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SUMMARY

The fluorescence decay times for the species Anacystis nidulans and
Cheonella pyrenoidosa are measured by means of a streak camera to be 75 =
10 and 41 £ 5 psec, respectively. Concentrated solutions of chlorophyll a
are shown to have fluorescence decay times as short as 10 psec. Fluorescence
decay curves similar to that of the living cells can be generated by mixing
cellular component molecules at comparable concentrations to that present
in Tiving cells.
INTRODUCTION

Because pigment molecules present in the photosynthetic apparatus have
fluorescence decay times in the nanosecond and subnanosecond range, it
has been difficult, until recently, to obtain accurate measurements of their
fluorescence lifetimes. Such measurements are valuable for understanding
the energy transfer mechanisms in a cell. With the advent of the modelocked
laser and picosecond time measurement techniques, such as the optical gate 1)
and the streak camera {(2,3), it is now possible to accurately measure photo-
synthetic 1ifetimes (4). Optical gate measurements (4-6) for escarole and
spinach chloroplasts indicate a possible complex decay mechanism. In this

paper we report 1ifetime measurements for the photosynthetic systems, Anacystis

nidulans and Chlorella pyrenoidosa obtained with a streak camera. The

fiuorescence decay curves for these species are smooth monotonically decreas-
ing functions with time. We have found that similar decay curves can be
produced by mixing the component pigment species at about the same concentra-

tions and in the same proportions as present in the living cell. Concentration

*Work performed under the auspices of the U. S. Energy Research and Development
Administration.
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quenching is responsible for the production of the short 1ifetimes observed.

MATERIALS AND METHODS

The experimental arrangement is as follows: A modelocked Nd:glass laser
emits picosecond pulses at 1060 nm. These pulses are converted by a KDP
crystal into second harmonic pulses at 530 nm. These 5-psec green pulses
excite the sample, and the fluorescence at wavelengths greater than 640 nm
is collected onto the s1it of a streak camera. A streak camera (2,3) operates
in the following way: Light from an event enters a slit and is focused onto
a photocathode, where electrons are released. The electrons are accelerated
through an anode and are then deflected by a voltage ramp which is actuated
to trigger by a voltage pulse derived from a picosecond pulse incident on a
photodiode. The increasing voltage in the ramp streaks the electrons across
a phosphorescent screen so that the electrons released at different times
strike the screen at different positions. A photograph of the resulting
phosphorescent streak then gives a measure of the lifetime of the event.

Our streak camera is a homemade Los Alamos Scientific Laboratory device with
an S-20 photocathode and a resolution time of less than 10 psec. A portion of
the beam is directed to a photodiode and the streak camera is timed by delay
cables to sweep when a single pulse from the modelocked laser excites the
material. Streak camera photographs of the fluorescence produced by the
single pulse are taken on Eastman Kodak #2484 film. The streak camera and
film exposure responses are carefully calibrated with step density wedges

and a light source.

The samples were prepared in the following way: Chlfonella pyrenoidosa (7)
{Sorokin's high temperature strain ICC No. 1230) and Anacystis nidulans (8)
(Kratz and Allen strain ICC No. 625) were grown in spinner flask culture
(500 cm® volume) at 37°C and 39°C, respectively. Carbon dioxide gas was
automatically added to the cultures to maintain the pH and to provide the
carbon source. Lighting was by natural outdoor fluorescent and incandescent
lamps, giving 10,000 Tux at the flask surface. For these studies, the cells
were harvested while in exponential growth phase, cooled to 4°C, and centri-
fuged from the growth medium. The cells were resuspended in sterile physiolog-
jcal saline to about 10 cells per cm?.

Cell suspensions of nonliving Chlorella pyrenodidosa and Anacysiis nidulans
were prepared from cells harvested during exponential growth, washed with
physiological saline (5°C), and then lyophilized. The dried lyophilized cells
were suspended in saline and diluted to 30 mg (1yophilized weight) per cm®.

Chlorophyll a was obtained in pure form from Chlorella pyrenoidosa by
a large-scale modification of that previously described (9,10). The dried
chlorophylls (11) were stored in the dark under vacuum at -20°C. Oxygen-free
chloroform was used to prepare the homogeneous chlorophyll solutions in the
desired concentrations; these were kept in the dark (N, atmosphere) during
preparation and use to minimize the possibility of intgrference from degrada-
tive products.

