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SUMMARY

1. The effect of a-tocopherol, phytol and tocol on reconstitution of Photo-
system I in heptane-extracted spinach, chloroplasts was investigated.

2. a-Tocopherol completely restored Photosystem I activity. The maximum
rate of methylviologen photoreduction in reconstituted chloroplasts occurred at an
a-tocopherol:chlorophyll molar ratio of 8.

3. Phytol and tocol added to heptane-extracted chloroplasts partially stimu-
lated Photosystem I activity. .

4. The concentrations of lipids used for the reconstitution of Photosystem I
suggested that a-tocopherol plays a structural role in restoration of thylakoid mem-
branes.

INTRODUCTION

It has been known since 1957 that organic solvent extraction of chloroplasts
damages the structure of the lamellae and decreases their photosynthetic activity [1].
A crude lipid extract is able to restore the Hill activity of extracted chloroplasts.
Several authors [2-4] have shown plastoquinone A to be an active component of
the lipid extract, which acts at a site close to Photosystem II. In 1972 Okayama and
Butler [5] examined heptane-extracted chloroplasts and stated that f-carotene is
essential for the primary photochemical activity of Photosystem 1I. When the Photo-
system II reaction-center was restored and made functional, an additional require-
ment of plastoquinone A for the Hill reaction was demonstrated.

Photosystem I can also be inactivated during lipid extraction from chloroplast
membranes [6-10] and then restored. Henninger and Crane [11], using heptane ex-
traction of chloroplasts, found a loss of ascorbate—indophenol-dependent photore-
duction of NADP™*, which was restored by plastoquinone C. The effect of extraction
can also be reversed on addition of plastocyanin [12].

Abbreviations: DCIP, 2,6-dichlorophenolindophenol; DCMU, 3,4-dichlorophenyl-1,1-
dimethylurea; TMPD, N,N,N,N-tetramethyl-p-phenylene diamine; Tricine, N-tris(hydroxymethyl)-
methylglycine.
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Brand et al. [13], measuring Photosystem I activity by transfer of electrons
from N,N,N,N-tetramethyl-p-phenylene diamine (TMPD) through the chloroplast
photosystem to methylviologen dye, found that a crude heptane extract added back
to extracted chloroplasts partially restored the activity. Triglycerides containing
unsaturated C, 4 fatty acids were also able to restore Photosystem I activity in heptane-
extracted spinach chloroplasts. It seems, however, that triglycerides are not present
in chloroplast membranes [14]. Several components of the heptane extract tested by
Brand et al. [13] did not stimulate Photosystem I activity.

While the present work was in progress Milles [15] demonstrated an acid-
bath phosphorylation in heptane-extracted chloroplasts.

The purpose of this paper is to examine whether other lipid components of
chloroplast membrane are able to reconstitute Photosystem 1 in extracted chloro-
plasts. Initially a-tocopherol, which is present in chloroplast membranes and whose
role is still uncertain, and later phytol and tocol, were examined.

MATERIALS AND METHODS

Spinach. chloroplasts were isolated from market spinach leaves as described
by Sane et al. [16]. Pelleted chloroplasts were washed twice with cold distilled water
and lyophilized. Heptane extraction of lyophilized chloroplasts was done according
to Brand et al. [13].

Reconstitution of extracted chloroplasts was attempted with solutions of
a-tocopherol, phytol and tocol. Increasing amounts of these compounds, dissolved
in iso-octane, were added to 25 mg samples of extracted chloroplasts and the iso-
octane was evaporated under vacuum. The dried reconstituted chloroplasts, suspend-
ed in 3 mi of 0.01 M Tricine buffer (pH 7.4) with 0.1 M KCI and containing approx.
0.5 mg chlorophyll per ml were used for activity measurements.

Oxygen photoreduction assay

Photosystem I activity of the chloroplasts was measured as oxygen uptake
with a Clark-type oxygen electrode at 24 °C using sodium ascorbate and TMPD as
the electron donor and methylviologen as the electron acceptor. The reaction chamber
was illuminated with red light at an incident intensity of 2.5 - 10° ergs - cm™2 - s~ 1.
Other experimental details are described in the figure legend.

NADP photoreduction assay

NADP photoreduction was measured by following the change in absorbance
at 340 nm caused by illumination with red light of an intensity equal to 1.5 - 10°
ergs -cm~%-s”!, Assay conditions and reagent concentrations are indicated in the
legend to the table.

Ferredoxin and plastocyanin were prepared from spinach according to the
procedure of Boger et al. [17].

Chlorophyll concentrations were determined by the method of Arnon [18].

All chemicals were reagent grade. a-Tocopherol and sodium ascorbate were
purchased from Merck. Phytol and tocol were products of Koch-Light, and Tricine,
methylviologen and NADP were purchased from Sigma. TMPD was obtained from
Eastman and (3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) from K and K Lab-
oratories.
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RESULTS

The activity of lyophilized and heptane-extracted chloroplasts was measured
by oxygen uptake in reaction with methylviologen as electron acceptor and by NADP
photoreduction. ‘

Table I shows both activities under varying conditions. Heptane extraction
of lyophilized chloroplast decreases the essential Photosystem I activity. Addition of
saturating amounts of plastocyanin considerably protects electron transfer from
TMPD to methylviologen as shown previously [13]. The restoration is much greater
than that assayed by NADP photoreduction. The latter reaches only 1/3 of unextract-
ed chloroplast activity.

