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ABSTRACT: Tyrosine-83, a residue which is conserved in all halobacterial retinal proteins, is located at the
extracellular side in helix C of bacteriorhodopsin. Structural studies indicate that its hydroxyl group is
hydrogen bonded to Trp189 and possibly to Glu194, a residue which is part of the proton release complex
(PRC) in bacteriorhodopsin. To elucidate the role of Tyr83 in proton transport, we studied the Y83F and
Y83N mutants. The Y83F mutation causes an 11 nm blue shift of the absorption spectrum and decreases
the size of the absorption changes seen upon dark adaptation. The light-induced fast proton release, which
accompanies formation of the M intermediate, is observed only at pH above 7 in Y83F. The pKa of the
PRC in M is elevated in Y83F to about 7.3 (compared to 5.8 in WT). The rate of the recovery of the
initial state (the rate of the Of BR transition) and light-induced proton release at pH below 7 is very
slow in Y83F (ca. 30 ms at pH 6). The amount of the O intermediate is decreased in Y83F despite the
longer lifetime of O. The Y83N mutant shows a similar phenotype in respect to proton release. As in
Y83F, the recovery of the initial state is slowed several fold in Y83N. The O intermediate is not seen in
this mutant. The data indicate that the PRC is functional in Y83F and Y83N but its pKa in M is increased
by about 1.5 pK units compared to the WT. This suggests that Tyr83 is not the main source for the proton
released upon M formation in the WT; however, Tyr83 is involved in the proton release affecting the pKa

of the PRC in M and the rate of proton transport from Asp85 to PRC during the Of bR transition. Both
the Y83F and the Y83N mutations lead to a greatly decreased functionality of the pigment at high pH
because most of the pigment is converted into the inactive P480 species, with a pKa 8-9.

Bacteriorhodopsin (BR)1 is a relatively small retinal protein
of 26 kDa which is engaged in light-driven transmembrane
proton translocation to supply theHalobacteriumcell with
energy in the form of an electrochemical potential of
hydrogen ions (1-3). The retinal chromophore is attached
to the protein via a protonated Schiff base linkage with
Lys216. The chromophore is surrounded by the seven
transmembraneR-helices of the protein and so is buried
inside the transmembrane portion of the pigment (4). In the
initial state of the pigment, the Schiff base is protonated.
The positively charged Schiff base is stabilized by a complex
counterion which includes negatively charged Asp85 and
Asp212, positively charged Arg82, and bound water mol-
ecules (5-7). The energy of the absorbed quantum is
converted into unidirectional proton translocation during the
light-induced cycle of transformations of BR. This cycle

involves formation and decay of several intermediate states
BR f K T L T M1 T M2 T N T O f BR (8-15).
Photoisomerization of the chromophore in the primary light
reaction, BRf K, and subsequent relaxation of the protein
in the K f L transition (9), leads to a decrease of the proton
affinity of the Schiff base and an increase of the affinity of
Asp85 (15-18). As a result of these internal changes, the
proton is transported from the Schiff base to Asp85 during
the L to M transition (19, 20). Almost simultaneously with
this internal proton transport, another proton is released to
the surface of BR (21-23), from the so-called proton release
complex (PRC) which probably is a set of interacting residues
including Glu204 (24), Glu194 (25, 26), and possibly other
residues and water molecules (27-30).

Spectroscopic studies of site-directed mutants and recent
advances in crystallization (31) and determination of structure
of BR (7, 32) and of its M intermediate (33, 34) have
provided vital information on the participation of individual
residues in the light-induced proton transport in BR and on
structural changes underlying transmembrane proton trans-
port. Figure 1 A depicts a fragment of hydrogen-bonded
network on the extracellular side of BR based on the
coordinates of Luecke et al. (7). Two sets of hydrogen bonds
connecting Asp85 to the extracellular surface involve several
residues (Asp212, Tyr57, Arg82, Glu204, Glu194, and
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others) and water molecules. The system of hydrogen bonds
undergoes light-induced rearrangements involving substantial
movement of the side chain of Arg82 (33, 34). This
movement is likely to be at least partly responsible for the
coupling of protonation states of Asp85 and the PRC. This
coupling was established for wild-type BR (27, 35) and
several mutants (17, 36), but is absent or dramatically
decreased in the R82A/Q (35, 37), E204Q/N (36, 37) and
E194C/Q mutants (25, 26, 36). Fast light-induced proton
release is absent in these mutants at neutral pH. This
implicates the Glu204, Glu194, and Arg82 residues as key
components of the PRC (25, 26, 28, 29). However, the exact
source of a proton released upon M formation and protona-
tion of Asp85 remains uncertain.

