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ABSTRACT The fluorescence emission kinetics at 740 nm of the retinylidene chromo-
phore of the purple membrane protein of Halobactenum halobiwn have been studied.
Using picosecond laser pulses and an optical Kerr gate, the fluorescence risetime is
found to be less than 8 ps and its lifetime is 40 i 5 ps at 90°K and is estimated to be
less than 3 ps at room temperature.

With the recent development of picosecond laser pulses, the primary energy conversion
processes in biological pigment systems can be studied on a picosecond time scale
(Busch et al., 1972; Siebert et al., 1973; Yu et al., 1975). An ultrafast optical Kerr gate
(Duguay and Hansen, 1969; Shimizu and Stoicheff, 1969) operated by a mode-locked
Nd:glass laser has permitted measurement of the fluorescence kinetics in photosyn-
thetic materials (Yu et al., 1975). In this paper, we use this technique to study the fate
of light energy absorbed by the chromophore of the purple membrane protein of Halo-
bacterium halobium. We report the first direct measurement of the fluorescence life-
time of the emission from the purple membrane protein. The lifetime was found to be
40 5 ps at 90 K and estimated to be 3 ps at room temperature.
The purple membrane of H. halobiwn contains a single protein, often referred to as

bacteriorhodopsin, to which retinal is bound via a protonated Schiff base. Therefore,
the bacterial pigment resembles the visual pigment rhodopsin spectroscopically (Lozier
et al., 1975) and perhaps photochemically (T. Rosenfeld, B. Honig, M. Ottolenghi,
and T. Ebrey, manuscript in preparation). Moreover, the purple membrane protein
has been shown to utilize light energy to move protons across the cell membrane
(Oesterhelt and Stoeckenius, 1973), and in this way it resembles photosynthetic sys-
tems. However, this protein seems to be an especially simple proton pumping system
in that it is the only protein involved between light absorption and proton transloca-
tion. The observation of the fluorescence from the purple membrane protein and the
characterization of its kinetics are of importance for understanding the electronic
structures and excited states not only of this pigment but also of rhodopsin.
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Recently, fluorescence has been observed from the chromophore of the purple mem-
brane protein (R. Govindjee, B. Becher, and T. Ebrey, manuscript in preparation;
Ebrey et al., 1976; Lewis et al., 1976). At room temperature, we find a broad emission
centered at about 710 nm, with a yield of about 2 x 10 -5; upon cooling, the yield
rises about 15-fold at 77'K. At 77°K the fluorescence consists of three fairly distinct
bands of approximately the same intensity at 680 nm, 710 nm, and 740 nm (Govindjee
et al., manuscript in preparation). The primary photoproduct formed upon irradiating
the purple membrane protein at liquid nitrogen temperatures is similar to the batho-
intermediate of rhodopsin formed at these temperatures and is usually called the batho
(or "K") intermediate of the bacterial pigment.

EXPERIMENTAL METHODS

The experimental apparatus to measure the fluorescence kinetics has been discussed in
detail elsewhere (Yu et al., 1975). It consists of a mode-locked Nd:glass laser, a potas-
sium dihydrogen phosphate crystal for the generation of the second harmonic, a A cm
sample cuvette, and a CS2 cell optical Kerr gate. Two laser beams of picosecond dura-
tion are used in the experiment-a 0.53 um beam with a 6 ps pulse width and a 1.06 Am
beam 8 ps wide. The 0.53 Am beam (photon flux 6 x 10 14 photon/cm2 per excitation
pulse, defocused to 3 mm diameter) activates the fluorescence in the sample cuvette.
Approximately 100 laser pulses each separated by 7 ns were used to excite the sample
on each laser shot. The 1.06 ,um beam times the gate by inducing a short-lived bire-
fringence in the CS2 cell which is situated between crossed polarizers in the fluorescence
path. The fluorescence can pass through the crossed polaroid configuration only dur-
ing the short time of the induced birefringence in the CS2 cell. The fluorescence is thus
sampled at different times simply by adjusting the pathlength of the 1.06 Am beam with
respect to the 0.53 Am beam. The zero point is defined at the coincidence in time and
space of the 0.53 Am and the 1.06 Am beams at the CS2 cell with water substituted for
the sample. The total fluorescence intensity, the fluorescent intensity at 740 nm at a
particular time delay, and the intensities of the 0.53 gm and 1.06 ,m beams were de-
tected and displayed on a four-channel analog to digital electronic integrator. A water
blank had no detectable signal.
The purple membrane samples were prepared by the method of Becher and Cassim

(1975). The membrane was suspended in water or water-glycerol (1:2). The optical
density of the sample at 0.53 Am was adjusted to 1.5. The chromophore concentration
was about 3 x 10-5 M. The light adapted form of the purple membrane (Xmax =
568 nm), prepared by briefly exposing the sample with light (Lozier et al., 1975) was
employed in these measurements.