TABLE I

RECONSTITUTION OF PHOTOSYSTEM I ACTIVITY OF HEPTANE-EXTRACTED SPIN-
ACH CHLOROPLASTS

The reaction mixture for measuring O, uptake contained the following components, in umoles:
Tricine-NaOH buffer (pH 8.0), 150; DCMU, 0.03; sodium ascorbate, 50; TMPD, 0.2; methylviologen
0.4; chloroplast equivalent to 15 ug of chlorophyll in a final volume of 3 ml. The reaction mixture
for NADP* photoreduction measurements contained the following components, in gmoles: Tricine—
NaOH buffer (pH 8.0), 150; DCMU, 0.03; sodium ascorbate, 50; TMPD, 0.2; NADP*, 2.5; saturat-
ing amounts of ferrodoxin, chloroplasts containing 30 ug chlorophyll. In both assays, where indicated,
saturating amount of plastocyanin was added. Addition of lipids to extracted chloroplasts were
performed as described in methods.

Chloroplasts Additions TMPD - methylviologen TMPD — NADP*
(umoles/umole chlorophyll) (umoles O, uptake/mg (umoles NADP
chlorophyll per h) reduced/mg
chlorophyll per h)
plastocyanin plastocyanin
Lyophilized — 780 814 106 123
10, a-tocopherol 760 820
Heptane-extracted 138 504 9 35
10, a-tocopherol 826 840 64 78
10, phytol 427 765 18 45
10, tocol 702 810 41 51

Fig. 1 shows the reconstitution of Photosystem I measured by oxygen uptake
in relation to increasing amounts of lipids. Rate values are expressed as a percentage
of the rate for lyophilized chloroplasts. As seen from the curve concerning o-toco-
pherol, a complete reconstitution of Photosystem I was attained when 8-10 times the
amount of a-tocopherol (in comparison to chlorophyll present in chloroplast) was
added to the extracted chloroplasts.

Taking into consideration the possibility that the tocopherol side chain may
participate in reconstitution of Photosystem I, the influence of phytol was tested.
Phytol stimulated electron flow in Photosystem I by about 609.

Tocol, the unmethylated parent compound of a-tocopherol, gives an optimum
rate of electron transport activity at a tocol:chlorophyll ratio of 10. This concentra-
tion of tocol reconstituted up to 909, of the original Photosystem I activity. Higher
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Fig. 1. The effect of a-tocopherol, phytol and tocol on reconstitution of Photosystem I in heptane-
extracted spinach chloroplasts. The Photosystem I activity was assayed by the ascorbate +-TMPD —
methylviologen assay. The reaction conditions were identical to those described in Table I. Rate
values are expressed as percentage of the rate of lyophilized chloroplasts activity. O~QO, a-tocopherol;
-0, phytol; A~A, tocol.

concentrations of tocol decrease the stimulating effect.

Taking into account the fact that, for all compounds tested, the optimal sti-
mulation of Photosystem I activity is reached at a lipid:chlorophyll molar ratio of
10, the influence of saturated amounts of plastocyanin on the activity of chloroplasts
reconstituted by the same amount of lipids was examined (Table I). Plastocyanin
gives the least effect in increasing the activity of tocopherol-reconstituted membranes
and maximum effect to membranes reconstituted with phytol.

In the presence of NADP™ as the electron acceptor, an addition of plasto-
cyanin also increases Photosystem I activity in reconstituted chloroplasts. The author,
however, did not succeed in obtaining an activity equal to that of lyophilized chloro-
plasts.

DISCUSSION

The decrease in Photosystem I activity in heptane-extracted chloroplasts has
been known for a number of years. Recent studies of Brand et al. [13] showed that
the lipids of heptane extract restored the activity of System I.

As the heptane extract effects Photosystem I activity, it is evident that the com-
ponents of the extract should be responsible for this reconstitution. Several compounds
known to be present in chloroplasts such as plastoquinone, vitamin K, a-tocopherol-
quinone, B-carotene, galacto-, sulfo- and phospholipids fractionated by thin-layer
chromatography and then tested for activity gave no significant stimulation [13].

In our studies attention was drawn to a-tocopherol and we succeeded in show-
ing its presence in heptane extract. When added to extracted chloroplasts in an amount
similar to that found in the heptane extract, it did not show a significant effect on
Photosystem I activity. Therefore, in further extraction and reconstitution experi-
ments much higher concentrations of a-tocophercl were used which produced a
1009, reactivation of System I. a-Tocopherol added to the suspension of fresh or
Iyophilized chloroplasts at the concentration reconstituting Photosystem I activity
(i.e., for a-tocopherol:chlorophyll molar ratio of 10) of extracted chloroplasts does
not cause an increase in the rate of methylviologen reduction.
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Since the prenyl side chain may be the active part of the a-tocopherol mole-
cule, the effect of phytol was tested. A much smaller effectiveness of phytol suggest
the chromane ring also exerts an effect. This is confirmed by a higher activity of tocol
in comparison with phytol.

Lack of a-tocopherol influence on Photosystem I activity in fresh chloroplasts
and a high concentration of this lipid in relation to chlorophyll restoring oxygen
uptake to extracted chloroplasts give evidence of structural rather than redox role of
this lipid. Such an assumption was put forward by Brand et al. [13] and Milles [15]
in regard to triglycerides. It is also supported by the fact that a-tocopherol maintains
the integrity of chloroplasts as an antioxidant [20].

Recently it was also shown that unsaturated C,g fatty acids are effective in
stimulating swelling of fresh chloroplasts and electron flow in Photosystem I at a
similar molar ratio of fatty acids to chlorophyll [20, 21].

It seems that the lipids studied play a structural role in restoration of the thy-
lakoid membranes. This supposition also accounts for the fact that re-isolation of
reconstituted chloroplasts does not significantly change the a-tocopherol:chloro-
phyll molar ratio. Our results, however, are not a sufficient evidence for the structural
role of a-tocopherol in chloroplast because in nature the a-tocopherol concentration
in chloroplast membranes is much lower than used in the above experiments. Further
investigations will be continued along this line.
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