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ABSTRACT: The last stages of the photocycle of the photosynthetic pigmentall-trans bacteriorhodopsin
(bR570), as well as its proton pump mechanism, are markedly pH dependent. We have measured the relative
amount of the accumulated O630 intermediate (Φr), as well as its rise and decay rate constants (kr andkd,
respectively), over a wide pH range. The experiments were carried out in deionized membrane suspensions
to which varying concentrations of metal cations and of large organic cations were added. The observed
pH dependencies, s-shaped curves in the case ofΦr and bell-shaped curves forkr andkd, are interpreted
in terms of the titration of three protein residues denoted as R1, R2, and R3. The R1 titration is respon-
sible for the increase inΦr, kr, andkd upon lowering the pH from pH≈ 9.5 to 7. At low pHΦr ex-
hibits a secondary rise which is attributed to the titration of a low pKa group, R2. After reaching a maxi-
mum at pH≈ 7, kr and kd undergo a decrease upon decreasing the pH, which is attributed to the ti-
tration of R3. All three titrations exhibit pKa values which decrease upon increasing the salt concentra-
tion. As in the case of the Purple (bR570) S Blue (bR605) equilibrium, divalent cations are substantially
more effective than monovalent cations in shifting the pKa values. Moreover, bulky organic cations are
as effective as small metal cations. It is concluded that analogously to the PurpleS Blue equilibrium, the
salt binding sites which control the pKa values of R1, R2, and R3 are located on, or close to, the membrane
surface. Possible identifications of the three protein residues are considered. Experiments with the
E204Q mutant show that the mutation has markedly affected the R2 (Φr) titration, suggesting that R2
should be identified with Glu-204 or with a group whose pKa is affected by Glu-204. The relation be-
tween the R1, R2 and R3 titrations and the proton pump mechanism is discussed. It is evident that the
pH dependence ofΦr is unrelated to the measured pKa of the group (XH) which releases the proton to
the extracellular medium during the photocycle. However, since the same residue may exhibit different
pKa values at different stages of the photocycle, it cannot be excluded that R2 or R3 may be identified
with XH.

The photosynthetic activity of the light-driven proton
pump,all-transbacteriorhodopsin, bR570,1 is associated with
a series of spectroscopic transformations which may be
represented by a simplified photocycle scheme (Scheme 1).

The arrows denote the approximate temporal order of the
intermediates, while the subscripts refer to the maximum of
the respective absorption bands. The various intermediates
reflect structural changes both in the retinal chromophore
and in the protein to which it is linked via a protonated Schiff
base bond. (For a recent series of reviews on bacterio-
rhodopsin see ref1.) Accumulated evidence shows that the
primary events are associated with retinal isomerization, from

all-trans to 13-cis,while the cross-membrane proton trans-
location steps occur during the later, L550f O630, stages of
the photocycle. Accordingly, the L550 f M412 transition is
associated with proton transfer from the Schiff base to Asp-
85, located on its extracellular side. At neutral pH this process
is accompanied by proton release to the extracellular side
by a group, denoted as XH, originally identified as Glu-204
(2). Recent work suggests that the released proton may
originate from a hydrogen-bonded network of bound water
molecules and acid residues (3). Moreover, substantial
evidence indicates that also Glu-194 is involved in the release
mechanism (4, 5). In the M412 f N540 step the Schiff base is
reprotonated from Asp-96, located on the cytoplasmic side.
The vectorial proton translocation is completed when Asp-
96 regains a proton from the bulk during the N540 f O630

step, concurrently to13-cisf all-trans reisomerization of
the chromophore. The initial state of the system is regained
during the last O630 f bR570 step, as Asp-85 reprotonates
the proton release group X-. While this picture applies at
neutral pH, a different sequence of proton translocation steps
occurs below pH≈ 6 which corresponds to the transient
pKa which characterizes the proton release group during the
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photocycle (6). When pH< pKa, XH does not deprotonate
and proton uptake (by Asp-96) precedes proton release which
is delayed until the final stage of the photocycle.

