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Fluorescence of the Subchloroplast Particles Obtained by the

Action of Triton X-100*

Bacon Ke and L. P. Vernon

ABSTRACT: The fluorescence spectra of a heavy and light
particle obtained by fractionating spinach chloroplasts
with Triton X-100 were examined at room and liquid-
nitrogen temperatures. The fluorescence spectrum of the
heavy particles at room temperature had a main peak at
682.5 nm. The fluorescence yield was strongly enhanced
at —196°, and the spectrum developed two major peaks
at 696 and 685 nm and a weaker broad band centered
at 730 nm. The fluorescence was largely quenched by
such electron acceptors as ferricyanide ion, 2,6-dichloro-
phenolindophenol, and ferricytochrome ¢. The fluores-
cence of the light particles was very weak at room tem-
perature; the maximum was at 680 nm. The fluores-
cence was enhanced at —196°; one peak was at 678

’I:e fluorescence properties of chloroplasts have long
been used as a means for investigating energy transfer by
the chlorophyll molecules in photosynthesis. Until re-
cently, it has generally been assumed that a single form
of chlorophyll a is responsible for the fluorescence in
green plant chloroplasts. Along with the development
of the concept of two pigment systems in plant photo-
synthesis, differences attributable to the two pigment
systems have become increasingly noticeable also in the
fluorescence spectra. Such differences in the fluorescence
spectra were detected earlier in the blue-green (Bergeron,
1963; Kok, 1963) and red (Krey and Govindjee, 1964)
algae, where the separation of the two pigment systems
can easily be achieved experimentally. Evidence for the
presence of different fluorescent species belonging to the
two pigment systems of green plant chloroplasts was
also reported recently (Govindjee and Yang, 1966).
Boardman and Anderson (1964) first demonstrated
that the detergent digitonin fractionates spinach chloro-
plasts into subparticles which have properties resembling
the two pigment systems., Recently Boardman er al.
(1966) and Kok and Rurainski (1966) have also found
differences in the fluorescence emission spectra of the
particles. Since the subchloroplast particles obtained by
Triton treatment also have properties characteristic of
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nm and a relatively stronger new peak appeared at 726
nm. The fluorescence was quenched more by such elec-
tron acceptors as 2,6-dichlorophenolindophenol and
ferricytochrome ¢ than by such mixtures as (ascorbate
plus phenazine methosulfate) or (ascorbate plus di-
chlorophenolindophenol plus nicotinamide-adenine di-
nucleotide phosphate plus ferredoxin plus nicotinamide—
adenine dinucleotide phosphate reductase plus plasto-
cyanin) which are known to bring about reactions in-
volving P700 turnover. The fluorescence properties and
the known photochemical properties of these particles
indicate the 725- and 694-nm fluorescent peaks probably
originated from the chlorophylls associated with pig-
ment systems 1 and 2, respectively, of the chloroplasts.

the two pigment systems (Vernon et al., 1966), an in-
vestigation of the fluorescence spectra of these particles
not only serves to further compare the properties of
the subparticles obtained by different detergents, but
may also furnish additional information on the nature
and origin of the different fluorescence emissions.

Experimental Section

Fluorescence emission and excitation spectra were
measured with a Cary (Model 56-231) three-port illu-
minator attached to the Cary Model 14R spectropho-
tometer, as shown schematically in Figure 1. The Cary
monochromator was used to resolve the fluorescence
spectrum. The light from a Bausch and Lomb 500-mm
grating monochromator was used for excitation. For
fluorescence measurements, the chopper in the illu-
minator was synchronized with that in the main spectro-
photometer, so that fluorescence was detected during
the same cycle the sample was illuminated. An EMI
9558 photomultiplier was installed in the usual light-
source position at the back of the spectrophotometer.
The output of the photomultiplier was fed through the
electronics of the Cary spectrophotometer and recorded
as a function of wavelength. The wavelength drive of the
excitation monochromator was geared to the chart drive
of the main spectrophotometer so that excitation spectra
could also be recorded as a function of the excitation
wavelength.