In this paper, we investigated the Y83F and Y83N mutants.
Tyr83 is a residue conserved throughout the halobacterial
family of retinal proteins (38) and in proteorhodopsin, a
recently discovered retinal protein homologous to BR capable
of light-driven proton pumping in marineProteobacteria
(39). According to the X-ray structures in BR, it is located

at the extracellular domain in helix C. The hydroxyl group
of Tyr83 is hydrogen bonded to Trp189 in helix F (7, 32,
34) and is in the vicinity of Glu194 in the initial unphotolyzed
state of BR. Moreover, the hydroxyl of Tyr83 makes a
hydrogen bond with Glu194 when the pigment is transformed
into the M intermediate (33, 34) (Figure 1 B). This suggests
that Tyr83 might be involved in proton release. To check
the consequences of eliminating the hydroxyl group of Tyr83,
we studied properties of the mutants in which tyrosine 83
was substituted with phenylalanine and asparagine (the Y83F
and Y83N mutants). We examine the kinetics of light-
induced proton release and other features of the mutants that
provide information on the PRC and its interaction with
primary proton acceptor Asp85 (15, 27). These are the pH
dependencies of absorption spectra and of the rate constant
of dark adaptation (thermal all-transf 13-cis isomerization
of the chromophore) and the pH dependencies of formation
of the M intermediate. We found that fast proton release is
strongly affected by the Y83 mutations though it can be
observed at high pH. The coupling of Asp85 and PRC is
decreased in the Y83F and Y83N mutants, which results in
the increase of the pKa of PRC by about 1.5 pKa units in M.
The rate of initial pigment recovery is slowed several fold.
Data indicate the importance of hydroxyl group of Tyr83 in
efficient functioning and stability of BR.

MATERIALS AND METHODS

The construction and expression of the Y83F and Y83N
mutants in Halobacterium salinarumwere accomplished
following methods described earlier (17, 35). The identity
of the mutants was confirmed by mass spectrometry. The
preparation of the BR samples and their analysis were
performed by the methods developed earlier for the mass
spectrometric analysis of integral membrane proteins (40).
The preparation process involved hexanes-ethanol delipi-
dation of the BR membranes and cleavage with cyanogen
bromide. The cleavage mixture was then separated with high-
performance liquid chromatography (HPLC) and analyzed
online with a Finnigan LCQ Ion Trap Mass Spectrometer.
The absorption spectra were recorded on a Cary-Aviv 14DS
spectrophotometer (Aviv Associates, Lakewood, NJ). The
pH titration, dark adaptation, and flash photolysis experi-
ments were performed as described in our earlier studies (17,
35, 36). Purple membranes were suspended in 150 mM KCl
or 75 mM K2SO4 (as specified in figure legends). To
maintain the pH of the sample and to keep buffer capacity
constant all over the pH range between pH 2 and 11, a
mixture of six buffers (citric acid, Mes, Mops, Tricine, Ches
and Caps) was used. Concentration of each buffer was 5 mM.
The kinetics of light-induced proton release and uptake in
suspensions of membranes containing the Y83F or Y83N
mutants were measured with pH sensitive dye pyranine as
in earlier studies (35, 41). No buffer was added to the samples
for measurements of light-induced proton release and uptake.
The signal was obtained as a difference between traces at
458 nm in the presence and the absence of the dye. The
concentration of the dye was 25µM at pH 7.3 (pKa of
pyranine). At pH 6.3, 4-5-fold more pyranine was added.
The absorbance of purple membrane at the maximum was
0.5. The dilution upon addition of the dye was insignificant
(less than 1%).

FIGURE 1: (A) Fragment of hydrogen bonded network on the
extracellular domain of the ground state of BR based on the
coordinates by Luecke et al. (PDB ID 1c3w) (7). Dotted lines
represent hydrogen bonds. (B) Hydrogen bonding of Tyr83 in the
BR state and in the M state of the D96N mutant based on the
coordinates by Luecke et al. (PDB ID 1c8r and 1c8s, respectively)
(33). In the BR state Tyr83 forms a hydrogen bond with Trp189.
In the M state, an additional hydrogen bond between Tyr83 and
Glu194 forms.
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RESULTS

Purple to Blue Transition in the Y83F and Y83N Mutants.
Upon decreasing the pH from 7 to 2, the absorption
maximum of dark-adapted wild-type BR undergoes a red
shift from 558 nm to ca. 605 nm (the purple to blue
transition) (42, 43) caused primarily by the protonation of
Asp85 (20) with a pKa of 2.6 in 150 mM salt (27). Upon
decreasing the pH from 2 to 0, in the presence of chloride
ions, the absorption maximum blue shifts to 565 nm. The
spectrum of this species, acid purple, is close to that of the
BR (42, 43). In the absence of chloride, a smaller 20 nm
blue shift is observed with a pKa of 0 and the spectrum
remains broadened (17). This shift is due to a titration of
some group with a very low pKa, presumably Asp212 (17).

Acid titrations of the Tyr83 mutants show that the purple
to blue transition is affected in both mutants (Figure 2).

