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Sophisticaled measurements were made on the nanosecond time-resolved absorbance change of the purple membrane of Halobacteriunt halobium

uander cw background light irradiation (440-800 nm, 11-441 mW/em?). A red-shifted transient species Ryq (Kn, Q) was found in alkaline conditions

(pH > 9.3). Background light intensity effect shows that (i) Ry is photochemically formed from Ny, intermediate which is accumulaied under

background light irradiation because of the elongated lifetime in alkaline suspension, and that (ii) the slow decaying M. is not photochemically
formed from Ny but from bR g,

Bacteriorhodopsin; Purple membrane in alkaline suspension; Secondary photoeycle; Nay; Rygo

1. INTRODUCTION

The purple membrane of Halobacterium halobium
contains a chromoprotein bacteriorhodopsin (bRgs).
On absorbing a photon, a bRy molecule under-
goes a photochemical cycle via several intermediates:
bR wK~»L—-2M—-a>N—->0-bR; [1,2]. The bR e mol-
ecule exhibits proton pumping activity in a broad pH
range (3-12 [2]). The efficiency of proton pumping com-
plicatedly depends on salt concentration [3) and pH
value [4]. These behaviors have not been derived from
the simple Lozier’s scheme (2].

Photochemical reactions of bR have recently been
interpreted with multiple cycles [5-7] and/or back reac-
tions [8-11). Furthermore, photo-branching reactions
have been proporsed: photoreaction of an intermediate
with a long lifetime such as Nyg, accumulated under cw
visible light irradiation. Kouyama et al. [12] suggested
that the slow-decaying M,,, (M? is a photoproduct of
Njq. Balashov et al. [13] and Varé and Lanyi [9] re-
ported the formation of a red-shifted photoproduct
(Kn) of Njs. Recently Ohtani et al. [14] have found a
fluorescent intermediaie Q and attributed it to a pho-
toproduct of Nig.

In this work, a secondary photocycle initiated from
Nsgo in alkaline purple membrane was studied with the
aid of the time-resolved absorption spectroscopy. We
found that (i) N is photochemically converted to an
O-like red-shifted intermediate R, which is similar to
Ky. (ii) The effect of pH value on the behavior of R
was same as that of Q measured by fluorometry [14].
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Thus we show evidence for the photoreaction of an
intermediate Ny at room temperature. We furthermore
clarified that M® should not be located in the photocycle
of Nse but in that of bR sgs.

2. MATERIALS AND METHODS

The culture of K. halobiun (ET1-001) and the isolation of the purple
membrane were performed as described by Oesterhelt and Stoeckenius
[15]. The isolated membrane was suspended in distilled water and the
pH value was adjusted with NaOH solution. Chromoprotein concen-
trations were 915 M. The saumple suspensions were exposed 10 a ¢w
yellow light (440-800 nm, 150-W Xe lamp) just before each experi-
ment. All experiments were carried out at rcom temperature (20.7-
25.8°C). Absorption spectra of samples were measured with a spectro-
photometer (Shimadzu, UV-3000) before and afler the photolysis ex-
perirment.

A nanosecond absorption spectroscony was performed with a con-
ventional system (Applied Photophysics). Photolysis of the sample
was accomplished with a 532.-nm pulsed light (5-ns FWHM, 0.33 mJ,
5 Hz) obtained from a Nd:YAG laser (Spectra Physics, DCR3F). A
probe light was detected with a photomuitiplier (Hamamatsu Photon-
ics, R3825) coupled with a grating monochromator (1200 grooves/
mm). A cw Xe lamp was used as a background light source (11-441
mW/em?) which controlled the siationary fraction of photointermedi-
ales in the sample suspension. Here the intensity was adjusted with
neutral density glass filters (HOYA). For the detection of the slight
intensity change in the probe light, 512-2048 output signals from a
photomultiplier were stored and averaged with a digital oscilloscope
(Texironics, 11401). The data were transferred 1o a personal computer
for the further analysis.

3. RESULTS AND DISCUSSION

3.1. Formation of a new red-shifted transient species Rgqgg

N;q intermediate with a long lifetime [12] was accu-
mulated when the alkaline purple membrane suspension
(pH 11.1) was irradiated with a cw background light
(390-800 nm, 350 mW/cm?). As shown in Fig. 1, the
time-resolved difference absorption spectrum was ob-
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Fig. 1. Time-resolved difference absorption spectrum following the
532-nim pulsed excitation of the purple membrane suspension (11 4M,
25.1°C) in the photo-stationary state at pH 11.1 under irradiation of
cw background light (390-800 nm, 350 mW/cm?). Here, transmitted
background light was used for the probe light. Delay times are 0.5 ms
(curve 1), 8.8 ms (curve 2), and 40.3 ms (curve 3).