The three-port illuminator was operated in a double-
beam mode. The reference signal was generated from an
auxiliary photomultiplier (RCA 1P28) with a quantum
counter consisting of Rhodamine B solution (Melhuish,
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FIGURE 1: Schematic drawing of the three-port illum-
inator used in conjunction with the Cary Model 14R
spectrophotometer for measuring fluorescence emission
and excitation spectra. During operation the light
chopper (LC) in the illuminator is synchronous with
the light chopper in the spectrophotometer. Mono-
chromatic light (\.x,) from a Bausch and Lomb 500-mm
grating monochromator was used for exciting the
fluorescence. See text for detailed description of the
short-path-length cuvet (C). For low-temperature
measurements, the cuvet was cooled inside the dewar
(D). M represents the chopper motor, m the front-
surface mirrors, QC the quantum counter, PM an
RCA 1P28 photomultiplier, and F the cutoff filter for
isolating the Rhodamine B fluorescence.

1962). Since the quantum efficiency of Rhodamine B
fluorescence has been shown to be independent of the
excitation wavelength, this arrangement allows the true
excitation spectra to be recorded (Weber and Teale,
1958). All fluorescence spectra shown in this paper are
tracings of the original recordings, and were not cor-
rected for the efficiency of the Cary monochromator or
the response of the photomultiplier.

Room and liquid-nitrogen temperature fluorescence
spectra were both measured in a metal cold-finger cuvet
with a path length of 1 mm. The cuvet path length was
formed by a microscope glass slide mounted to the
metal wall with a rubber O ring. The polished metal back
wall of the cuvet serves to increase the light-gathering
efficiency. The cuvet was oriented 45° with respect to the
excitation beam and the entrance slit of the Cary mono-
chromator, as shown in Figure 1. For low-temperature
measurements, the cuvet was cooled with liquid nitrogen
inside the glass dewar.

The procedure for fractionating the chloroplasts into
subparticles with Triton was described previously
(Vernon er al., 1966). Chemicals and cofactors used in
this work are the same as those described in the pre-
ceding paper (Vernon er al., 1967). For fluorescence
measurements, the concentration of the suspension in
the 1-mm cuvet was adjusted to give an optical density
of 0.1 at the red absorption maximum. Unless otherwise
mentioned, all fluorescence spectra were excited with a
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FIGURE 2: Fluorescence spectra of whole chloroplasts
(spinach) at room (RT) and liquid-nitrogen (LNT)
temperatures. The dashed spectrum was taken at
liquid-nitrogen temperature in the presence of 0.1
mm DPIP,

5-nm wide excitation beam at a wavelength centered at
the blue absorption maximum (437 nm). A constant slit
width of 1.0 mm was used on the Cary monochromator.

Results

Fluorescence of Whole Chloroplasts at Room and
Liquid-Nitrogen Temperatures. For comparison pur-
poses, the fluorescence spectra at room and liquid-nitro-
gen temperatures for whole chloroplasts of spinach are
shown in Figure 2. At room temperature, the fluores-
cence spectrum had a major band with the maximum
at 682.5 nm. At liquid-nitrogen temperature, the fluo-
rescence yield increased severalfold, the major-band
maximum shifted to 685 nm, and a strong broad band
developed at 730 nm. Also, a secondary peak developed
at 694 nm.

In the presence of 10~4 M DPIP,! the fluorescence
yield at both room and liquid-nitrogen temperatures de-
creased. The low-temperature fluorescence spectrum in
the presence of DPIP is shown in Figure 2 by the dashed
curve. Notice that the 685- and 694-nm bands were sup-
pressed to a greater extent than the 730-nm band.

Fluorescence of the Heavy Particle Obtained by Triton
Fractionation. The heavy particle (e.g., P-1) fractionated
from spinach chloroplasts with Triton is characterized
by a low chlorophyll a:chlorophyll b ratio (=22) and a
high lutein content relative to S-carotene (Ke er al.,
1966). With a sensitive difference spectrophotometer
(Ke et al., 1964) the P-1 fraction was found to be slightly

! Abbreviations used: DPIP, 2,6-dichlorophenolindophenot;
NADP, nicotinamide-adenine dinucleotide phosphate; PMS,
phenazine methosulfate.



VoL, 6, No. 7, juLYy 1967

FLUORESCENCE INTENSITY (RELATIVE)

750
650 700 750

WAVELENGTH, mu

FIGURE 3: Fluorescence spectra of the heavy particle (P-1) fractionated from spinach chloroplasts with Triton. The
room and liquid-nitrogen-temperature spectra of one preparation are shown at left. At right are the low-temperature
spectra of another P-1 preparation and the same in the presence of 0.1 mm DPIP (dashed curve).

active in DPIP photoreduction with kinetics charac-
teristic of pigment system 2 (B. Ke, unpublished experi-
ments).

