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Arginine-82 Regulates the PKa of the Group Responsible for the Light-
Driven Proton Release in Bacteriorhodopsin
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ABSTRACT In wild-type bacteriorhodopsin light-induced proton release occurs before uptake at neutral pH. In contrast, in
mutants in which R82 is replaced by a neutral residue (as in R82A and R82Q), only a small fraction of the protons is released
before proton uptake at neutral pH; the major fraction is released after uptake. In R82Q the relative amounts of the two types
of proton release, "early" (preceding proton uptake) and "late" (following proton uptake), are pH dependent. The main
conclusions are that 1) R82 is not the normal light-driven proton release group; early proton release can be observed in the
R82Q mutant at higher pH values, suggesting that the proton release group has not been eliminated. 2) R82 affects the PKa
of the proton release group both in the unphotolyzed state of the pigment and during the photocycle. In the wild type (in 150
mM salt) the PKa of this group decreases from -9.5 in the unphotolyzed pigment to -5.8 in the M intermediate, leading to
early proton release at neutral pH. In the R82 mutants the respective values of PKa of the proton release group in the
unphotolyzed pigment and in M are -8 and 7.5 in R82Q (in 1 M salt) and -8 and 6.5 in R82K (in 150 mM KCI). Thus in R82Q
the PKa of the proton release group does not decrease enough in the photocycle to allow early proton release from this group
at neutral pH. 3) Early proton release in R82Q can be detected as a photocurrent signal that is kinetically distinct from those
photocurrents that are due to proton movements from the Schiff base to D85 during M formation and from D96 to the Schiff
base during the M -> N transition. 4) In R82Q, at neutral pH, proton uptake from the medium occurs during the formation of
0. The proton is released during the 0 -O bacteriorhodopsin transition, probably from D85 because the normal proton release

group cannot deprotonate at this pH. 5) The time constant of early proton release is increased from 85 l.s in the wild type to
1 ms in R82Q (in 150 mM salt). This can be directly attributed to the increase in the pKa of the proton release group and also
explains the uncoupling of proton release from M formation. 6) In the E204Q mutant only late proton release is observed at
both neutral and alkaline pH, consistent with the idea that E204 is the proton release group. The proton release is concurrent
with the 0 -O bacteriorhodopsin transition, as in R82Q at neutral pH.

Introduction

Bacteriorhodopsin (bR), the chromoprotein present in the
purple membrane of Halobacterium salinarium, contains a
retinal molecule attached by means of a protonated Schiff
base linkage to K216 of the protein. On excitation with
light, bR undergoes a photocycle consisting of a sequence of
spectroscopically distinct intermediates, K, L, M, N and 0,
before returning to the original state. During the photocycle,
there is a net vectorial transport of a proton from the
cytoplasmic to the extracellular side of the membrane (Lo-
zier et al., 1975). The light-induced chromophore isomer-
ization from an all-trans to a 13-cis configuration leads to a
decrease in the pKa of the Schiff base (Govindjee et al.,
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1994). As a result the proton from the protonated Schiff
base is transferred to the internal proton acceptor D85
during the L -- M transition. The Schiff base is subse-
quently reprotonated by another aspartate residue, D96,
during the M -> N transition (see reviews by Oesterhelt et
al., 1992; Rothschild, 1992; Ebrey, 1993; Khorana, 1993;
Lanyi, 1993). D85 stays protonated until the end of the
photocycle (Siebert et al., 1982; Braiman et al., 1988).

In wild-type (WT) bR at neutral pH the intramolecular
proton transfer from the protonated Schiff base to D85
during the L -> M transition is coupled to proton release
(hereafter referred to as early or fast proton release, T = 85
,As) on the extracellular surface of the membrane from a
group called X (Siebert et al., 1982; Zimainyi et al., 1992;
Ebrey, 1993), followed by a slower proton uptake (T 5
ms) on the cytoplasmic surface during the N -O 0 transition.
The pKa ofX in the M state is 5.8 in 150 mM KCI (Vairo and
Lanyi, 1990; Zimainyi et al., 1992) and 4.6-4.9 in 2 M NaCl
(Cao et al., 1993). At low pH (pH < pKa), X cannot
deprotonate, and proton release is delayed until the 0 -> bR
transition (Lanyi, 1993; Cao et al., 1993) in which D85
deprotonates, possibly directly into the extracellular me-
dium (Gerwert et al., 1990; Rothschild, 1992; Souvignier
and Gerwert, 1992; also see Fig. 7 below). Thus, at low pH,
proton release is delayed until after proton uptake (Zimanyi
et al., 1992); we will refer to this as late proton release.
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The proton release process is strongly affected by substi-
tution of some of the residues, such as R82 and Y57, present
in the extracellular domain of the proton channel (Hender-
son et al., 1990). In the R82Q, R82A, and Y57F mutants at
neutral pH, proton release is drastically delayed and occurs
after proton uptake (Otto et al., 1990; Balashov et al., 1992;
1993; Cao et al., 1993; Govindjee et al., 1995); if R82 is
replaced with a positively charged lysine residue, the nor-
mal order of proton release before uptake is restored at
neutral pH (Balashov et al., 1995). This suggests that these
residues are either directly or indirectly involved in the early
proton release process. A second effect of the replacement
of R82 or Y57 with a neutral residue is to increase the pKa
of D85 from 2.6 in the WT to 7.2 in R82A and R82Q (Stem
and Khorana, 1989; Otto et al., 1990; Subramaniam et al.,
1990; Thorgeirsson et al., 1991; Balashov et al., 1993, 1995;
Cao et al., 1993) and to 3.8 and 4.7 in Y57N and Y57F,
respectively (Govindjee et al., 1995).
The complete titration curves of D85 in the WT and in

R82K suggested that D85 interacts with a residue, X',
whose pKa is -9.5 ± 0.3 in the WT and 8.0 ± 0.2 in R82K
(Balashov et al., 1995; 1996). X' was identified by Richter
et al. (1996) to be E204. From titrations performed on the
unphotolyzed pigments, the pKa of this residue was inferred
to decrease to -4.9 in the WT (-5.7 in R82K) on proto-
nation of D85, as depicted in the following scheme:

pKa3
D85H/E204H *-* D85H/E204-

A 4.9 A

pKai 2.6

K

pKa4 7.2

pKa2 v

D85-/E204H -4 5 D85-/IE204-
9.5

Such an interrelationship between D85 and X' suggested
that in an analogous situation during the photocycle, on

formation of the M intermediate (in which D85 also be-
comes protonated), the pKa of X' should drop, causing it to
release a proton. That is, X' possesses that quality required
of the proton release group X of having its pKa greatly
lowered by the protonation of D85. Balashov et al. (1993,
1995, 1996) suggested that X' (identified through its effect
on the titration of D85 in the unphotolyzed state) and X
(defined as the terminal group that releases the proton
detected in the bulk in the photocycle during the M inter-
mediate) represent complementary aspects of the same

group. They also suggested the possibility that this group

might be R82 or alternatively that R82 greatly affects the
PKa of this group. Based on theoretical calculations Schar-
nagl et al. (1994, 1995) suggested that X could be E204.
Using Fourier-transform IR spectroscopy, Brown et al.
(1995a) obtained experimental evidence for the deprotona-
tion of E204 on M formation, indicating that X is actually
E204.

The protonation state or the pKa of E204 or both can thus
be investigated by the use of complementary techniques for
the unphotolyzed state of the pigment and during the pho-
tocycle. Titration of D85 in the unphotolyzed state yields
two values of pKa for E204, corresponding (as stated above)
to the forms of the pigment in which D85 is protonated (the
blue membrane) or deprotonated (the purple membrane)
(Balashov et al. 1993, 1995, 1996). The lower pKa, corre-
sponding to the pKa of E204 in the unphotolyzed state when
D85 is protonated, allows a rough estimate of the pKa of
E204 in the M intermediate. Note that the states of the
pigment are not identical; the blue membrane contains all-
trans retinal and a protonated Schiff base, whereas the M
intermediate contains 13-cis retinal and a deprotonated
Schiff base; in both, D85 is protonated. Nevertheless, we
noted that, in the WT, these two values of pKa were sepa-
rated by only 1 unit: 4.8 in the blue membrane (Balashov et
al., 1996) and 5.8 during M (Ziminyi et al., 1992). The
actual pKa of E204 in M can be measured directly by
titrating the relative amounts of early or late proton release
or both for a pigment (Zimainyi et al, 1992), because ther-
modynamically E204 cannot release a proton during M
(early proton release) when the pH is below its pKa. In
addition, the kinetics of M formation are influenced by the
protonation state (in the unphotolyzed pigment) of a residue
with a pKa of -9.2 in 150 mM KCl (Balashov et al, 1991).
This residue has been suggested to be the proton release
group in the unphotolyzed state of the pigment (Kono et al,
1993); thus, a pH-dependent change of the kinetics of M
formation can be used to determine the pKa of E204 in the
unphotolyzed pigment. This calculation should yield a value
similar to the high pKa of E204 calculated from titrations of
D85 in the unphotolyzed state (as discussed above); in
practice, this has been found to be the case for the WT
(Kono et al. 1993; Balashov et al, 1996; see Discussion).