Because our experiment uses a train of about 100 8-ps wide pulses, each separated by
7 ns, the possibility should be considered that the early pulses in the train might pro-
duce a new species which, when illuminated by later pulses in the train, is responsible
for the fluorescence we observe. This does not occur for the following reason. After
illumination at liquid nitrogen temperatures, only two species are present-the original
pigment and the bathointermediate, the latter having under all conditions a lower con-
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centration (Govindjee et al., manuscript in preparation). Any fluorescence must be
from one of these two species. In a separate experiment (Govindjee et al., manuscript
in preparation) we have determined that the fluorescence yield from the bathointer-
mediate is small, at least three times lower than that of the purple membrane. Thus,
the fluorescence we observe at liquid nitrogen temperatures is from the light adapted
form of the pigment itself. At room temperature, other means had to be employed to
determine the fluorescence lifetime since we could obtain only an upper limit for the life-
time by direct measurement. However, three different criteria suggest that the time
unresolved fluorescence we did measure was due to the pigment. First, at room
temperature, the lifetime we observe (less than 8 ps; see below) is consistent with that
calculated directly for the pigment at this temperature from other measurements (3 ps;
see below). Secondly, for several microseconds after excitation at room temperature
only the pigment itself and the low fluorescent bathointermediate are present (Kung
et al., 1975). Since the length of the total excitation train is less than 0.7 ass, it is
unlikely that early picosecond pulses in the train could excite any fluorescent species
other than the pigment. Finally, direct measurements of the fluorescence intensity ob-
tained from each pulse, monitored during the entire duration of the train, gave no indi-
cation of a rise in yield towards the end of the train, again suggesting that the fluores-
cence is not from a photoproduct created by the early pulses and excited by the later
ones.

RESULTS AND DISCUSSION

The relative fluorescent intensity of purple membrane at 740 nm is plotted as a function
of time in Fig. 1. Measurements were made at 90°K (Fig. 1 a) and at room temperature
(Fig. 1 b). The same scale is used for relative fluorescence in the figures. The following
salient points are displayed in the figure. The initial peak at both temperatures occurs
very close to time zero which indicates that the risetime of the fluorescence in the
sample is extremely rapid-less than 8 ps. The solid curve represents the decay en-
velope of the fluorescent state. At 90°K the lifetime of the fluorescence is 40 ± 5 ps
(Fig. 1 a). At room temperature, a decay time of 8 ps is obtained for the envelope,
which is approximately identical to the gate characteristic; therefore, this is the upper
limit of the fluorescent lifetime. An estimate of lifetime at room temperature (300°K)
was obtained from the ratio of the peak fluorescence intensity within the Kerr gate
width of 10 ps at t = 0 for 90°K and 300°K samples. The ratio was 3, which suggests a
lifetime of about 3 ps. This estimate is consistent with the ratio of the total fluorescence
intensity at 90°K and 300°K of about 15, since T30K = TW0K03K/+"OK I 2.6 ps.
Deconvolution from the prompt decay curve of CS2 gate is not warranted here since
the statistical variation of the data is rather large.
We calculated from the area of the 568 nm absorption band that the intrinsic radi-

ative lifetime of this transition, T0, is about 6 ns, and have measured the quantum
yield of fluorescence X to be -2 x 10-5 at room temperature. From our measure-
ments of T and X and the relation T = 4Tr, the intrinsic radiative lifetime, To, can be
calculated to be about 150 ns. This is 25 times larger than the value obtained from
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FIGURE I a Fluorescence intensity of the purple membrane protein at 740 nm and 90°K vs.
time. The effor bar is the standard deviation of the mean of six or more laser shots. The solid
curve is I = A exp ( -t/r) + B, where A = 95, B (noise background) = 3, and Tr = 40 pS.
FIGURE I b Fluorescence intensity of the purple membrane protein at 740 nm and room tempera-
ture vs. time. The effor bar is the standard deviation of the mean of six or more laser shots.
T'he solid curve is I = A exp (-t/T) + B, where A = 35, B (noise background) = 3, and -r = 9 ps.

absorption spectrum. A similar discrepancy has been observed in other polyenes
(Hudson and Kohler, 1974). The long radiative lifetime of the purple membrane
(150 ns) may indicate that the emission is from a forbidden state buried under the
568 nm band, perhaps the 'A -, which has been proposed to exist in many polyenes

T L 19~~

(Hudson and Kohler, 1974). Neporent (1973) has suggested an alternative explanation
of the seemingly anomolous radiative lifetimes of polyenes in terms of his four-level
scheme.
The observed fluorescence lifetime is quite unusual because it is so short, 40 ps at

90°K and extrapolated to be 3 ps at room temperature. This rapid decay of the excited
state of the chromophore in the purple membrane protein must be due to a nonradi-
ative process-the primary photochemistry, probably isomerization (Rosenfeld et al.,
manuscript in preparation) and/or radiationless deexcitation. Therefore, the 3 ps
lifetime at room temperature may be the time constant for the appearance of the
bathointermediate of the purple membrane. In the case of the visual pigment rhodop-
sin, a time constant of less than 6 ps has been reported for the formation of batho-
rhodopsin (Busch et al., 1973).
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Note Added in Proof: The proteins comprising the purple membrane are organized into trimers;
the three chromophores are close enough to each other to give rise to an exciton interaction (Becher and
Ebrey, Biochem. Biophys. Res. Commun., in press). To test whether this exciton interaction could affect the
lifetime, noninteracting purple membrane protein monomers were prepared in two different ways (see
Becher and Ebrey); the resulting fluorescent lifetimes of these preparations were unchanged from that of
the intact membrane trimers.
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