Accumulated evidence, primarily the multiexponential
nature of several steps in the photocycle and their pH
dependence, indicate that Scheme 1 is a rough approximation
and that it should be replaced by more complex mechanisms.
This problem, which is still controversial, has led to a variety
of approaches based on one or on a combination of
mechanistic elements such as reversible (equilibrium) steps,
spectroscopically indistinguishable substates of the same
intermediate, branching reactions, and the occurrence of
several bR substates characterized by different protein
conformations (for a recent review see ref (7)). Of particular
interest are the photocycle stages associated with the O630

intermediate, which are key steps in the proton pump
mechanism. An outstanding problem is to account for the
observation that the relative amounts of N540 and O630 are
pH dependent: O630 accumulates substantially below pH)
6-7, while N540 predominates above pH= 7.5 (8-12).

Three major approaches have been proposed to account
for the pH dependency of the O630 amplitude: (a) a (fast)
pH dependent equilibration of N540 and O630 (8, 13-15); (b)
parallel formation of N540 and O630 in separate photocycles,
due to a variety of pH-dependent forms of bR (11); (c)
branching of a single photocycle into a high pH (N540-
accumulating branch) and a low pH (O630-accumulating
branch) (12). This mechanism correlates the pH dependency
of O630 accumulation with the pKa of the proton releasing
group, XH.

In this study we have reexamined the pH effects on the
O630 amplitude in bR over a concentration range of several
salts. These effects were analyzed along with the effects of
pH on the rates of O630 formation and decay. Comparative
experiments were also carried out with the E204Q mutant
of bR. Our purpose was to quantitatively interpret the effects
in terms of the titration of specific protein residues. (For a
review of acid-base equilibria in bR see ref (16).) We find
that O630 accumulation is not simply related to the measured
pKa of the XH group. It is rather controlled by the state of
protonation of at least three titrable protein residues. The
nature of these residues and their relationship to the pump
mechanism are discussed.

MATERIALS AND METHODS

Materials. Deionized blue membranes were obtained by
passing bR suspensions through a Fluka Dowex 50Wx8
cation exchange column. Large organic cations were prepared
and employed as recently described by Tan et al. (17). Out
of the monovalent quaternary ammonium series, RnN+, we
used the butyl derivative Bu4N+ Br- (Fluka). Representative
of the divalent “bolaform” series R3N+-(CH2)n - N+R3Br

-

was the ethyl derivative, R) Et, n ) 4, here denoted as
N2Et6C4

2+. 1,10-Phenanthroline (o-phenanthroline) (OP) was
obtained from Aldrich. The{Fe2+, 3OP} complex was
prepared by mixing an FeCl2 solution with 4 equiv of the
corresponding ligand (18). The E204Q mutant of bR was

received as a generous gift from Profs. R. Needleman and
J. K. Lanyi.

Laser Photolysis.Membrane suspensions of native bR
([bR] = 10-5 M) and of its E204Q mutant were exposed to
532 nm, 9 ns, pulses of a Nd:YAG laser in the presence of
the background light-adapting illumination. Laser-induced
absorbance changes were recorded using a continuous 75
W Xe lamp, a photomultiplier, and a TDS-520 Tektronix
digitizer. Data were averaged and analyzed using a personal
computer.

Procedures.Studies of salt effects on the bR photocycle
were carried out by adding the required amounts of salt to
the deionized (dI-bR) membrane suspensions, followed by
incubation for several hours, to allow for the full Blue to
Purple equilibration (19). The pKa of the Blue S Purple
transition for the various bR preparations was determined
by recording the changes at the characteristic 630 nm
maximum of the PurpleS Blue difference spectrum. For
this purpose spectra were recorded on a Hewlett-Packard
diode-array spectrophotometer over the 2< pH < 10 range.
To ensure complete light adaptation, all experiments were
carried out in the presence of background illumination (λ >
500 nm) from a 150 W halogen lamp. The pH was adjusted
with NaOH/HCl.

