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Summary Statement. Substantiaf progress was made on describing the pathway of the 
transported proton in bacteriorhodopsin, and the thermodynamics of the proton transfers. 
The underlying principle of the transport was identified as the alternating access of the 
retinal Schiff base toward the two membrane surfaces, regulated by electrostatic interac- 
tion between the retinylidene nitrogen and its counterion. Consistent with a shared trans- 
port mechanism for both retinal proteins, bacteriorhodopsin was converted into a halorho- 
dopsin-like chloride pump by replacing asp-85 with threonine. This region is thereby 
identified as the active site that determines ion specificity. Description of the metal ion- 
dependent kinetics of the ATP hydrolysis provided clues to the structure of active site in 
the halobacterial ATPase. 

Photocycle kinetics. Our earlier adaptation of gated diode array spectroscopy and data 
analysis to solving the bacteriorhodopsin photocycle had yielded a kinetic scheme for the 
process that culminates in the transport of a proton across the membrane, and a descrip- 
tion of the energy changes associated with it. It is a linear sequence of six intermediates. 
We have utilized this approach in studies of mutant proteins for better defining this com- 
plex reaction cycle. We have refined the kinetic scheme by exploring a large variety of 
conditions (papers 3 - 6, I O ,  13). However, the real difficulty lies in the fact that this (as 
any) protein is a multivariable system. Its many parts are only loosely coupled, and they 
are capable of independent changes during the reaction cycle, even when these changes 
are functionally relevant. Thus, the more detail we uncover for the photocycle, the more 
sub-states are found, and more and more multiple reactions are identified that complicate 
the basic scheme. For example, the M intermediate that represents the unprotonated 
retinal Schiff base now appears to have at least three substates (discussed in the critical 
reviews 4, 15). Although asp-96 is the proton donor to the Schiff base, its deprotonation 
is not dependent on prior deprotonation of the Schiff base (paper 1). Similarly, the N and 
the 0 intermediates seem also to exist as two substates, with asp-96 either protonated or 
degrotonated (paper 6). 

pK changes during the photocycle. The first charge displacement event in the photo- 
cycle is the transfer of the Schiff base proton to the anionic asp-85. What is the free en- 
ergy required for this transfer? Titration of the wild type protein has shown that the pK of 
the Schiff base in the unphotolyzed state is above 13, and of asp-85 it is below 3. Accord- 
ing to these values the energy retained in the first photointermediate K (50 kJimol) would 
be insufficient for proton transfer. Titration of various mutant proteins (paper 2) revealed, 
however, that information about proton equilibration with the medium should not be used 
to make conclusions about proton transfers between groups inside proteins. The data 
from the mutants, taking this into account, indicate that, if coulombic interactions domi- 
nate, the free energy gap between the two states, one containing the Schiff base - asp-85 
ion pair and the other the corresponding neutral pair after the proton transfer, is in fact 
only about 30 kJlmol. The free energy retained in K will therefore suffice. 

It is the photoisomerization of the retinal that confers this excess free energy. It is 
translated into the change of the proton affinities that will drive the proton transfer, 
through two influences on the Schiff base. The first is distortion of the z-electron system 
of the retinal through twists of the carbon skeleton, that withdraws negative charge from 
the Schiff base nitrogen. The effects of mutating trp-182, that contacts the 9-methyl group 
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of retinal, on the proton transfer confirm this (paper 12). The second is the displacement 
of the Schiff base end of the retinal relative to the polar residues near it, while the p- 
ionone ring is fixed in the binding pocket. We have demonstrated this effect by replacing 
the two residues that buttress the chain of lys-216 that carries the Schiff base, val-49 and 
ala-53, with slightly larger and smaller residues, and describing the consequences on the 
proton transfer (paper IO ) .  Infrared difference spectra for these mutants indicated the 
critical involvement of a water molecule near asp-85 and -212 in the proton transfer 
(papers 8’14). 

The reprotonation switch. In bacteriorhodopsin, as in any pump, the critical step is the 
change of the access of the ion binding site from one membrane surface to the other. The 
switch in the connectivity of the Schiff base from asp-85 to asp-96 is recognized as the 
equivalent of the alternating access in other pumps, and we had earlier identified it as a 
unidirectional step between the deprotonation and the subsequent reprotonation of the 
Schiff base. Our more recent studies have been on the origins of the protein conformation 
change in the photocycle, and the way it is linked to this reprotonation switch. The prop- 
erties of a group of mutated proteins with the proton acceptor asp-85 mutated, suggested 
that coulombic interaction between the positively charged proton donor and the negatively 
charged proton acceptor at the active site regulates the global protein conformation 
(paper 11). The unphotolyzed state of the protein is stabilized by the binding energy of a 
complex formed by the Schiff base, asp-85, a rew other charged residues, and liganded 
water. In this state (termed conformation E )  the Schiff base proton is connected to asp- 
85, and thus the extracellular side. Once the Schiff base - asp-85 ion pair is converted 
through proton transfer to a neutral pair, the protein relaxes into its default conformation 
(termed conformation C). Difference projection maps from X-ray and electron diffraction 
indicate that the conformation change at this time in the cycle is mostly a tilt of helix F at 
the cytoplasmic surface away from the center of the seven-helical structure, and reorgani- 
zation of the cytoplasmic side of helix G. In conformation C the Schiff base is now con- 
nected to the cytoplasmic side, and its access to asp-85, and therefore to the extracellular 
side, is broken. The electrostatic nature of the trigger for the transition from conformation 
E to C is demonstrated by the finding that it occurs not only in the photocycle of the wild 
type protein but also in the unilluminated D85N mutant when the pH is raised to deproto- 
nate the Schiff base. The idea that residue 85 and its interaction with the Schiff base is 
the active element in the transport is dramatically confirmed by our finding that an aspar- 
tate to threonine change at this location changes the proton pump into a chloride ion 
pump. The mutant functions like the related retinal protein, halorhodopsin (paper 18). 