A crude fraction of lipids and pigments was obtained from lyophilized
Anacystis nidulans by extraction in a nitrogen atmosphere. The cells were
washed three times with oxygen-free absolute ethanol and twice each with
oxygen-free absolute ethanol-chloroform (9:1 v/v) and benzene. The extracts
were pooled, concentrated to dryness under reduced pressure, and taken up in
a minimum amount of oxygen-free ether. The ether-insoluble material was
removed by centrifugation and the extract concentrated to dryness and left
under vacuum for 12 h to ensure complete solvent removal. The 1ipid-pigment
fraction accounted for 13 percent of the dry weight of cells.

The crude 1ipid-pigment extract was dissolved in oxygen-free chloroform
to make a final concentration of 1 M for chlorophyll a (12,13). The natural
ratios of carotenes, xanthophylls, and 1ipids were present in solution.
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Figure 1: Densitometer traces of streak photographs showing fluorescent
lifetimes of Tiving (Fig. la) and lyophilized (Fig. 1b) samples of
Anacystis nidufans. The samples were excited with 5-psec 530-nm light
pulses. Fig. lc shows the fluorescence of a mixture of carotenes,
xanthophylls and lipids as described in the text.

RESULTS

Experimental results showing the fluorescence as a function of time from
several samples are shown in Fig. 1. Each curve is a densitometer trace
obtained from streak camera photographs. Careful calibration shows that the
curves cannot be fit by a simple exponential decay, but are very nearly of
the same form as predicted by Férster (14,15). As determined from calibration,

the fluorescence from Anacystis nidufans shown in Fig. 1a rises in less than
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10 psec and then decays (i.e., time from peak to e']

point) in 75 + 10 psec.
Nearly identical results are obtained from the lyophilized Anacystis as shown

in Fig. 1b. In Fig. 1c a decay curve is shown for the pigment mixture described
in the experimental section. The similarity to the Anacystis curves is evident.
Decay curves for living Chlonrella pyrenoidosa samples yielded a 1ifetime of

41 + 5 psec. Preliminary results, based on only two photos, indicate that
lyophilized Chlonella pynrenoidosa samples had a comparable lifetime (80 * 30
psec). The measurements were also made with a cross polaroid placed after

the Anacystis sample with the electric field of the incident exciting radiation

perpendicular to the polaroid. Under these conditions the decay curve had the

same shape and the fluorescence was depolarized immediately (= 10 psec).

Experimental results showing the dependence of the 1ifetime on concentra-

tion is shown for chlorophyll a in a chloroform solution in Fig. 2. The
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Figure 2: Densitometer traces of streak photographs of chiorophyll a in
chloroform showing strong dependence of fluorescent lifetime with
concentration. Figs. 2a and 2b show, respectively, concentrations of
0.016 and 0.1 Molar.
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fluorescence lifetime dramatically changes from 275 + 50 psec at 0.016 M
concentration to 12 =+ 5 psec at 0.1 M. The Tifetime is 685 * 145 psec at
0.002 M.

DISCUSSION

To explain our results, we note that the high concentration solutions
of chlorophyll a resulted in short lifetimes. A quantum mechanical basis for
this type of concentration quenching was formulated by FGrster who treated
nonradiative energy transfer in chlorophyll (14,15). Such quenching, as
measured by the decrease in quantum efficiency, has been measured (16,17)
for chlorophyll a and chlorophyll b. Concentration quenching is the result
of resonant transfer of energy between molecules which takes place through a
dipole-dipole interaction. A strong dependence with concentration results
because the dipole-dipole transfer rate is proportional to 1/r® where r is
the spacing between the molecules. For chlorophyll a it can be shown that the
nonradiative transfer rate dominates over the radiative rate when the spacing
between molecules is less than about 60 R. At such high concentrations the
spacing between molecules goes inversely as the cube root of the concentration,
so a change of concentration of a factor of 6 leads to a decrease in lifetime
by a factor of 36. This accounts, within experimental accuracy, for the drop
of the lifetime from 275 psec to ~ 10 psec in chlorophyll a as the concentra-
tion was increased by about 6.