In this study we have investigated the role of R82 in
proton release in bR, in particular the effect of R82 replace-
ment on the pH dependence of proton release. In the WT
pigment the order of proton release and uptake is reversed if
the pH of the medium is lower than the pKa of the proton
release group in the M intermediate (Zimdnyi et al., 1992).
Thus, one explanation for the reversed order of proton
release and uptake in R82 mutants is that the replacement of
R82 with a neutral residue (as in R82Q and R82A) increases
the pKa of the proton release group (during M) so that early
proton release becomes thermodynamically unfeasible. To
investigate the possibility that R82 affects the pKa of the
proton release group, we studied the pH dependence of the
kinetics of proton release and uptake in R82Q and R82K
mutants, using pH-sensitive dyes and photocurrent mea-
surements. We found that the pKa of the proton release
group (in the M state) is elevated by 2.5 units in R82Q
compared with that in the WT, which explains the reversed
order of proton uptake and release at neutral pH. A 1-ms (3
ms in 25% glycerol) photocurrent component attributed to
the proton release process is described for the R82Q mutant.
The pKa of E204 (in M) is also increased in R82K but to a
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lesser extent than in R82Q, suggesting that the influence of
R82 on the E204 is at least partially due to electrostatic
interactions. Thus R82 affects the pKa not only of D85 but
also of the proton release group E204.

MATERIALS AND METHODS

Site-directed mutagenesis of bR and transformation of R82Q and R82K
mutants into H. salinarium strain IV-8 (which contains an ISH1 insert
within the bop gene) and the preparation of the purple membrane were as
described in Balashov et al. (1993, 1995). Flash-induced transient absorp-
tion changes were measured with a home-built kinetic spectrophotometer
(Govindjee et al., 1990). Actinic flashes (532-nm, 7-ns pulses, 5-10 mJ/
pulse) were provided from a Quanta Ray DCR- 1I Nd:YAG laser (Spectra-
Physics, Mountain View, CA); flash intensity was adjusted to achieve
10-15% photocycling.

pH indicator dye measurements

Depending on the pH of the measurement, we monitored proton release and
uptake by measuring the transient absorption changes of one of three
different pH-sensitive dyes, pyranine (at 460 nm), p-nitrophenol (at 400
nm), or umbelliferone (at 380 nm). The pK values of the dyes in 1 M and
150 mM NaCl, respectively, are 6.7 and 7.2 for pyranine, 6.6 and 6.8 for
p-nitrophenol, and 7.5 and 7.8 for umbelliferone. We obtained the absorp-
tion change of the dye by subtracting the kinetic traces in the presence and
in the absence of the dye as described previously (Govindjee et al., 1980).

An alternative method to obtain the dye absorption kinetics by subtract-
ing two kinetic traces, both with the dye present but one with and the other
without buffer, was found to be unsuitable, because the dye absorbance
changes overlap that of the M photointermediate and the M decay kinetics
are affected by the presence of buffers (even if the salt concentration is kept
constant). The time constant of the fast component of M decay, represent-
ing the reprotonation of the Schiff base by D96 in the M -> N transition,
is unaffected by the addition of buffers, whereas the time constant of the
slow component, which has been attributed to a back reaction from N to M
(Chernovskii et al., 1989; Otto et al., 1989; Var6 and Lanyi, 1990),
decreases on addition of buffers, particularly at pH > 8 (data not shown).
The sensitivity ofM decay to buffers means that one cannot reliably obtain
proton kinetics by this method.

Inasmuch as the pKa of D85 (the purple-to-blue transition) in R82Q is
-6.5 in 1 M salt (see Results), most of the measurements were carried out
in 1 M NaCl/25% glycerol suspensions; under these conditions a large
fraction of the sample is in the purple state, providing the largest possible
dye signal. Addition of glycerol (which slows down photocycle and dye
kinetics) was necessitated by the tendency of the samples to aggregate in
1 M salt solution. Curve fitting was performed with the built-in routines of
the Kaleidagraph software package (Synergy Software, Reading, PA) and
our own programs. Dye traces were fitted as sums of two negative expo-
nential components (representing the early and the late proton release
phases) and one positive component (representing the proton uptake
phase), with the added constraint that the amplitudes of the positive and
negative phases must sum to zero (theoretical curves generated using these
premises and utilizing typical values for the time constants of these phases
are shown in Fig. 1 B and C). Kinetic absorbance traces were fitted as sums
of exponentials.

Photocurrent measurements

We measured flash-induced absorption changes at 410 nm and photocur-
rents in gels containing oriented R82Q membranes (11 ,uM), using a
homemade apparatus described by Liu and Ebrey (1988). The actinic flash
was provided by the Nd:YAG laser mentioned above. Gel pieces were
prepared by the method of Der et al. (1985), modified as described in Liu
(1990). The samples were soaked with a much lower salt concentration
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FIGURE 1 (A) Flash-induced proton changes as a function of pH in
R82Q as measured with pH-sensitive dyes. Trace 1, AA pyranine at pH 7
showing a small negative signal that is due to early proton release (T =
3.5 ± 0.4 ms, --16% of the total proton release) followed by a large
positive signal that is due to proton uptake (T = 13 + 1.8 ms), which
precedes a late proton release (T = 23 + 2 ms, -84% of the total proton
release). Traces 2-4, AA umbelliferone, showing increased amplitude of
the early proton release phase: trace 2, pH 7.3 (early proton release/total
-34%); trace 3, pH 7.6 (early proton release/total -55%); trace 4, pH 8.1
(early proton release/total ---81%). Dye traces have been adjusted to reflect
the same amount of M. Inset, the pH dependence of the fraction of early
proton release, pKa -7.5. Aact,nic 532 nm, Amonitonng 460 nm (for pyranine)
and 380 nm (for umbelliferone), 1 M NaCI/25% glycerol, 20°C. (B), (C)
Examples of the deconvolution of the proton kinetic traces to obtain the
relative contributions of early and late proton release as described in
Methods. (B) Curve 1, 50% of early proton release (T = 3.5 ms) followed
by proton uptake (T = 13 ms); curve 2, 50% late proton release (r = 20 ms)
preceded by proton uptake (T = 13 ms); curve 3 (sum of curves 1 and 2),
expected proton kinetics, which reproduces trace 3 of (A). (C) Curve 1,
16% early proton release followed by uptake; curve 2, 84% late proton
release preceded by uptake; curve 3 (sum of curves 1 and 2), expected
proton kinetics, which reproduces trace 1 of (A).

than was used for the pH dye experiments, because the photocurrent
signal-to-noise ratio decreases in solutions of high ionic strength. Individ-
ual gel pieces were each soaked in 100 mM KC1/50 mM Tris buffer for two
days. We preadjusted the pH of each solution by mixing appropriate
amounts of 100 mM KC1/50 mM Tris acid and base solutions to reach a
total volume of - 12 ml (2 ml for samples in D20). Sample pH values were
remeasured just before the photocurrent and absorbance experiments. Pho-
tocurrents were amplified with 100-kfl and 1-Mfl converters described by
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Liu and Ebrey (1988). Curve fitting of the photocurrent traces was per-
formed by use of the built-in routines of the Kaleidagraph software pack-
age. All the traces were fitted as sums of decaying exponentials.

RESULTS

pH dependence of proton release and
uptake in R82Q

In WT bR at neutral pH, light causes an early proton release
followed by proton uptake. In contrast, we find that, in
R82Q at neutral pH, light-induced proton uptake occurs
first, followed by a late (tens of milliseconds) proton release
(Fig. 1 A, trace 1). This is consistent with earlier reports on
R82 mutants (Otto et al., 1990; Balashov et al., 1993; Cao
et al., 1993). A careful examination of the dye absorbance
kinetics reveals that a small negative component ( = 3.5 +

0.4 ms), which can be ascribed to early proton release, is
always present at neutral pH and constitutes almost 16% of
the total proton signal (Fig. 1 A, trace 1). As the pH is
increased, the fraction of the early proton release component
increases while that of the late proton release ( = 24 + 0.2
ms) decreases (Fig. 1 A, traces 2-4).

