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Catalysis of the Retinal Subpicosecond Photoisomerization Process in
Acid Purple Bacteriorhodopsin and Some Bacteriorhodopsin Mutants by
Chloride lons
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*School of Chemistry and Biochemistry, Georgia Institute of Technology, Atlanta, Georgia 30332, and *Department of Physiology and
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ABSTRACT The dynamics and the spectra of the excited state of the retinal in bacteriorhodopsin (bR) and its K-intermediate
at pH 0 was compared with that of bR and halorhodopsin at pH 6.5. The quantum yield of photoisomerization in acid purple
bR was estimated to be at least 0.5. The change of pH from 6.5 to 2 causes a shift of the absorption maximum from 568 to
600 nm (acid blue bR) and decreases the rate of photoisomerization. A further decrease in pH from 2 to 0 shifts the absorption
maximum back to 575 nm when HCl is used (acid purple bR). We found that the rate of photoisomerization increases when
the pH decreases from 2 to 0. The effect of chloride anions on the dynamics of the retinal photoisomerization of acid bR (pH
2 and 0) and some mutants (D85N, D212N, and R82Q) was also studied. The addition of 1 M HCI (to make acid purple bR,
pH 0) or 1 M NaCl to acid blue bR (pH 2) was found to catalyze the rate of the retinal photoisomerization process. Similarly,
the addition of 1 M NaCl to the solution of some bR mutants that have a reduced rate of retinal photoisomerization (D85N,
D212N, and R82Q) was found to catalyze the rate of their retinal photoisomerization process up to the value observed in
wild-type bR. These results are explained by proposing that the bound CI~ compensates for the loss of the negative charges
of the COO™ groups of Asp85 and/or Asp212 either by neutralization at low pH or by residue replacement in D85N and D212N

mutants.

INTRODUCTION

Bacteriorhodopsin, a retinal protein present in the mem-
brane of Halobacterium salinarium (Oesterhelt and Stoeck-
enius, 1971), functions as a light-driven proton pump that
establishes a proton gradient across the cell membrane.
Proton translocation occurs during the photochemical cycle
(Lozier et al., 1975), initiated by the absorption of a photon:

05ps 3ps 15us  SOus ms
bR »J—-K > L - M—>N—->0->bR
_H+ +H+
The light-adapted bR contains all-trans retinal. Femtosec-
ond studies of light-adapted bR have shown that subsequent
to the absorption of a photon, 13-cis retinal (J) is formed in
approximately 0.5 ps from the excited state (Pollard et al.,
1986; Mathies et al., 1988; Dobler et al., 1988). J decays in
3 ps to the relatively long-lived intermediate K (Nuss et al.,
1985). K decays to L. in 1.5 us, and the protonated Schiff
base (PSB) loses its proton to form the M intermediate in 50
ms. As a result, a proton is released to the extracellular
surface of the membrane. The reprotonation of the Schiff
base takes place in the M — N process, when a proton is
translocated from the cytoplasmic side, thus creating the
transmembrane proton gradient. Retinal reisomerization
from 13-cis to all-trans occurs in the N — O process. The
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protein relaxes to its original conformation in the O — bR
process (Popp et al., 1993; Lanyi, 1993).

The retinal absorption shows a large opsin shift (5100
cm™! at neutral pH) (Honig et al., 1976) in bR, which is
responsible for its characteristic purple color. Absorption
maximum is at A,, = 568 nm in light-adapted bR. There
are numerous investigations of the opsin shift origin (Honig
et al.,, 1976; Nakanishi et al., 1980; Bagley et al., 1982;
Harbison et al., 1983). It is currently thought to be due to a
combination of various chromophore-protein interactions
(Lugtenburg et al., 1986).