RESULTS

As it will become evident below, in this study we were
mainly interested in determining the pH dependence of the
relative amount of the O630 intermediate below pH 6-7.
There are two difficulties which have to be circumvented
when studying the bR570 (all-trans) photocycle at relatively
low pH. First, one must correct for the partial conversion
into the blue form which is associated with the protonation
of Asp-85. Second, the increasing amount of blue bR
catalyzes lightf dark adaptation (25), which represents the
all-transf 13-cisisomerization reaction. Thus, to guarantee
that our photolysis experiments were carried out exclusively
with anall-transpopulation (20), we employed a continuous
background light (λ > 500 nm).

A quantitative estimate of the amount of the O630 inter-
mediate was obtained by defining a relative yield,Φr, as
the ratio between the O630 amplitude,∆D°, and the maximum
(hypothetical) amplitude of O630 (∆D°max), attainable assum-
ing that the initially formed M412 is totally converted into
O630. This analysis must take into consideration several
factors: (a) First, at low pH, where the contribution of the
blue form of bR is not negligible, one must correct for the
drop in the amount of purple bR (bR570). This was carried
out by determining at each pH the fractions of purple and
blue forms,fp and fb, respectively (fp + fb ) 1), which are
present under the steady-state background illumination
conditions of our experiments. Figure 2A shows a set of such
PurpleS Blue titrations for a series of Na+ amounts added
to a deionized bR (dI-bR) suspension. Interestingly, at high
salt concentrations, where the pka is shifted to lower values,
the titration becomes substantially broader. This may indicate
that the PurpleS Blue transition is controlled by the titration
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of more than one, e.g., two, protein residues. At low salt
concentrations the pKa values of the two titrations may
coincide giving rise to a narrow titration curve. (b) Second,
the photocycle of blue bR (21) has small, but nonnegligible,
contributions at 670 nm, as well as at 412 nm (where M412

absorbs; see below). These contributions denoted as∆Db

(670) and∆Db (412), respectively, had to be taken into
account. To avoid excessive corrections for this effect, we
limited our photocycle experiments to pH values which are
sufficiently high to guarantee thatfb < 0.5. (c) Third, at the
peak of its accumulation, O630 is still equilibrated with a small
amount of the M412 intermediate. This contribution, denoted
as ∆DM

p, had to be considered when calculating the
maximum attainable amount of O630. Thus, we have calcu-
latedΦr according to the expression

where

∆D°obs is the observed absorbance change at 670 nm, and
∆DM

max is the absorption at 412 nm, at pH 7, recorded after
∼250 µs, when M412 reaches its peak value; 1.07 is a
correction factor accounting for the small superimposed
contributions of L550 and N540 (22), and 1.43 is the differential

extinction coefficient ratio:∆ε(O630-bR570)/∆ε(M412-bR570).
∆DM

max was always measured for the same solution at pH
7, since at lower pH the L550 S M412 equilibrium starts to
be substantially shifted toward the L550 side (23). Thus,
∆DM

max1.07 is the maximum measurable amount of the M412

absorbance, a value which is practically constant above pH
≈ 6. Forfb < 0.5, the contribution of the absorbance change
at 412 nm, after 250µs, due to the photocycle of the blue
form, was always below 5%. It was therefore practically
unnecessary to correct the first term in the∆D°max expression
for the contribution of the Blue photocycle. It should be noted
that the above definition ofΦr and its mechanistic implica-
tions are based on the assumption that O630 originates
exclusively from M412. In other words, there are no significant
routes to O630, branching from L550 or K610, which circumvent
M412.

Figure 1A,B shows the pH dependence of the relative
amount of the O630 intermediate for two bR preparations:
(a) a purple membrane suspension, in the presence of 0.1 M
NaCl; (b) an originally deionized (blue membrane) suspen-
sion with a minimum amount of NaOH (10-4 M, [Na+]/
[bR] = 10:1) required for pH regulation. In the figure we
have also included the rate parameterskr andkd, correspond-
ing to the rise and decay of O630, respectively. Sincekr

exceedskd by almost an order of magnitude, we have
approximated the corresponding processes as non-overlap-
ping single exponentials. In keeping with previous observa-

FIGURE 1: pH and salt dependence of the relative amount of the
accumulated O630 intermediate,Φr, and the kinetic parameterskr
andkd. A. A 0.1 M NaCl suspension of 10-5 M bR. B. A deionized,
10-5 M, suspension of bR, with 10-4 NaOH/HCl added for pH
regulation ([Na+]/[bR] = 10). Data points above pH 8.5 are not
included for this low salt preparation since pH adjustment in this
high-pH range requires that [Na+] . 10-4 M.