Proton transport in bacteriorhodopsin is therefore very much like the long-postu- 
lated alternating access model of ion pumps in general (paper 17). Although mechanisti- 
cally oriented, the model has energetic implications. Part of the excess free energy of the 
chromophore in the photoisomerized state is transmitted to the protein as in any pump, 
and ultimately realized in the decreased pK for proton release, by what might be water 
(paper 2) liganded to arg-82, and in the increased pKfor proton uptake, also by what 
might be water (paper 9)  liganded to asp-96. On the other hand, since the initial state of 
the protein is an inherently high energy conformation, it is the release of its conformational 
energy upon the initial proton transfer from Schiff base to asp-85 that provides for the re- 
protonation switch. This means that at the end of the photocycle part of the excess free 
energy of the chromophore will be retained as the initial protein conformation is restored. 
This thermodynamic cycle is not unlike what was recently suggested for myosin-actin in- 
teraction upon ATP binding and hydrolysis. 
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Proton transfers in the extracellular domain. Although it is clear that the energy gained 
upon absorption of a photon is conserved in the form of the changed isomeric state of the 
retinal, it is not yet clear how this is translated into a pK shift that redistributes the proton 
between the Schiff base and asp-85. There are two alternatives, and we have produced 
evidence for both of them. First, the all-trans to 13-cis isomerization is expected to move 
the Schiff base relative to the carboxylate of asp-85, and probably relative to bound water, 
and both theory and model compounds indicate that this will change the equilibrium posi- 
tion of the proton. Introducing small volume and shape changes into val-49 and ala-53, 
two residues that buttress lys-216 (that forms the Schiff base), indeed caused increase or 
decrease in the pK difference between the Schiff base and asp-85 during the photocycle 
and affected the hydrogen bonding of a bound water (paper IO) .  The good correspon- 
dance of these changes with the predictions of the diffraction structure of the protein sug- 
gests that the geometry of the Schiff base and asp-85 is a determinant of the proton 
transfer between them. Second, the retinal bond rotation itself is expected to distort the n; 
-system, and withdraw electrons from the Schiff base nitrogen. Indeed, we found that re- 
placing trp-182, a residue that contacts the 9-methyl group of retinal and contributes to 
the steric strain of the 1343s form, resulted in a photocycle in which the proton transfer to 
asp-85 was impeded (paper 12). As expected, replacing the retinal with Qdesmethyl reti- 
nal produced similar effects. 

The proton release to the extracellular surface during the photocycle always follows 
protonation of asp-85 by the Schiff base. However, the relationship of the internal and 
surface proton transfers is not yet clear. The simplest form of the alternating access 
mechanism (see above) requires that proton release at this surface and proton uptake at 
the cytoplasmic surface should not occur simultaneously. Linkage between the proton 
release and the protonation of asp85 would ensure that the release and the uptake alter- 
nate with one another. However, this is not what we find. Contrary to widely held as- 
sumption, the activation enthalpies of the reaction steps, deuterium isotope effects in the 
time-constants, and the consequences of various mutations demonstrate that there is a 
lack of direct correlation between proton transfer from the buried retinal Schiff base to 
asp-85 and proton release at the surface (paper 13). We conclude that once D85 is pro- 
tonated, the proton release at the extracellular protein surface is essentially independent 
of the chromophore reactions that follow. This finding is consistent with our suggested 
version of the alternating access mechanism (paper 1 I), in which the change of the ac- 
cessibility of the Schiff base is to and away from 085 rather than to and away from the 
extracellular membrane surface. 