The fluorescence spectra of the P-1 particle at room
and liquid-nitrogen temperatures are shown in Figure
3A. The room-temperature spectrum resembles that of
whole chloroplasts, having the major-band maximum
at 682.5 nm. At liquid-nitrogen temperature, the major
band appeared at 696 nm, while a secondary peak re-
mained at 685 nm. A weak shoulder appeared at 730
nm. With some preparations, the low-temperature spec-
trum assumed the profile shown in Figure 3B. The
major band and the secondary band were now at 685
and 694 nm, respectively, plus a shoulder at 730 nm. In
the case where there was more 694-nm emission, a
greater combined band width also resulted, as evidenced
in Figure 3A. In the presence of a number of electron
acceptors such as ferricyanide, oxidized DPIP, or fer-
ricytochrome ¢, both the room and liquid-nitrogen
temperature fluorescence were partly quenched. This is
shown by the dashed curve in Figure 3B for the case of
10—+ M DPIP at liquid-nitrogen temperature.

Fluorescence of the Light Particle Obtained by Triton
Fractionation. The light particle (P-D10) fractionated
from spinach chloroplasts with Triton is characterized
by a high chlorophyll a:chlorophyll b ratio (=27)and a
high G3-carotene content (Ke et al., 1966). The P-D10
particle is extremely active in pigment system 1 reactions,
namely, photoreduction of NADP or viologen dyes and
photooxidation of plastocyanin and ferrocytochrome ¢
(Vernon er al., 1967). It gives light-induced electron spin
resonance (esr) and absorbancy-change signals repre-

senting P700 photooxidation. With a sensitive difference
spectrophotometer (Ke er al., 1964) the P-D10 particle
has also been found to reduce DPIP with rapid rates of
onset and decay (B. Ke, unpublished experiments).

At room temperature, the P-D10 particle shows ex-
tremely weak fluorescence (Vernon er al., 1966), with an
emission peak located at 680 nm. As seen in Figure 4A,
the fluorescence was enhanced at —196°; the first peak
was now located at 678 nm and a larger new peak ap-
peared at 725 nm. In different preparations of P-D10
particles, no fluorescence peaks at 685 and 695 nm were
observed at liquid-nitrogen temperature. The presence
of such electron acceptors as ferricyanide, ferricyto-
chrome ¢, or DPIP also quenched both the room and
liquid-nitrogen temperature fluorescence, as shown in
Figure 4B for 10—¢ M ferricytochrome ¢ at both room
and liquid-nitrogen temperatures. On the other hand,
in the presence of a complete donor (ascorbate, DPIP,
and plastocyanin) and acceptor (NADP, ferredoxin,
and NADP reductase) system, in which NADP is known
to be photoreduced at a high rate, both the room and
low-temperature spectra were affected only very slightly.
As reported in the preceding paper (Vernon ef al., 1967),
the P-D10 particle in the presence of ascorbate and
PMS allows a light-induced absorbancy-change signal
at 430 nm to take place completely independent of tem-
perature down to —196°, indicating a very rapid turn-
over of P700. Yet the fluorescence spectra at both room
temperature and —196° were little affected under such
conditions.

Fluorescence of the 144,000g Supernatant Fraction.
The supernatant material from the 144,000¢ centrifuga-
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F'GURE 4: Fluorescence spectra. (A) The fluorescence
spectra of light (P-D10) particles at room and liquid-
nitrogen temperatures. (B) The corresponding spectra
in the presence of 0.1 mm ferricytochrome ¢. (C) The
corresponding spectra in the presence of a complete
donor (ascorbate, DPIP, and plastocyanin) and ac-
ceptor system (NADP, ferredoxin, and ferredoxin—
NADP reductase). Concentrations of the cofactors are
the same as described in Figure 2 of the preceding

paper.

tion consists mainly of Triton-dispersed chlorophyll
and is highly fluorescent. As shown in Figure 5, both the
room and low-temperature fluorescence spectra have
only one major peak at 678 nm. The long-wavelength
fluorescence is completely missing in the detergent-dis-
persed chlorophyll.

Excitation Spectra. Low-temperature excitation spec-
tra for the fluorescence of the heavy and light particles
were measured in the blue absorption region of the
chlorophylls and carotenoids. One typical spectrum is
presented for each subparticle in Figure 6. For the heavy
particle (P-1), the excitation spectrum was taken for the
fluorescence maximum at 696 nm (Figure 6A), and for
the light particle (P-D10), it was measured at 725 nm
(Figure 6B). Excitation spectra measured at other fluo-
rescence maxima have similar profiles for each subpar-
ticle. Note that with the quantum counter arrangement,
the excitation spectrum is automatically corrected to
equal incident quanta.