Another opsin effect is the protein catalysis of the pri-
mary process of retinal photoisomerization. The rate of
photoisomerization of retinal increases from a few ps~! in
solution (Kandori et al., 1992) to (0.5 ps) ' in bR (Nuss et
al., 1985; Pollard et al., 1986; Mathies et al., 1988). Equally
important is the fact that the photoisomerization becomes
highly specific around the C13-C14 bond in bR, whereas in
solution it occurs around several bonds (Koyama et al.,
1991; Freedman and Becker, 1986). These opsin effects
were discussed in terms of stabilization of a positive charge
on C13 in the excited state by the nearby negatively charged
Asp85 (Song et al.,, 1993). This changes the C13=Cl14
double-bond order present in the ground state into single-
bond order in the excited state, and thus reduces the barrier
for photoisomerization. This, together with steric effects
either between the retinal methyl groups and the amino acid
residues or resulting from the interaction between an aniso-
tropic charge distribution of the protein around the retinal
and the charge distribution in the retinal excited state (Xu et
al., 1996), makes the photoisomerization extremely rapid.
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Recent spectroscopic studies of site-specific mutants sug-
gest that Asp-85, Asp-212, Arg-82, and Glu-204 are in-
volved in the proton release from the Schiff base to the
cytoplasmic side, whereas Asp-96 serves as proton donor
during the subsequent protonation of the Schiff base from
the cytoplasmic side (Marti et al., 1991; Oesterhelt et al.,
1989; Needleman et al., 1991; Brown, 1995). In the pro-
posed structural model of bR (Henderson et al., 1990) the
carboxylate side chains of Asp-85 and Asp-212 are located
approximately equidistant (4 A) from the PSB. Mutagenesis
experiments have shown that either one of Asp-85 and
Asp-212 ionized residues can function as a counter-ion for
the PSB (Khorana et al., 1991). However, neutral replace-
ment of the Asp-85 has a greater effect on the proton pump
function of bR than D212 (Marti et al., 1991). FTIR studies
(Fahmy et al.,, 1993) suggest that Asp85 is the proton
acceptor for the PSB in the L—M process.

It was also shown that removal of metal cations or acid-
ification considerably affects the absorption maximum of
the chromophore (Figher and Oesterhelt, 1979). This elim-
inates the deprotonation of the PSB and changes the retinal
excited state dynamics (Kobayashi et al., 1990). When
cations are removed, the absorption maximum shifts to the
red (A, = 600 nm) to give deionized blue bR. At the same
time the decay of the retinal excited state becomes biexpo-
nential with an average lifetime of 9 ps, which is 18 times
longer than that for bR at pH 6.5 (Song et al., 1993;
Logunov et al., 1996). Similar effects are observed when the
pH of the solution is decreased to 2 (Kobayashi, 1990). At
pH 2, D85N is protonated (Metz et al., 1992). It was also
shown that the replacement of the charged residues Asp-85,
Asp-212, or Arg-82 with neutral ones greatly affects the
position of the chromophore’s absorption maximum
(Needleman et al., 1991), as well as its excited state decay
(Song et al., 1993; Logunov et al., 1996). It was concluded
(Song et al., 1993) that both the lifetime of the excited state
and the shape of absorption spectrum are sensitive to the
distribution of the charged groups within the retinal cavity.

Further acidification of bR at pH O shifts the retinal
absorption maximum back to that for wild bR (A, = 565
nm at pH 0, HCI solution) to give acid purple bR. It was
shown (Mowery et al., 1979) that this shift is more sensitive
to the nature of the negative ion than to the pH value. The
use of H,SO,, for example, has less effect on the absorption
maximum than HCI at the same pH. The most interesting
feature of bR at pH 0 is the possibility that it might pump
C1™ anion across the membrane (Der et al.,, 1991), which
makes it similar to another natural pigment-protein com-
plex, halorhodopsin. The addition of salt to the mutants
D212N, D85N also affects the chromophore spectrum, sug-
gesting that external anions can interact electrostatically
with the PSB (Marti et al., 1992). In halorhodopsin, a
light-driven chloride ion pump that is the equivalent of
Asp8S is threonine. Recently it was shown that the replace-
ment of Asp85 by threonine in bacteriorhodopsin converts it
to a chloride ion pump (Sasaki et al., 1995).
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In the present paper we report on the effect of decreasing
the pH from 2 to 0 and the addition of salts on the rate of the
chromophore photoisomerization in wild-type bR and in
D212N, D85N, and R82Q mutants. We compare the results
with those for halorhodopsin. The longest lifetime of the
excited state for bR was found to be at pH 2 and for D85N
mutant. All studied perturbations of bR at pH 2 cause
acceleration of the photoisomerization rate. The data show
that the addition of 1 M NaCl at pH 2 has a catalysis effect
on the excited-state lifetime similar to that of decreasing the
pH value from 2 by the addition of HCl. Furthermore, the
addition of 1 M NaCl to the mutants with a reduced rate of
retinal photoisomerization is found to catalyze their rates.
The strong effect of the addition of chloride anions on the
dynamics of retinal photoisomerization is discussed in terms
of the previously proposed valence bond description of the
excited state wave function of retinal and the changes in
the charge distribution within the retinal cavity by the
different perturbations (Song at al., 1993; Logunov et al.,
1996).