Because the pKa of pyranine in 1 M NaCl is 6.7, pyranine
becomes unsuitable for use as an indicator at high pH.
Therefore we measured the proton kinetics by using umbel-
liferone (pKa = 7.5) as the indicator at pH > 7. Fig. 1 A
(traces 2-4) shows flash-induced absorbance changes of
umbelliferone from pH 7.3 to 8.1. At pH > 7 the dye signal
that is due to early proton release increases from - 16% at
pH 7 to -80% at pH 8 (Fig. 1 A); this suggests that the pKa
of the proton release group, E204 (whose deprotonation is
believed to be the source of the early proton release), is
-7.5 ± 0.3 in 1 M NaCl (Fig. 1 A, inset). This pKa is
expected to be salt dependent because of the surface poten-
tial of the membrane; for example, in 150 mM KCl at pH
7.9 most of the protons are released after uptake, suggesting
that the apparent pKa of E204 (in M) is greater than 7.9 at
this salt concentration (data not shown). At pH 7.9 in 150
mM KCI, the dye signals when either pyranine or umbel-
liferone is used are indentical (data not shown).

FIGURE 2 Flash-induced absorbance changes in
E204Q. Trace 1: AA pyranine at pH 7, showing proton
uptake (r 80 ms) followed by late proton release ( -
610 ms). Trace 2: photointermediate 0 formation and
decay measured at 680 nm at pH 7; the trace was
obtained in the same manner as the equivalent in R82Q
(see the Fig. 4 legend; also see Results). Trace 3: AA
umbelliferone at pH 8. 1 M NaCVI25% glycerol.
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Interestingly, in the E204Q mutant (in which the proton
release group has ostensibly been removed) flash-induced
absorbance changes of pyranine at pH 7 (in 1 M NaClI25%
glycerol) show only late proton release, T = 610 ms, pre-
ceded by proton uptake, T = 80 ms (Fig. 2, trace 1); this
result is in agreement with that of Brown et al. (1995a). At
pH 8, absorbance changes of umbelliferone are very small
but also show only late proton release (Fig. 2, trace 3),
reinforcing the notion that the absence of early proton
release at neutral pH is not due to the proton release group's
having an elevated pKa but is instead due to the absence of
the proton release group. That is, these results offer further
support that the group responsible for early proton release is
E204.

Correlation of proton uptake and release in R82Q
with the photocycle intermediates

To understand the nature of the proton transport pathway in
the R82 mutants we have analyzed and compared the rates
of proton uptake and release with those of the photocycle
intermediates. Inasmuch as the rates of proton uptake and
release in R82Q are quite slow at neutral pH, we can ignore
the early photocycle intermediates, J, K, L, and M forma-
tion. Thus, we have focused on the events in the so-called
second half of the photocycle, including M decay and the N
and 0 intermediates. We have determined the kinetics of the
M and 0 intermediates by measuring the absorption
changes at 400 and 680 nm, respectively.

Correlations with M formation and decay
The pKa of the purple-to-blue transition in R82Q is -6.5 in
1 M salt (data not shown). As in the WT, the yield of M in
R82Q is pH dependent and correlates with the amount of the
purple form of the pigment. As shown in the inset of Fig. 3,
the pK. of the purple-to-blue transition determined from the
amplitude of the M intermediate is also -6.5 in 1 M
NaCl/25% glycerol, compared with 7.2 in 150 mM salt (Fig.
5 C; Brown et al., 1993; Richter et al., 1996).

10000 200 400 600 800
TIME, ms
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40 ...... I........ ..30A The time constant of early proton release at pH 8.0 (T =
3.5 ± 0.4 ms) is much longer than the time constants of

30 _ \ T20 i X _ Schiff base deprotonation and M rise (1 and 160 ,us; Fig. 3

20 10 B) and somewhat faster than the fast phase of M decay (T =
05.'6.5 'e85 7 + 0.4 ms). This implies that early proton release in R82Q

10 follows but is not strictly coupled to Schiff base deproto-
1 nation.

C The kinetics of proton uptake coincide with the slow

l0: 0...... .... .1...... phase ofM decay in the pH range 7-8. AtpH 7 the time
0 10 20 30 40 50 60 70 80 m0 100 constant of the slow component of M decay is the same as

......._______ _ the time constant of proton uptake (Fig. 3 A, M decay T2 =
40: B 13 + 0.4 ms; Fig. 1 A, proton uptake T = 13 + 1.8 ms).
30 Proton uptake becomes slower at higher pH (T = 31 + 2 ms

at pH 8.0) but still coincides with the slow phase ofM decay
20 .]S (T = 32 ms at pH 8.1). The slow phase of M decay

t0

a Ia5osi essentially represents the {M # N} -- 0 transition, as the

6.5 M and N intermediates are thought to be in equilibrium late

0 ,'.- - p in the photocycle (Ames and Mathies, 1990; Druckmann et
al., 1993); hence under these circumstances proton uptake

l0 -.. . . ... . ... .. .... . .. would be expected to also correlate with the rise of the 0
0.0 0.2 0.4 0.6 0.8 1.0

TIME, ms intermediate.

FIGURE 3 Flash-induced absorption changes in R82Q at 40 nm owing
to the M photointermediate. (A) M decay as a function of pH, showing
biphasic kinetics. Traces 1, 2, 3, and 4 at pH 7, 7.3, 7.8, and 8. 1,
respectively (all the traces have been normalized at Amax). T, = 7 + 0.4
ms is pH independent, amp1 varies from 40% at pH 7 to 60% at pH 8.1; T2
varies from 13 ± 0.4 ms at pH 7 to 32 ± 0.2 ms at pH 8.1 and is pH
dependent, amp2 decreases from 60% at pH 7 to 40% at pH 8.1. The inset
shows that the total M amplitude is pH dependent, pKa 6.5. (B) The M
rise is also biphasic, T 1 ,lus (unresolved) and T2 = 160 ± 3 lss at pH
7. The inset shows that the fraction of Mf Se is pH dependent, pK, - 8. 1
M NaCl/25% glycerol, 20°C.

The M decay kinetics in R82Q at neutral pH, in 1 M
NaCV25% glycerol, are biphasic (TI = 7 ± 0.4 ms and T2 =

13 ± 0.4 ms). As shown in Fig. 3 A, the time constant of the
fast-decaying component remains almost unchanged with
pH, although its amplitude increases (from -40% at pH 7 to
-60% at pH 8), whereas the time constant of the slow
component becomes progressively slower (T2 32 0.2

ms at pH 8) and its amplitude decreases from 60% to 40%
between pH 7 and pH 8. A similar pH dependence of the
amplitude of M decay components has been reported for the
WT, with pKa -8.0 in 100 mM NaCl (Li et al., 1984; Cao
et al., 1993).

Fig. 3 B shows that M formation in R82Q in 1 M
NaCVI25% glycerol, pH 7, is biphasic, Tj ,us (unre-

solved in the time scale used) and T2 160 ,us. At high pH,

the relative amplitude of the fast phase of the M rise (Mf se)
increases, whereas that of the slow phase decreases with a

PKa 8.1 (Fig. 3 B, inset). A change in the kinetics of M

formation was previously ascribed to the deprotonation of a

residue, possibly the proton release group, at high pH
(Balashov et al., 1991; Kono et al., 1993); thus, this pKa
value presumably represents the pKa of E204 in the unpho-
tolyzed state (see Discussion).

