electron diffraction analysis of structural changes
in the photocycle of bacteriorhodopsin. EMBO J. 12 (1993)
1-8.

Takeuchi, Y., Ohno, K., Yoshida, M., and Nagano, K., Light-
induced proton dissociation and association in bacteri-
orhodospin. Photochem. Photobiol. 33 (1981) 587-592.
Varé, G., and Lanyi, J. K., Thermodynamics and energy
coupling in the bacteriorhodopsin photocycle. Biochemistry 30
(1991) 5016-5022.

Varo, G., and Lanyi, J. K., Kinetic and spectroscopic evidence
for an irreversible step between deprotonation and reprotona-
tion of the Schiff base in the bacteriorhodopsin photocycle.
Biochemistry 30 (1991) 5008-5015.

Varo, G., Zimanyi, L., Chang, M., Ni, B., Needleman, R., and
Lanyi, J. K., A residue substitution near the S-ionone ring of
the retinal affects the M substates of bacteriorhodopsin. Bio-
phys. J. 61 (1992) 820-826.

Wagner, G., Hartmann, R., and Oesterhelt, D., Potassium
uniport and ATP synthesis in Halobacterium halobium. Eur., J.
Biochem. 89 (1978) 169-179.

Zimanyi, L., Cao, Y., Chang, M., Ni, B.,Needleman, R., and
Lanyi, J. K., The two consecutive M substates in the photocy-
cle of bacteriorhodopsin are affected specifically by the D8SN
and D96N residue replacements. Photochem. Photobiol. 56
(1992) 1049-1055.

Zimanyi, L., and Lanyi, J. K., Deriving the intermediate
spectra and photocycle kinetics from time-resolved difference
spectra of bacteriorhodopsin. The simpler case of the recombi-
nant D96N protein. Biophys. J. 64 (1993) 240-251.

Zimanyi, L., Varo, G., Chang, M., Ni, B., Needleman, R.,
and Lanyi, J. K., Pathways of proton release in the bac-
teriorhodopsin photocycle. Biochemistry 3/ (1992) 8535-
8543.