Titration of Y83F.The absorption maximum of the dark-
adapted Y83F mutant is at 547 nm near neutral pH, 11 nm
blue shifted compared to the dark-adapted WT (Figure 2A).
Upon decreasing the pH to 1.5, the absorption maximum
undergoes a 21 nm red shift to 568 nm with a pKa of 2.6,
n ) 2 (Figures 2 and 3A), which is a significantly smaller
shift than in the WT. In agreement with this, the absorption
changes at 630 nm due to formation of the blue membrane
are also much smaller in the Y83F mutant than in the WT
(Figure 2B). Examination of the absorption spectra produced
by a decrease in pH (Figure 3A) indicates that in Y83F two
transitions contribute to this spectral shift. The first transition
is characterized by a difference spectrum with its maximum
at 620 nm (Figure 3B). It is accompanied by a small red
shift of the absorption maximum to ca. 548-550 nm. The
pKa of these absorption changes is ca. 3.7 (n ) 1) as
determined from the absorption increase at 680 nm upon
decreasing the pH (Figure 2C, curve 1). The second transition
has a difference spectrum with a maximum at 598 nm (Figure
3C); it is accompanied by a larger red shift of absorption
maximum to 568 nm (Figure 2A). It has a pKa of 2.6 (n )
1.6) as determined from the plot of absorption changes at
590 nm (Figure 2C, curve 2), the isosbestic point of the first
transition. The complex two component purple to blue
transition in Y83F is most likely caused by titration of some
other acid group, which interacts with Asp85 and affects the
pKa of Asp85. Alternatively it may be due to the separate
titration of Asp85 in the all-trans and 13-cis pigments (44).
In the WT, the second low pH transition is less noticeable,
and absorption changes at 630 nm can be reasonably well
approximated with a single pKa of 2.6 (n ) 1.6). Titration
of the Y83F mutant in 75 mM K2SO4 and in 150 mM KCl
in the pH range from pH 7 to pH 1.5 gave similar results.

Titration of Y83N.Decreasing the pH of a dark-adapted
suspension of the Y83N mutant from 6.7 to 3.0 causes
formation of the blue membrane, which is accompanied by
an almost 30 nm shift of the absorption maximum, from 555
to 584 nm (Figures 2A and 4A). The difference spectrum of
this transition has maximum at 630 nm, which is close to
that for the WT (632 nm); the pKa of this transition is 3.4
(n ) 0.8) (Figure 4B). At lower pH, the absorption maximum
shifts back to shorter wavelengths (552 nm) (Figure 2A) with
the pKa 2.5 (n ) 1). The spectrum remains broad. The
difference spectrum of this transition has its maximum at
620 nm (Figure 4C). In the WT, a similar transition occurs

below pH 2 with a pKa of about 0 (17). It was attributed to
protonation of Asp212 (17). On the basis of this, one can
suggest that the Y83N mutation causes an increase of the
proton affinity of Asp212 by about 2.5 units.

Spectral Transitions at High pH.The Y83F and particu-
larly the Y83N mutation dramatically decrease the stability

FIGURE 2: Comparison of purple to blue transitions in the Y83F,
Y83N mutants and WT. (A) pH dependence of absorption
maximum in dark adapted suspensions of Y83F (1), Y83N (2), and
WT (3). K2SO4, 75 mM, 20°C. (B) pH dependence of absorption
changes at 630 nm in Y83F (1), Y83N (2), and WT (3). Absorption
changes are given for the samples with initial optical density at
neutral pH equal to 1. (C) pH dependence of the absorption changes
at 680 nm (1) and 590 nm (2) in the Y83F mutant. The∆A at 680
nm were multiplied by 3.9 to normalize with∆A at 590 nm in the
maximum.
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of the pigment at high pH. The Tyr83 mutants exhibit a large
decrease in the fraction of functionally active purple form
at high pH. This is due to its transformation into the inactive
blue-shifted species absorbing at 480 nm, P480 (45) (Figure
5A). The pKa of this transition is 8.2 in Y83F (Figure 5B,
curve 1). An analogous transition occurs in the Y83N mutant
with a pKa of 8.8 (Figure 5B, curve 2). Comparison with

the WT (Figure 5B, curve 3) shows that the fraction of the
pigment converted into P480 at pH 10 is much larger for
the Tyr83 mutants than for the WT, particularly for the Y83N
mutant. It was proposed earlier (46) that partial transition
into P480 might reflect deprotonation of the proton release
group in the initial unphotolyzed state. If this holds for the

FIGURE 3: (A) Absorption spectra of a suspension of the Y83F
mutant over the pH range between 6.7 and 1.5. K2SO4, 75 mM, 20
°C. (B) Difference absorption spectra over the pH range between
6.7 and 2.8. Spectra were obtained as a difference between the
spectrum taken at the given pHi and one taken at pH 6.7. (C)
Difference absorption spectra in the pH range between 2.8 and 1.6.
Spectra were obtained as a difference between spectrum taken at
the given pHi and one taken at pH 2.8.

