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The photocycle of the light-adapted purple membrane was studied with a time-resolved fluorometry apparatus: fluorescence of the sample 
suspension (X&j0 nm) was pumped with a 633.nm cw laser and the temporal change induced by 2 232~nm pulsed laser was measured with a 
photon-counting-type transient recorder. The formation and the decay of the Oti,, intermediate were clearly observed in the pH region between 
4.0 and I 1.4. A photochemical cycle of N 5w was apparently driven in alkaline suspension (pH > 9.3). An O-like fluorescent intermediate Q appears 

and decays with time constants of CO. I ms and I .7 k 0.2 ms, respectively. 

Bacteriorhodopsin: Purple membrane; Photocyclc of N3m: Fluorescence of OcAO; Q intermediate; Huluhacfcriur,? hu/obhrr,t 

1. INTRODUCTION 

Purple membrane of Holobacreriwt Aalobimt con- 
tains a single protein with a retinal chromophore. The 
rhodopsin-like protein is called bacteriorhodopsin (bR). 
Its light-adapted form, bRselr functions as a light-driven 
proton pump [l]. An outline of the molecular mecha- 
nisms of this proton pump has been established: the 
reaction of bRshB is initiated with the photo-isomeriza- 
tion of retinal and is followed by successive thermal 
reactions via I&, LssO, MA12, Ns6,,, and Oti,, intermedi- 
ates with different absorption spectra [2,3]. The release 
and uptake of proton(s) occur in the Lsso + Md12 proc- 
ess and the NgBO 3 bRsba process, respectively [4,5]. 
However, the reported quantum yields of the photocy- 
cle [6] and the efficiencies of the proton pump [3,4,7] 
have not been consistent with each other. It is expected 
that these complexities are caused by the existence of 
more than one photocycle driven in parallel [G,S] and/or 
branched [9] in neutral and alkaline suspensions, as well 
as in acidic suspensions [lo]. 

Multiple cycles have not been fully discriminated by 
conventional absorption technics. Resonance Raman 
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spectra are sensitive to structure changes in detail, but 
the two-photon reaction products are sometimes 
formed because of the high density excitation of sam- 
ples. We recently found that some intermediates (0640 
and/or N,,,) are more fluorescent than bR568 [l l] and 
confirmed that fluorescence spectroscopy with low- 
power light (several mW/cm’) for fluorescence pumping 
could be applied to the kinetic studies of photocycles. 
Thus, we developed a highly sensitive time-resolved 
fluorimetry with 50-ns resolution time and clarified the 
kinetics of OBAO in the pH region between 4.0 and 11.4 
and also found an O-like fluorescent intermediate which 
was photochemically formed from NseO intermediate. 

2. MATERIALS AND METHODS 

The purple membrane of Hulobucrcri~trr~ /~ulobiurrt (ETI-001) was 
prepared by the conventional method [12]. The membrane suspension 
was light-adapted with a yellow light (~440 nm, 150-W xenon or 
100-W tungsten lamp) just before each measurement. 

The photocycle of bR was driven with a second harmonic (532 nm, 
5-ns FWHMI ofa O-switched Nd:YAG laser (Soectra Phvsics. DCR- 
3F). A cw H&Ne laser (633 nm, NEC. GLG‘Sj20) was ;Ised.for the 
continuous fluorescence excitation of tbc membrane suspension. The 
polarizations of the two lasers were adjusted parallel to each other. A 
sample cell (I x 1 x 4 cm3) was set in a tempraturc controlled holder. 
The sample was always stirred with a magnetic stirrer. The temporal 
change in the fluorescence intensity (xX0 nm) was detected with a 
photon-counting system with 50-11s resolution time (Hamamatsu Pho- 
tonics, C2550 Universal Photon Counter equipped with a R649 
photomultiplier). The scattering lights of lasers were eliminated with 
an 056 and two R66 sharp cut-off filters (Hoya). 
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Fig. 1. Effects of pl-I (A) and temperature (B) on the kinetics of the 
transient lluorcscence intensity (r660 nm) of the light-adapted purple 
membrane. The photocycle was driven with a 532.nm pulsed light 
(5.ns FWI-iM). Fluorescence excitation light source was a 633-nm cw 
He-Ne laser. (A) 22°C; [bRssa] = 3.9 x lo-” M; photocycle driver, 3.1 
mJ/d . ‘pulse, I.25 Hz; fluorescence probe, 7.5 mV/cm2. (B) pH 6.5; 
[bRSb,] = I .4 x IO-” M; photocyclc driver, I .5 mJ/cm? * pulse. 0.625 Hz; 

fluorescence probe, I .3 mW/cm2. 

3. RESULTS AND DISCUSSION 

3.1. Dynamics of the OtiJO itrterrnedirtte 
Curve 2 in Fig. 1 A shows the typical time dependence 

of the fluorescence intensity (>660 nm) at pH 6.5. A 
weak bleaching was observed just after drive of the 
photij’cycle and it was followed by a build-up and a 
decay of the fluorescence intensity change. The fluores- 
cent transient was attributed to the OtiO intermediate 
because of the following reasons: (1) O,, has an intense 
absorption band at the wav-elength of the fluorescence 
excitation laser (633 nm), but neither N500 nor M,,,3 has 
any band 131. (2) The measured time constants for the 
build-up and the decay of the transient fluorescence (T? 
= 4.0 & 0.6 ms and T, = 7.9 -I- 0.6 ms, respectively) are 
consistent with those of O,, (2-4 ms and 8 ms, respec- 
tively [13- IS]) measured by absorption spectroscopy. 
(3) Dependencies of both the pfi value and temperature 
on the formation yield of the fluorescent transient are 
also consistent with those of O,,, [3]. Fig. 1A and B 

show that the transient signal increases with the de- 
crease in the pH value from 4.0 to 11.4 and also in- 
creases with the increase in temperature from 2.3% to 
39OC, respectively. 