MATERIALS AND METHODS

Bacteriorhodopsin cells were grown from the master slants of Halobacte-
rium solinarium ET1-001 strain (kindly provided by Prof. Bogomolni at
UC Santa Cruz). The purple membrane was isolated and purified as
described previously (Needleman et al., 1991). The gel of bR was prepared
according to the method of Mowery et al. (1979) for the measurement at
pH lower than 2. All samples were light adapted for at least 30 min, and the
measurements were completed at room temperature unless otherwise
specified.

The laser system and transient spectroscopy set-up were described
previously (Logunov et al., 1994, 1996). Briefly, the laser system consists
of a commercial Coherent Satory dye laser pumped by an Antares mode-
locked YAG laser. The resulting 250-fs pulses with a repetition rate of 80
MHz at wavelengths between 595 and 605 nm were amplified by a
regenerative amplifier (Quantel, RGA 60) in a dye amplifier (Quantel, PTA
60) at 10 Hz. An amplified pulse with an energy of 1 mJ and 400 fs pulse
duration was obtained. The optical density of the samples used in the
transient absorbance measurements was about 1.0 at the excitation wave-
length. The excitation wavelength was chosen to be 605 nm for the
transient absorption experiment and 595 nm for photoacoustic measure-
ments. The transient spectra were measured in the wavelength range
420-750 nm.

Photoacoustic measurements were completed as described previously
(Logunov et al., 1996). The laser beam, with diameter D, was fixed by use
of a pinhole of 0.2 mm size. This gives an effective acoustic transit time in
water of 135 ns. The sample cuvette was attached to the surface of the
transient transducer (Panametrics, V101-RM) and to Peltier elements for
the temperature control. To improve the signal-to-noise ratio, all photo-
acoustic signals were amplified 100 times and stored in a transient digitizer
(LeCroy 9450). The signal handling was similar to that described previ-
ously (Schulenberg et al., 1994).

A solution of CoCl, with absorbance of 0.2 at the wavelength of
excitation (595 nm) was used as a calorimetric reference. The sample
suspension was stirred after every 100 shots. The optical density of acid
purple bR was adjusted to 0.2 at the excitation wavelength. The use of the
calorimetric reference CoCl, eliminates the geometrical factors and the
sensitivity of the transducer. Under these conditions the ratio of the slopes
of photoacoustic signal versus I, (laser intensity) for the sample and for
the reference gives the fraction of the heat that promptly dissipates in the
sample. In addition to the volume change due to heating, conformational
changes, specially for large biological molecules, can induce a pressure
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wave. We examined these effects in a manner similar to that described
previously (Schulenberg et al., 1994).

RESULTS
Acid purple bR
Transient spectroscopy

The absorption maximum of bR at pH 0 in 1 M HCl solution
is at A = 565 nm. Absorption difference spectra obtained
after excitation by a 400-fs laser pulse are shown in Fig. 1.
The bleach of the ground state at 570 nm and the excited-
state absorption at 480 nm are observed immediately after
the laser excitation. The decay of the excited state could be
fitted to a biexponential decay with lifetimes of 0.8 and 7 ps
(Fig. 2 B) and amplitude ratio of 0.6:1.0 (Table 1). The
recovery of absorption at 570 nm (Fig. 2 D) reflects the
ground-state recovery, which is due to the nonradiative
decay from the excited-state, ground-state vibrational relax-
ation, and formation of J- and K-like intermediates. The
lifetime of the fast component of the absorption change
recovery at 570 nm correlates well with the fast component
lifetime of the excited-state decay and probably is due to the
ground-state recovery from the excited state. The long-lived
component of absorption changes at 570 nm, which is
represented as offset in the time scale of our experiment,
reflecting the completion of the J- to K-intermediate tran-
sition time. The intermediate component, with a lifetime of
4 ps, may be assigned to the K-intermediate formation time
or to vibrational relaxation of the hot ground state.

