FLUORESCENCE STUDIES ON ALGAE,
CHLOROPLASTS AND CHLOROPLAST FRAGMENTS
BY
GOVINDJEE
Department of Botany, University of Illinois, Urbana, Illinois, U.S.A.

Special chlorophyll a molecules at the reaction cen-
ters (the ‘energy traps'') are the only chemically active
pigment molecules, i.e. they take part in the photochem-
ical reaction; the bulk of the pigments simply absorb
and transfer energy to the traps. If electron transfer
is somehow blocked, the "traps' that continuously re-
ceive energy from the bulk pigments may lose it by in-
creased fluorescence, delayed emission, or by internal
conversion because they are unable to use this energy
for photochemical reactions. If the''traps' are bleached
upon blocking of the electron transfer, energy must be
dissipated in the bulk molecules. In either case there
is a possibility of obtaining information concerning
the traps. Thus, we have studied the steady state
fluorescence spectra by (a) saturating photosynthesis
with excess light; (b) cooling samples to low tempera-
tures; (c) poisoning with DCMU. These results are dis-
cussed in Part I of this paper.

A recording spectrofluorometer was used in this
study [fig. 1].
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PART T

1. Emission Spectra at High Light Intensities

A break in the curve of the "fluorescence intensity
versus exciting light intensity" is observed only when
system II is excited but not system I [fig. 2, lower

graph].
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Figure 2: Fluorescence intensity (F) as function

of exciting light intensity (I). Upper: F = £(I)

for cells grown in "low" and "high'" light inten-
sities. Lower: F = f£(I) for excitation in systems

II and I. Rate of photosynthesis as function of green
light intensity is also shown (after Krey and
Govindjee) . '

Figure 3: Fluorescence spectra (of Porphyridium
cruentum) obtained with light of different inten-
sities (2).

The accepted view is that emission spectra at low
and high intensities are identical. We have shown that
this is not so in the red alga, Porphyridium. An
emission band at 693 mu appears when the emission
spectrum at high light intensities 1s subtracted from
the emission spectrum at low light intensities [fig. 31.

2. Emission Spectra at Low Temperatures

Several invéstigators (3,4) have shown that the
emission spectra at -196°C have three bands—-at 685
(F685), 696 (F696) and at 720 mp (F720). The F720 is
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usually a complex band [fig. 4] and is not always ob-
served at 720 mu. We believe that F696 and F720 or-

iginate in the energy traps.
%@im;ﬂgmmzm;&;m; 7 Of course, there are other

: ~ I possibilities which have to

- y I be considered before we can
be sure about their origin.
For example, the low temper-
ature bands may arise from
chlorophyll a molecules that
can no longer effectively
transfer energy to the'traps"
because the latter may be

L—MA—rﬁr‘J partially bleached, or from
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Figure 4:Fluorescence chlorophyll a that are non-
spectra of different fluorescent at room temper-—

organisms (at -196°C). atures but become fluorescent
at -196°C; or from aggregates
121

of chlorophyll that are 'ar-

tifically" formed upon cooling and disappear upon warm-
ing. ‘

3.

Fluorescence Intensity as a Function of Temperature

Fluorescence spectra as a function of temperature

(-196°C to 20°C) have been measured in Porphyridium,
Anacystis, Chlorella and chloroplast fragments from
spinach, We observe that F685 remains fairly constant

FLUORESCENCE, RELATIVE INTENSITY

[fig. 5] in the -196°C to

-30°C range; the rate of de-

crease of F696 is more than
- e — twice as great as that of
: F720 when the temperature
rises from -196°C to -130°C.
This suggests that these
bands arise from different
molecules. (This assumes that
Figure 5: Fluorescence the vibrational band behaves
intensity at 685 mu similarly to the electronic
(F685), 696 mu (F696) ‘band.) The F685 may originate
and at 760 mu(F738) as in the bulk pigments (5) and
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function of tempera- the F696 and F720 (or F738)
ture in chloroplast ~-which increase upon de-
fragments from spinach creasing temperature--may
(after Govindjee and arise from the "traps'. The
Yang) . '
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F696 is observed only below -130°C. As a hypothesis, we
suggest that F696 is due to trap II and F720 to trap I.