The excitation spectrum for P-1 particle fluorescence
at 696 nm shows one band at 435 nm corresponding to
chlorophyll a, a stronger band at 465 nm corresponding
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FIGURE 5: Fluorescence spectra of the 144,000g super-
natant material at room and liquid-nitrogen tempera-
tures.

to chlorophyll b, and a prominent shoulder at 485 nm,
presumably corresponding to one or more of the carot-
enoids. On the other hand, the excitation spectrum for
the 725-nm fluorescence of the P-D10 particle has a
stronger 435-nm band and a weaker 465-nm band and
there is no indication of excitation in the carotenoid
region.

Discussion

The liquid-nitrogen-temperature fluorescence spec-
trum of chlorophyll in chloroplasts displaying the 685-,
695-, and 720-730-nm bands similar to that shown in
Figure 2 was first reported by Litvin ef a/, (1960) and
later by Goedheer (1964), who also attributed the fluo-
rescence bands to different forms of chlorophyll a. More
recently, several studies on the steady-state fluorescence
spectra of blue-green and red algae as well as green plant
chloroplasts led to the suggestion that the 695-nm fluo-
rescence band may be associated with the chlorophyll
molecules transferring energy to the trap of pigment
system 2. Among these studies (Bergeron, 1963; Kok,
1963; Krey and Govindjee, 1964, 1966) are variation of
the wavelength of the excitation light allowing selective
activation of the two pigment systems; study of the non-
linear dependence of fluorescence in Porphoridium
cruentum at high intensities of light which activates pig-
ment system 2; and the study of the effect of DCMU on
the steady-state fluorescence spectrum of Porphoridium.

The 720-nm fluorescence was first observed by Brody
(1958) in Chlorella and in a concentrated solution of
chlorophyll, and was attributed to aggregated chloro-
phyll. In 1961, Butler reported a 730-nm fluorescence
band in green leaves at liquid-nitrogen temperature. He
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also measured the excitation spectrum and found a band
at 705 nm, which he attributed to a chlorophyll form
absorbing at 705 nm (C705) and receiving energy from
the bulk chlorophyll. The C705 band was also observed
directly in the low-temperature absorption spectrum.
More recent experiments relating the 720-740-nm fluo-
rescence to the chlorophyll molecules of pigment system
1 were those on the blue-green (Bergeron, 1963; Kok,
1963) and red algae (Krey and Govindjee, 1956) by
selective excitation of the pigment system 1 chlorophyll.
In spinach chloroplasts, excitation with 400- or 635-nm
light which is absorbed more by chlorophyll a gave
stronger 740-nm fluorescence than with 490- or 650-nm
light which is absorbed mainly by chlorophyll b (Go-
vindjee and Yang, 1966).

The subchloroplast particles obtained by Triton frac-
tionation offer an additional and more direct means of
differentiating the fluorescent species belonging to the
two pigment systems. Results reported here on the heavy
and light subchloroplast particles appear to be consistent
with the current considerations, Our data indicate that
the 685- and 695-nm fluorescence bands belong to the
chlorophyll forms of pigment system 2 and the 725-nm
fluorescence band to that of pigment system 1. The
678-nm fluorescence band observed for the P-D10 par-
ticles is most likely owing to a trace of Triton-solubilized
chlorophyll. As seen from Figure 5, the Triton-solubil-
ized chlorophyll is highly fluorescent; thus a slight con-
tamination of the P-D10 particle during its separation
from the 144,000g supernatant material could easily ac-
count for the observed fluorescence at 678 nm. Also,
additional chlorophyll could become solubilized as a re-
sult of continued incubation of the P-D10 particle in a
Triton medium.

The excitation spectrum shown in Figure 6 apparently
indicates that chlorophyll b as well as the carotenoids
are relatively more efficient in activating the 695- and
685-nm fluorescence in the heavy particle, while chloro-
phyll a is relatively more efficient for the 725-nm fluo-
rescence in the P-D10 particles. This is also consistent
with the current concept that the function of chlorophyll
b is associated with pigment system 2. However, con-
sidering the high chlorophyll a:chlorophyll b ratio in
the light particles, chlorophyll b is actually highly ef-
ficient for producing fluorescence in both the heavy and
light particles.

Hill reagents such as ferricyanide and DPIP act as
electron acceptors for pigment system 2, thus reducing
the probability of energy dissipation through fluores-
cence, The assignment of the 685- and 695-nm fluores-
cence bands to the chlorophyll molecules serving as
energy traps for pigment system 2 is consistent with
fluorescence quenching by these Hill reagents.