tained after the 532-nm pulsed excitation of this samplie
suspension in the photo-stationary state. Curves 1, 2,
and 3 stand for the spectra at delay times of 0.5 ms, 8.8
ms, and 40.3 ms, respectively. Negative absorbance
change around 570 nm was due to the disappearances
of both bR.g; and Njg. Positive absorbance change in
the blue region (< 460 nm) was attributed to the forma-
tion of M,,,. Another positive absorbance change in the
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Fig. 2. Effect of pH on the transient absorbance change monitored at
660 nm. (A) Experimental condition was described in the caption of
Fig. 1. (B) pH 10.1, (C) pH 9.2, (D) pH 7.9. (E) pH 7.9, 0.83 M KC|,
(F) pH 7.5, 0.83 M KCL. Two cw xenon lamps with appropriuate glass
filters were used for the background light (390-800 nm, 430 mW/cm?)
and probe light sources (11 mW/em?®) for Fig. 2B-F. [protein) = 12
MM,
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Fig. 3. Effect of cw light intensity on the yield of Ry, at pH 10.9. The
pewers of the background light (440-800 nm) were 430 mW/em®
(curve 1), 211 mW/em? (curve 2), 105 mW/em? (curve 3), 31.5 mW/iem?
(curve 4), and 0 (curve 5). The power of the probe light was i
mW/em?, The average power of the 532-nm pulsed light (0.33 mJ)/
pulse, 5 Hz) was 2.76 mW/cm?, [protein] = 14.5 M. T = 22.7°C.

red region (> 620 num) was observed at 0.5-ms delay
time (curve 1). The maximum of this band was located
at 660 nm, so we hereafter denoted the red-shifted spe-
cies as Ry, Fig. 2A shows that R, is formed just after
the pulsed excitation (< 0.5 ms) and that it decays with
a time constant of 1.5 + 0.5 ms.

Fig. 2B--D shows the pH effect on the kinetics of the
transient absorbance change. The lifetime of Ry at pH
10.1 (Fig. 2B) was identical with that measured at pH
11.1 (Fig. 2A). Its lifetime was insensitive to pH value
and only the formation efficiency of R4 decreased with
pH value. Rg, was not observed in neutral or weak
alkaline suspension (< pH 9.3). Another species ap-
peared with a time-lag of a few milliseconds (see Fig.
2C). This species should be attributed to Q. intermedi-
ate. Fig. 2C clearly shows that R is a different species
from QOgyo.

The vield of Ry was not only enhanced by alkaliza-
tion but also by adding salts. It was clearly observed at
pH 7.9 and even at pH 7.5 when KClI concentration was
set at 0.83 M (see Fig. 2E,F). These behaviors of Rgsg
were in good agreement with those of Q measured by
time-resolved flucrometry [14].

3.2. Effect of cw background light intensity

The vield of R depended on cw light intensity as
shown in Fig. 3. The temporal absorbance change at
630 nm was composed of the fast decay of R, (within
4 ms) and the slow recovery of bR 5;5 from Nsg, (> 5 ms).
The amplitude of the fast component increased with the
intensity of the cw light (see curves 1-4). The slow re-
covery process was dominant when the light intensity
was weak (curve 5). Here, a fast recovery in the 0-8 ms
region was attributed to the formation of MNj, from
M,,2. Their quantitative relation is given in Fig. 4. Nig
has a long enough lifetime to be accumulated under
background light irradiation in alkaline and/or high
ionic suspension [12]. The amount of Ny, (—4A%%,) in the
photo-stationary state is given by solid squares. The
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Fiz. 4. Effect of cw light on the yields of N in the photo-stationary
state JAASY| and transients, Ny, Ry and M., formed with a pulsed-
light ¢xcitation of the stationary state 4A™™ at pH 10.9. Solid and
open squares denole the yield of N, monitored at 570 nm formed by
cw and pulsed lights, respectively. Solid triangles denote the yield of
Rego at 0.3-ms delay time (magnified by 10). Open and open-dot circles
denotz the yields of the initially formed M,,, and its slow component
(M?*), respectively, monitored at 410 nm. The summation of the probe
light power (11 mW/cm?) and additional background light power is
given in the figure. The average power of 532-nm pulsed light (0.33
mi/pulse, 5 Hz) was 2,76 mW/cm?, [protein] = 14.5 ¢M. T = 22.7°C,

yield of Re (solid triangles) formed with a pulsed light
was well correlated with the concentration of N in the
photo-stationary state. Nsg efficiently absorbs 532-nm
light. So we concluded that Reg was photochemically
formed from Nj, intermediate in the photocycle of
bR 5.

The effects of cw background light, pH value, and salt
concentration on the behavior of Ry were quite similar
to those of an Ogy-like fluorescent intermediate Q re-
ported previously [14]. Its spectroscopic property was
similar to that of K found at low temperatures {13].
Therefore we conclvded that Rg Q and Ky are the
same species.

