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Summary

Fluorescence yield dependence on external magnetic field (0—600 G)
was measured for chlorophyll-protein complexes enriched with Photosystem I.
Maximal relative changes of fluorescence yield at room temperature
(1.0—2.5%) were dependent on the chlorphyll a:P-700 ratio. Magnetic field-
induced changes were observed only in the presence of dithionite. At low
temperatures (down to —160°C) the magnetic field-induced effect decreased.
The effect is obviously connected with the functions of reaction centers in
Photosystem 1. An explanation of the effect is proposed based on the hypoth-
esis of radical pairs recombination within the reaction center. For the radical
pair (P-700™" A™"), an intermediate acceptor, A~", with a g-value approxi-
mately equal to that of P-700* is proposed.

Magnetic field-induced fluorescence changes at room temperature have
been observed in photosynthetic bacteria as well as in algae and spinach chlo-
roplasts [1, 2]. Since the changes in fluorescence yield of bacterial prepara-
tions correlated with a decrease of the yield of triplet states in reaction cen-
ters [3, 4], the effect was associated with the primary reaction of charge sep-
aration and explained by a radical pair recombination hypothesis [1—4]. In
the case of plant photosynthesis the observed magnetic field-induced effects
have been ascribed to the evolution of a radical pair appearing in Photosystem
I1. Here we report magnetic field-induced fluorescence changes in Photosys-
tem I.

The experiments were made on P-700-enriched complexes isolated from
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pea chloroplasts according to Thornber [5]. The P-700/chlorophyll a ratio
was 1/(30—50). The complexes contained only the polypeptides characteris-
tic of Photosystem I [5]. At room temperature the complexes fluoresced
with a maximum at 684—685 nm. The redox states were poised by addition
of sodium dithionite and neutral red and were monitored by light-induced
absorbance changes at 430 and 700 nm according to Ref. 6.

Addition of reductant and mediator caused an increase of relative fluo-
rescence yield of 60—70% in accordance with Ref. 7. Absorbance at 676 nm did
not exceed 0.5 for 1-cm cuvette, For fluorescence measurements a 1-cm cu-
vette placed in the electromagnet gap was illuminated by broad-band
(400—600 nm) light from a 75 W halogen incandescent lamp. The intensity
of the exciting beam was 103 —10* ergs-cm™ +s™! . Fluorescence intensity
was monitored with a photomultiplier with a cut-off filter, A > 680 nm. The
magnetic field strength was swept by a ramp generator. The photomultiplier
signals were averaged over 100 sweeps with an on-line 15-BCM-5 microcom-
puter. The details of the apparatus will be published elsewhere. During each
set of measurements the temperature of the sample was kept constant and
monitored with a thermocouple.

Changes of fluorescence yield were characterized by

AF(H)/F = (F(H) — F(0))/F(0)

F(0) and F(H) being fluorescence intensities measured at zero magnetic field
and at magnetic field H. Fig. 1 shows typical magnetic field-induced effects
in chlorophyll-proteins enriched with P-700. These effects were observed only
in the presence of dithionite or dithionite and neutral red. No magnetic field-
induced effects were seen in light-harvesting chlorophyll-protein complexes
from pea chloroplasts or in P-700-enriched complexes with thermoinactivated
reaction centers. It follows that magnetic field-induced fluorescence changes
depend on functional activity and processes in the reaction center of Photo-
system I (PS I).

Fig. 2 shows magnetic field-induced effects at various temperatures. The
decrease of AF(H)/F and the changes in the shape of the curve at low temper-
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Fig. 1. Magnetic field-induced changes of relative fluorescence yield in chlorophyll-protein complexes
enriched with P-700, 20 mM Tris-HCl buffer, pH 8. Additions: Na,8,0,, 2 mg/ml; neutral red, 2:10~°

L:. Room temperature, The two curves correspond to different isolations ot chlorophyll-protein com-
Plexes,

Fig. 2, Magnetic field-induced changes of fluorescence yield at various temperatures. The samples con-
tained 70% (v/v) glycerol, The other conditions were as in Fig. 1.
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atures were completely reversible. In the primary reaction of PS I in higher
plant photosynthesis, the electron donor P-700 is oxidized and electrons are
transferred via intermediate and primary acceptors:

e e e
P-700 - > A, » P-430 (A, B)

P-700 being a chlorophyll a dimer [8], acceptors P-430 (A, B) and A, being
iron-sulfur proteins [9]. The nature of A, is not clear so far; it was shown to
have certain properties of an organic molecule [10—12], perhaps a chloro-
phyll a dimer [13].

