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Abstract—Intact, isolated spinach chloroplasts incorporated '*C from '#CO, into plastoquinone and B-carotene
under photosynthetic conditions. Addition of unlabelled r-tyrosine, p-hydroxyphenylpyruvate, or homogentisate
increased the incorporation of '“C into plastoquinone, but decreased that into f-carotene.

INTRODUCTION

Using the method developed by Goodwin [ 1], it was elu-
cidated that carotene[1] and the polyprenyl moiety of
plastoquinone {2] are synthesized in the chloroplasts of
higher plants, although carotene is also synthesized in
chromoplasts [3-6]. From the work of Porter’s labora-
tory it would be inferred that synthesis of a- and f-caro-
tene via A-isopentenyl pyrophosphate, prephytoene pyro-
phosphate [3], (probably lycopersene{3]), 15-cis phy-
toene [4], 15-cis phytofluene, all-trans phytofluene [5],
neurosporene, and Iycopene [4] to J- and y-carotene {6]
is performed by soluble enzymes of the plastids.

During their studies on the synthesis of the prenyl-
quinones, plastoquinone and tocopherol, Whistance and
Threlfall [7] found, that homogentisate is a precursor of
the phenolic moiety. However, in the case of the poly-
prenyl moiety, a mixture of polyprenyls, formed by Mic-
rococcus lysodeicticus, had to be added to effect its syn-
thesis in chloroplast particies [8]. Isotopic studies, pre-
sented here, indicated that isolated intact chloroplasts
are capable of complete synthesis of -carotene and plas-
toquinone under photosynthetic conditions with *4CO,,
The rate of synthesis of plastoquinone was enhanced by
addition of L-tyrosine, p-hydroxyphenylpyruvate, or
homogentisate.

RESULTS

14C0, was used as substrate for comparing the poly-
prenyl synthesis of plastoquinone and f-carotene but the
phenolic substrate was not labelled. In spite of the long
pathway starting from CO,, a significant incorporation
into both polyprenyls was detected in intact chloroplasts
after treating them for only 30 min.

B-Carotene

After carrying out TLC of the petrol-soluble portion
with system 1[9], the carotene zone was saponified in
order to eliminate contaminating lipids, especially trigly-
cerides, Chromatography of the non-saponifiable portion
was performed with TLC system 5[10]. Carotenes (or

precursors) other than f-carotene (light petroleum; A,
452; 476 nm) could not be identified in noticeable
amounts by treatment with I, vapour, SbCl; or by obser-
vation in UV. The radioscans of the TLC showed only
one maximum which can be correlated with the zone
of B-carotene.

The results of the experiments, showing the incorpor-
ation of **C from 1*CO, into polyprenyls of intact chlor-
oplasts, are listed in Table 1. In order to synthesize poly-
prenyls, chloroplasts must be completely intact. In con-
trast, only negligible incorporation could be detected in
experiments containing only a portion of ca 20%, of in-
tact chloroplasts. This may have been caused by dilution
of the coenzymes and enzymes of photosynthetic carbox-
ylation [11] and carotene synthesis [3~6] by the buffer
solution when the chloroplasts were disrupted.

No detectable incorporation of **C from *CO, into
B-carotene could be obtained if the experiments were
performed in darkness (Table 1). The effectiveness of illu-
mination with low doses only (0.15 x 10% erg cm™2
sec” ! = 15% of the full dose) decreased it to 40% of
the (light + homogentisate) value. The problem is to find
out whether the synthesis of carotene is caused by a
light-intensity-dependent production of substrate formed
by photosynthesis, or by a photoinduction of carotene
synthesis [4.5,12]. It might be due to photoinduction
because low doses were sufficient for restoration of the
reaction.

Maximum rate of incorporation of **C from **CO,
into B-carotene was obtained without adding phenolic
substrate. An addition of p-hydroxyphenylpyruvate
reduced the rate by half, whereas an addition of homo-
gentisate of L-tyrosine decreased the rate by one third
to one quarter.

Plastoquinone and plastoguinol

As plastoquinone forms a link in the electron transport
carrier system of photosynthesis in chloroplasts, it is sub-
jected to a current change between the reduced and the
oxidized states [13]. The corresponding ratio of plasto-
quinone/plastoquinol is dependent on light condi-
tions [13], substrate concentration etc. A ratio of plasto-
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Table 1. Incorporation of **C from *CO, into plastoquinone + plastoquinol and B-carotene of isolated spinach chloroplasts

Plastoquinone +

Plastoquinolt p-Carotene}

Conditions dpm/mg chlorophyll* rel. dpm/mg chlorophyll* rel.
Dark + homogentisate 86 028 0,15 55 0,03 0,08
Light (low intensity) + homogentisate 318 1,02 055 291 0,14 0,40
Light + homogentisate 581 1,87 1,00 724 0,35 1,00
Light + v-tyrosine 364 1,17 423 021
Light + p-hydroxyphenylpyruvate 1585 5,11 1232 0.59
Light without phenolic substrate 310 1,00 2058 1,00

* Chlorophyll (mg/expt). mean 2,9; min. 2,1; max. 3,77;

t plastoquinone + plastoquinol (nmol/mg chlorophyll), 115 7.1 179

1 B-carotene (nmol/mg chlorophyll). 51.0 380 64.0

The values are averages of several determinations; each was standardized against a (light + homogentisate)-experiment,

running at the same time.

quinone/plastoquinol of 1:1 was found under present
conditions (white light; 1 x 10%erg cm ™2 sec™!; stopping
the reaction by freezing (—20°) within 3 min). Plasto-
quinone predominated in experiments with low intensity

of light.
The specific radioactivity of plastoquinone and plasto-
quinol was in the same range (plastoquinone

68.6 dpm/nmol; plastoquinol 46 dpm/nmol). This could
be explained by the rapid change between the reduced
and the oxidized states [13]. Probably the incorporation
took place statistically over the total molecule; however,
at the present time only incorporation into the prenyl
moiety has been investigated by [14].

