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Abstract

Carotenoids (Car) regulate energy flow in photosynthesis by a specific Car-chlorophyll (Chl) interaction in the singlet-
excited states, leading to a reduction in Chl fluorescence. We studied quenching of Chl a-fluorescence in benzene by
trans-p-carotene. Non-linear analysis of the quenching process enables to explain the possible molecular mechanism
leading to the de-excitation of Chl a. The fluorescence intensity was measured at 670 nm for excitation wavelengths of
380, 430, 640, and 650 nm. The B -carotene concentrations ranged from 4x 10° M to 5x10”° M. When the samples were
excited at 640 and 650 nm, the Stern-Volmer plots showed that the quenching process has high rate constants, hence -

carotene is a very efficient quencher. Two different types of quenching process could take place.
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Carotenoids (Car) have multiple functions in photosyn-
thetic systems (Frank and Cogdell 1993, 1996, Frank and
Christensen 1995, Koyama 1991). Recently an additional
function was proposed which involves a specific Car-
chlorophyll (Chl) interaction in the singlet excited states,
leading to a quenching of Chl fluorescence (Frackowiak
et al. 1995, Frank at al. 1995). This means that Car may
play a role in regulating the energy flow of Chl excited
states in the photosynthetic antenna, being used in an en-
ergy dissipation route. Earlier reports concerning the
quenching of Chl fluorescence by B-carotene (Truscott et
al. 1965, Singhal er al. 1968) have been contradicted.
Further studies have shown that B-carotene can quench
Chl a fluorescence in organic solvents (Beddard et al.
1977, Frank and Christensen 1995).

This work presents the results of in vitro measure-
ments concerning the quenching of Chl a-fluorescence by
trans-B-carotene. The fluorescence was excited by blue
and red radiation. Our values demonstrated a quenching
of the first singlet excited state through two ways: com-
plex formation and collision quenching. A significant
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quenching was observed at a low quencher concentration.
The quenching results were obtained using the non-linear
analysis.

Chl a was extracted from fresh spinach leaves and pu-
rified by using column chromatography on sugar,
according to a standard procedure (Strain and Svec 1966)
with a slight modification. Chl a was stored as a stock
solution in #-hexane at —7 °C. The absorption maxima as
well as the band intensity ratios showed the purity of the
used Chl (Svec 1978). B-carotene (Merck) was used
without further purification; its purity was checked by
measuring the band intensity ratios in cyclo-hexane.
Obtaining of high concentrations of P-carotene in the
samples does not raise the solubility difficuities. The
spectrum was independent of concentration: for all the
concentrations used, there was no apparent deviation from
Beer’s law. Spectro-grade benzene was used as solvent,
without drying. All samples contained the same Chl a
amount and they were air-saturated. The optical density
for Chl a was 0.26 (1 cm path cell) at 665 nm. This value
corresponds to a concentration of 3.1 uyM (Smith and
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Benitez 1955). The samples contained p-carotene at con-
centrations from 4x10™ to 5x10” M. The fluorescence
intensity was measured at 670 nm for the following exci-
tation wavelengths: 380, 430, 640, and 650 nm. The very
low concentration of Chl a reduced the effects of possible
re-absorption. The absorption spectra, at room tempera-
ture, were recorded on a Lambda 2S Perkin-Elmer spec-
trophotometer and the fluorescence spectra were recorded
on a steady-state Aminco-Bowman fluorescence spec-
trometer.

The absorption spectrum of Chl ¢ in benzene had
main absorption maxima at 432 and 665 nm. Fig. 1 shows
the absorption spectra of the samples containing 3.1 pM
Chl @ and different concentrations of -carotene.
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Fig. 1. Absorption spectra of some samples coniaining Chl a
and B-carotene in benzene.

For every excitation wavelength the Stern-Volmer
type plots showed quenching of the steady-state yield of
Chl a fluorescence by B-carotene. The quenching results
are in accordance with the results of Beddard et al. (1977)
and Frank et al. (1995) for the excitation in red radiation.
However, the results are in contrast to those of Singhal
et al. (1968) for the red and blue excitation radiation.
Fig. 24,B shows the plots at two excitation wavelengths
from the red spectral range. The ratio ®o/® contains the
corrected values of the Chl a-fluorescence in the manner
described by Beddard et al. (1977). Corrected values of
the Chl a-fluorescence for the blue excitation wavelength
give too large dynamic quenching constants, in the Stern-
Volmer type plots. In this case, we also tried a correction
in the manner described by Singhal et al. (1968), but also
without a good result. This thing happens to high concen-
trations of the quencher, [Q], when its absorption over-
laps significantly with the excitation wavelengths of the
Chl a-fluorescence (plots not shown).