Magnetic field-induced effects in photosynthetic bacteria and algae were
explained via a hypothesis of radical pair recombination in reaction centers
[1—4]. Upon photooxidation of the electron donor, P, (within 10 ps [10]),
a radical pair is generated in its singlet state !(P* A~"). The lifetime of the
radical pair depends on the redox state of the secondary acceptors, and at
low redox potentials it may be long enough for intersystem conversion to a
triplet state *(P** A™"). Recombination processes that take place in triplet
radical pairs lead to triplet (PTA) formation, whilst those in singlet radical
pairs regenerate the ground (PA) or the singlet excited (P*A) states of reac-
tion centers. In the latter case there is a non-zero probabiblity for recombina-
tion fluorescence:

(P* A) = (PA)+hvyp

Since the probability of intersystem conversion *(P* A™") = 3(P" A™") de-
pends on the intensity of external magnetic field [14], the triplet (PTA)
yield and fluorescence yield are also field-dependent. Two mechanisms were
proposed for the dependence [14]:

(1) Ag: the mechanism that dominates in intense magnetic fields for
radical pairs with the partners differing significantly in g value (Ag =
|&1 — &, 1> 107%). In this case, a magnetic field speeds up the singlet-triplet
conversion and decreases the fluorescence yield.

(2) The hyperfine coupling mechanism is important in moderate mag-
netic fields for radical pairs with Ag < 1073 . If the mechanism is operative,
all three degenerate sublevels of the triplet radical pairs are populated in zero
magnetic field. However, an external magnetic field of sufficient strength lifts
the degeneracy and the population of only the To sublevel occurs, thus de-
creasing the probability of S-T conversion in radical pairs. In this case a mag-
netic field increases the fluorescence yield. In the framework of this hypoth-
esis the fluorescence increase shown in Figs. 1 and 2 implies the hyperfine
coupling mechanism [14] and leads us to the conclusion that the g value for
A~ is close to that of P-700" (i.e. 2.0026). A species with a g value near 2.00
is usually an organic molecule. In our experiments the addition of the dithi-
onite and neutral red at the light intensities used for exitation led to accumu-
lation of P-430(A,B)™ in illuminated samples. We cannot exclude accumula-
tion of A,” as well. In the latter case a g value near 2.0026 proposedly is a
characteristic of the intermediary acceptor A, . In any case, we conclude that
in PS I between P-700 and P-430 there exists an intermediate acceptor with
a g value near 2.0026. This is in accord with independent findings of other
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investigators [10—13]. If, in fact, a chlorophyll-type molecule is identical
with A, then the Ag value for P-700" and A," 'is about 0.0005 (the g factor
of Chl* 2.0031 [15,16]). A detailed analysis of the shape of the AF(H)/F
curve (Figs. 1 and 2) leads to an assumption of the existence of two magnetic
field-sensitive processes. This assumption is further supported by the prelimi-
nary experimental data on the dependence of the shape of the curve of the
magnetic field effect on the detection wavelength (Fig. 3). If the detection
wavelength is shifted to 725 nm, the negative fluorescence changes appear
(Fig. 3B). The experimental curves (Figs. 1 and 3A) can be simulated by a
sum of a positive monotonic component and a non-monotonic component,
the latter demonstrating negative magnetic field effect in weak fields [17].
The negative branch of the curve can be explained by an exchange interaction
with a characteristic value of 30—50 G.

If our reasoning is correct, then it may be stated that the primary pro-
cesses of the plant photosynthesis are very much like those of the bacterial
photosynthesis. In the case of photosynthetic bacteria a spin-polarized reac-
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Fig. 3. Magnetic field-induced changes of fluorescence yield at different wavelengths of detection. A,
A > 660 nm; B, A = 726 + 5 nm. The other conditions were as in Fig. 1.

tion center triplet is readily observed by ESR in chemically reduced samples
[18, 19]. The lack of the data on the observations of the triplet states of the
PS I reaction centers is puzzling. However, this discrepancy seems to have
been resolved in recent work {20], in which the triplet states related to the
PS I reaction centers were reported. The conditions of these measurements
were similar to ours, with the exception of the temperature, which was in
the liquid helium range. The polarization of the triplets confirms strongly
their evolution in the radical-pair recombination process. This serves as an in-
dependent proof of the above proposed mechanism of the magnetic field ef-
fects.

We thank Dr. V..V. Klimov and Dr. LI Proskuryakov for discussion and
providing the phosphoroscope for measurements of light-induced absorbance
changes.
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