The transient difference spectrum in the 610-680-nm
region recorded after a 20-ps delay corresponds to what is
expected from the absorption of the K intermediate. The rise
time of this intermediate is derived from the kinetics ob-
served at 570 nm and was found to be about 4 ps. The
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FIGURE 1 The transient absorption data for the bR gel atpH = 0 (1 M

HCI). The spectra were taken at times zero, 1.0, 5.5, and 20 ps after
excitation with a 400-fs, 600-nm laser pulse.
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transient spectra and kinetics of bR at pH 6.5 in gel were
also measured for comparison (Fig. 2, A and C). The decay
of the excited state was found to be close to that of bR in
solution and was equal to 0.5 ps.

Photoacoustic study

Photoacoustics data provide an estimation of the quantum
yield of photoisomerization and energy content in the K-
intermediate. As was shown previously (Rohr et al., 1992;
Logunov et al., 1996), the energy balance equation may be
written as

1 — a = ®EE,, (1)

where E,;, is absorbed photon energy, ® is the quantum
yield of photoisomerization, Eyx is the energy of the K-
intermediate relative to the bR ground state, and « is the
amount of heat given off by the sample after photoexcita-
tion. We have assumed here that 1) the quantum yield of the
K intermediate formation is equal to the quantum yield of L
intermediate and therefore of the photocycle (®x = &, =
®); 2) the quantum yield of fluorescence is negligible, and
3) the integration time of 130 ns is considerably shorter than
the lifetime of the K-intermediate.

The plots of the photoacoustic signal versus laser power
for acid purple bR and the reference (CoCl,) with matched
absorbance are shown in Fig. 3. Generally, the amplitude of
the photoacoustic signal can be expressed as

H = Bal,(1-107%) )

where I, is the laser intensity; A is the absorbance of the
sample; B is the proportionality factor reflecting geometri-
cal factor, solvent parameters, and thermoelastic properties
of the media; « is a fraction of the absorbed energy dissi-
pated to the solvent as heat. Use of the reference compound,
which dissipates all energy absorbed to the solvent, helps to
eliminate geometrical factor B. From the ratio of the slopes
of the straight lines given in Fig. 3 (between the observed
amplitude of the photoacoustic signal (H) and laser intensity
(I.xo); Eq. 2), the parameter Hg/Hy, is determined, where Hg
and Hy are the amplitudes of photoacoustic signals for the
sample and reference.

As was proposed by Schulenberg et al., the photoacoustic
signal has two components: one is due to the thermal
expansion, and the other is due to the conformational
changes in the protein. These two terms can be separated by
measurements of Hg/Hy, at different temperatures. Because
thermal expansion of water is small at temperatures close to
4°C, the measurements of the photoacoustic signal at low
temperatures will eliminate the contribution of the first
term. As shown previously (Schulenberg et al.,, 1994),
Hg/Hy could be expressed as

HS/HR =a+ AVR(DCPP/(BEph)’ (3)

where ¢, p, and B are the heat capacity at constant pressure,
and the density and the thermal expansion of water, respec-
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tively. @ is the quantum yield of photoisomerization, AVy, is
the volume changes of bR during K intermediate formation,
and E, is the energy of the exciting photon. The depen-
dence of Hg/Hg on c,p/pB is shown in the inset of Fig. 3. The
thermal expansion of water has strong temperature depen-
dence. Thus, to change parameter c,p/B, it is enough to
change the temperature. The plot shown in Fig. 3 was
measured in the temperature range of 10—-30°C. The param-
eter f3 is also very sensitive to the concentration of the ions
in the water. Because the extinction coefficient of the CoCl,
is low at 595 nm, its concentration in the solution had to be