4. Emission Spectra with DCMU

A difference emission band at 692 mu was observed
between the emission
spectra of DCMU-poisoned
and normal cells of

BORPEYRIDIM _ CRUENTUM Porphyridium [ fig - 6 14
|, curve on extreme right].
o Towrsnee
S B If one postulates that
the 693 mu band in the
difference fluorescence
spectrum (section 1) is

due to the system II

trap and if DCMU reacts

o
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e S with this trap [as sug-
Figure 6: Left: Fluores-  gested by Duysens and
cence spectra of Por- Sweers (6)], then it is

phyridium (poisoned with plausible that DCMU can
DCMU) excited with light lead to the production
of different intensities. of a 693 my band from
Middle: Fluorescence the system 1II trap.
spectra for poisoned and
normal cells., Dashed
lines are for extrapola-
tion of chlorophyll fluor-
escence. AF ph = change
in phycocyanin fluores-
cence. Right: Normal and
poisoned spectra normal-
ized at 684 mu. AF Chl =
change in chlorophyll a

In Part I of our
presentation, we have
been concerned with the
possibility of obtaining
information regarding the
"energy traps' from
fluorescence studies after
the electron transfer had
been suppressed or blocked.
fluorescence (after Krey Nowg we would pre§ent ex=

and -Govindijee) . periments concerning our

attempts to discriminate

between the fluorescence characteristics of the two pig-
ment systems, either by exciting with different wave-
lengths or by physically separating them.



PART II

Fluorescence spectra excited by different wave-
lengths have different shapes (7). Fig. 7 shows
emission spectra of spinach chloroplasts. We observe
a 30%Z higher fluorescence around 730 mu when chloro-
phyll a rather than when chlorophyll b is excited.
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Figure 7: Fluorescence spectra with thin (2% ab-
sorption at 680 mu) suspensions of chloroplast
fragments excited by different wavelengths of
light (after Govindjee and Yang).

Figure 8: Action spectrum of polarization of
fluorescence in Porphyridium (measured in Dr.
Weber's laboratory).

Since there may be more chlorophyll a in system I,
the 730 mu fluorescence may be associated with system I.
Olson,et. al. (8) have shown that the long-wave
emission is polarized. We have measured the action
spectrum of polarized fluorescence in Porphyridium;
it corresponds to pigment system I [fig. 8]. The same
has been shown in Chlorella (9).

1, Excitation in System II and System I (at -196°C)

Fig. 9 shows that excitation in system I (by 440 mu
light) leads to a dominant band at 712 mp, whereas
excitation in system II (by 544 mp light) leads to
almost equal fluorescence intemsities at the three
peaks (685, 696 and 712 mu). We can thus assign F696
to system II and F720 to system I.
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Figure 9: Fluorescence spectra of a 9-day-old cul-
ture of Porphyridium (at -196°C) upon excitation

in systems II and I (after Krey and Govindjee).
Figure 10: Action spectra of fluorescence in spin-
ach chloroplasts (at -196°C) measured at 685 mu
(F685) and at 760 mu (F760). The two curves have
been normalized at 675 mu(after Govindjee and Yang).

2, Excitation Spectra

Excitation spectra of fluorescence of spinach chloro-
plast fragments, measured at 685 and 760 mu (at -196°C)
show differences in the ratio of chlorophyll a to b
peaks [fig. 10]. The a to b ratio is 2.06 for F760 and
1.43 for F685, suggesting that the long-wave fluores-
cence is preferentially excited by system I and

short-wave fluorescence by system II.

3. Partial Separation of Two Pigment Systems and
Their Fluorescence Characteristics (at -196°C)

We have partially separated the two pigment systems
by the following method (10). The chloroplasts from
spinach were incubated in a digitonin medium and then
fractions of different sizes were separated by differ-
ential centrifugation. The larger (4000 to 7000 K)
particles (fractions 1 and 2), having lower degree of
polarization (3%) and more of system II, showed a 696
my band, whereas the smaller (200 to 1000 A) particles
(fractions 3 and 4), having higher degree of polariza-
tion (6%) and more of system I, did not show the 696 mp



band. This again suggests that F696 belongs to system
II and F720 to system I [fig. 11]. Fractions enriched
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Figure 11: Fluorescence
spectra (at -196°C) of
several fractions of
spinach chloroplasts
prepared by digitonin
solubilization method
(after Cederstrand and
Govindjee).
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in system II showed measurable quenching of fluores-
cence upon addition of oxidized cytochrome c,whereas
fractions enriched in system I did not.