3.3, Two Photocycles in alkaline suspension

Fig. 4 shows that the yield of Rgy was in proportion
to the amount of the accumulated N;g in the photo-
stationary state. On the other hand the yield of initially
formed M,,,» decreased with the increase in the cw light
intensity. The fraction of bR under background light
irradiation evidently decreased. These results show that
there are at least two cycles in alkaline suspension: one
is an ordinary cycle of bRsg and the other is that of N
via Rggp.

Two kinds of M,,, have been known [16,17]: M' (a
fast decaying M) and M® (a slow decaying M)
Kouyama et al. [12] reported that M* was a photopro-~
duct of Ny in alkaline and high ionic strength suspen-
sions, but their results are inconsistent with our present
results. If M® is a photoproduct of Nsg, the concentra-
tion of M* formed by a pulsed laser should increase with
that of Ny in the photo-stationary state, Fig. 4, how-
ever, shows the opposite results. M® is not a photopro-
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duct of Njg. Here it should be noted that the amount
of M® is in proportion to those of both the initially
formed M,, and N, formed pulsed light. The results
suggest that M®* and M’ do not exist in the different
photocycles but rather in the cycle of bRsgs. The follow-
ing two photocyeles are driven in alkaline suspension.

v
bRsr)sh:" M, &= Ny —> bRy n
Nisgo ~* Rgog —> brygs 2

R0 finally goes back to bR;q- We, however, have not
clarified whether R, directly relaxes to bRsg or not.
The secondary cycle should be considered in the quanti-
tative measurements of quantum yields and reaction
rates. The absorption of the second photon by N
causes an internal filier effect and the enhancement of
the recovery rate of bR from Nyg.

Acknowledgements: The authors express their sincere thanks to Prof.
Masamichi Fujihira, Tokyo Institute of Technology (T.I.T.), for his
encouragement throughout this work and fruitful discussions. The
authors thank D, Tsuiomu Kouyama, Institute of Physical and
Chamical Research, for his helpful discussions. The authors thank
Prof. Ichiro Ohkura, T.1.T., for his kindness in permitting them to use
laser photolysis apparatus. The authors also thank Mr. Yasuhisa
Tsukamoto, T.L.T., for his help with the preparation of purple mem-
brane. This work was supported in part by Grants-in-Aid-for Scien-
tific Research (C) (01580261 and 03680227) to H.O. from the Ministry
of Education, Science, and Culture.

REFERENCES

{11 Kung, M.C., Devault, D., Hess, B. and Oesterhell, D. (1975)
Biophys. J. 15, 907-911.
(2] Lozier, R.H., Bogomolni, R.A. and Stoeckenius, W. (1975) Bio-
phys. J. 15, 955-962.
{3] Govindjee, R., Ebrey, T.G. and Crofls, A.R. (1980) Biophys. J.
30, 231-242.
{4] Li, Q.-Q., Govindjee, R. and Ebrey, T.G. (1984) Proc. Natl.
Acad. Sci. USA 81, 7079-7082.
[5] Dancshazy, Zs., Govindjee, R. and Ebrey, T.G. (1988) Proc.
Natil, Acad. Sci. USA 85, 6358-6361.
[6] Birge, R.R., Cooper, T.M., Lawrence, A.F., Masthay, M.B.,
Yasiliakis, C., Zhang, C.-F. and Zidovetzky, R. (1989) J. Am.
Chem. Soc. 111, 4063-4074.
[7]1 Bitting, H. and El-Sayed, M.A. (1990) Photochem. Photobiol. 51,
593598,
[8] Chernavskii, D.S., Chizhov, 1.V., Lozier, R.H., Murina, T.M.
Prokhorov, A.M. and Zubov, B.V, (1989) Pholochem. Photobiol.
49, 649-653.
[9] Varé, G. and Lanyi, 3.K. (1990) Biochemistry 29, 2241-2250.
{10] Varo, G. and Lanyi, J.K. (1991) Biochemistry 30, 5016-5022.
[11] Lozier, R.H., Xie, A., Hofrichter, J. and Clore, G.M. (1992) Proc.
Natl. Acad. Sci. USA 89, 3610-3614.

[12] Kouyama, T., Kouyama, A.N., Ikegami, A., Mathew, M.K. and
Stoeckenius, W. (1988) Biochemistiry 27, 5855-5863.

[13) Balashov, S.P., Imasheva, E.S., Litvin, F.FF. and Lozier, RH.
FEBS Letl, 271, 93-96.

[14] Qhtani, H., Itoh, H. and Shinmura, T. (1992) FEBS. Lett. 305
6-8.

[15] Qesterhelt, D. and Stoeckenius, W. (1973) Methods Enzymel. 31,
667-678.

[16] Slifkin. M.A. and Caplan. 5.R. (1975) Nature 253, 56-38.

{17] Lozier, R.H., Niederberger, W., Bogomolni, R.A., Hwang, 5.
and Stoeckenius, W. (1976) Biochim. Biophys. Acta 440, 545-
559.

347





