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1. Introduction

Fatty acids, especially C;g-unsaturated acids, repre-
sent a substantial portion of the thylakoid lipids [1]
and play an important role in the maintenance of the
structural and functional integrity of the chloroplast
membrane [2, 3] . Interesting enough, free fatty acids,
which accumulate in the membrane due to lipid hydro-
lysis under special conditions such as aging in vitro
[4—7], seem to influence the structure and function
of chloroplasts in a specific way. For instance, exoge-
nous Cg-unsaturated fatty acids enhanced chloroplast
swelling and inhibited light-induced shrinkage [7].
They also caused a sequential inhibition of photosys-
tem II and photosystem I electron transports and the
respective photosynthetic phosphorylations [8] . How-
ever, in spite of much evidence that fatty acids at ap-
propriate concentrations are specific inhibitors of the
photosystem II electron transport [8,9], their precise
inhibition site is still unknown. In order to localize this
site, several specific inhibitors of photosystem I1
(DCMU and Tris-washing) and artificial electron donors
(1,5-diphenylcarbazide and MnCl,) were tested in vari-
ous combinations, with or without fatty acids, for
their action on the photoreduction of 2,6-dichloro-
phenol indophenol. The results indicate that the inhibi-
tion site of unsaturated fatty acids lies on the oxidizing
side of photosystem II, probably between the hypo-
thetical carriers Y, and Y5 (see scheme, fig. 3).

An additional result of this investigation was the
finding that Mn2* interacts with some unknown elec-
tron carriers of the electron transport chain located be-
tween H, O and the pigments complex II, allowing a
shunt between Y; and Y, bypassing thereby the fatty
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acid block (see scheme, fig. 3). This again proves the
requirement of Mn2* in the photosystem II-mediated
reactions [10] but it suggests that Mn2* may have a
function so far not postulated [11,12].

2. Materials and methods

Chloroplasts were isolated from commercial spin-
ach (Spinacia oleracea L.) as described elsewhere [13].
The resulting stock suspension contained 2 mg chloro-
phyll/ml, 100 mM Tris—HCl (pH 8) and 175 mM NaCl,
and was kept at 0—4°C prior to use. Tris-washed
chloroplasts were obtained according to Yamashita
and Butler [14].

The electron transport for photosystem II (from
H,0 to 2,6-dichlorophenol indophenol) was measured
spectrophotometrically at 590 nm by the photoreduc-
tion of 2,6-dichlorophenol indophenol (DCPIP) as the
oxidant, in the following reaction mixture: Tris—male-
ate (50 mM, pH 7), NaCl (35 mM), DCPIP (0,15 mM),
ethanol (0.5%) and chloroplasts (20 ug chlorophytl/
ml). 1,5-diphenylcarbazide (DPC, 0.5 mM), MnCl,

(5 mM), 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU, 10 uM), or fatty acids (various concentra-
tions) were added to the basic reaction mixture, as indi-
cated. The reaction was followed over a 1 min period
at 20°C and at a light intensity of approximately 5.10%
ergs. em~2:s71,

DPC was dissolved in methanol, while fatty acids
and DCMU were dissolved in ethanol.
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Fig. 1. Ability of DPC and MnCl, to restore the photosystem
II activity which was inhibited by various concentrations of
linolenic acid. The value 100% corresponded to AEsgg =
1.720/min/20 ug chlorophyll/ml.

3. Results

Fig. 1 shows the effect of increasing linolenic acid
concentrations on the electron transport activity of
photosystem II, and the ability of DPC and MnCl, to
restore this activity. DPC [15] and MnCl, [11,12]
have been shown to be artificial electron donors to the
oxidizing side of photosystem II. The addition of 100
uM linolenic acid caused a 50% inhibition of the activi-
ty which was restored up to 85% in the presence of
MnCl,, but not in the presence of DPC. Higher concen-
trations of linolenic acid (200—300 uM) obliterated
completely the electron flow rate which was restored
up to 60% with MnCl,. DPC had only a slight restoring
effect. MgCl, could not replace MnCl, (not shown).

These first observations suggested that the inhibi-
tion block caused by linolenic acid in the electron
transport could be located after the entry point of
DPC. Moreover, MnCl, might either feed electrons in
the system after the fatty acid block or bypass it.

In order to test these two possibilities, the photo-
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Table 1
Influence of Tris-washing, linolenic acid and DCMU on the
photoreduction of DCPIP in chloroplasts and ability of DPC
and MnCl, to restore the activity.

Photoreduction of DCPIP

(% of control)
Conditions Controls + 300 uM

Linolenic acid
Untreated chioroplasts™ 100 2
+ DPC 107 10

Tris-washed chloroplasts 10 5
Tris-washed + DPC 65 9
Tris-washed + DPC + DCMU 3 2
Tris-washed + Mn>" 5 2
Tris-washed + Mn2* +DPC 30 6

* The basic reaction is described in Materials and methods.
Where indicated, the concentrations of DPC, MnCl; and

" DCMU were 0.5 mM, 5 mM and 10 uM, respectively.
The value of 100% corresponded to AEsgq = 1.365/min/
20 ug chlorophyll/ml.

reduction of DCPIP by Tris-washed chloroplasts was
studied. As previously reported, washing chloroplasts
with 0.8 M Tris (pH 8.0) caused an inhibition of the
Hill reaction by blocking electron transport between
water and photosystem II [14]. The results reported
in table 1 (column 1) confirmed that such a treatment
inhibited photosystem II activity and that DPC re-
stored the electron flow to an extent of 65%. MnCl,
did not have such a restoring effect indicating that it
did not behave as an electron donor similar to DPC.