high. In the temperature dependence experiments we used
malachite green dye as reference and adjusted the ionic
strength of the solution with NaCl to match the ionic
strength of a 1 M HCI (pH 0) solution. The plot of Hg/Hy
versus c,p/(BE,;,) should be linear. The intercept gives the
value of a, and the slope corresponds to the volume changes
due to conformational contribution. It is evident that this
slope is very flat, indicating that the contribution to the
photoacoustic signal due to conformational changes is
small. We estimated this change to be —3 = 1 cm’/mol.
Under more physiological conditions (pH 6.5) a similar

TABLE 1 The kinetic data for the excited-state decay (470-480 nm) and ground-state recovery (580 nm)

Sample T, (ps) T, (ps) Al A2 A3
bR gel, pH 6.5 (480 nm) 0.5 5 0.95 0.02 —
bR, pH 2, 480 nm 2.0 17.0 0.5 0.5 —
bR gel, pH 0, 480 nm 0.8 7.0 0.37 0.63 —
bR gel, pH 0, 570 nm 0.8 4.0 04 0.52 0.08
bR gel, pH 2, 1 M NaCl, 480 n 1.5 8.0 045 0.55 —
bR gel, pH 2, 1 M NaCl, 580 n 1.2 8.0 0.6 0.3 0.1
bR gel, pH 0, H,SO,, 480 nm 20 20.0 0.63 0.37 _
bR gel, pH 0, H,SO, 2.0 20.0 0.6 033 0.07
D212N, pH 4.5, 480 nm 2.0 6.0 0.6 04 —
D212N, 1 M NaCl, 480 nm 1.0 — 1.0 — —
D212N, 1 M NaCl, 580 nm 1.0 4.0 0.74 0.15 0.11
D85N, pH 4.5, 480 nm 20 12.0 045 0.55 —
D85N, 2 M NaCl, 480 nm 0.5 10.0 0.55 045 —
D85N, 2 M NaCl, 580 nm 0.5 5.0 0.5 04 0.1
R82Q, pH 5.0, 480 nm 1.6 70 0.75 0.25 —
R82Q, 1 M NaCl, 480 nm 1.6 7.0 0.87 0.13 —
R82Q, 2 M Na(l, 580 nm 1.3 7.0 0.9 0.05 0.05
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FIGURE 3 Plot of the photoacoustic signal intensity versus laser power
of the reference compound (cobalt chloride, O) and solution of bR at pH 0
(W). The laser pulse duration is 400 fs, heat integration time is 130 ns. The
amount of the stored heat could be determined from the ratio of the slopes.
(Inset) Dependence of the ratio Hg/Hy versus c,p/p. Intercept of the linear
fit corresponds to the a (see Eq. 2).

contraction was observed with normal bR (—11 cm*/mol by
Shulenberg et al., 1994, and —7.8 *= 3 cm*/mol by Tsuda
and Ebrey, 1980).

Equation 1 contains two unknown parameters, ® and Ey.
From the photoacoustic experimental data one can estimate
the lower limit for the quantum yield of photoisomerization
to be 0.5, by assuming that the maximum value of Eg is
equal to the energy of the 0-0 band of the bR molecules
(i.e., when all electronic excitation of the retinal is stored in
the K- intermediate). Assuming the quantum yield is unity,
we obtain, in turn, 105 kJ/mol for the lower limit for the
energy content in the K intermediate.

We used the estimated lower limit of 0.5 for the quantum
yield of isomerization to fit the observed spectrum of the
K-intermediate in the few tens of picoseconds time domain.
The total number of photoexcited bR molecules was ob-
tained by deconvolution of the transient spectrum at zero
time in the region 500-650 nm to two components: the
excited-state absorption and ground-state bleach. The num-
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ber of the bR molecules that participate in the photocycle
was obtained by deconvolution of the transient spectrum at
a delay time of 20 ps from the absorption spectrum of the
K-intermediate absorption spectrum and ground-state
bleach. The ratio of the two numbers gives the quantum
yield of photoisomerization (0.6). The excited state and
K-intermediate absorption spectra obtained in the deconvo-
lution procedure are shown in Fig. 4. Because of strong
overlap of the K-intermediate and ground-state absorption
spectra, the error for the quantum yield value was deter-
mined to be 20%.