Analogously, and consistent with Butler’s (1961)
earlier suggestion, the 725-nm fluorescence band of the
P-D10 particles may be attributed to the chlorophyll
molecules (or C705) serving as energy collectors, rather
than the reaction center chlorophyll, P700, of pigment
system 1. Quenching of the far-red fluorescence by fer-
ricytochrome ¢ or DPIP would be expected as a result of
electron flow from the highly reducing X’ (see Vernon
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FIGURE 6: Excitation spectra of the heavy (A) (fluores-
cence measured at 695 mm) and light particle (B)
(fluorescence measured at 725 nm) at —196°.

et al., 1967). The lack of fluorescence quenching when a
complete NADP reduction system or an ascorbate—
PMS mixture is present cannot yet be explained. The
lack of fluorescence quenching was also reported by
Boardman er a/. (1966) for digitonin light particles under
similar conditions.

We have also examined the fluorescence emission and
excitation spectra of the digitonin-fractionated chloro-
plast particles at room and liquid-nitrogen temperatures
and found results very similar to those of the Triton
particles. Some heavy-particle preparations obtained by
digitonin fractionation show a stronger 695-nm band
while some others showed a stronger 685-nm band at
—196°, but they always had only a weak shoulder at 725
nm. The digitonin light particles showed a stronger fluo-
rescence at 725 than at 680 nm (note that the fluores-
cence maximum of the Triton P-D10 particles was at 678
nm).

The response of both particles to the various electron
acceptors and their excitation spectra are also similar to
those of the Triton particles. However, the digitonin
heavy particles reported by Boardman et al. (1966) had
a much stronger fluorescence band at 735 nm. The
144,000¢ supernatant material from their digitonin frac-
tionation showed a very strong 735-nm fluorescence
band, whereas the Triton supernatant material was al-
most completely free of it. In the excitation spectra re-
ported by Boardman e¢ a!f. for both the heavy and light
particles, the chlorophyll a peak was always stronger
than the chlorophyll b peak. Also, both excitation spec-
tra showed a prominent shoulder in the 480-490-nm
region, Some of these discrepancies obviously arise from
slight differences in the procedures of particle fractiona-
tions,

Acknowledgment

The authors wish to express their thanks to Mr.
Robert Breeze for his excellent technical assistance.

2225

FLUORESCENCE OF SUBCHLOROPLAST PARTICLES



2226

References

Bergeron, J. A. (1963), Natl. Acad. Sci. Natl. Res.
Council Publ. 1145, p 5217,

Boardman, N. K., and Anderson, J. M. (1964), Nature
203, 166.

Boardman, N. K., Thorne, S. W., and Anderson, J. M.
(1966), Proc. Natl. Acad. Sci. U. S. 56, 586.

Brody, S. S. (1958), Science 138, 838.

Butler, W. L. (1961), Arch. Biochem. Biophys. 93,413,

Goedheer, J. C. (1964), Biochim. Biophys. Acta 88, 304,

Govindjee and Yang, L. (1966), J. Gen. Physiol. 49,
763.

Ke, B., Seliskar, C., and Breeze, R. (1966), Plant Physiol.
41,1081.

Ke, B., Treharne, R. W., and McKibben, C. (1964),
Rev. Sci. Instruments 35, 296.

KE AND VERNON

BIOCHEMISTRY

Kok, B. (1963), Natl. Acad. Sci. Nail. Res. Council
Publ.1145,p45.

Kok, B., and Rurainski, H. J. (1966), Biochim. Biophys.
Acta 126, 584.

Krey, A., and Govindjee (1964), Proc. Natl. Acad. Sci.
U.S.52,1568.

Krey, A., and Govindjee (1966), Biochim. Biophys. Acta
120,1.

Litvin, F. F., Krasnovskii, A. A., and Rikhireva, G. T.
(1960), Dokl. Akad. Nauk SSSR 135, 287.

Melhuish, W. H, (1962), J. Opt. Soc. Am. 52, 1256.

Vernon, L. P.,, Ke, B., and Shaw, E. R. (1967), Bio-
chemistry 6, 2210 (this issue; preceding paper).

Vernon, L. P., Shaw, E. R. and Ke, B. (1966), J. Biol.
Chem. 241, 4101.

Weber, G., and Teale, F. W. J. (1938), Trans. Faraday
Soc. 54, 640.