To give a simple explanation of the order of magnitude of the decay time
for the fluorescence from Anacystis nidulans and Chlorella pyrenoidosa, we
need only note that chlorophyll a is present in cells in about 0.1 M
concentration (18). Therefore because of the rapid nonradiative transfer,
the 1ifetime would be expected to be short in both the living and lyophilized
cells. Further support for this view is found from depolarization measure-
ments made with the streak camera for Anacystis nidulans. These measurements

indicate that the fluorescence is depolarized from the earliest (= 10 psec)
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moments of emission showing that numerous transfers between molecules have
taken place.

Previous measurements (19-26) on photosynthetic systems, with the
exception of the optical gate measurements (4-6), have indicated longer
1ifetimes than we report in this paper. We believe that the improvement in
technique is responsible for the high resolution we obtain. Our results,
which are consistent with the high concentrations known to be present in cells,
support a Forster energy migration model for photosynthesis (27).

We thank J. Hanners, R. C. Hyer, and H. D. Sutphin for experimental

assistance.

REFERENCES

—_—
.

Duguay, M. A., and Hansen, J. W., (1969) Opt. Commun. 1, 254-256.

2. Bradley, D. J., Liddy, B., and Sleat, W. E., (1971) Opt. Commun. 2,
391-395.

3. Schelev, M. Ya., Richardson, M. C., and Alcock, A. J. (1971) Appl.
Phys. Letters 18, 354-357.

4. Seibert, M., Alfano, R. R., and Shapiro, S. L. (1973) Biochim. Biophys.

Acta 292, 493-495.

Seibert, M., and Alfano, R. R., (1974) Biophys. J. 14, 269-281.

Alfano, R. R., et al., (1974) Biochim. Biophys. Acta (in press).

Kollman, V. H., Buchholz, J. R., Adams, W. H., Christenson, C. W., and

Fowler, E. B., (1972) Los Alamos Scientific Laboratory Report LA-4902.

Kratz, W. A., and Myers, J., (1955) Amer. J. Bot. 42, 282-287.

Strouse, C. E., Kollman, V. H., and Matwiyoff, N. A., (1972) Biochim.

Biophys. Res. Comm. 46, 328-331.

10. Strain, H. H. and Svec, W. A., (1966) in The Chlorophylls (L. P. Vernon
and G. R. Seely, ed), Chapter 2, pp. 21-66, Academic Press, New York.

11. Pennington, F. C., Strain, H. H., Svec, W. A., and Katz, J. J., (1964),
J. Am. Chem. Soc. 86, 1418-1426.

12. Kirayama, 0., (1967) J. Biochem. (Tokyo) 61(2), 179-185.

13. Annual Report of the Biomedical and Environmental Research Program of
the LASL Health Division, January through December 1974, Los Alamos
Scientific Laboratory, (in press).

14. Forster, T., (1948) Ann. Physik 2, 55-75.

15. Férster, T., (1947) Z. Naturforshg. 2b, 174-182.

16. Watson, W. F., and Livingston, R., (1950) J. Chem. Phys. 18, 802-809.

17. Kelly, A. R., and Porter, G., (1970) Proc. Roy. Soc. Lond. A. 315,
149-161.

18. Boardman, N. K. (1968) in Advances in Enzymology (Nord, F. F., ed),
Vol. 30, pp. 1-79, Interscience Publishers, New York.

19. Rubin, A. B., and Osnitskaya, L. K., (1963) Mikrobiologiya 32, 200-203.

20. Butler, W. L., and Norris, K. H., (1963) Biochim. Biophys. Acta 66, 72-77.

21. Murty, N. R., and Rabinowitch, E., (1965) Biophys. J. 5, 655-661.

22. Nicholson, W. J., and Fortoul, J. I., (1967) Biochim. Biophys. Acta 143,

587-592.

~N oy
. e .

[Ye ool
. .

922



Vol. 63, No. 4, 1975 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

23.
24.

25.
26.

27.

Merkelo, H., Hartman, S. R., Mar, T., Singhal, G. S., and Govindjee,
(1969) Science 164, 301-302.

Muller, A., Lumry, R., and Walker, M. S., (1969) Photochem. and Photobiol.
9, 113-126.

Singhal, G. S., and Rabinowitch, E., (1969) Biophys. J. 9, 586-591.

Mar, T., Govindjee, Singhal, G. S., and Merkelo, H., (1972) Biophys. J.
12, 797-808.

Bay, Z., and Pearlstein, R. M., (1963) Proc. Nat'l. Acad. Sci (USA) 50,
1071-1078.

923