FIGURE 4: (A) Absorption spectra of a suspension of the Y83N
mutant over pH range between 6.7 and 2.0. K2SO4, 75 mM, 20°C.
(B) Difference absorption spectra over the pH range between 6.7
and 3.0. Spectra were obtained as a difference between spectrum
taken at given pHi and one taken at pH 6.7. (C) Difference
absorption spectra over the pH range between 3.0 and 1.6. Spectra
were obtained as a difference between spectrum taken at given pHi
and one taken at pH 3.0.
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Y83 mutants, then one may assume that the pKa of PRC is
about 8.8 in the Y83N mutant and 8.2 in the Y83F mutant.

pH Dependence of the Rate Constant of Dark Adaptation.
The rate constant of thermal isomerization of all-trans
pigment to a 13-cis one is proportional to the fraction of
protonated Asp85 over a wide pH range (35, 36, 44). The
pH dependence of the rate constant of dark adaptation can
be used to determine the pKa of the PRC in the ground state
and the strength of its interaction (coupling) with the primary
proton acceptor Asp85. It can be also used as an approach
to explore the interaction of Asp85 with other ionizable
groups in BR (15, 17, 27, 35, 37, 47, 48).

Light and Dark Adaptation in Y83F Is Greatly Altered.
The absorption spectrum of light-adapted Y83F is shown in
Figure 6 A. Its maximum (550 nm) is about 20 nm blue
shifted compared to the WT. Only a 3 nmblue shift in the
absorption maximum is observed upon dark adaptation
(versus 10 nm in the WT). The maximum in the “light-
adapted minus dark-adapted” difference spectrum is at 565

nm, which is blue shifted 20 nm compared to the difference
spectrum of the WT. The amplitude of the “light-adapted
minus dark-adapted” difference spectrum in Y83F is ca. 5
times smaller than in the WT. This indicates that less pigment
undergoes the 13-cisf all-trans photoisomerization upon
light adaptation of Y83F or that the difference in the
absorption spectra of 13-cis and all-trans pigments is smaller
in Y83F than in the WT.

The kinetics of dark adaptation were followed by measur-
ing the absorption changes at 565 nm in the dark after light
adaptation of the sample by illuminating at 450-550 nm.
At pH 6.6, the rate constant of dark adaptation (kda) in Y83F
is close to that in the WT. However, the pH dependence of
the rate constant is quite different from that in the WT. At
pH 5.6, in the Y83F mutant the rate constant is almost an
order of magnitude larger than at pH 6.6, whereas in the
WT it stays the same (Figure 6B). Unlike the WT, the pH
dependence of the rate constant of dark adaptation in Y83F
does not show a plateau between pH 5 and 7. Thekda in
Y83F linearly decreases upon increasing the pH from 5 to
7.3. This indicates that the interaction (coupling) of Asp85
with the PRC, which is responsible for the plateau in the
WT (27), is strongly reduced or eliminated in Y83F.

Dark Adaptation of Y83N.The spectral changes upon light
and dark adaptation of the Y83N mutant are much larger
than in Y83F and are similar to those in the WT (data not
shown). However, the pH dependence of the rate constant

FIGURE 5: Formation of the photochemically inactive species P480
in the Tyr83 mutants and WT. (A) Absorption spectra of the
suspension of the Y83N mutant over the pH range between 6.0
and 10.8. K2SO4, 75 mM, 20°C. (B) pH dependence of absorption
changes due to formation of P480 in the Y83F (1), Y83N (2) and
WT (3). To illustrate the relative level of the formation of P480
for each pigment, absorption changes at 570 nm at given pH were
normalized to the maximal optical density in initial spectrum taken
at pH 6.0 for each pigment.

FIGURE 6: (A) Absorption spectra of a dark adapted (1) and light-
adapted (2) suspension of the Y83F mutant at pH 6.8. K2SO4, 75
mM, 20 °C. (B) pH dependence of the rate constant of dark
adaptation in Y83F (1), Y83N (2), and WT (3) at 20°C.
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of dark adaptation is different. At neutral pH, the rate of
dark adaptation in the Y83N mutant is much slower than
for the WT (Figure 6B). At pH 6.9, 20°C, the time constant
of the dark adaptation of the Y83N mutant is about 21 h
versus 3 h in the WT. The pKa of the pH dependence of the
rate constant in the low pH range is slightly higher in Y83N
than in the WT (3.3 versus 2.6), in agreement with the
increased pKa of Asp85 in Y83N observed in the purple to
blue transition (Figure 2). The most important difference in
the pH dependencies of the rate constant of dark adaptation
in the Y83N mutant and in the WT is that in the Y83N
mutant the plateau starts at higher pH. Because of conversion
of the pigment into P480 at alkaline pH, we could not obtain
reliable data on the rate constants of dark adaptation in the
Y83N mutant at pH above 8. This precludes us from
determining whether a transition in the pH dependence of
the rate constant of dark adaptation at high pH is present in
the Y83N mutant [similar to one seen in the WT with a pKa

of 9.7 (27)]. However, earlier we have noticed a correlation
between the pKa of partial transformation of the pigment into
P480 and the pKa of the PRC in the initial state (46).
Assuming that this holds for the Y83N mutant, one may
expect that the pKa of the PRC in the unphotolyzed state of
Y83N is about 8.8-9.