Correlations with 0 formation and decay

Compared with that in the WT, in R82Q the 0 intermediate
does not accumulate in large quantities (see also Cao et al.,
1993); however, a small amount of 0 intermediate is ob-
served at pH 7 in 1 M NaCl. The kinetics of the 0 inter-
mediate were measured at 680 nm; at this wavelength only
the absorbance changes that are due to 0 (positive compo-

nent) and bR (negative component) are observed (Fig. 4 A,
trace 2). Possible kinetic complications from the long-
wavelength K intermediate of any 13-cis pigment present
can be ignored because the decay of that intermediate is
much faster than the 0 kinetics, as shown in Fig. 4 A, trace
2 (the initial positive spike is due to the batho product of the
1 3-cis pigment). We deduced the absorbance change that is
due to the 0 intermediate alone by subtracting an appropri-
ately scaled signal resulting from the bleaching of bR (ob-
tained by normalizing AA 590 nm, which is due mostly to
transient bleaching and recovery of bR, with the initial
decrease in absorbance at 680 nm; Fig. 4 A, trace 1) from
the flash-induced absorption change at 680 nm (Fig. 4 A,
trace 2). The resultant absorbance change representing the
O intermediate is shown in Fig. 4 A (trace 3). The validity
of the deduced absorbance changes of 0 is enhanced by the
correlation between the kinetics of 0 formation (time con-

stant of 14 ms) and the slow phase of M decay (13 ± 0.4
ms), as would be expected if the M and N intermediates
equilibrate before decaying into the 0 intermediate.
A comparison of the kinetics of 0 formation and decay

with those of the proton uptake and release, as observed
with pyranine, is shown in Fig. 4 B. Under these conditions
(1 M NaCVI25% glycerol, pH 7) the rates of proton uptake
and release coincide with the rates of formation and decay
of the 0 intermediate. This suggests that a proton is taken up
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FIGURE 4 (A) Flash-induced absorption changes in R82Q. Trace 1, AA
590 nm (normalized to AA 680 nm at Amin); trace 2, AA 680 nm, showing
the absorbance decrease of bR and the absorbance increase that is due to 0
intermediate; trace 3 (trace 2 - trace 1), £A 680 nm that is due to the 0
intermediate alone. (B) £A pyranine and AA 680 nm (trace 3 of (A))
normalized at Amax, showing the coincidence of proton uptake (T 13 ms)
and release (T 24 ms) with the formation and the decay, respectively, of

the intermediate. 1 M NaCl/25% glycerol, pH 7, 20°C.

from the outside medium during the {M < N} -> 0

transition. Proton release, which in the WT usually corre-

lates with the L -* M transition and the deprotonation of the

proton release group, is delayed in R82Q and correlates with
the 0 -> bR transition; it presumably involves deprotona-

tion of D85 (Gerwert et al., 1990). A similar coincidence
between proton uptake and release and 0 formation and
decay is also observed in the E204Q mutant (Fig. 2, traces
I and 2).

Photocurrents in R82Q corresponding to early
proton release

Fig. 5 A depicts the photocurrents seen in gel samples of
R82Q at different pH values (in 100 mM KCI/50 mM Tris)
in the same time domain as the early proton release and
proton uptake seen in the dye measurements. These pho-
tocurrent signals are readily distinguished from the very fast
photocurrents seen at shorter time scales (Fig. 5 B), which
correlate strongly with the microsecond increase in absor-
bance at 410 nm, i.e., M formation (Balashov et al., 1993).
As such, the faster (1 and 20 ,us in 100 mM KCI/50 mM
Tris) photocurrents most probably reflect the movement of
the Schiff base proton to D85 (Keszthelyi and Ormos, 1980;
Liu, 1990). On the millisecond time scale two positive

photocurrent phases, decaying with time constants of 1 and
6 ms, respectively, are evident (Fig. 5 A). The 6-ms pho-
tocurrent correlates well with the faster, 7-ms component of
M decay (Fig. 3 A) and most likely reflects the internal
transfer of a proton from D96 to the Schiff base during N
formation (see, for example, the review by Lanyi, 1993).
The 1-ms photocurrent, however, has no obvious counter-
part in the 410-nm absorbance signal (M formation and
decay).

Fig. 5 C shows the areas under the 1- and 6-ms compo-
nents of R82Q, proportional to the charge moved during
each photocurrent-producing transition (Trissl, 1990), plot-
ted against pH, along with the pH dependence of the am-
plitude of the M intermediate. The M amplitude decreases
with decreasing pH with a pKa of 7.1 ± 0.1 (n = 1), mainly
as a result of the transformation of purple membrane to blue
membrane as D85 becomes protonated. Only when D85 is
deprotonated in the unphotolyzed state can M be formed.
The pKa of 7.1 agrees well with values found for the pKa of
D85 from spectroscopic titrations of the blue membrane in
R82Q and R82A (Brown et al., 1993; Balashov et al., 1993)
and is shifted by 0.6 unit from the value of 6.5 found at 1 M
NaCl (see above). The area of the 6-ms component shows a
similar variation with pH.

In contrast, the variation of the 1-ms area with pH is more
complex, but it could be well fitted with the equation

Area = C*(1 + 10(pK' PH)) X (1 + 10(pK2 pH)) 1

which is simply the multiplication of two Henderson-Has-
selbalch (n = 1) titration equations. The two pKa values
were calculated to be 7.1 ± 0.1 and 8.3 ± 0.2 respectively.
The pKa of 7.1 is interpreted as merely reflecting the pro-
cesses modulating the amount of deprotonated D85 and thus
the amount of M intermediate formed, as explained above.
The second pKa value reflects the titration of an unknown
group whose protonation state controls the area of the 1-ms
photocurrent. This is exactly the titration behavior that is
expected from a photocurrent caused by the movement of a
proton from the proton release group into solution or from
an internal (or conformational) charge movement coupled to
the action of the proton release group. We suggest that the
1-ms photocurrent is directly related to early proton release
in R82Q, and its pKa reflects the pKa of the proton release
group (E204) at 150 mM salt concentration. The photocur-
rent measurements thus provide an alternative method of
performing titrations of groups involved in charge move-
ments, proton release, or both. The observed pKa of the
proton release group measured with photocurrents at 150
mM salt (8.3) complements the value obtained above with
dyes at high (1 M NaCl) salt concentration (7.5, closer to the
intrinsic value of the pKa).
We examined the involvement of protons as the source of

the 1-ms photocurrent phase by measuring photocurrents in
a gel incubated in D20 while maintaining the salt and buffer
concentration. Both the 1- and the 6-ms photocurrents
greatly increase in lifetime, slowing to 3.5 and - 15 ms (Fig.

0
0
0

x

w
z

0
(I)m
.:I

0
0
0

x

w

:

~0

1016 Volume 71 August 1996



Govindjee et al.

4

c

F:
z
w
a:
Cc
0
0
0
I
0L

3

2

1

0

-1

PKa of Proton Release Group in R82 Mutants

-5 0 5 10
TIME, ms

8

0 6
E

0
4

=i

2

0
15 20 6.5 7 7.5 8 8.5 9

pH

0 10 20
TIME, us

3

a

z
w

ccllJ

0

0

IL

2

1

0

-1
30 40 50 -5 0 5 10 15 20

TIME, ms

FIGURE 5 Photocurrents obtained from samples of R82Q oriented in a polyacrylamide gel (concentration 11 ,uM); photocurrent and absorbance traces
are averages of 32-64 flashes. All samples are in 100 mM KCI/50 mM Tris. (A) Millisecond photocurrents, pH 6.5, 7.0, 7.5, 8.1, 8.3, 9.0 (increasing
amplitude). Two positive photocurrent phases with 1- and 6-ms time constants are distinguishable. (B) Microsecond photocurrents, pH 9.0. Two positive
photocurrent phases with 1- and 20-,us time constants are distinguishable and correlate well with M formation (not shown). (C) Variation with pH of M
amplitude (El) and areas (amplitude X time constant) of the 1-ms (@) and 6 ms (A) photocurrent phases. pKa values for the titrations are shown. The titration
curve marked with an asterisk describes a process with a pKa of 8.3, scaled by a second process with a pKa of 7.1. See the explanation in Results. (D)
Millisecond photocurrents in R82Q gels in H20 (thin trace) and D20 (bold trace), pH 8.3. Two positive photocurrents with the indicated decay time
constants are observed in each sample.

5 D) respectively. This "D20 effect" (Liu, 1990) strongly
suggests the involvement of proton movement in the charge
movements reflected by these photocurrents and provides
further evidence that the 1-ms photocurrent reflects early
proton release rather than a "conformational" charge move-

ment such as the motion of a charged amino acid side chain.
These photocurrents were also measured in a sample

incubated in 150 mM KC1/25% glycerol (data not shown);
in this case, the 1-ms photocurrent slowed to -3 ms, similar
to the time constants of 3.5 ms measured for early proton
release from R82Q (in 1 M NaCVI25% glycerol) using dyes
(previous section). The higher salt concentration could not
be used in the photocurrent measurements because the sig-

nal-to-noise ratio decreased. The kinetic data suggest that
we have been able to isolate a photocurrent (T Ims) that

is due solely to proton release, which is distinct from other

charge movements in the photocycle associated with the
movement of the Schiff base proton to D85 (T or 20

,us); this is different from the WT photocycle in which these
two charge movements are unresolved (Keszthelyi and Or-
mos, 1980; Liu, 1990; Trissl, 1990). Comparison of the
areas under the microsecond and the 1-ms photocurrent
phases of R82Q showed them to be approximately equal at
pH 9.0 (-6 pA s). Interestingly, both the pH-sensitive dye
and the photocurrent measurements reveal the rate of early
proton release of R82Q (T Ims) to be significantly

slower than that of the WT (T 85 ,us; see Discussion).