Low pH or anion effects on the rate
of photoisomerization

We used H,SO, to make acidic bR to study the effect of
anions on the dynamics of photoisomerization. It is known
(Mowery et al., 1979) that the absorption maximum of bR at
pH 2 in a solution of H,SO, is the same as that in HCI. At
pH O the absorption maximum in H,SO, solution is at 595
nm, which is red shifted from that in HCI solution by 30 nm.
Mower et al. suggested that the nature of the negative ion is
important for this blue-purple transition. The dynamics of
the excited state at pH O in the case of H,SO, was found to
be biexponential with lifetimes of 2.0 and 20.0 ps, with an
amplitude ratio of 1:0.6 (Table 1). These two components
may originate from the mixture of all-trans and 13-cis
isomers or from some other heterogeneity of the sample.
The fast component in the excited-state decay corresponds
to the photoisomerization of all-trans retinal isomer, as was
suggested previously (Logunov et al., 1996). The slow
component is due to other retinal isomers. We used the
average lifetime of the excited state and lifetimes of the fast
and slow component to compare dynamics of photoisomer-
ization in different samples. The average lifetime was cal-
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FIGURE 4 The deconvolution of the spectra, shown in Fig. 1 (time zero,
and 20 ps), to the ground state bleaching (solid curve in the middle),
excited state absorption (dashed line on the left), and K intermediate
absorption (dotted curve at the right), assuming a quantum yield of isomer-
ization equal to 0.6.
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culated as 7,, = 3A;7;, where T, is the lifetime and A; is the
relative amplitude of component i. The average lifetime
when using H,SO, to adjust the pH to 0 was found to be 8.7
ps, and the fast and slow component lifetimes were 2.0 and
20.0 ps, respectively. This is close to the average lifetime
and lifetimes of the fast and slow components of the excited
state at pH 2 (9.5, 2.0, and 17.0 ps, respectively), but double
the value observed at pH O when using HCI (4.5, 0.8, and
7.0 ps, respectively). Thus, the nature of the anion also
affects the dynamics of the retinal photoisomerization
at pH 0.

Chloride ion effect on the rate
of photoisomerization

At pH 2 the absorption maximum of retinal in bR is at 600
nm. At pH 2 with 1 M NaCl, bR maximum absorbance is at
575 nm, which is red shifted from the absorption maximum
at pH 0 (565 nm). The decay of the excited state at pH 2
with 1 M of NaCl is biexponential, with lifetimes of 1.5 and
8 ps and with an amplitude ratio of 1:1.2 (Table 1). The
average lifetime of the excited state under these conditions
is 5.05 ps, which is close to the average lifetime of bR at pH
0. This may indicate that 1 M NaCl at pH 2 has the same
effect on the dynamics of the photoisomerization as does the
lowering of pH from 2 to 0 by using HCl.

The acceleration (catalytic) effect of C1~ on the retinal
photoisomerization process is defined as the ratio of its rate
(measured by 1/7, where 7 is the excited state lifetime) with
Cl™ to that without. The effect on acid blue bR is deter-
mined by adding HCl or NaCl. The effect on mutants is
determined by the effect of adding NaCl to mutant solutions
at pH 4.5-5. The results are shown in Table 2.

The absorption maximum of D85N at pH 4.5 is at 605
nm. The excited-state decay is biexponential with lifetimes
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of 1.5 and 12 ps, and an amplitude ratio of 1:1.2 (Table 1).
Upon the addition of 2 M NaCl, the absorption maximum
shifts to 585 nm. The excited-state dynamics becomes faster
than that at low NaCl concentration, and the decay was
found to be biexponential with lifetimes of 0.5 and 10.0 ps
and an amplitude ratio of 1:1. The acceleration factor is 1.54
(Table 2).