The fit of the pH dependence of dark adaptation with the
model, which assumes coupling between Asp85 and the PRC,
shows that the point on the curve where the plateau starts
(pH 4.8 in the WT) corresponds to the pKa of the PRC when
Asp85 is protonated (27). In the Y83N mutant, this point is
shifted to pH 6.2, indicating that the pKa of the PRC when
Asp85 is protonated is elevated in Y85N by about 1.4 units
compared to the pKa in the WT. From this one would expect
an elevated pKa of the PRC when the pigment is in the M
state (which is exactly what is observed, see below). The
pH dependence of the rate constant of dark adaptation and
the pH dependence of transformation into P480 indicate that
in Y83N mutant the coupling strength between Asp85 and
the PRC is reduced by about 2 pK units, from 4.9 in the
WT (15) to about 2.7. This decrease in the coupling strength
would likely reduce the influence of deprotonation of the
PRC on the kinetics of M rise at high pH (see below).

These estimates are valid if the plateau in Y83N is caused
by the interaction of Asp85 and the PRC as in the WT (27).
However, there is an alternative explanation for the plateau
in the pH dependence of the rate constant of dark adaptation
in Y83N. The rate of thermal isomerization,kda(pH), is
determined by two terms (15, 47):

The first one is the product of the rate constant of thermal
isomerization in the blue membrane,kda

bm, and the fraction
of protonated Asp85,fbm(pH). The second is a product of
the rate constant of isomerization in the purple membrane
(where Asp85 is deprotonated) and fraction of purple
membrane (15, 27, 35, 36, 47). At low and neutral pH, the
first term dominates. At high pH where the fraction of blue
membrane decreases below 0.01%, the rate of isomerization
in the purple membrane might become faster than the rate
of isomerization through the transient protonation of Asp85.
Under these conditions, the rate would be equal tokda

pm and
would not change upon further increases in pH, as was

observed for E204Q (37) and R82H (47). One cannot exclude
that the plateau inkda(pH) that we see in Y83N at pH>6
corresponds to this basal rate of the chromophore isomer-
ization in the purple membrane. However, this rate constant
in Y83N is 3.3 times larger than the basal rate constant found
for the R82H mutant (10-5 versus 3× 10-6 s-1) (47). This
implies that the plateau, in the pH dependence of rate
constant of dark adaptation in Y83N, is most likely due to
the coupling between Asp85 and the PRC rather than
reaching the basal rate of isomerization at high pH. The
presence of the fast proton release following M is in
agreement with this interpretation.

Photocycle Reactions in the Y83F and Y83N Mutants.At
pH 6.8, the time constant of M formation for the Y83F
mutant is 46µs and for the Y83N mutant is about 80µs. At
higher pH no substantial increase in the rate constant of M
formation is seen in Y83F (Figure 7A). A small increase
(about 1.8-fold) in the rate of M rise is observed in Y83N
(Figure 7B). The pKa of this transition is about 9. This is
different from the WT in which a dramatic increase in the
rate of M formation is observed (45, 49-51). The increase
in the rate of M formation in the WT is caused presumably
by deprotonation of the PRC in the initial state at elevated
pHs, which results in an increased proton affinity of Asp85
and faster M formation (17, 52). The much smaller increase

FIGURE 7: Kinetics of the formation of the M intermediate in Tyr83
mutants at different pHs. (A) Formation of the M intermediate in
the Y83F mutant at pH 6.8 and 9.8. (B) Formation of the M
intermediate in the Y83N mutant at pH 6.8 and 9.8.

kda(pH) ) kda
bmfbm(pH) + kda

pmfpm(pH) (1)
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in the rate of M formation in the Y83N mutant indicates
that mutation of Tyr83 results in a decrease of the coupling
of the PRC with Asp85.

The amount of M formed is maximal at pH 6 in Y83F. It
decreases six times upon decreasing the pH to 3 with a pKa

of 4.1. This pKa is 1.5 units higher than the pKa of the Asp85
determined from the major component of the purple to blue
transition (pKa of 2.6), which indicates that the yield of M
in Y83F is controlled by some low pKa group different from
Asp85 as was observed for R82H (47). At high pH, the
amplitude of M decreases by half with pKa 8.0 in the Y83F
mutant and pKa 8.5 in the Y83N mutant presumably due to
the transition of the pigment into P480.

Comparison of light-induced absorption changes at 410,
580, and 660 nm, which represent formation and decay of
the M intermediate, BR recovery and formation and decay
of the O intermediate, respectively, for the Y83F, Y83N,
and WT are shown in Figure 8. They indicate that M decay
(Figure 8A) and bR recovery (Figure 8B) are slowed in both
mutants compared to the WT.