Proton release and uptake versus pH in R82K

As was reported earlier (Balashov et al., 1995), the order of
proton release and uptake in R82K, at pH 7.4 and 150 mM
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KCl (Fig. 6, trace 1), is the same as in the WT protein
(proton release occurs before uptake). However, we find
that the order of proton release and uptake can be reversed
by lowering the pH. At pH 6.7 almost 60% of the protons
are released early (Fig. 6, trace 2). In contrast to that of
R82K, the WT bR shows a normal order of proton release
before uptake at this pH (e.g., Govindjee et al., 1980). At pH
6.4 almost 80% of the protons are released after proton
uptake (Fig. 6, trace 3). Thus the pKa of the proton release
group, when the pigment is in the M state, is -6.6 (see
Table 1). Photocurrent data were also obtained for R82K but
were very difficult to interpret for several reasons. Between
pH 4 and pH 9, photocurrents associated with the substantial
amount of the 13-cis photocycle present in samples at these
pHs complicate analysis (Balashov et al., 1995; Misra et al.,
1996). Above pH 9, the proton release group in R82K
becomes deprotonated in the unphotolyzed state (see Table
1 and Balashov et al., 1995). Proton release during the
photocycle at this pH is either absent or too slow to be
resolved with photocurrent methods, as the amplitudes of
photocurrents are inversely proportional to their time con-
stants (Trissl, 1990).

DISCUSSION

Role of R82 in the proton release process

A key observation of the present study is that the order of
proton uptake and release in the R82Q mutant reverses
when the pH is raised from pH 6.7 to pH 8.1. At higher pH
it becomes almost similar to that in the WT at neutral pH:
proton release precedes the uptake. This implies that R82 is
not X, the normal proton release group in the WT, because
we have found conditions (alkaline pH) under which early
proton release can be observed even when R82 is absent.
(Early proton release in the absence of R82 has also been
reported in a double mutant, D212N/R82Q (Brown et al.,
1995b).) We therefore suggest that in R82Q the early proton
release ( = 1 ms in 150 mM salt; 3.5 ms in 1 M salt/25%
glycerol) occurs from the proton release group E204, which
in this mutant can not deprotonate at pH 7 but can depro-

FIGURE 6 Flash-induced proton changes in R82K
as measured with pyranine. Trace 1, pH 7.33, showing
that proton release precedes uptake; trace 2, pH 6.65,
showing -60% early proton release and -40% late
proton release; trace 3, pH 6.4, showing -20% early
and -80% late proton release. Similar kinetics were
also observed with p-nitrophenol. 150 mM KCI, 20°C,
Aactinic 532 nm, Amonitoring 460 nm. Dye traces have
been normalized to same amount of M intermediate.
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tonate at higher pH. In contrast, in E204Q, proton release is
preceded by uptake even at high pH (Fig. 2), consistent with
the proposed role of E204 as the usual proton release group
(Scharnagl et al., 1994, 1995; Brown et al., 1995a; Sam-
pogna and Honig, 1996). Thus the role of R82 in the proton
release process can be discussed in terms of its effect on the
PKa of the proton release group in the unphotolyzed state
and during the photocycle.

PKa of the proton release group in
R82Q and R82K

The pKa of the proton release group in the M intermediate
(when the Schiff base is deprotonated and D85 is proto-
nated) can be inferred from the pH at which the order of
light-induced proton release and uptake is reversed; this
occurs when the pH of the medium is at the pKa of E204.
For the WT in 150 mM KCI this pKa was found by Zimainyi
et al. (1992) to be 5.8. In R82Q (and R82A) the order of
proton uptake and release is reversed near neutral pH (Fig.
1 A). Judging from the increase in the fraction of the early
proton release phase as the pH is increased (Fig. 1 A), the
PKa of E204 (in the M state) is -7.5 ± 0.3 in 1 M NaCl. An
alternative method, based on the increase in the area under
the 1-ms photocurrent, shows that the pKa is 8.3 in 150 mM
salt (Fig. S C). The different values can be attributed to
surface potential effects, with the value in high salt being
close to the intrinsic pKa. Thus, replacement of R82 with a
neutral residue (in R82Q) increases the pKa of E204 (in M)
by -2.5 units (from 5.8 in the WT to -8.3 in R82Q, both
in 150 mM salt).

Replacement of R82 by another positively charged resi-
due, lysine, partially lowers the pKa of E204 (in M) from
-8.3 in R82Q to -6.6 in R82K (in 150 mM salt). This
value, however, is still approximately 0.8 pH unit higher
than in the WT (5.8). Interestingly, a similar difference is
seen in the pKa of E204 in the respective unphotolyzed
pigments, when D85 and the Schiff base are both protonated
(4.9 in the WT versus 5.7 in R82K, a difference of -0.8);
see Table 1. Thus, this difference between pigments may be

0 10 20 30 40
TIME, ms
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PKa of Proton Release Group in R82 Mutants

TABLE I pKI values of the proton release group E204, and of D85, in different states of bR

PKa of E204 in
Unphotolyzed pKa of E204 in

Purple Unphotolyzed
Pigment Salt Membrane Blue Membrane pKa of E204 in M Low pKa of D85 High pKa of D85

Protonation States of Key Groups SBH+ D85- SBH+ D85H SB D85H SBH+ E204H SBH+ E204

WT 150 mM 9.5* 4.9* -s.8# 2.6* 7.2*
R82K 150 mM 8.0§ 5.7§ -6.6' 3.7§ 6.0§
R82Q 150 mM ? ? -8.311 7.211
R82Q 1 M .8.0** ?7.5# 6.5**

SB, Schiff base.
*Balashov et al. (1993).
#Zimdnyi et al. (1992).
§Balashov et al. (1995).
sFig. 6.
'1Fig. 5.
**Fig. 3.
##Fig. 1.

due to the difference in the structure of the side chains of the
two residues, lysine (in R82K) and arginine (in the WT),
which has a similar quantitative effect on the pKa of E204,
both in the unphotolyzed state and during the photocycle, in
M. Clearly, the guanidinium group of R82 plays an impor-
tant role in maintaining the proper pKa values of two of the
key residues involved in proton transport, D85 and E204.

It is important to mention that R82 is only one of several
residues and factors that control or influence the pKa values
of D85 and E204. According to Brown et al. (1995b),
substitution of neutral residues for both R82 and D212, as in
R82Q/D212N, lowers the pKa of D85 in the unphotolyzed
pigment from 7.2 in R82Q to -1 in the double mutant (a
value closer to that in the WT). Probably the pKa of E204 is
also restored to its near-normal value, because the normal
order of proton release followed by uptake is observed in
R82Q/D212N.
R82 could affect the pKa of E204 by means of purely

electrostatic interactions (Balashov et al., 1993; Sampogna
et al., 1994). Recently it was suggested that the guanidinium
group of R82 could move in the photocycle, aligning itself
with D85 in the unphotolyzed state and with E204 during
the photocycle, causing the latter to deprotonate and result-
ing in early proton release (Scharnagl et al., 1994, 1995;
Brown et al., 1995a). Alternatively, inasmuch as it has been
suggested that R82 is hydrogen bonded by water molecules
to D85 and other residues (Cao et al., 1991; Zhou et al.,
1993; Maeda et al. 1994; Humphrey et al., 1994), its mu-
tation should affect the pKa of D85 (Subramaniam et al.,
1990; Otto et al., 1990; Miercke et al., 1991; Thorgeirsson
et al., 1991; Balashov et al., 1993, 1995), alter the water
structure in the proton channel, or both, which in turn could
affect the pKa of E204.
The pKa of the proton release group in the unphotolyzed

state in the WT has been inferred from the high pKa tran-
sition in the pH titration of the fraction of blue membrane
(protonated D85) and in the rate of dark adaptation; it is

9.5-9.7 in 150 mM KCI (Balashov et al., 1993, 1996).
Similar measurements in the R82K mutant suggest that the
PKa of E204 is 8 in 150 mM KCI (see Table 1 and Balashov
et al., 1995). In R82Q it is unclear what the pKa of E204 is
in the unphotolyzed state, because a clear second transition
in the titration of the rate of dark adaptation is not observed
(Richter et al., 1996). The pKa of the proton release group
in the unphotolyzed state, however, can also be estimated
from pH-dependent changes in the kinetics of M formation.
In the WT, M formation becomes clearly biphasic at alka-
line pH levels. The fraction of Mfrjse (fast component of M
formation) increases with a pKa of -9.2 in 150 mM KCI
(Balashov et al., 1991), and a similar pKa (-9.2 in 150 mM
KCI) was observed by Kono et al; (1993) for the disappear-
ance of a photocurrent component, which was ascribed to
the light-induced deprotonation of the proton release group.
This suggests that Mrfse reflects the protonation state of the
proton release group and that one could determine the pKa
of the latter by measuring the pKa of Mfise. It should be
mentioned that there is a small discrepancy between the pKa
of the proton release group as determined from the rate of
dark adaptation (and the fraction of protonated D85) and
from the fraction of Mfse; they are 9.5-9.7 and 9.2,
respectively.