Φr ) ∆D°/∆D°max

∆D° ) ∆D°obs- ∆Db (670)fb

∆D°max) {∆DM
max1.07fp - [∆DM

p - ∆Db(412)fb]}1.43

FIGURE 2: pH dependence offb andΦr for deionized bR solutions
(dI-bR) to which various amounts of NaCl were added to obtain
the specified [Na+]/[dI-bR] ratios. See legend to Figure 1 for the
absence of data points above pH 8.5 for the lowest ratios, 10:1 and
20:1.
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tions (8, 11, 12) all three parameters,Φr, kr, andkd, exhibit
marked drops at high pH. Figure 1 shows that additional
pH effects are also observed on the low pH side. Thus, upon
decreasing the pH,kr andkd reach a maximum value which
is followed by a drop at low pH. As to the relative amount
of the O630 intermediate, after passing through a plateau at
neutral pH,Φr exhibits a secondary rise at low pH, reflected
in the characteristic s-shaped curves.

Figure 1 indicates that both the bell-shaped curves ofkr

andkd, as well as the s-shaped curve ofΦr, markedly depend
on the salt concentration. Interpreting these curves in terms
of the superimposed titrations of various protein residues,
the observed salt effects are accounted for, in terms of the
sensitivity of the pKa values of such titrations to the salt
concentration (see discussion below). A more quantitative
dependence on salt concentration was obtained by adding
controlled amounts of various salts to the deionized (dI-bR)
preparation. Figures 2 and 3 show the effect of added NaCl
on the amplitude parametersfb, Φr, andkr, kd, respectively,
for several [Na+]/[bR] ratios. Figure 4 shows the effect of
added Ca2+ for the two [Ca2+]/[bR] ratios, 2:1 and 10:1.

It is evident from Figures 1-4 that the various components
of the titration-like curves ofkr, kd, andΦr show a general
dependence on salt which is analogous to that offb. Namely,
the corresponding titration-like curves shift to lower pH
values at higher salt concentrations, with the bivalent Ca2+

cation being more effective, by almost 2 orders of magnitude,
than Na+. (For a review of metal ions binding to bR and
their effect on the PurpleS Blue transition see ref (24).)
An additional characteristic of the PurpleS Blue equilibrium
in bR is the observation (17, 18) that the purple form may

also be regenerated from blue dI-bR preparations by the
addition of large organic cations. We have therefore extended
our measurements to the monovalent quaternary butylam-
monium ion Bu4N+, to the divalent “bolaform” cation
Et3N+-(CH2)4-N+Et3 (N2Et6C4

2+), and to the large cationic
complex formed between Fe2+ and 1,10-phenanthroline (OP),
{Fe2+, 3OP}. Characteristic data are presented in Figure 5
and in Table 1.

As outlined above an analogy was proposed between the
pKa of the proton release group, XH, and the apparent pKa

of O630 formation (7, 12). Since proton release is abolished
when Glu-204 is replaced by glutamine (2), it seems relevant
to investigate the pH dependence of O630 accumulation in
the E204Q mutant of bR. The corresponding pH effects are
given in Figure 6 for bothΦr and the kinetic parameterskr

andkd. In keeping with the recent investigation of Misra et
al. (15), kr andkd exhibit an increase upon lowering the pH
from pH≈ l0 to pH≈ 7 which is qualitatively analogous to
that of the native system. We note, however, that the
maximum value ofΦr obtained for E204Q at pH≈ 6.8 is
higher than the corresponding plateau in the native system
(see, e.g., Figure 1A). The corresponding value,Φr ≈ 0.6,
is obtained in native bR only after a substantial contribution
of the second pH effect at pH≈ 4. An additional difference
between the native pigment and E204Q is the less pro-
nounced drop ofkr and the pH independency ofkd at low
pH. However, the most dramatic effect of the mutation is
the inversion of the low pH effect onΦr. Thus, in the case
of E204Q, after reaching the maximum at pH≈ 6.8, further
decrease in pH causes a decrease rather than an increase in
O630 accumulation.

