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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 extraceUular proton release 
complex which includes asp-85, and c) a cytoplasmic proton uptake complex which includes asp-96. The timing of 
these pKa 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 ~5,19,31,43 and drive 
secondary transport systems such as a sodium/proton 
antiporter 9,22'29 and a large number of sodium/amino 
acid symporters 2~ 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 27. 
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 17 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 e-amino group of lys- 
216 near the middle of helix G via the protonated Schiff 
base linkage - - C H = N H + - - C H 2  - .  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. 
Illumination 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 2,23,41. 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 L 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 
c o n d i t i o n s  42,44. In this step, referred to as the reprotona- 
tion switch 11'17'26'3~176 access to the Schiff base 

changes from the extracellular to the cytoplasmic side. 
It is designated as the M~-~M2 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 46, 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 Zim/myi, 
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 pKa's. The 
proton release complex has initially a high pK~I in order 
to be protonated as the source of the released proton, 
but during the photocycle its pKa will decrease in order 
to lose the proton. Similarly, the proton uptake complex 
must have an initially high pKa 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 ofchromophore reaction steps and the proton release 
and uptake provide some answers to this question. 

The photocycle of the asp-96-~ asn mutant is simplified 
by the greatly slowed decay of the M intermedi- 
ate 4,5,1~,2s Since N and O do not accumulate it is 

h v  
described approximately by the sequence BR 
K +~ L +-, M1 ~ M2 ~ BR 4s. The Schiff base deprotona- 
tion leads to an equilibrium between L and M at about 
10 gs. This equilibrium contains a considerable amount 
of L. However, at pH 7 or higher the unidirectionality 
of the M~ --, M2 reaction causes the disappearance of L 
at about 100 ~ts. 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 46. The 
results thus argue for an M2~M1 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, i.e. argues for the 
existence of a group whose p K  a determines the pathway 
of further reactions 46. There are two alternatives for the 
photocycle: either it proceeds with deprotonation of 
this group and a unidirectional M~-,M2 reaction (at 
pH > 6) or it proceeds without it and a reversible 
M1 ~-§ M2 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 Mj ~M2 
reaction above pH 6 is thus explained by the unidirec- 
tionality of the proton release at a pH above this p K  a. 

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 8'14'16'46. 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 7'46. 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. Illumination of purple mem- 
brane sheets produces photo stationary states ~~ ~3.39,46 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 p K  a of the proton release complex as 
about 6. 
The pK~ associated with proton uptake was explored in 
a similar way (Zimfinyi, 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  da ta  thus suggest two N states, one before  

and the o ther  alLter the p ro ton  uptake.  The  p H  depen- 

dency of  the in te rconvers ion  o f  these N states provides  

a way to calculate the pK~ of  the up take  c o m p l e x  It is 

approx imate ly  11, i.e. higher  than  any p H  at which the 

photocyc le  is normal ly  studied. 

These results indicate that  unde~ physiological  condi-  

t ions t ranspor t  o f  the p ro ton  in this p u m p  occurs, 

because the release on the extracel lular  side is f rom a 

g roup  with low pK~ relative to the p i t  ( low p ro ton  

aff• while the uptake on the cytoplasmic  side is to a 

g roup  with high pK~ (high p ro ton  affinity). The  essence 

o f  the t ranspor t  process in this p u m p  is that  bo th  

release and uptake  groups  have initially high enough 

p ro ton  affinities to be p ro tona ted ,  but  their  p ro ton  

affinities are t ransient ly decreased in a t imely manner  

dur ing  the photocycle .  First,  the  pK~ of  the third,  

internal  group (the Schiff  base) decreases and it depro-  

tonates,  second, the pK~ of  the release g roup  decreases 

and it releases a p ro ton  to the bulk,  and third, the pK~ 

of  the uptake  group decreases and it repro tona tes  the 

Schiff base. The  pK~'s recover  in a different sequence: 

first, the pK~, o f  the Schiff  base rises and it reprotonates ,  

second, the p K  a of  the uptake group rises and it regains 

a p ro ton  f rom the bulk,  and finally, the p K ,  of  the 

release group rises and it regains its p ro ton .  

The  free energy which drives these changes o f  the pK~'s 

resides initially in ret inal  bond ro ta t ions  and torsions 

a l ter  absorp t ion  o f  a pho ton  26. It affects the prote in  

pr imar i ly  as the Schiff base of  the isomerized retinal 

changes its re la t ionship to the charged residues which 

const i tute  the extracel lular  release c o m p l e x  Af ter  the 

r ep ro tona t ion  switch it is a prote in  confo rmat iona l  

change detected by crys ta l lographic  me thods  6,3s as well 

as by the t he rmodynamics  of  the c h r o m o p h o t e  reac- 

t ions '2'33'4~ which evidently causes changes in the pro-  

ton  affinity o f  the cytoplasmic  up take  complex.  
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