TRANSF ER OF ELECTRONIC EXCITATION ENERGY FROM ﬂ-CAROTEN E
TO CHLOROPHYLL-a IN SOLUTION

By
" J. SZABAD

Institute of Biophysics, Biological Research Center, Hungarian Academy of Sciences, Szeged
( Received 15 June, 1972)

From the sensitization of chlorophyll fluorescence by f-carotene the critical distance of energy
transfér R, was found to be dependent on the wavelength of é€xciting light in the region 400—440 nm,
ranging from 18'A to 22 A in the Soret band of chlorophyll-a: In the region 450-—500 nm (where’
the absorption is mainly due to f-carotene) R,=25 A. The value R,=8,5 A was obtained from the .
absorption and fluorescence spectra. The superposition of a fast” transfer of energy involving
the second excited singlet state of chlorophyll-a is offered as explanation.

Introduction

It is known that the electronic excitation energy of carotenoids is transferred
to chlorophyll-a (Chl-a) and is useful in inducing photosynthesis [1—3]. In mixed
solutions containing detergent, in monolayers containing carotene and Chl-a and
in thin films, certain carotenoids are active in exciting Chl-a fluorescence [4—6]. .
In mixed solutions of f-carotene and Chl-a in castor oil the energy transfer was
observable only at low temperature [3]. SINGHAL and co-workers [7] supposed that
B-carotene in benzene and in 3-methoxy-1-butanol was ineffective in exciting fluo-
rescence of Chl-a, but they did not exclude the possibility of energy transfer from
B-carotene to Chl-a in other solvents. .

Duysens [1] and RABINOWITCH [8] assume that the transfer of energy from
carotenoids to chlorophylls takes place according to an inductive resonance mecha-
nism obeying Forster’s formulas [9]. Losev and GURINOVICH [3] and SINESHCHEKOV
et al. [6] suppose that the mechanism of carotenoid — Chl energy transfer is not in-
ductive resonance but something different. According to- Losev and GURINOVICH
[3] an effective carotenoid — Chl energy transfer occurs if the system contains some
type of “solid support surface”, as in detergent solutions and in monolayers. There
are cases in which the caroten01d Chl energy transfer can not be explained by
Forster’s theory, since in a certain wavelength region of excitation the efficiency
of transfer depends on the wavelength [10}. If Forster’s theory is formally applied
to the transfer at different exciting wavelengths, this dependence leads to different
transfer frequencies and critical distances not predicted by this theory. A similar
effect was observed by WEBER [11] and BAUER et al. [12]. In this paper fi-carotene —
Chl-a energy transfer will be discussed in terms of the critical distances of transfer
from sensitization of Chl-a fluorescence, and of absorption and fluorescence spectra.
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Material and Methods

Chi-a was prepared from fresh spinach leaves according to Jacoss et al. [13].
The Chl-a solutions in diethyl ether were considered pure if the intensity ratios
of the blue and red absorption maxima and those of red absorption maxima to the
absorption at 505 nm were 1,32 and 45—50 respectively. f-carotene was a Merck
product. The absorption spectrum of f-carotene showed that the preparation con-
sisted only of the trans compound [14]. The mixed cyclohexane solutions contained
10-5 M Chl-a and 4-107¢,6-10-5, 8-107%, 1075, 2.1075,4.1075, 6. 10-5, 8.10~3
and 107% M f-carotene. All measurements were carried out at room temperature.

The critical distance (the average distance of donor and acceptor when the
probability of transfer is equal to that of emission).is given by Eq. (1) [9]
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Here k%=2/3 (for random dlStI‘lbUthl‘l of the molecules), ¢ is the velocity of
light, @, the fluorescence yield of the donor, n is the refractive index of the medium,
N’ is the number of molecules per mmole, f(v) the normalized fluorescence spectrum
of the donor, &(v) is thé molar decadic extinction coefficient of the acceptor and
v the frequency. The fluorescence spectrum of f-carotene was taken from the
literature [15]. @, was taken as 10~ [1]. According to CHERRY et al. [15], the yield
of fluorescence of B-carotene is 1/500 of that of anthracene. The fluorescence spectra

were normalized under the condition f Sf(Wdv=1.

The critical distance can also be determmed from quenching curves given by the
following equation [9]:
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where ¢, is the concentration in mole/l, ¢, the critical concentration (at which
the probability of energy transfer is equal to that of emission) and ¢ (x) is the Gaussian
error integral @, and @ represent the fluorescence yield when the fluorescence of
the donor is not quenched and quenched, respectively. The relation between R,
and ¢, is
. 3
R3 = —— 3
T 2YmNe, . ®
As the yield of ﬂuorescence of B- -carotene is very low ®/P, is not measurable
for B-carotene. However, the sensitization of the fluorescence of Chl-a by B-carotene
and the quenching of the fluorescence of f-carotene by Chl-a are different mani-
festations of the same process, and therefore from Chl-a fluorescence sensitization
““quenching curves” for -carotene fluorescence can be determined. The sensitiza-
tion of Chl-a fluorescence in mixed solutions of carotene and Chl is usually char-
- acterized by the ratio F,/F., where F,, is the measured and F, the calculated fluo-
rescence intensity of Chl in the mixed solution [7], [10]. F./F, may represent the
“quenching of fluorescence” of f-carotene.
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Results