As in the WT, the kinetics of M decay in Y83F and Y83N
can be fitted with two components at neutral pH. In the Y83F
mutant (Figure 9A) at pH 6.8, the time constant of the first
component of M decay is about 3 ms and does not change
significantly with pH. The time constant of the second
component is 10 ms at pH 6. It decreases with a pKa of 7.3
upon increasing the pH. This pKa most likely corresponds
to the pKa of Asp96 in N during proton uptake (15, 36). In
the Y83N mutant (Figure 9B) at pH 6.1, the time constant
of the first component is 5 ms (60% of the amplitude of M
decay) and of the second component is about 20 ms. At
higher pHs, the rate constant of the first component of M
decay increases with a pKa of 8. A similar increase takes

FIGURE 8: Kinetics of the photocycle in the Tyr83 mutants and
WT. (A) Absorption changes at 410 nm. Curves 1-3 represent
formation and decay of the M intermediate in the Y83F, Y83N
mutants and WT. Absorption changes were normalized at the
maximum. (B) Absorption changes at 580 nm. They reflect pigment
recovery after illumination. (C) Absorption changes at 660 nm,
which show formation and decay of the O intermediate. Absorption
changes at 660 and 580 nm were normalized to the amplitude of
the M intermediate for each pigment, respectively. pH 6.8, 150
mM KCl, 20 °C.

FIGURE 9: (A) pH dependence of the rate constants of the first (k1)
and second (k2) components of M decay in the Y83F mutant. (B)
pH dependence of the rate constants of first (k1) and second (k2)
components of M decay in the Y83N mutant.
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place in the WT with pKa close to 9. It can be tentatively
connected to the deprotonation of the PRC in the ground
state. The rate constant of the second component of M decay
in Y83N decreases with the pKa of 7.1.

The recovery of the initial absorbance at 580 nm is
biphasic at pH 6.8 (Figure 8B). In the WT, the fraction of
the fast phase (5 ms) is much larger than that of the slow
phase (12 ms) (90% versus 10%). In both mutants, the
fraction of the slow phase is increased 5-7-fold compared
to the WT. In Y83F, the fast 5 ms phase comprises 40%,
whereas 60% of the total is due to the slow (25 ms) phase.
In Y83N, fast 4.8 ms phase accounts for 30% and slow, 19
ms phase, for 70% of the total.

In the Y83F mutant the maximum amount of the O
intermediate (Figure 8C, curve 1) is about 3 times less than
in the WT (Figure 8C, curve 3) despite the lower rate
constant for O decay. Upon increasing the pH, the fraction
of O decreases with pKa 7.4 in Y83F similar to that in WT.
A surprising feature of the Y83N mutant is almost complete
absence of the O intermediate at pH 6.8 (Figure 8C, curve
2) and even at pH 4.5.

Light-Induced Proton Release and Uptake in the Y83F and
Y83N Mutants.The kinetics of light-induced changes of the
concentration of hydrogen ions in a suspension of the Y83F
and Y83N mutants were measured with the pH sensitive dye
pyranine. Addition of a 10 mM buffer eliminated the dye
signal.

The kinetics of proton release is pH dependent around
neutral pH both in Y83F and Y83N mutant. Unlike in the
WT, no fast proton release can be seen in Y83F at pH 6.3
(Figure 10 A). The light-induced proton release in the Y83F
mutant at pH 6.3 occurs with the time constant of ca. 30 ms
which is close to the 21-25 ms decay of the O intermediate.

At pH >7, both fast and slow components of proton
release are observed (Figure 10B) in agreement with the data
of Brown (53). The pKa of the switch between fast and slow
proton release is about 7.2, which is ca. 1.5 pK units higher
than in WT. This pKa presumably can be attributed to a PRC
in M.

The kinetics of proton uptake in the Y83F mutant is similar
to that in the WT (Figure 10A). The time constant of proton
uptake is about 6 ms, and it increases at high pH with pKa

approximately 7.5, which is close to that in the WT (7.5-
7.7) (54). This pKa presumably is the pKa of Asp96 (36, 55)
in the state where its accessibility to the cytoplasmic surface
is increased in order to speed up proton uptake and its
reprotonation (15).

Light-induced proton release and uptake in a suspension
of the Y83N mutant is shown in Figure 10C. As in the Y83F
mutant, in Y83N, there is fast proton release at pH 7.8, and
the kinetics of proton release shows strong pH dependence
(56). At pH 7.8, the time constant of light-induced proton
release is 2.8 ms. It is followed by proton uptake with time
constant 33 ms. At pH 6.6, no fast proton release occurs. At
this pH, the light-induced pyranine signal consists of two
components: proton uptake with time constant 5 ms and slow
proton release with time constant ca. 50 ms.