FIGURE 3: pH dependence ofkr andkd. Same systems and notations
as in Figure 2.

FIGURE 4: Effects of CaCl2, added to the system of Figure 1B, on
the pH dependence offb, Φr, kr, andkd. A. [Ca2+]/[bR] ) 2:1. B.
[Ca2+]/[bR] ) 10:1.
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DISCUSSION

Interpretation of pH Effects in Terms of SeVeral Titrable
Protein Residues.Our major objective is to interpret the pH-
dependence of the amplitude and kinetics of the O630

intermediate in terms of the titration of specific protein
residues. (See ref (16), for a general discussion of acid-
base equilibria in bacteriorhodopsin.) It is evident that the
titration-like curves of Figures 1-6 cannot be assigned to a
single titration. The simplest approach would be to interpret
the data in terms of two protein residues, R1 and R2, which
may be titrable independently or may be coupled according
to the model of Balashov et al. (25) which was applied to
the PurpleS Blue transition. Considering for example an
amplitude (Φr) curve such as in Figure 1A, the respective
pKa values will correspond to the apparent values pKa(1) ≈
8 and pKa(2) > 3.3, where (1) and (2) refer to the high and
low pKa titrations, respectively. It is important to emphasize
that the above pKa values, as well as the other reported in
this work (see discussion below), are qualitative estimates.
An accurate analysis (as, e.g., in ref (18)) was precluded in
the case ofkr andkd by the lack of accurate values of these
parameters at both highest and lowest ends of the bell-shaped
curves. Moreover, the value assigned to pKa(2) is only a
lower limit. This stems from the fact that, due to the transition

to the blue form and the implied corrections, the titrations
cannot be completed at their lowest pH end.

Nevertheless, an analysis of the bell-shaped and s-shaped
curves in terms of several superimposed titrations, allows
us to derive some basic conclusions. For example, a closer
examination of the data reveals that the titration of the two
protein residues, (1) and (2), is not sufficient for accounting
for bothamplitude and kinetic curves. As shown in Table 1,
a comparison of theΦr titrations with the corresponding
titrations ofkr andkd shows a similar apparent pKa value for
the first, high pH, titration of the three parameters. However,
in many cases the low pH range of the bell-shaped curves
of kr and kd, denoted as titration (3), exhibits an apparent
pKa which is unambiguously higher than that [pKa(2)]
estimated for the lowest pH region of theΦr curves. For
example, in the case of the 10:1 [Na+]/[bR] system (Figure
1B), the onset of titration (2) is observed at pH≈ 6.5 where
thekr titration is essentially completed. We therefore suggest
that both amplitude and kinetic titrations in the high pH are
associated with the same residue (1), but that different
moieties, R2 and R3, are responsible for the low-pH region
of theΦr titration and for the low pH side of the bell-shaped
kinetic titrations, respectively. The conclusion that the same
titrations, (1) and (3), are responsible for the bell-shaped
curves of bothkr andkd is further demonstrated by the fact
that the two parameters reach their maximum value at the
same pH, pHmax (see Table 1).