Proton transfers in the cytoplasmic domain. Reprotonation of the Schiff base is from 
asp-96, a buried protonated aspartate residue about 6 A from the cytoplasmic surface. 
We have examined the roles of residues asp-96, thr-46 and arg-227 in this and the ensu- 
ing proton transfer and the ensuing protonation of asp-96 from the cytoplasmic surface. 
The phenotypes of single and double mutants suggest close functional interaction among 
asp-96, thr-46, arg-227, and probably internal bound water (paper 19). It appears that the 
inhibitory and stimulatory influences of thr-46 and arg-227, respectively, on asp-96 as a 
proton donor compensate one another and ensure the effective reprotonation of the Schiff 
base. Thr-46 and asp-96 mediate, in turn, proton uptake at the cytoplasmic surface. AI- 
though ultimately asp-96 will be reprotonated, the observation of proton uptake from the 
bulk in the R82Q mutant without reprotonation of the aspartate residue suggests that the 
direct proton acceptor is not asp-96. The results thus indicate that the passage of the 
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proton from the surface to the Schiff base is facilitated by multiple residue and water in- 
teractions in the cytoplasmic domain (paper 9). 

I Reisomerization of the retinal. A considerable amount of controversy has existed over 
1 the exact kinetic relationship of the N and 0 intermediates in the second half of the photo- 

cycle. On the one hand, it had been convincingly shown that in N the retinal is still 13-cis 
and in 0 it had already reisomerized to all-trans, and the reprotonation of asp-96 was 
generally thought to accompany the N to 0 reaction One the other hand, the much 
greater accumulation of the 0 state and the lesser accumulation of the N state at lower pH 
cannot be explained in simple kinetic terms such as pH dependent rates of formation and 
decay. Further, in a number of mutants where the 0 intermediate is produced in large 
amounts, the 0 state decays more rapidly than N. We investigated the relationship of N 
and 0 in the context of the entire photocycle scheme. The results were consistent with a 
model in which N accumulated when the reisomerization of the retinal was slow and 0 ac- 
cumulated when it was fast. The former occurs at pH > 6 where proton is released on the 
extracellular surface from XH, and shifts the net charge of this domain toward more nega- 
tive, and the latter occurs at lower pH where XH does not deprotonate (paper 6). 

The catalytic mechanism of ATPase. We had postulated earlier that not one but two di- 
valent ions participate in the complex between the ATPase and the nucleotide. The first 
metal ion would link the phosphate groups to the enzyme, but the position of the second 
metal ion was unclear. Both metal ions are requirsd fa- the hydrolysis to proceed at a fast 
rate, and also for the turnover-dependent inhibition. After the departure of Pi the nucleo- 
side diphosphate and the metal ions form a tight link with a certain fraction of the enzyme 
population which was seen as a greatly delayed reaction cycle [Schobert, B. (1 992) J. 
Bioi. Chem. 267, 10252-1 02571. We investigated this phenomenon in more detail to 
gather information about the enzyme residue that binds the second metal ion. The results 
pointed to a protonable group (XH),with a pK of about 9. Its anionic form interacts with the 
metal ion (X- .Me), but its protonated form (XH) does not, and forms the fast cycling frac- 
tion. The investigations also provided an explanation for the mode of action of frequently 
used "activators" (sulfite) and "inhibitors" (nitrate, azide) of Ft-ATPase activity. These 
compounds do not change the hydrolytic activity itself, but decrease or increase the frac- 
tion of the slowly cycling enzyme. They were proposed to bind to the vacant Pi site and 
interfere with XH in alternative ways. Sulfite turned out to be ineffective, but hydrogen 
sulfite is the active species. It showed competition with the second metal ion, and the re- 
sults led to a model in which hydrogen sulfite interacts with X' via its protonated group. 
This way, formation of the inhibited enzyme species (X- Me) is prevented. In contrast, ni- 
trate (or azide with other F, -ATPases) act by positioning their partial positive charge (due 
to a permanent dipole in the molecule) close to XH. As a consequence the pK of the latter 
is decreased and the anionic form is stabilized, which in turn favors the formation of the 
species X' Me (paper 7). 

Investigations of the relationship between initial hydrolysis rate, pH, and metal ion 
concentrations pointed to interaction with a second protonable group. The pK of this 
group (YH) was calculated to be about 7.6. It is not yet clear whether YH and XH are 
separate enzyme residues, or the same, but with altered properties due to conformational 
changes during the catalysis. ATP analogues with slightly modified base moieties were 
employed, to get information on the group(s) that might bind the second metal ion. Sev- 
eral of these nucleotides are not commercially available and a method was developed to 
synthesize and purify them from a precursor (paper 16). Hydrolysis of the analogues 
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tested so far (ITP, etheno-ATP, formicin triphosphate) also showed dependencies of the 
initial rate and turn-over dependent inhibition on metal ion concentration and pH, but with 
significant differences of the kinetic constants from those measured with ATP. The pK of 
YH was not changed, but the K,, for the second metal ion was up to 100-fold higher and 
most analogues could not reach the Vmax of ATP. The turn-over dependent inhibition was 
characterized by reduced affinities for the second metal ion, and downshifts of the pK of 
XH by up to 3 pH units. All of these changes are attributed to different geometries of the 
complex with the second metal ion when groups in position 6 and 7 of the adenine moiety 
contribute (paper 20). 
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