For the 640 and 650 nm excitation wavelengths the
Stern-Volmer plots lead to upward curvature and we tried
a non-linear least-squares analysis, using the equation of
Eftink and Dewey (1991):

(DO
;=(1+KSV [QD exp{V [Ql},
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where Kgy is the dynamic quenching constant and V is the
static constant. V can be considered an active element
surrounding the fluorophore molecule. The magnitude of
V can be related to an active radius, R, by the relationship
V = (4/3) iNR’.

Fig. 2C,D shows simulated plots of two sets of fluo-
rescence quenching data on the basis of the above equa-
tion. For 650 nm excitation wavelength, Kgy is 29 Mm!
and V is 86 M. That means a quenching constant of
6.1x10° M 5!, obtained with Chl a fluorescence lifetime
of 4.72 ns (D.M. Gazdaru, unpublished) in the absence of
the quencher and an active radius of 3.2 nm. For 640 nm
excitation wavelength, Kgy is 46 M”, larger than that at
650 nm. That means a very large quenching constant of
9.5x10° M''s and an active radius of 4.0 nm.

The obtained results could be explained by two differ-
ent ways of quenching of Chl-a fluorescence. The first
way involves the formation of a one-to-one (A...Q)
ground-state complex at low {Q] and perhaps higher or-
ders ground-state complexes [ie. (A...Qy), (A...Q5)] at
higher Q concentration. If one or more Q molecules hap-
pen to be within a volume element, V, at the instant of
photon absorption, then instantaneous (static) quenching
occurs. The two active radii values presented above hav-
ing in view the magnitude of the radii of Chl ¢ and
B-carotene, are plausible when such complexes are
formed. The second way of quenching is related to the
probability of Car-to-Chl encounters. Stern-Volmer plot
of the lifetime ratios as a function of [Q] is a linear one
(Frank and Christensen 1995). We consider that this type
of quenching occurs predominantly only in a certain [Q]
range and, of course, it has to depend on the spectral
overlap between the fluorophore fluorescence and the
quencher absorption. One could say that hypothetical
Sy—S,; absorption of B-carotene overlaps with the Chl a
fluorescence spectrum. The values obtained by us for the
quenching constants are close to the diffusion controlled
limit (Eftink and Dewey 1991) and they depend on the
excitation wavelength.

The quenching of the Chl a-fluorescence by B-caro-
tene has been indubitably observed under the red exci-
tation radiation, as our previous results have shown
(Gazdaru et al. 1998). The values obtained could be ex-
plained by two different ways of quenching. A significant
quenching was put in evidence at lower quencher con-
centration as compared to other studies (Beddard et al.
1977, Frank and Christensen 1995, Frank et al. 1995) on
air-saturated sample. We think that the values obtained
with blue excitation radiation were not correct and hence
neither of the two correction manners used (Singhal et al.
1968, Beddard er al. 1977) is appropriate. However, we
suppose that the quenching process takes place also in
blue excitation radiation, but it is very difficult to evaluate
it.

The quenching of the Chl g-fluorescence by B-caro-



CHARACTERIZATION OF QUENCHING OF CHLOROPHYLL a FLUORESCENCE

tene observed under the red excitation radiation simply
suggests that such a direct quenching process may be a
possible route of deactivation. In the next future, when

Car bound in situ in various pigment-protein complexes
of higher plants will be examined, the potential roles of
the Car in photosynthetic systems may become clearer.
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Fig. 2. Stern-Volmer plots illustrating the quenching fluorescence of Chl a by B-carotene in benzene (excitation wavelengths 4 650
nm and B 640 nm, emission wavelength 670 nm) and simulated plots of fluorescence quenching data (exponential equation) for the
same excitation wavelengths (C, D). ©y/® represents the ratio of the corrected values of the fluorescence in absence and in presence

of the quencher; [Q] is the quencher concentration.
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