SUMMARY

Fluorescence characteristics of algae, chloroplasts
and chloroplast fragments investigated by the author
and co-workers are briefly reviewed here. These results
are consistent with the two systems-two traps hypothesis,

The main findings presented in Part I of this paper
are: (a) the appearance of an emission band at 693 mu
in Porphyridium upon excitation with high intensity
system II light but not with system I light; (b) the
appearance of 696 mu and 720 my bands at -196°C in
Marchantia, Taxus, Adiantum and Equisetum; (c) F696
decreases at more than twice the rate the F720 de~-
creases when the organisms are warmed from -196°C to
-130°C, whereas the F685 remains constant; (d) the
appearance of a difference emission band at 692 mu
between the DCMU-poisoned and normal Porphyridium
cells. It is suggested that the emission bands (at
692, 693, 696 and 720 mu) obtained when electron
transfer is suppressed or blocked, may arise from
"energy traps''.
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Qur attempts to characterize and separate the two
pigment systems (presented in Part II of this paper)
lead to the following findings: (a) the emission spec-
tra in pigment systems partially separated by digitonin
solubilization and the emission spectra, obtained by
differential excitation in the two pigment systems,
show that F696 belongs to system II and F720 to system
I; (b) the chloroplast fractions enriched with system
II show measurable quenching of fluorescence when ox-
idized cytochrome ¢ is added, whereas those with
system I do not; (c) the emission spectra excited by
430 and 635 mp light show 30% higher fluorescence at
730 my than those excited by 480 and 650 mp light,
suggesting that long-wave fluorescence is preferen-
tially excited by chlorophyll a (system I) and short-
wave fluorescence by chlorophyll b (system II).
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Arnen:

Govinjee:

Oster:

pevindjee:

Thomas:

Govindjee:

Sirenval:

Govindjee:

DISCUSSION

Were yeur fluorescence measurements, particuiarly in the leng
wavelengths, cerrected for the phetotube characteristics?

Yes, the emissian spectra were corrected for the sensitivity of
the phetonultiplier and the spectral efficiency of the meno~
chremater. | may add that the excitation spectra were cerrected
for the number of incident quanta.

A single pigaent could exhibit a fluorescence spectrum (and, ine
deed its phetechemistry) which depends upen the wavelength ef
exciting light, Consider the exaggerated case of malachite

green (Oster and Oster in Luminescence in Organic and Anerganic
Materiais- ¥iley, New Yerk, 1962). This pigment which has ab=-
serption peaks in the blue and the red regien is fluerescent
when beund te high pelymers. The emissien is red when excited

by red light‘and green (and some red) when excited by blue lignt.
in ether werds, there are twe band systems {presumably associated
with the twe dichreic axes of the melecule) which are enly
leosely ceupled. Such a twe-band system ceuld exist fer chlore-
phyll but with streng ceupling.

Thank yeu fer your remark, Dr. Oster.

| may remark that, in our experiments, we did net chserve

marked di fterences in the a/b ratio. Hewever we did not sstablish
pertaining di fference spectra. It may well be that the use ef
digitenin yields different effects.

Yes, | agree with Professer Thomas. Our results may be different
because ef the use of digitonin.

Hew much digitenin was used per mg total chlerephyll in- yeur

experiments?
Saturated solutien-the precipate was filtered out. There wight
be some artifacts due to digitenin,

IO}



Teals: The graph showing the influence of decreasing temperature on
chl oroplast fluorescence indicated that, compared with
roor-temperature, the lowest temperatures increased the fluor-
escence intensity by a factor of twenty or so. Why is this
ratio so much larger than the yield increase normally observed
on lowering the temperature?
Govindjes: The fluorescence intensities were measured at 685 my {F.685),
696 mp (F 696) and at 750 ny (F 720); the areas under the
curves were not measured. There are several probless:
1. spectra at lower temperatures are sharper
2. there is perhaps some contribution due to changes in scat-
tering
3. the fluorescence yield in these chloroplast preparations
measured at room-temperature was about 0.5 to 1.0%;
these measurements were obtained by comparing fluorescence
yields of chloroplast to that of chlorophyll a in solution
which was assumed to be about 33% {as found by Weber and
Teale and Latimer et al). In the present experiments, we have
- been primarily interested in changes in the temperature range
<196° ¢ to =100° C where the interesting differences were
observed.
Arnon: (To Oster, dicussing the paper vy Govindjee).
Did | understand correctly your comment about different fluore
escence spectra obta%ned‘from one chemically pure pigment
{illuminated by different wavelengths of Ifght) to imply that
similar -evidence for the chlorophyll pigments does not necessa~
rily establish that one is dealing with two different pigment
complexes? ’ »

Oster: Two different chlorophyll complexes may give the same absorption

spectra but different fluorescence spectra. You may wish to
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call them two different pigments but when clearly sepa~

rated from the substrate they may well fura out to be

a single chemical substance. It is conceivable that you

could also have two kinds of photechemistry for a single
pigment depending upon the wavelength of exciting light

(the case of bound malachite green is a clear example

of this).
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