A combination of DPC and MnCl, was not as effective
as DPC alone.

The addition of 300 uM linolenic acid (table 1, col-
umn 2) strongly inhibited electron flow in the pres-
ence and absence of DPC. Likewise, the activity of
Tris-treated chloroplasts which was restored by DPC,
again was inhibited by the fatty acid. In the presence
of linolenic acid, neither the addition of MnCl, alone
nor a combination of MnCl, and DPC was able to re-
store the activity of Tris-washed chloroplasts. Taken
together, these results might indicate that Mn2* estab-
lishes a shunt between Y and Y3 (see fig. 3), i.e. over
the point of entry of DPC (Y,) and the fatty acid
block.

The effect of DCMU on the MnCl,-restored activity
is illustrated in fig. 2. First, it can be seen that the in-
hibition of electron transport in photosystem II caused
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Fig. 2. Restoration by MnCl, of the photoreduction of DCPIP
inhibited by three C,g-unsaturated fatty acids and subsequent
inhibition by DCMU. The value 100% corresponded to

AEsg90 = 1.720/min/20 ug chlorophyll per ml.

by 200 uM of C g-fatty acids depended on the degree
of saturation of the molecule; for instance, linolenic
acid (Cyg.3) had a more pronounced inhibitory effect
than linoleic (Cg.,) and oleic (Cg.1) acids. The res-
toration of the electron flow rate by MnCl, also de-
pended on the degree of saturation of the molecule.
MnCl, was less effective in restoring the activity in the
presence of linolenic acid than in the presence of the
other acids. Fig. 2 also shows that in the presence of
all three fatty acids, the MnCl,-restored activities were

~strongly inhibited by DCMU. This suggested that the.
inhibition and restoration events take place at a site
prior to the DCMU block.

4. Discussion

The present findings confirm that fatty acids are
inhibitors of the photosystem II electron transport as
reported earlier [8,9] . Furthermore, we are now in a
position to propose that their inhibition site is located
on the oxidizing side of photosystem II, most probably
between the hypothetical carriers Y, and Y3, as
shown in fig. 3. In this scheme, electrons from water
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Fig. 3. Schematic representation of the action sites of Cyg-un-
saturated fatty acids, Tris-washing, 1,5-diphenylcarbazide
(DPC), MnCl, and DCMU in the photosystem II electron
transport in chloroplasts.

are transported through three hypothetical carriers
(Y, Y, Y3) to the photosystem II pigments, and
boosted through photosystem II to DCPIP. Our results
suggest that Cg-unsaturated fatty acids and Tris-wash-
ing inhibit the electron flow between Y, and Y3 and
between H,0 and Y, respectively, and that DPC
feeds electrons in the chain through the Y,-carrier.
DCMU, a specific inhibitor on the reducing side of
photosystem I, of course inhibited all the electron
flow pathways.

The function of Mn2* in relation to the fatty acid
inhibition was found to be interesting (fig. 3). Al-
though the absolute requirement of Mn2* for a func-
tional photosystem 1T is well documented [10], it is
by no means certain whether Mn2* participates direc-
tly as a carrier in the electron transfer reactions [10]
and/or is an electron donor to some other carrier prior
to photosystem II pigments [11, 12] . Moreover, neither
the exact position of Mn2* as an electron carrier nor
the entry point of Mn2* as an electron donor are well
defined. Izawa [11] showed that in EDTA- and heat-
treated chloroplasts, Mn2* can be an efficient electron
donor for photosystem II. Since Mn2* failed to reac-
tivate NADP* photoreduction in Tris-treated chloro-
plasts, Ben-Hayyim and Avron [12] concluded that
the Mn2* site of action not only precedes photosys-
tem II but is rather close to the O, evolution step it-
self. Our results are in agreement with this latter con-
clusion since Tris-treated chloroplasts, either with or
without added fatty acids, failed to show DCPIP pho-
toreduction activity in the presence of Mn2* (see table
1). However, when H,O was the electron donor, Mn2+
was able to restore the electron flow activity in the
presence of fatty acids, as measured by DCPIP reduc-
tion (fig. 1) and O, evolution (results to be published).
This suggested a third role for Mn2*. The ion, func-
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tioning as a catalyst, might establish a shunt between
Y, and Y3 bypassing Y, and the fatty acid block (fig.
3).

Finally, we would like to point out that compared
to classical inhibitors of photosystem II, such as
DCMU, o-phenanthroline, Tris-washing, etc., we may
consider fatty acids as physiological inhibitors. The
study of their action allows us not only to probe the
various components involved in the photosystem II
electron flow, but to gain some insight into the func-
tional role of the fatty acids themselves in the complex
machinery of the electron transport chain. Such a study
and the role that Mn2* plays in the photosystem II
electron flow is currently under investigation in our
laboratory.
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