Similar to that in the WT but unlike in R82A, M forma-
tion in R82Q in 1 M NaCl/25% glycerol is clearly biphasic
and pH dependent. In R82Q the pKa of Msfie and thus the
PKa of E204 is -8.0 + 0.2 in 1 M NaCl (Fig. 3 B, inset).
The difference between R82A and R82Q may be due to the
fact that, although both alanine and glutamine are neutral
residues, only the latter is capable of H-bonding. According
to Humphrey et al. (1994), R82 is H-bonded by means of
water molecules to E204. It is possible that Q82 is able to
maintain the H-bonding to E204 and D85 that is reflected in
the kinetics of the Schiff base deprotonation and M forma-
tion. These data thus suggest that R82 regulates the pK5 of
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the proton release group E204 in the unphotolyzed state as
well as in the M intermediate.

Origin of increased rate of Schiff
base deprotonation

The increase in the fraction of MfSe with increasing pH and
the subsequent deprotonation of E204 can be explained in
terms of the four-state model proposed by Balashov et al.
(1993, 1995, 1996), which suggests that D85 has two values
of pKa, depending on the protonation state of the proton
release group E204. When the E204 is protonated, the pKa
of D85 is low, and when E204 is deprotonated (at high pH
or in the M state of the photocycle after proton release), the
PKa of D85 is elevated (see the scheme in Introduction).
This increase in the pKa of D85 when E204 is deprotonated
would result in an increased proton affinity for D85 and a
reduction in the ApKa between the Schiff base and D85.
Both of these conditions would facilitate the transfer of the
proton from the Schiff base to D85 during L ->M transition
and cause an increase in the fraction of MfrSe, The pKa of
Mf Se would therefore be indicative of the pKa of E204 (see
also Richter et al., 1996).

Amplitude of the light-induced proton signals

For a pigment to have a large light-induced proton signal,
the proton release group should be fully protonated in the
unphotolyzed state, and its pKa should drop enough in M to
allow complete deprotonation. In the WT, at neutral pH, the
proton release group is fully protonated in the unphotolyzed
state because its pKa is high (-9.5), whereas in the M state
its pKa decreases by almost 4-5 units, allowing for full
deprotonation (see Table 1); this results in a large (absor-
bance change of a pH-sensitive dye) proton release signal
near neutral pH. In R82K and R82Q the pKa of E204 in the
unphotolyzed state is lower than in the WT, and it decreases
by approximately 1 pH unit or less on formation of the M
intermediate (Table 1). This small decrease in the pKa of
E204 during the photocycle at least partly explains the small
amplitudes of the proton signals in R82Q and R82K. In
these mutants at neutral pH, E204 is only partly protonated
in the unphotolyzed state, and, as the medium pH is close to
the pK. of E204 in M, full light-induced deprotonation of
what was initially protonated does not occur. Also, because
the rate of proton uptake becomes closer to the rate of
proton release, the amplitude of the proton signal is reduced.
A similar explanation could be applied to other mutants
also, e.g., Y57F, for which an inversion of the proton signal
is seen at neutral pH.

In R82Q late proton release occurs from D85
during the decay of 0

In the WT pigment, at low pH, proton uptake occurs after

tion, and late proton release is almost concurrent with 0
decay (Zimainyi et al., 1992; Cao et al., 1993). In R82Q the
sequence of proton uptake and release at neutral pH is
similar to that seen in the WT pigment at low pH. However,
in contrast to that in the WT (at low pH), in R82Q at neutral
pH proton uptake occurs during the decay of the slow
component of M and the formation of 0, {M N} -O 0

transition (Fig. 3 B). This has also been reported for the
L93T (Cao et al., 1993) and E204Q (Brown et al., 1995a)
mutants. It is interesting to note that at higher pH the slow
component ofM decay becomes slower, as does the rate of
proton uptake. Late proton release, whose time constant is
similar to that of 0 decay in both R82Q and E204Q (also
see Brown et al., 1995a), probably occurs directly from D85
on its deprotonation during the 0 -O bR transition. Gerwert

et al. (1990) have shown that, in the WT, D85 deprotonation
tracks 0 decay, although in this case the proton probably
goes to reprotonate E204, whereas we suggest a different
fate for the proton in other circumstances (see below).

Differing pathways for proton release in bR

Table 1 summarizes different pKa values found for E204 in
this and previous studies for the WT, R82K, and R82Q. The
values were obtained from spectroscopic titrations of D85 in
the unphotolyzed states of the respective pigments as well
as from titrations of the photocycle (M rise kinetics) and
direct monitoring of proton release by dyes or photocur-
rents. The constant difference between the pKa of E204 in
the unphotolyzed state (the pKa of E204 in the blue mem-
brane) and the pKa of E204 in M is evident for the WT and
for R82K:

APKa(WTr)= 5.8 4.9 ApKa(R82K) = 6.6 - 5.7,

reinforcing the idea that, despite the fact that the two situ-
ations are not completely analogous, the protonation of D85
has the effect of greatly lowering the pKa of E204. The fact
that these two values for the pKa of E204 when D85 is
protonated are not identical (e.g., 5.8 and 4.9; 6.6 and 5.7)
does imply that other criteria, notably the protonation state
of the Schiff base and the isomerization state of the pigment,
also modulate the pKa of the proton release group. Taken
together, the values in Table 1 define those pH regions in
which different pathways of proton release are utilized by
the respective pigments.
A schematic representation of proton release, and the

protonation status of some of the key residues in the extra-
cellular domain of the proton channel under different pH
conditions, is depicted in Fig. 7. It shows that early proton
release occurs when the medium pH is below the pKa of
E204 in the unphotolyzed state and above its pKa in the M
state. Proton release is delayed at low pH (when E204
thermodynamically cannot deprotonate) or, analogously, in
mutants in which E204 is replaced by a neutral residue (as
in E204Q). Late proton release should also be evident in the

reisomerization of the chromophore, that is, after 0 forma-
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FIGURE 7 Schematic representation of early and late proton release and the protonation status of some of the key residues in the extracellular proton
release pathway under different conditions. (A) Early proton release occurs from E204 during the L -- M transition when the medium pH is lower than
the pKa of E204 in the unphotolyzed state but higher than the pKa in M. (B) At low pH (when the bulk pH is lower than the pKa of E204 in M) late proton
release occurs from D85 during the 0 -> bR transition because E204 can not deprotonate. (C) At high pH E204 is deprotonated in the unphotolyzed state,
and proton release should be delayed as in (B).

the unphotolyzed state of the pigment. The situations de-
picted in Fig. 7 A and B were described for the WT by Lanyi
(1993); they are obviously also applicable (taking into ac-
count the alteration of the relevant pKa values) to various
bR mutants. The situation depicted in Fig. 7 C has so far not
been investigated experimentally; the simple experiment of
monitoring proton release in the WT at high pH is difficult,
chiefly because of the scarcity of pH-sensitive dyes that can
operate reliably at strongly alkaline pH. Photocurrent mea-
surements are impractical for monitoring slow charge
movements, as the current's amplitude varies inversely with
its time constant; for charge movements concurrent with the
O -* bR transition (tens of milliseconds or slower), the
signals become indistinguishable from amplifier noise. Pho-
tovoltage measurements also have difficulty in quantifying
proton release on such time scales, as current experimental
systems tend to have discharge kinetics of the same order of
magnitude as the kinetics of the 0 -> bR transition.