Using Eq. (1) R, was calculated for four pigment pairs (Table 1). The spectra
shown in Fig. 1 were used for the calculation. The red absorption band of Chl-a
was taken into- account, the higher frequency side of which is shown by a dotted
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Fig. 1. Absorption and fluorescence spectra of f-carotene and chlorophyll-a in cyclohexane

line. In Fig. 2 the “quenching curves” of f-carotene fluorescence are shown for
four exciting wavelengths (actually the reciprocals of the intensities of the relative
fluorescence of Chl-a). From these curves the critical concentrations, -and with
-Eq. (3) the critical distances were calculated. For the f-carotene Chl-a system in

Table I
R, values in A from the spectra for four pigment pairs.

R,=25 A calculated from ““quenching curves” in the wavelength
i region 440—500 nm

. Acéeptor .
: Chlorophyll-a . p-carotone
Donor

Chlorophyll-a ' 43,6 0 -

p-carotene (22:(5)) - 6,5
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Fig. 2. Reciprocal of relative fluorescence intensities of chlorophyll-a g-carotene mixtures
as function of the concentration of f-carotene
] .

the region 450—500 nm, R, was obtained as 25 A independently of the wavelength
of excitation. At exciting wavelengths in the region where the absorption of Chl-a
is significant, ¢, and, consequently R, depend on the wavelength of the excitation,
ranging from 18—22 A.

Discussion

Table I shows that, in principle, according to Forster theory the transfer from
B-carotene to Chl-a in cyclohexane solution is possible (with R,=8.5 A); its efficiency
under the present conditions, however, is negligible. f-carotene is not able to quench
the fluorescence of Chl-a (R,=0 A), i.e. the f-carotene —Chl-a transfer is irrevers-
ible. There is practically no transfer of energy involving f-carotene molecules
(Ry=6.5 A).The ““fluorescence quenching curves”, however, show that in solution
B-carotene transfers its electronic excitation energy to Chl-a (R,=25 A).

R, calculated from absorption and fluorescence spectra is much less than that
obtained from the ‘“‘quenching”. This difference can be explained in two ways:

1. The fluorescence yield of B-carotene introduced into Eq. (1) should be much
“higher than 10~%. If this were the cause of the difference, an absolute yield of fluo-
rescence of f-carotene of about 1,6-1073% should be expected; this may be the
case because the. fluorescence of B-carotene, also under these conditions, is not
easily measurable. ‘ :

2. There exists some interaction between Chl-a and f-carotene molecules pro-
moting the carotenoid —Chl energy transfer, e.g. the presence of mixed dimers or
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higher aggregates. However there is no sign of these aggregates in the absorptlon
and fluorescence spectra of mixed. solutions.*
. The R, values calculated from the ‘“quenching curves” show the following
characteristics.. In the wavelength region where mainly f-carotene absorbs, R, does
not depend on the wavelength of excitation. In the region, where Chl-a also absorbs
(400—440 nm), however, R, depends on the wavelength. R, in this region is a formal
quantity, since' this dependence is not predicted by the theory. This phenomenon
should mean that the S-carotene —Chl-a energy transfer is complex: a “fast” transfer
(to some extent uphill-type) is superimposed upon the Forster slow type transfer
mvo]vmg the partlclpatlon of the second exmted state of Chl-a.

* ¥ *

~ The author is indebted to Prof. T. 'KETSKEMETY, Head of the Luminescence and
Semiconductor Research Group for permitting the use of the facilities of the Research
Group.
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MIEPEJAYA DHEPIUU 3JIEKTPOHHOI'O BO3BYX/JIEHUS B PACTBOPE
OT f-KAPOTUHOUZA K XJIOPOOUIIITY

A. Cabao

M3 crexTpoB hryopecueHuyy XI0popuina CeHCHOUIIM3HPOBAHHEIX f-KADOTHHOMAOM Ompe-
nenam Ry, KPUTHYECKOE PacCTOsHUE nepefayu 3Heprud. B nonoce mornomienus Cope, B obnacty
400—440 HM 3TO 3HAYEHHE 3aBHCUT OT JUTHHBI BOJIH BO36YXJAIOIIEro CReTa U BemuumHa Ry 18—22 A
B o6nacti 450—500 HM (Ca¢ B OCHOBHOM MOTrIouaeT f-kapoTuHoun) Ry=25 A. Ha ocHoBe CIEeKT-
pOB mOrIoUIeHNs 1 GayopecueHnu R,=8,5 A, Ipennonaraerca, YTO B MEPEHOCE IHEPTHH TIPHHH-
'MaeT y4acTHE Yepe3 BTOPOil CHHIJIETHBIH ypoBeHb BO3Oyxmeuus xnopodunna oama ,,6sicrpas”
nepenava.

* An alternative explanation of this difference may be the incorrect choice of the upper fre-
quency limit of the overlap integral (shown by the dotted line in Fig. 1) in Eq. (1). A hlgher limit
would result in a higher R, value
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