Dependence of the Apparent pKa Values on the Type and
Concentration of Metal Ions: Comparison with the Purple
S Blue Transition.It is clearly evident from Figures 1-6
that the apparent pH titrations of both amplitude and kinetic
parameters associated with the O630 intermediate, are all
highly sensitive to the amount and type of the salts. Salt
effects on pKa(1), pKa(2), and pKa(3) are summarized in
Table 1, where they are compared with those related to the
Purple S Blue equilibrium of the unphotolyzed pigment,
which is the best understood titration of a protein residue in
bR (16). The Purple to Blue transition, which is associated
with the protonation of Asp-85, can be induced by acidifica-
tion as well as by deionization. Thus, it has long been
recognized that the apparent pKa of the titration of Asp-85
depends on salt concentration (for a review, see ref (24)).
The detailed way by which the titration is affected by salts
is not exactly understood. However, accumulated evidence
points out that two mechanisms play a major role in
determining the way by which cations control the apparent
pKa of Asp-85: (a) The binding of metal cations at two
specific (high affinity) sites, which induces a reduction in
the pKa of Asp-85 (17, 26-29). This mechanism seems to
be important at very low salt concentrations. (b) At higher
salt concentrations the predominant mechanism appears to
be associated with nonspecific effects of the cations on the
surface potential of the bR membrane which decrease the
local proton concentration and thus the pKa of the titration
(30-35). Independently of the specific mechanism it was
established that the binding constants, and thus the effects
on pKa (P S B), of divalent cations such as Ca2+ and Mg2+

are almost 2 orders of magnitude larger than those of e.g.,
Na+ and K+. Recently it was observed that the metal cations
can be effectively replaced by large organic cations, such as
the monovalent R4N+ and the divalentÅbolaform′ N2R6Cn

2+

cations (17), as well as by the even larger transition metal

FIGURE 5: Effects of large organic ions and of a metal organic
ionic complex, added to the system of Figure 1B, on the pH
dependence offb, Φr, kr, andkd.
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complex{Fe2+, 3OP} (18). These observations, especially
the study of the kinetics of the PurpleSBlue transition, led
to the conclusion that the high affinity cation binding sites
which control the titration of Asp-85 are in an exposed
location, on the membrane surface or close to it (18).

A comparison of the salt effects on the titrations of R1,
R2, and R3 with those of the PurpleS Blue transition is
best visualized by means of Figure 7, in which the pKa values
of the four titrations are plotted versus the [M+2]/[bR] ratio
for the various cations employed. Two principal features and
related conclusions are evident: (a) In all cases the large
organic cations are as effective as the small metal cations of
the same valency in shifting the respective pKa values. (b)
The bivalent cations are always substantially more effective
in shifting the pKa than the monovalent cations.It therefore
appears that the cation-binding protein residues which
control the titrations of R1, R2, and R3 are located on, or
close to, the membrane surface.(This conclusion does not
exclude the possibility that the cations bind directly to R1,
R2 and R3, thus affecting their pKa values.) Moreover, since

both features a and b also characterize the PurpleS Blue
titration, it seems that the same surface residues control the
titration of Asp-85 in the unphotolyzed pigment and the yield
and kinetics of O630 during the photocycle.

On the Nature of the Protein Residues Which Control the
Accumulation and Kinetics of the O630Intermediate.Although
a clear identification of residues R1, R2, and R3 is still
unavailable, it is tempting to consider several feasible
assignments of these moieties. The most relevant clues are

Table 1: pH and Salt Effects on the PurpleT Blue (PS B) Equilibrium and on theΦr, kr, andkd Parameters Associated with the O630

Intermediate

P T B Φr kr kd

salt [Mn+]/[bR] pKa pKa(1) pKa(2) pKa(1) pKa(3) pH(max) pKa(1) pKa(3) pH(max)

NaClb 0.1 M 3.2 8.1 >3.1d 7.9 4.6 6.4 8.0 4.6 6.6
10:1 6.1 >5.9 7.1 8.5 6.9 8.5
20:1 5.7 >5.9 6.5 7.7 6.5 7.7

140:1 4.8 9.2 >4.8 8.3 6.5 7.5 9.2 6.5 7.8
500:1 4.4 8.4 >4.5 8.3 5.2 7.0 8.4 5.3 7.2

2000:1 3.8 8.2 >3.9 8.2 5.0 6.5 8.2 4.8 6.6
4000:1 3.5 8.2 >3.6 7.7 4.6 6.3 7.9 4.4 6.2
8000:1 3.3 7.2 >3.3 7.2 4.5 5.7 7.3 4.4 5.8

CaCl2c 2:1 4.4 8.9 >4.7 8.9 6.6 7.6 9.1 6.4 7.7
10:1 3.8 8.3 >3.9 8.1 5.3 6.7 8.3 5.1 6.8