A distinct photocurrent associated with early
proton release

To date, studies of charge movements in bR and bR mutants
have not been able to differentiate photoelectric signals that
are due to the separate movements of the proton from the
Schiff base to Asp-85 and those from the proton release
group into solution, as these motions appear to occur con-
currently with the L -> M transition in the WT (Drachev et

al., 1984; Liu, 1990; Heberle and Dencher, 1992; Alexiev et
al., 1995). In R82Q an early proton release phase is evident
at neutral pH (Fig. 1 A), but both the dye and the photocur-
rent kinetics suggest that it is decoupled from M formation,
which has a time constant of - 1 ,us. At alkaline pH, we are
able to observe separate photocurrents in R82Q, which can
be ascribed to M formation and to proton release, respec-
tively, because of their correspondence, or lack thereof, to
absorbance signals at 410 nm and to pH-sensitive dye
signals. The photocurrent phase with a time constant of - 1
ms in water slows to 3.5 ms in D20, suggesting that it arises
from proton movement. In addition, in conditions similar to
those in which the dye experiments were performed (25%
glycerol), this photocurrent phase slows down to -3 ms,
agreeing well with the time constant of early proton release
as measured by the dyes. Finally, the titration behavior of
the photocurrent agrees well with the suggestion that the
photocurrent is caused by proton release, as it disappears at
pH values at which proton dissociation from X becomes
thermodynamically unfeasible.

Correlation of the rate of early proton release
with the PKa of the proton release group: what is
the rate limiting step in proton release?

In WT bR at neutral pH, early proton release is coincident
with M formation: both occur with a time constant of -85
,us (Drachev et al., 1984; Liu, 1990; Heberle and Dencher,
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1992; Scherrer et al., 1992). The dye and photocurrent
kinetics suggest, however, that early proton release occurs
more slowly in R82Q than in the WT, with a time constant
of 1 ms (3 ms in 25% glycerol). It seems reasonable to
propose that this slowdown is at least partially due to the
elevated pKa of E204 (in M) in R82Q relative to the WT
(see Table 1). The simple expression for the dissociation
constant of a proton:

Kd 2 X 10(1O-pK)S-1

based on a diffusion-controlled proton association constant
for aqueous media (Gutman and Nachliel, 1995), gives a
time constant of several microseconds for proton release
from the WT (intrinsic pKa of the proton release group of
-5) but would predict a proton release time constant of
several milliseconds, 3 orders of magnitude greater, for
R82Q (intrinsic pKa of -7.5). Indeed a much longer proton
release time, presumably from E204, is what is observed in
R82Q. In the WT, the rate of protonation of D85 in M (or
changes in protein conformation (Subramaniam et al.,
1993)), rather than the equilibration of the proton between
E204 and the bulk solution, could be the rate-limiting step
in proton release. In R82Q, however, the relatively higher
PKa of the proton release group during M would limit the
rate of "early" proton release even though M is formed
rapidly, because the proton takes much longer to be released
from E204 into solution.

This research was supported by National Institutes of Health grant
GM52023 (to T.G.E.) and by National Institutes of Health Grant EY04939
and U.S. Department of Energy grant 95ER20171 (to R.K.C.).

REFERENCES

Alexiev, U. R. Mollaaghababa, P. Scherrer, H. G. Khorana, and M. P.
Heyn. 1995. Rapid long-range proton diffusion along the surface of the
purple membrane and delayed proton transfer into the bulk. Proc. Natl.
Acad. Sci. USA. 92:372-376.

Ames, J. B., and R. A. Mathies. 1990. The role of back-reactions and
proton uptake during the N -O 0 transition in bacteriorhodopsin's
photocycle: a kinetic resonance Raman study. Biochemistry. 29:
7181-7190.

Balashov, S. P., R. Govindjee, and T. G. Ebrey. 1991. Red shift of the
purple membrane absorption band and the deprotonation of tyrosine
residues at high pH. Biophys. J. 60:475-490.

Balashov, S. P., R. Govindjee, E. S. Imasheva, S. Misra, T. G. Ebrey, Y.
Feng, R. K. Crouch, and D. R. Menick. 1995. The two pK.'s of
aspartate-85 and control of thermal isomerization and proton release in
the arginine-82 to lysine mutant of bacteriorhodopsin. Biochemistry.
34:8820-8834.

Balashov, S. P., R. Govindjee, M. Kono, E. Imasheva, E. Lukashev, T. G.
Ebrey, R. K. Crouch, D. R. Menick, and Y. Feng. 1993. Effect of the
arginine-82 to alanine mutation in bacteriorhodopsin on dark adaptation,
proton release, and the photochemical cycle. Biochemistry. 32:
10331-10343.

Balashov, S. P., R. Govindjee, M. Kono, E. Lukashev, T. G. Ebrey, Y.
Feng, R. K. Crouch, and D. R. Menick. 1992. 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. J. L. Rigaud, editor. John Libbey Eurotext
Ltd., Montrouge, France. 115-118.

Balashov, S. P., E. S. Imasheva, R. Govindjee, and T. G. Ebrey. 1996.
Titration of aspartate-85 in bacteriorhodopsin: what it says about chro-
mophore isomerization and proton release. Biophys. J. 70:473-481.

Braiman, M. S., T. Mogi, T. Marti, L. J. Stem, H. G. Khorana, and K. J.
Rothschild. 1988. Vibrational spectroscopy of bacteriorhodopsin
mutants: light-driven proton transport involves protonation changes of
aspartic acid residues 85, 96, and 212. Biochemistry. 27:8516-8520.

Brown, L. S., L. Bonet, R. Needleman, and J. K. Lanyi. 1993. Estimated
acid dissociation constants of the Schiff base, Asp-85, and Arg-82
during the bacteriorhodopsin photocycle. Biophys. J. 65:124-130.

Brown, L. S., J. Sasaki, H. Kandori, A. Maeda, R. Needleman, and J. K.
Lanyi. 1995a. Glutamic acid 204 is the terminal proton release group at
the extracellular surface of bacteriorhodopsin. J. Biol. Chem. 270:
27,122-27,126.

Brown, L. S., G. Var6, M. Hatanaka, J. Sasaki, H. Kandori, A. Maeda, N.
Friedman, M. Sheves, R. Needleman, and J. K. Lanyi. 1995b. The
complex extracellular domain regulates the deprotonation and reproto-
nation of the retinal Schiff base during the bacteriorhodopsin photocycle.
Biochemistry. 34:12,903-12,911.

Cao, Y., L. S. Brown, R. Needleman, and J. K. Lanyi. 1993. Relationship
of proton uptake on the cytoplasmic surface and the reisomerization of
the retinal in the bacteriorhodopsin photocycle: an attempt to study the
complex kinetics of the protons and the N and 0 intermediates. Bio-
chemistry. 32:10,239-10,248.

Cao, Y., G. Var6, M. Chang, B. Ni, R. Needleman, and J. K. Lanyi. 1991.
Water is required for proton transfer from aspartate 96 to the bacterio-
rhodopsin Schiff base. Biochemistry. 30:10,972-10,979.

Chemavskii, D. S., I. V. Chizhov, R. H. Lozier, T. M. Murina, A. M.
Prokhorov, and B. V. Zubov. 1989. Kinetic model of bacteriorhodopsin
photocycle: pathway from M state to bR. Photochem. Photobiol. 49:
649-653.

Der, A., P. Hargittai, and J. Simon. 1985. Time-resolved photoelectric and
absorption signals from oriented purple membranes immobilized in gel.
J. Biochem. Biophys. Methods. 10:259-300.

Drachev, L. A., A. D. Kaulen, and V. P. Skulachev. 1984. Correlation of
photochemical cycle, H' release and uptake, and electric events in
bacteriorhodopsin. FEBS Lett. 178:331-335.

Druckmann, S., M. P. Heyn, J. K. Lanyi, M. Ottolenghi, and L. Zimanyi.
1993. Thermal equilibration between the M and N intermediates in the
photocycle of bacteriorhodopsin. Biophys. J. 65:1231-1234.

Ebrey, T. G. Light energy transduction in bacteriorhodopsin. In Thermo-
dynamics of Membranes, Receptors and Channels. M. Jackson, editor.
CRC Press, Boca Raton, FL. 353-387.

Gerwert, K., G. Souvignier, and B. Hess. 1990. Simultaneous monitoring
of light-induced changes in protein side-group protonation, chro-
mophore isomerization, and backbone motion of bacteriorhodopsin by
time-resolved Fourier-transform infrared spectroscopy. Proc. Natl.
Acad. Sci. USA. 87:9774-9778.

Govindjee, R., S. P. Balashov, and T. G. Ebrey. 1990. Quantum efficiency
of the photochemical cycle of bacteriorhodopsin. Biophys. J. 58:
597-608.

Govindjee, R., S. Balashov, T. Ebrey, D. Oesterhelt, G. Steinberg, and M.
Sheves. 1994. Lowering the intrinsic pKa of the chromophore's Schiff
base can restore its light-induced deprotonation in the inactive Tyr-57-
>Asn mutant of bacteriorhodopsin. J. Biol. Chem. 269:14353-14354.