In the R82Q mutant, the absorption maximum at pH 4.5
is at 595 nm. Asp-85 is largely protonated under these
conditions (Brown et al., 1993). The addition of 1 M of
NaCl causes a shift of the absorption maximum to 585 nm.
The data for the excited state lifetimes and relative ampli-
tudes under these condition are given in Table 1. The
acceleration factor is found to be 1.28 (Table 2), which is
less than that for D85N and acid blue bR.

In the D212N mutant, the charged aspartate residue is
replaced with the neutral asparagine. This mutant has ab-
sorption maximum at 565 nm at pH 4.5. The excited state of
this mutant under these conditions decays biexponentialy
with lifetimes of 2.0 and 6.0 ps and an amplitude ratio of
3:2. The average lifetime of the excited state is 3.6 ps. The
addition of 1 M NaCl does not have any significant effect on
the absorption maximum (562 nm), but the dynamics of
photoisomerization becomes considerably faster. The decay
of the excited state was found to be monoexponential, with
a lifetime of 1.0 ps (Fig. 5). The acceleration factor was
found to be 3.6. The acceleration factors for the different
samples are given in Table 2.

For comparison we also calculated the acceleration factor
based on the lifetime of the fast and slow components.
These two components correspond to the all-trans config-
uration retinal and other isomers, respectively. This is given
in Table 2. There is a clear correlation between acceleration
factors obtained from the calculation of the average life-
times and lifetimes of photoisomerization for all-frans iso-

TABLE 2 The lifetimes of the excited state (fast, slow component, and average) and “acceleration factor” calculated based on
the fast, slow component lifetimes, and average lifetime of the excited-state decay after the addition of a high concentration of

chloride ions

Photoisomerization lifetime (ps) Acceleration factor Abso.rption
maximum
Sample Fast Slow Avg. Fast Slow Avg. (nm)
Effect on acid blue bR
pH 6.5 0.5 5.0 0.5 — — — 568
pH 2.0 2.0 17.0 9.5 — — — 600
pH 2.0 + 1 M NaCl 1.5 8.0 5.05 1.3 1.88 1.88 565
pH 0 HCI 0.8 7.0 45 25 2.1 2.1 575
pH 0 H,SO, 20 20.0 8.7 1.0 0.85 1.09 595
Effect on mutants
D212N, pH 4.5 2.0 6.0 3.6 — — — 565
D212N,pH 45, 1 M
NaCl 1.0 1.0 1.0 2.0 6.0 3.6 562
D85N, pH 4.5 20 12.0 79 — — — 605
D85N, pH 45,2 M
NaCli 0.5 10.0 4.6 4.0 1.2 1.54 585
R82Q, pH 4.5 1.6 7.0 295 — — 595
R82Q,pH 45,2 M
NaCl 1.6 7.0 2.3 1.0 1.0 1.28 585
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FIGURE 5 The kinetic of the excited-state decay, measured at 480 nm,
for mutant D212N at pH 4.5 (O), and the same sample after the addition of
1 M Na(Cl (@).

mer and other retinal isomers. The best correlation among
these three acceleration factors is found for the chloride ion
effect on acid blue bR. There is some difference in accel-
eration factors calculated for the fast and slow components’
lifetime, and the average lifetime for D212N and D85N
mutants.

DISCUSSION

Acid purple bR has an average excited-state lifetime of 4.5
ps. This value of average lifetime of the excited state at
different pHs correlates well with the fluorescence quantum
yield data (Kouyama et al., 1985) (Fig. 6). In Fig. 6 the
quantum yield of fluorescence (Kouyama et al., 1985) is
plotted together with the average lifetime of the excited
state measured in this and earlier papers (Logunov et al.,
1994, 1996). Good correlation is observed for the pH rang-
ing from O to 11. A comparison of the excited-state lifetimes
shows that the average lifetime of the excited state of acid
purple bR is twice as long as that for halorhodopsin (Kan-
dori et al., 1992). The shape of the excited-state absorption
of acid purple bR is very similar to that of bR at pH 6.5
(Logunov at al., 1996), but it is narrower and blue shifted by
30 nm when compared to that of halorhodopsin. Our esti-
mate shows that the quantum yield of photoisomerization in
acid purple bR is 0.6 * 0.12, which is higher than that for
halorhodopsin (0.3; Kandori et al., 1992; Oesterhelt et al.,
1985) and close to that of bR at pH 6.5. The spectrum of the
K intermediate is close to that of bR at pH 6.5 but is lower
in extinction coefficient (Fig. 4).