Bu4NBrc 200:1 4.1 8.4 >4.3 8.4 5.9 7.5 8.4 6.0 7.5
400:1 3.4 8.3 >3.6 8.2 5.5 7.0 8.2 5.4 7.0

[N2Et6C4]Br2
c 4:1 4.1 8.4 >3.9 8.3 6.7 7.6 8.4 6.6 7.5

80:1 3.4 7.9 >3.6 7.8 5.2 6.5 7.8 5.2 6.5
{Fe2+,3OP}Cl2c 4:1 4.1 8.2 >4.1 8.3 5.8 7.0 8.2 5.8 7.0

8:1 3.6 7.9 >3.7 7.8 5.6 6.5 7.9 5.4 6.5
a The table presents the apparent pKa values of the three titrations attributed to R1, R2, and R3, as well as the pH [pH(max)] corresponding to the

maximum values of thekr andkd. b Non-deionized bR preparations to which the reported amount of salt was added.c Deionized bR preparations
with 10:1 Na+ to which the reported amount of salt was added.d The values reported are lower limits of pKa(2), estimated by assuming that on the
low pH side of the titration,Φr ultimately reaches its maximum value,Φr(max) ) 1. Actual pKa values may be higher, ifΦr(max) < 1.

FIGURE 6: pH dependence offb, Φr, kr, andkd in the case of E204Q
(0.01 M NaCl).

FIGURE 7: Plots of the pKa values of the PS B transition and of
the photocycle parametersΦr, kr, andkd, presented in Table 1, versus
the concentration of the various cations. (1), (2), and (3) denote
the three titrations as described in the text. pKa(1) and pKa(3) values
are an average of those measured forΦr, kr, andkd and forkr, and
kd, respectively. The horizontal broken lines denote the pKa value
of each titration in the low [Na+] system of Figure 1B. Note that
in the case of pKa(2) the figures represent a lower limit (see text
and Table 1). Salt notations:b, Na+; O, Bu4N+; 0, N2Et6C4

2+; 9,
Ca2+, &, {Fe2+, 3OP}.
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provided by the effects of the glutamine replacement of the
Glu-204 residue, which appears to play a key role in the
proton pump mechanism. As shown in Figure 6, and in
keeping with the observations of Misra et al. (15), the pH
dependence ofkr for this mutant shows a bell-shaped
behavior which is similar to that of native bR, though with
a much less pronounced drop on the low-pH side. The latter
is essentially absent in the case of thekd titration. It therefore
appears that the kinetic effects associated with the R3 titration
are substantially attenuated by the replacement of Glu-204
by glutamine. More substantial differences between the Glu-
204 mutant and native bR are observed for theΦr titration.
In the case of E204Q,Φr exhibits a rise from pH≈ 10 to 6,
which is qualitatively analogous to that of native bR.
However, a completely different behavior is observed on the
low-pH side, where the upward R2 titration of the native
system is replaced by a sharp drop. Moreover, in the case
of E204Q the maximumΦr value at pH 7 is as high as that
attained in the native system only at lower pH, after a
substantial contribution of the R2 titration. We interpret these
observations by identifying R2 with Glu-204, or with a
residue whose pKa is affected by Glu-204. According to this
interpretation the Glu-204f glutamine mutation has not
substantially affected the high pH, pKa(1), titrations ofΦr,
kr andkd. It has attenuated the drops at low pH in the pKa(3)
titration of kr, andkd, but it has completely eliminated the
low-pH pKa(2) effect, revealing an additional titration of a
residue (denoted as R4) which is responsible for the marked
drop of Φr at low pH. Interestingly, the E74C mutation of
the neighboring Glu-74 residue does not induce substantial
changes in the pH patterns ofΦr , kr, andkd, with respect to
those of the native pigment (unpublished work in this
laboratory).