On comparing the !*C-incorporation into plasto-
quinone and plastoquinol with that into f-carotene, it
could be inferred that both have similar light dependen-
cies. On adding homogentisate, the ratio of incorpor-
ation without light:with low light intensities:with full
light intensity into plastoquinone + plastoquinol was
0.15:0.55:1.0, and that into f-carotene was 0.08:0.40:1.0.
Thus in this case, light appears to have the same effect.

In isolated intact chloroplasts, the synthesis of plasto-
quinone was strongly dependent on availability of
phenolic substrate. When chloroplasts were exposed to
14CO, under photosynthetic conditions, the ratio of incor-
poration of “*C without phenolic substrate:with L-tyro-
sine:with p-hydroxyphenylpyruvate:with homogentisate
into plastoquinone -+ plastoquinol was 1.0:1.2:5.1:1.9,
According to [7,14], homogentisate is the immediate pre-
cursor of plastoquinone synthesis. On the other hand,
in experiments presented here, a considerably higher rate
of incorporation of '*C could be found after the addition
of p-hydroxyphenylpyruvate. Therefore, it is probable
that a selective mechanism of transport of phenolic com-
pounds across the chloroplast membrane exists (com-
pare [ 15]).
a-Tocopherol

On the basis of the results of the preceding paper [9]
it could be assumed that a non-plastidic synthesis not
only of d-, y-, and -tocopherol may occur, as proposed
by [16], but also of a-tocopherol. Likewise in intact, iso-
lated chioroplasts no incorporation of 4C from 4CO,
could be observed into a-tocopherol as well as into
a-tocopherolquinone and a-tocopherolquinol. Because
e-tocopherol is localized in chloroplasts [16] this implies
the possibility that a-tocopherol compounds may be
transported from the extraplastidic to the intraplastidic
site.

DISCUSSION

1t can be concluded that isolated chloroplasts are cap-
able of total synthesis of B-carotene and the prenyl
moiety of plastoquinone. This is in agreement with the
former studies on total plants[1,2]. From these results
it can be suggested that chloroplasts possess systems of
acetate synthesis in addition to the enzyme systems of
mevalonate and polyprenyl synthesis as demonstrated in
the case of fatty acid synthesis [17,18]. It is difficult to
speculate about the mechanism of acetate synthesis un-
der photosynthetic conditions (compare [19]). The co-
operation of chloroplasts and mitochondria in acetate
synthesis, postulated by [20], and acetate synthesis via
the glycollate pathway [21] may function as additional
pathways in the intact cell.

The phenolic substrate added as L-tyrosine, p-hydroxy-
phenylpyruvate or homogentisate represented a critical
factor in the synthesis of plastoquinone in isolated intact
chloroplasts. It is unknown whether chloroplasts are cap-
able of forming tyrosine or intermediate products to a
sufficient extent, or if they are dependent on supply of
tyrosine from the extraplastidic site. Probably, there are
differences in the capacity of the shikimate pathway that
are dependent on the stage of plant growth [22].

In sonicated chloroplast particles, Thomas and Threl-
fall [8] found predominately octa- and nonaprenyltolu-
quinol after addition of homogentisate, whereas plasto-
quinone and plastoquinol were the main products in in-
tact chloroplasts of the experiment presented here. This
must be attributed to the action of an enzyme system,
which should have methylated the prenyltoluquinols in
chloroplasts (compare [23]).

EXPERIMENTAL

Isolation of intact chloroplasts. Leaves of farm-grown
spinach {ca 6 weeks old) were used for the isolation of chiorop-
lasts. The preparation (0°) was performed as described in {11].
The percentage of intact chloroplasts was determined with the
Hill-reaction [24] and amounted to 85-90%. The hexokinase
test for adhering cytoplasm was negative,

Administration of NaH“CO; and phenolic substrate. The
chloroplast suspension (ca 3 mg chlorophyll in 1 ml medjum
B pH 6,7[11] was pipetted into a cuvette (d = 0.5cm;
vol = 10ml; T = 20°) with a mixture of 8.15ml medium C
pH 7.6[11], 0.4ml 200mM NaHCO,, 0.05m! NaH"“CO,
(= 100 uCi), 0.4 ml 25 mM L-tyrosine, p-hydroxyphenylpyru-
vate, or homogentisate (the latter dissolved in 0.5 mg ascorbic
acid/ml {7]). The suspension was illuminated for 30 min with
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white light of an intensity of 1 x 10° erg cm™2 sec™! using a
Zeutschel monochromator system.,

Extraction and purification of polyprenyl compounds. Extrac-
tion, TLC, and determination of plastoquinone, plastoquinol,
a-tocopherol, a-tocopherolquinone and x-tocopherolquinol
was performed as described in [9]. After oxidizing the plasto-
quinol zone, it was rechromatographed on Si gel with petrol-
Et,0 1:1 (system 1[9]). The carotene zone developed with
the same system was eluted with EtOH and saponified as
described in [25]. The purified carotene was chromatographed
with system 5 (Si gel petrol (40-60°) + 5% C.H,[10] and
determined by the spectral properties in petrol soln [26].
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