Previous studies of the spectroscopic properties of the
double mutant D85N/D212N expressed in Escherichia
coli suggested that the anion replaces protonated Schiff
base counter-ions by binding directly to the Schiff base
(Marti et al., 1992). However, the exact locations of the
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FIGURE 6 The dependence of the fluorescence quantum yield on the pH
(M, taken from Kouyama et al., 1985), the average lifetime of the excited
state (O) measured in this paper (pH 0 and pH 2) together with our data
measured previously (Logunov et al., 1994) (A), and quantum yield of the
retinal photoisomerization (triangles), measured in this paper and previ-
ously (Logunov et al., 1994, 1996) (B).

chloride anions are not clear. The lifetime of the excited
state, as shown previously (Song et al., 1995; Logunov et
al., 1996), is sensitive to the charge distribution around a
C13==C14 double bond. The photoisomerization lifetime
was found to increase by a factor of 2 as pH was changed
from 2 to 0 by using HCL. The average lifetime of the
excited state of bR at pH 2 with 1 M NaCl is close to that
of bR at pH 0. This suggests that the negatively charged
Cl™ anion might be in a similar position in these acid
purple bR and bR at pH 2 with 1 M NaCl. The photoi-
somerization dynamics in bR at pH 0 (1 M HCI), bR at
pH 2 with 1 M NaCl, and D85N at pH 4.5 with the
addition of 2 M NaCl are all similar. In acid bR as well
as in D85N, the aspartate 85 is changed to neutral resi-
due. This “poisons” the catalysis of the retinal photoi-
somerization by the negative charge of the aspartate
group (Song et al., 1993). The addition of C1™~ could then
replace the negatively charged aspartate 85, and thus
recover the protein catalysis for the photoisomerization
process.

In mutants D85N and D212N the acceleration factors
calculated from the lifetimes of the fast and slow com-
ponents in the excited-state decay were found to be
somewhat different. These mutants consist of a mixture
of all-trans and 13-cis isomers because of their fast dark
adaptation time (Song et al., 1995). The fast component
corresponds to the photoisomerization of all-trans reti-
nal, and the slow component to the 13-cis isomer. The
difference in acceleration factors for these two isomers of
retinal suggests that chloride ions have different access to
the C13 double bond for different isomers. In the case of
D85N the largest acceleration was found for all-trans
isomer (4.0), whereas in D212N the strongest effect was
found for 13-cis retinal (6.0).
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Mutant D212N shows a normal photocycle in the pres-
ence of chloride ion (Ref. 15 in Sasaki et al., 1995). This is
apparently due to the anion replacing D212 as the Schiff
base counter-ion. In this system, bR still transports protons
rather than chloride ions, because of the fact that in this
mutant, D85, the proton acceptor remains intact. The large
acceleration effect of NaCl found in D212N (3.6, average
lifetimes of D212N excited state are 3.6 ps at pH 4.5 and 1.0
ps with 1 M NaCl added) supports this observation. This
suggests that the chlorine anions supply the negative
charges lost by neutral residue replacement of aspartates 85
and 212. The fact that the catalysis by Cl ™ does not decrease
the photoisomerization lifetime by the same amount as the
COO™ of the aspartate group suggests that they are not
located at exactly the same position with respect to the C13
of the retinal. Thus, their stabilization for the positive
charge on this atom in the excited states is not equally
effective.

CONCLUSION

A catalytic effect of chloride anion was shown for retinal
photoisomerization in bacteriorhodopsin when its rate is
perturbed by lowering the pH or by site-directed mutagen-
esis. These results are explained by the compensation of the
lost negative charge of the COO™ group of Asp85 (either by
neutralization or by residue replacement) by the chloride
anion.
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