Govindjee, R., T. G. Ebrey, and A. R. Crofts. 1980. The quantum effi-
ciency of proton pumping by the purple membrane of Halobacterium
halobium. Biophys. J. 30:231- 242.

Govindjee, R., M. Kono, S. P. Balashov, E. Imasheva, M. Sheves, and T.
G. Ebrey. 1995. Effects of substitution of tyrosine 57 with asparagine
and phenylalanine on the properties of bacteriorhodopsin. Biochemistry.
34:4828-4838.

Gutman, M., and E. Nachliel. 1995. The dynamics of proton exchange
between bulk and surface groups. Biochim. Biophys. Acta. 1231:
123-138.

Heberle, J., and N. A. Dencher. 1992. Surface-bound probes monitor
proton translocation and surface potential changes during the bacterio-
rhodopsin photocycle. Proc. Natl. Acad. Sci. USA. 89:5996-6000.

Henderson, R., J. M. Baldwin, T. A. Ceska, F. Zemlin, E. Beckmann, and
K. H. Downing. 1990. Model for the structure of bacteriorhodopsin



Govindjee et al. PKa Of Proton Release Group in R82 Mutants 1023

based on high-resolution electron cryo-microscopy. J. Mol. Bio. 213:
899-929.

Humphrey, W., I. Logunov, K. Schulten, and M. Sheves. 1994. Molecular
dynamics study of bacteriorhodopsin and artificial pigments. Biochem-
istry. 33:3668-3678.

Keszthelyi, L., and P. Ormos. 1980. Electric signals associated with the
photocycle of bacteriorhodopsin. FEBS Lett. 109:189-193.

Khorana, H. G. 1993. Two light-transducing membrane proteins: bacterio-
rhodopsin and the mammalian rhodopsin. Proc. Natl. Acad. Sci. USA.
90:1166-1171.

Kono, M., S. Misra, and T. G. Ebrey. 1993. pH dependence of light-
induced proton release by bacteriorhodopsin. FEBS Lett. 331:31-34.

Lanyi, J. K. 1993. Proton translocation mechanism and energetics in the
light-driven pump bacteriorhodopsin. Biochim. Biophys. Acta Bioener-
getics. 1183:241-261.

Li, Q.-Q., R. Govindjee, and T. G. Ebrey. 1984. A correlation between
proton pumping and the bacteriorhodopsin photocycle. Proc. Natl. Acad.
Sci. USA. 81:7079-7082.

Liu, S. Y. 1990. Light-induced currents from oriented purple membrane. I.
Correlation of the microsecond component (B2) with the L-M photo-
cycle transition. Biophys. J. 57:943-950.

Liu, S. Y., and T. G. Ebrey. 1988. Photocurrent measurements of the purple
membrane oriented in a polyacrylamide gel. Biophys. J. 54:321-329.

Lozier, R. H., R. A. Bogomolni, and W. Stoeckenius. 1975.
Bacteriorhodopsin: a light-driven proton pump in Halobacterium halo-
bium. Biophys. J. 15:955-962.

Maeda, A., J. Sasaki, Y. Yamazaki, R. Needleman, and J. K. Lanyi. 1994.
Interaction of aspartate-85 with a water molecule and the protonated
Schiff base in the L intermediate of bacteriorhodopsin-a Fourier-
transform infrared spectroscopic study. Biochemistry. 33:1713-1717.

Miercke, L. J. W., M. C. Betlach, A. K. Mitra, R. F. Shand, S. K. Fong, and
R. M. Stroud. 1991. Wild-type and mutant bacteriorhodopsins D85N,
D96N, and R82Q: purification to homogeneity, pH dependence of
pumping, and electron diffraction. Biochemistry. 30:3088-3098.

Misra, S., S. P. Balashov, T. G. Ebrey, Y. Feng, R. K. Crouch, and D. R.
Menick. 1996. Charge movements in the 13-cis photocycles of the
bacteriorhodopsin mutants Arg82Lys and Arg82Gln. Biophys. J. 70:
A108.

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

Otto, H., T. Marti, M. Holz, T. Mogi, M. Lindau, H. G. Khorana, and M.
P. Heyn. 1989. Aspartic acid-96 is the internal proton donor in the
reprotonation of the Schiff base of bacteriorhodopsin. Proc. Natl. Acad.
Sci. USA. 86:9228-9232.

Otto, H., T. Marti, M. Holz, T. Mogi, L. J. Stern, F. Engle, H. G. Khorana,
and M. P. Heyn. 1990. 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.
87:1018-1022.

Richter, H.-T., L. S. Brown, R. Needleman, and J. K. Lanyi. 1996. A
linkage of the pKa's of Asp-85 and Glu-204 forms part of the reproto-
nation switch of bacteriorhodopsin. Biochemistry. 35:4054-4062.

Rothschild, K. J. 1992. FTIR difference spectroscopy of bacteriorhodopsin:
toward a molecular model. J. Bioenerg. Biomembr. 24:147-167.

Sampogna, R. V., and B. Honig. 1994. Environmental effects on the
protonation states of active site residues in bacteriorhodopsin. Biophys.
J. 66:1341-1352.

Sampogna, R. V., and B. Honig. 1996. Electrostatic coupling between
retinal isomerization and the ionization state of Glu-204: a general
mechanism for proton release in bacteriorhodopsin. Biophys. J. In press.

Sasaki, J., Y. Shichida, J. K. Lanyi, and A. Maeda. 1992. Protein changes
associated with the reprotonation of the Schiff base in the photocycle of
Asp96 -- Asn bacteriorhodopsin. J. Biol. Chem. 267:20,782-20,786.

Scharnagl, C., J. Hettenkofer, and S. F. Fischer. 1994. Proton release
pathway in bacteriorhodopsin: molecular dynamics and electrostatic
calculations. Intl. J. Quantum Chem. S21:33-56.

Scharnagl, C., J. Hettenkofer, and S. F. Fischer. 1995. Electrostatic and
conformational effects on the proton translocation steps in
bacteriorhodopsin: analysis of multiple M structures. J. Phys. Chem.
99:7787-7800.

Scherrer, P., U. Alexiev, H. Otto, M. P. Heyn, T. Marti, and H. G. Khorana.
1992. Proton movement and surface charge in bacteriorhodopsin de-
tected by selectively attached pH-indicators. In Structures and Functions
of Retinal Proteins. J. L. Rigaud, editor. John Libbey Eurotext Ltd.,
Montrouge, France. 205-211.

Siebert, F., W. Miintele, and W. Kreutz. 1982. Evidence for the protonation
of two internal carboxylic groups during the photocycle of bacteriorho-
dopsin. FEBS Lett. 141:82-87.

Souvignier, G., and K. Gerwert. 1992. Proton uptake mechanism of bac-
teriorhodopsin as determined by time-resolved stroboscopic-FTIR-
spectroscopy. Biophys. J. 63:1393- 1405.

Stern, L. J., and H. G. Khorana. 1989. Structure-function studies on
bacteriorhodopsin: X. Individual substitutions of arginine residues by
glutamine affect chromophore formation, photocycle, and proton trans-
location. J. Biol. Chem. 264:14,202-14,208.

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

Subramaniam, S., T. Marti, and H. G. Khorana. 1990. Protonation state of
Asp (Glu)-85 regulates the purple-to-blue transition in bacteriorhodopsin
mutants Arg-82 -> Ala and Asp-85 -* Glu: the blue form is inactive in
proton translocation. Proc. Natl. Acad. Sci. USA. 87:1013-1017.

Thorgeirsson, T. E., S. J. Milder, L. J. W. Miercke, M. C. Betlach, R. F.
Shand, R. M. Stroud, and D. S. Kliger. 1991. Effects of Asp-96 -> Asn,
Asp-85 -* Asn, and Arg82 -> Gln single-site substitutions on the
photocycle of bacteriorhodopsin. Biochemistry. 30:9133-9142.

Trissl, H.-W. 1990. Photoelectric measurement of purple membranes.
Photochem. Photobiol. 51:793-818.

Var6, G., and J. K. Lanyi. 1990. Pathways of the rise and decay of the M
photointermediate of bacteriorhodopsin. Biochemistry. 29:2241-2250.

Zhou, F., A. Windemuth, and K. Schulten. 1993. Molecular dynamics
study of the proton pump cycle of bacteriorhodopsin. Biochemistry.
32:2291-2306.

Zimanyi, L., G. Var6, M. Chang, B. Ni, R. Needleman, and J. K. Lanyi.
1992. Pathways of proton release in the bacteriorhodopsin photocycle.
Biochemistry. 31:8535-8543.