Thus, we could clearly observe the behavior of OWO 
with the newly developed time-resolved fluorometry 
even in alkaline suspension. O,, is stable (‘t, r 15 ms) 
at pH 4.0. The lifetime decreased with an increase in pH 
value. O,, has the shortest lifetime in the pH region 
between 8.4-9.3. The lifetime increases again in the pH 
region higher than 10.0. Measured time constants are 
given in Table 1. 

3.2. A Ned intert?tediare ‘Q’ under ufkaline conditions 
A small signal with a short decay constant (TJ ap- 

pears just after the excitation of the sample at pH 9.3 
(see curve 5 or 6). It precedes the formation of O,,. The 
signal grows with an increase in pH value. The origin 
of the newly found fluorescence is tentatively denoted 
as species ‘Q’, The lifetime of Q, 1.7 + 0.2 ms, was 
insensitive to the pH value. Q was Formed within 0.1 ms. 
The build-up process of Q was hidden by an intense 
emission with a very Fast decay time (TV = lo-30 ps) in 
the early stages (data not shown). The origin of the 
fastest component has not been clarified. 

No change in the absorption spectrum of the sample 
before and after the photolysis vyas seen. Q is not an 
irreversible photoproduct but an intermediate which is 
finally converted to bRsbs. This species has an absorp- 
tion band at 633 nm as well as O,, but exhibits different 
kinetics and pH dependence from those of O,,. It is 
attributed neither to LssD nor to N3w. Any intermediate 
with such a lifetime has not been reported in the primary 
photocycle of bR 561 at room temperature. 

Fig, 2A shows that the kinetics of the transient fluo- 
rescence of a dark-adapted sample at pH 11.4 (all meas- 
ured samples except this sample were measured after 
Full light adaptation). The signals of both Q and O,, are 
seen at the early stage of the measurement (see curve 1). 

Table I 

Effects of the pH value on the time constants for the decay (T,) and 
the formation (rz) of 0, intermediate at 22’C 

pH r,lms rims 

4.0 >I5 8.0 2 2.0 
6.5 7.9 ?I 0.6 4.0 ?z 0.6 
1.6 6.4 zt 0.4 2.8 -c 0.1 
8.4 5.3 f 0.5 2.4 2 0.1 
9.3 5.6 c 0.5 2.4 2 0.1 

10.0 !5 c_ 5 -3 
(I50 2 50)s 

11.4’ 9.6 2 0.8 J 

(>lOO)h 
- 

u Not determined. 
hLiTetime r’, longer than I, was measured. Its origin has not been 

clarified. 
c A dark-adapted sample was measured. 
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Fig. 2. Irradiation power effect on the formation and the decay of Q 
intcrmediatc at 22°C. (A) Dark-adapted purple membrane suspension 
at pH 1 I .4 was irradiated with a probe (633 nm, 7.5 mW/cm?) and a 
drive (532 nm, 3. I mJ/cm’ . pulse) lasers. Curve I, driver 2.5 Hz: stirrer 
ON; curve 2, driver IO Hz; stirrer ON; curve 3. driver IO Hz; stirrer 
OFF. These data were sequentially taken without any pauses. (B) 
Light-adapted purple membrane suspension at pH 6.5 was irradiated 
with a cw probe and a I .25-He drive laser. Curve 4, lasers were tightly 
focusscd (75 mW/cm’ and 24 mJ/cm’ + pulse) onto a sample (3.6 x 10ms 

M); curve 5, the same data as curve 2 in Fig. IA. 

The fraction of the former is enhanced with light-irradi- 
ation time and/or the repetition rate of the driver. The 
fluorescence intensity of Q is maximized when the es- 
cape rate of the irradiated molecules from the observed 
area is reduced (turn off the stirrer). Therefore Q is not 
attributed to a red-shifted intermediate 6ioC [16] which 
is formed from the 13-cis component (bR,,,) of the 
dark-adapted purple membrane. 

The present results show evidence for a photochemi- 
cal branching from an intermediate with a long lifetime, 
which is accumulated under the irradiation of bRSBB 
with a 633-nm cw light and is converted to Q with a 
532~nm pulsed light. We concluded that Q is derived 
from Nsao because of the following results: (1) the for- 
mation yield of Q increases with both the pH value (pH 
z+ 9.3: see Fig. 1 A) and the ionic strength (pH 8.4, [KC]] 
and/or [KHCOJ > 10 mM: data not shown) of the 
suspension. There is a common ground to the condi- 
tions for both the formation of Q and the accumulation 

ofho PI. (2) Q was found even in the almost neutral 
suspension (pH 6.5, without salt) when the sample was 
irradiated with an intense pulsed laser (see Fig. 2B) to 
increase the transient concentration of N5(10. 

We concluded that both the photocycle of bRsas and 
a photo-branching reaction from NS, are driven under 
cw visible-light irradiation and that the fraction of the 
secondary cycle affects the quantum yields for the pho- 
tocycle and the proton pump reported previously. These 
results, photoreaction of NshO and formation of a red- 
shifted intermediate, are supported by a recent nano- 
second-absorption spectroscopy study (Yamamoto, N., 
Ohtani, H. and Naramoto, S., unpublished results). 
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