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Formation o f major prenylquinones and carotenoids was investigated by comparing the
incorporation o f [14C]mevalonate into segments o f different age from green and etiolated
leaves o f 22 °C-grown rye seedlings (Secale cereale L.) and from 32 °C-grown rye leaves which
contained bleached and proplastid-like ribosome-deficient plastids, due to a heat-sensitivity o f
70S ribosome formation. The contents o f plastidic isoprenoids were much lower (between
2 -3 0 % ) in the achlorophyllous than in green leaves. In green leaves [l4C]mevalonate incor
poration into non-polar lipids and into plastoquinone was partially inhibited in the presence
o f gabaculin, an inhibitor o f chlorophyll synthesis. However, except for ß-carotene,
[,4C]mevalonate incorporation into isoprenoids continuously increased with age also in
achlorophyllous etiolated or 32 °C-grown, as in green, leaves and was, except for ß-carotene
and plastoquinone, higher in etiolated than in green leaves. In bleached 32 °C-grown leaves
[l4C]mevalonate incorporation into all plastidic isoprenoids was strikingly (up to 45-fold)
higher than in green control leaves. While degradation o f ß-carotene was greatly enhanced in
bleached 32 °C-grown leaves, relative to green control leaves, and could thus compensate for a
higher apparent synthesis, chase experiments did not reveal any marked differences o f the
turnover o f other isoprenoids. The half times o f plastoquinone, phylloquinone and lutein were
in the order o f 2 - 3 days. W ithin a 24 h chase period a-tocopherol degradation did not become
apparent. U ptake o f [14C]mevalonate and [l4C]isopentenyl pyrophosphate by isolated bleached
plastids from 32 °C-grown leaves was much more rapid than by chloroplasts and resulted in
higher precursor accumulation within the organelle. While mevalonate incorporation into iso
prenoid lipids was not detected, isopentenyl pyrophosphate was incorporated into isoprenoid
lipids, including plastoquinone. Rates o f incorporation by isolated chloroplasts or bleached
plastids were o f similar order. The results illustrate that divergent types o f plastid differentia
tion are associated with fundamental developmental changes o f the metabolic flow o f iso
prenoid precursors between different products and compartments and, in particular, with
changes o f import into the plastid compartment.

Introduction
Isoprenoid com pounds, such as prenylquinones
and carotenoids, are im portant and general con
stituents of the thylakoid membranes of chloro
plasts. In the photosynthetic tissues they function
as accessory pigments in the transfer of excitation
energy (carotenoids), as constituents of the photo
synthetic electron transport chain (PQ-9, phyllo
quinone) and as im portant systems o f antioxida
tive protection (carotenoids, a-T) against photo-
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damage [1-4], Enzymes of carotenoid and
prenylquinone biosynthesis are confined to the
chloroplast com partment [2, 5, 6]. However, genes
for enzymes of isoprenoid biosynthesis have not
been recognized on the chloroplast D N A [7] and
the observation that plastidic isoprenoids were
synthesized in 70S ribosome-deficient leaves [8]
suggested that the biosynthetic enzymes are nuclear-encoded and synthesized on cytoplasmic
ribosomes. During leaf development form ation of
prenylquinones and carotenoids accompanies
greening and the differentiation of thylakoids.
Since plastids of 70S ribosome-deficient leaves
that were produced by growing rye seedlings at a
non-permissive elevated tem perature o f 32 °C were
bleached and did not contain normal thylakoids
[9], their contents o f carotenoids and prenylqui
nones remained low, similarly as in etiolated leaves
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[8, 10]. In our present work, we have now tried to
investigate at which developmental stage and by
which mechanisms the accum ulation of chloro
plast isoprenoids is suppressed in non-green
leaves, by com paring rates o f synthesis and turn
over of individual com pounds. Investigations of
isoprenoid biosynthesis by radioactive labeling of
intact leaf tissues are com plicated by the compartm entation of precursor substrates and events of
metabolic channelling [see 6]. It is long known that
in green leaves C 0 2 is more efficiently incorporat
ed into plastidic isoprenoids than exogenously ap
plied m evalonate [11], F o r a com parison with non
photosynthetic achlorophyllous leaves we were,
however, forced to use only m evalonate as precur
sor. The results obtained point to the existence of
m arked differences o f transport capacities and
metabolic channelling in different stages and situa
tions o f leaf differentiation.