When considering the identity of R2 it is also relevant to
recall that in the case of E204Q the maximum value ofΦr

is considerably higher and the range of the high-pH effect
onΦr is broader, with respect to native bR. This may suggest
that rather than eliminating the R2 titration, the mutation has
shifted the titration to high pH, so that in E204Q it
extensively overlaps with that of R1. In fact, the high pH
effect onΦr in E204Q may be indicative of two titrations
with pKa = 7.5 and pKa = 9.0, respectively. Obviously,
according to this interpretation, R2 cannot be identified with
Glu-204, but rather with a group whose pKa is affected by
Glu-204. In such a case a plausible candidate for R2 may be
Glu-194 which along with Glu-204 is part of the proton
releasing complex (4, 5). One should also consider the
identity of residue R4 (pKa = 5 in E204Q) whose titration
effects are revealed in the pH dependence ofΦr in E204Q.
Such a titration may also occur in native bR, but in this case
the drop inΦr induced by the protonation of R4 should be
more than compensated for by the R2 titration. Alternatively,
in the case of the native pigment the R4 titration may take
place in a lower pH range, shifting to higher pH upon E204Q
mutation. At present we cannot identify R4 but do not exclude
the possibility that R4 and R3 (see below) represent the same
protein residue.

It is difficult to suggest a clear identification of the
intermediate and high pKa groups, R3 and R1. R3 appears to
be affected by the Glu-204 mutation, so that, if R2 is Glu-
204, R3 may be identified with Glu-194. As to R1, it is
tempting to compare the high-pH R1 titration of the O630

intermediate with that observed in the case of a red shifted
O-like intermediate (Ol) in the photocycles of13-cis bR
analogues (36). Ol is equilibrated with a blue-shifted (L- or
N-like) species, exhibiting a pKa of about 9, which was
attributed to the titration of Asp-85. Accordingly, the pKa

of this group has increased from∼3.7 in the unphotolyzed
form, to∼8 during the Ol stage of the photocycle. However,
in the present case the identification of R1 as Asp-85 is
probably unacceptable since it contradicts FTIR studies (14,
37), showing that during the later stages of the photocycle,
Asp-85 retains its protonated form even at the high pH values
which are beyond the R1 titration. Another possibility is to
identify R1 with Arg-82. In fact, in mutants such as R82Q
or R82A, which lack the protonable arginine residue, O630

accumulates only at relatively high temperatures (12). It may
thus be relevant to study the pH effects in the above mutants
under high-temperature conditions. It should finally be noted
that the R1 titration may be related to the proton translocation
mechanism. Thus, it was suggested that the efficiency of the
proton pump is fully (8) or partially (9) affected by the R1
titration. Similarly the “B2” component of the photocurrent
in bR membrane layers, which is indicative of proton
translocation, exhibits a titration-like curve with an apparent
pKa ≈ 8.0 (38), which is close to that of R1. Since in the
R82Q and R82A mutants the initial proton release is delayed
until the end of photocycle (39), these observations may
support the identification of R1 as Arg-82.

We finally consider the relation between the measured pKa

of the proton releasing group (XH) and those of R1, R2, and
R3. Since none of the latter coincides with that measured
for XH [pKa(XH) ) 5.8 in 0.1 NaCl(6)], we conclude that
the accumulation of O630 is not simply related to the state of
protonation of XH. One should recall, however, that the pKa

of XH is determined at the photocycle stage in which the
proton is released (the L550 f M412 stage), while that of R3
corresponds to the later M412 f O630 stage. Since pKa(XH)
may decrease after the formation of M412, it cannot be
excluded that XH may be identified with R2 or R3. Such
identity is in keeping with the evidence (2-5) suggesting
that XH represents a hydrogen-bonded complex involving
Glu-194 and Glu-204, and with the observation that the
titrations of R2, R3, and XH are all affected by the Glu-204
mutation. Future studies will be required to analyze the
feasibility of such an identity.

NOTE ADDED IN PROOF

Preliminary experiments with the R82Q mutant at high
temperature reveal the R1 titration in the same pH range as
in native bR. On the other hand, in D96N, in the presence
of azide, the R1 titration is markedly shifted. This excludes
the identification of R1 as R82, suggesting that this, high
pKa, titration may be associated with D96 or with a group
whose pKa is affected by D96.
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