DISCUSSION

Effects of the Y83F and Y83N Mutations on Light-Induced
Proton Release.In WT bacteriorhodopsin, light-induced

proton release precedes proton uptake at neutral pH. At low
pH, proton release occurs after uptake (22, 57). The transition
between the two modes of proton release, “fast” and “slow”
occurs with a pKa of 5.8 (22), which can be assigned to the
pKa of the PRC in the M intermediate. Fast proton release
at neutral pH has a time constant of about 80-100 µs and
approximately coincides with the formation of the M
intermediate (58-62).

FIGURE 10: (A) Light-induced pyranine signal at 458 nm in 1,
Y83F; 2, WT. pH 6.3, 150 mM KCl. An increase of absorbance is
caused by proton uptake; a decrease of absorbance is caused by
proton release from a protein. (B) Light-induced pyranine signal
in a suspension of the Y83F mutant at different pHs. (C) Light-
induced pyranine signal in a suspension of the Y83N mutant at
different pHs.
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In the Y83F mutant, fast proton release is inhibited below
pH 7 (Figure 10, panels A and B). This, and also the lack of
the pH dependence of M formation (Figure 7A) as the pH
is increased from 6 to 10 (a region where the WT shows a
dramatic increase of the rate of M formation) and the altered
pH dependence of dark adaptation with no plateau (Figure
6B, curve 1), indicates that the coupling between PRC and
Asp85 is greatly weakened in theY83F mutant so that
protonation of Asp85 cannot cause fast proton release
following the formation of the M intermediate at pH lower
than 7.

Not only is the pKa for fast proton release elevated in
Y83F, but proton release from Asp85 at the end of the
photocycle occurs very slowly with a rate similar to that in
the E204Q mutant. The dramatic slowing of proton release
from Asp85 during the Of BR transition in Y83F indicates
that the Y83F mutation hinders deprotonation of Asp85 and
the proton transfer to the surface of the membrane. Substitu-
tion of Tyr83 with a nonpolar Phe (and also with Asn)
apparently disrupts a chain of hydrogen-bonded residues
presumably in the site close to Glu194 and creates a barrier
for proton transfer from Asp85 to the PRC. These data
indicate that the hydroxyl group of Tyr83 is an important
component of the complex of residues involved in proton
release. The question arises whether Tyr83 itself could be a
source of the proton released during the Lf M transition.
The Y83F and Y83N mutants show fast light-induced proton
release that precedes uptake at pH above 7 (Figure 10, panels
B and C). This indicates that Tyr83 is not the major (or the
only) source of a proton. The data suggest that the Y83F
and Y83N mutations results in an increase in the pKa of the
PRC in M rather than in disabling the PRC completely.

The time constant for proton release in the Y83 mutants
as measured with pyranine is about 3 ms. This is longer than
in the WT (less than 0.8 ms if measured with pyranine and
about 0.1 ms if measured with surface bound fluorescein)
(60, 62). This increase in the time constant of proton release
correlates with the proposed increase in the pKa of the PRC
because the rate constant for deprotonation of a group
depends on the pKa of the group. In waterkd ) 2 × 10(10-pKa)
(63). This formula can be applied to the PRC in BR. A
perfect correlation between the pKa of PRC in WT (5.8 in
M) andkd (1/kd ) 80 µs) is achieved when the coefficient 2
is replaced with 0.7. Increase in the time constant of proton
release from 80µs to 3 ms corresponds to an increase in the
pKa of the PRC in M by about 1.5 pK units, which agrees
fairly well with the experimental value for the increase of
1.4-1.5 pK units obtained from the pH dependence of proton
release.

Mutations of Tyr83 to Phe and Asn Reduce Coupling
between Asp85 and the PRC.In the WT, the primary proton
acceptor Asp85 exhibits a complex two component titration
curve, which was explained by the interaction (coupling) of
Asp85 and the PRC. Deprotonation of the latter with pKa

ca. 9.7 results in the increase in the pKa of Asp85 by almost
5 pK units (27). The evidence for this was obtained from a
direct titration of Asp85 and from the pH dependence of the
rate constant of thermal isomerization, which is proportional
to the fraction of protonated Asp85 (17, 27, 35). The
functional significance of this coupling is that it provides a
“mechanism” for the proton to be released extracellularly
upon protonation of Asp85 by reducing the pKa of the PRC.

In Y83F, the coupling between Asp85 and the PRC is greatly
weakened (the pKa of fast proton release is elevated by 1.5
pK units, no pH dependence of M rise, and no plateau in
the pH dependence of the rate constant of dark adaptation
are observed).

The linkage between the PRC and Asp85 is greatly
decreased also in Y83N. The pH dependence of the rate
constant of dark adaptation in Y83N (Figure 6B, curve 2)
indicates that the pKa of the PRC, when Asp85 is protonated,
is about 6.2, which is 1.4 units higher than in the WT (4.8).
The pKa of the PRC in the unphotolyzed state of Y83N when
Asp85 is deprotonated is decreased from about 9.7 in the
WT to ca. 9 in Y83N as one can assume from the pH
dependence of transition into P480 (Figure 5). Thus, the
coupling strength is reduced from 4.9 in the WT (44, 47) to
about 2.7 in Y83N.

The pH dependence of the kinetics of M formation (Figure
7) is in agreement with the decreased coupling between
proton affinity of Asp85 and the protonation state of the PRC.
The Y83N mutant shows only a small increase in the rate
of M formation at high pH (pKa around 9). These data clearly
indicate that Tyr83 is important in decreasing the pKa of the
PRC during the photocycle and in keeping it high in the
unphotolyzed state. It is likely that the hydrogen bond
between the hydroxyl of Tyr83 and the carboxyl of Glu194
(Figure 1B), which is formed (or strengthening) during the
BR to M transition (33, 34), is important in causing a
decrease of the pKa of the PRC in M.

Mutation of Tyr83 Slows RecoVery of the Initial State in
the Photocycle and Affects the Accumulation and Decay of
the O Intermediate.A remarkable feature of the Y83N mutant
is the almost complete absence of the O intermediate (Figure
8C). In the Y83F mutant, the O intermediate is formed but
the amount is three times less than in the WT. The Nf O
transition is apparently slowed in the photocycle of the Y83N
mutant and the NT O equilibrium is strongly shifted toward
N. Both Asp96 and Asp85 are protonated in the O interme-
diate (64, 65). A possible explanation for the decreased
amount of O could be a decreased rate of Asp96 repro-
tonation and/or an increased rate of Asp85 deprotonation.
As suggested earlier (36) and observed recently for the
E194Q mutant (66), the deprotonation of Asp85 might occur
already in the N intermediate. If protonated Asp85 facilitates
isomerization of the chromophore during the NT O1 T O2

transitions (11), as it does during thermal all-transT 13-cis
isomerization (27, 35, 44), then the early deprotonation of
Asp85 in N could explain decreased amount of the O
intermediate and decreased rate of the initial state recovery
in the photocycles of Y83F and Y83N mutant. According
to Dioumaev et al. (67), Asp212 might be an intermediate
proton acceptor from Asp85. If so, then an increase in the
pKa of Asp212 would facilitate fast deprotonation of Asp85
in the second half of the photocycle and thus reduce amount
of the O intermediate. An alternative explanation for a
decreased amount of O is that the NT O equilibrium is
strongly shifted toward N, particularly in the Y83N mutant.

Tyr83 Is Important for Maintaining Functionally ActiVe
Purple Form of BR at High pH.Certainly, one of the
functions of Tyr83 in BR is maintaining the functionally
active purple form of BR at high pH. In both Y83N and
Y83F mutants, increased amount of the functionally inactive
blue shifted form called P480 (45, 68) is observed at elevated
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pHs (Figure 5). Partial transformation into P480 was
observed also for the WT at pH 10 but in much smaller
amounts (45). The origin of P480 is unclear. It was suggested
that partial transformation of BR into P480 might be
facilitated by deprotonation of the PRC (46). It could be that
deprotonation of the PRC decreases the pKa of some other
residue, presumably Asp96, deprotonation of which leads
to the formation of P480. Tyr83 (in helix C) is hydrogen
bonded with Trp189 (in helix F) in the initial BR state (7).
Elimination of this bond by mutation might affect the pKa

of the PRC and Asp96 in the ground state.
Does Tyr83 Deprotonate at pH around 9.7 in the WT?

An interesting question is whether Tyr83 could be the group
that deprotonates in the dark at high pH and serves as the
light-induced source of the proton that is released upon M
formation. The most straightforward interpretation of the data
on Y83F and Y83N mutants does not support this possibility.
The observation that proton release precedes proton uptake
at pH 8 (Figure 10, panels B and C) indicates that the PRC
is functional in both in Y83F and Y83N though with an
elevated pKa. Tyr83 cannot be the source (or at least the
major source) of the released proton in these mutants. A small
increase in the rate constant of M formation at high pH, the
presence of a plateau in the pH dependence of dark
adaptation, the formation of P480 are all consistent with the
deprotonation of the PRC with pKa around 8.8 in the ground
state of Y83N. That would imply that Tyr83 mainly controls
the pKa of the PRC, or contributes to the system of hydrogen
bonds that constitutes the PRC, but is not a main source of
the proton released from the PRC. The Tyr83 mutations
apparently disrupt the hydrogen bonding network at the
extracellular channel which results in a decreased initial pKa

of the PRC and strong delay of proton release at low pH.
In conclusion, study of Y83F and Y83N mutants revealed

a large impact of these mutations on the kinetics of light-
induced proton release. The results point to the important
role of a hydrogen bonding of Tyr83 with Glu194 and
Trp189 in fast light-induced proton transfer in the extracel-
lular channel, in the rate of photocycle turnover and in the
functional stability of the protein at high pH.
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