M aterials and Methods
Plant m aterial and growing conditions

The lower halves o f the prim ary leaves of 6-dayold rye seedlings were used for extraction of prenylquinones and pigments, labeling experiments
or plastid isolation. Seeds o f winter rye (Secale
cereale L. cv. “H alo”) were surface-sterilized by a
10 min vacuum infiltration and about 30 min
soaking in a freshly prepared filtered solution of
3% (w/v) o f calcium hypochlorite-chloride, thor
oughly washed with demineralized H 20 and ger
m inated in glass-covered plastic boxes on filter
paper (Schleicher & Schüll, No. 598, or Macherey
& Nagel, M N 218) m oistened with distilled H 20 .
Plants were kept for one day at 22 °C in darkness.
During the additional 5 days seedlings were kept
either at 22 °C in continuous white light or dark
ness, or at 32 °C in white light, in order to obtain
70S ribosome-deficient leaves [12]. For the prepa
ration o f individual reference compounds from
greater leaf quantities, rye seedlings were grown on
Vermiculite moistened with a modified K nop’s nu
trient solution [13] at 22 °C in white light. C ontin
uous irradiation with white light was provided by
fluorescent tubes (Osram L 36W/36 N atura and
Philips TLD 36W/95 in alternating sequence) giv
ing an incident photon flux density of ca. 90 nmol
m~2 s“ 1(5,000 lux; 20 W n T 2).
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Sections from the lower halves o f the prim ary
leaves of 6-day-old seedlings were homogenized
under ice-cold conditions with m ortar and pestle
in 0.15 m tricine-KOH, 10 m M KCl, 1 m M MgCl2,
1 m M N a2-EDTA, 4 m M dithioerythritol. Extracts
were centrifuged for 15 min at 20,000 x g at 4 °C
and supernatants were used for the estimation of
enzyme activities.
Isolation o f intact plastids

Plastids were isolated from the lower halves of
primary leaves of 6-day-old rye seedlings and in
tact plastids were purified by centrifugation on
discontinuous Percoll gradients as described by
Höinghaus and Feierabend [14]. The grinding me
dium consisted of 0.3 m sorbitol, 50 m M tricineKOH, 1 m M N a2-E D T A , 10 m M KCl, 1 m M
MgCl2, 4 m M dithioerythritol and had a pH o f 7.8.
The Percoll gradients consisted of layers o f 80%
and 42% (v/v) Percoll for chloroplasts and of 80%
and 26% Percoll for plastids from 32 °C-grown
leaves, according to Höinghaus and Feierabend
[14].
Incorporation o f radioactive precursors into leaf
segments

The lower halves o f the prim ary leaves of 6-dayold rye seedlings were divided into three segments
of equal length, designated from bottom to top as
I, II, III. Ten segments o f each type were each fur
ther dissected into two pieces and incubated for
6 h with 0.6 ml 0.01% (v/v) Tween 20 containing
444 kBq
R-[2-14C]mevalonolactone
(2.1 MBq
(amol-1) under the respective growing conditions,
as previously described for labeling with [14C]acetate [15]. At the end o f the incubation period the
leaf segments were thoroughly rinsed with distilled
H20 and isoprenoid lipids were extracted, as de
scribed below. For measurements o f m evalonate
incorporation in the presence of inhibitors and for
chase experiments only the oldest segment (num 
ber III) was used. The leaf sections were for 40 min
preincubated on 0.6 ml inhibitor solutions (10 m M
4,6-dioxoheptanoic acid or 1 m M gabaculin) con
taining 0.01% Tween 20 (v/v) before the addition
of radioactive mevalonolactone. F or chase experi
ments leaf segments were at the end o f the labeling
period thoroughly rinsed with distilled H 20 and,
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starting with a short vacuum-infiltration, further
incubated under slow rotation with 800 |il each of
37 m M unlabeled mevalonolactone, 10 m M N aO H ,
0.01% (v/v) Tween 20; the pH was about 5.0. D ur
ing the first 3 h the solution was replaced every
30 min. Samples were extracted after chase periods
of 3, 6, 12 and 24 h.
Uptake and incorporation o f radioactive precursors
by isolated plastids

Percoll gradient-purified intact plastids, equiva
lent to the yield from 250-450 mg leaf tissue, were
incubated in darkness for 4 h at either 22 °C or
32 °C (according to the growing conditions used for
the leaves) in 0.3 ml grinding medium described for
plastid isolation (see above) which, in addition,
contained 5 m M ATP, 0.17 m M S-adenosylmethionine, 1 m M /?-hydroxyphenylpyruvate, and 37 kBq
R-[2-14C]mevalonolactone or [4-14C]isopentenyl
pyrophosphate (see [16, 17]). The incubation was
term inated by the addition of 2 ml 80% acetone
and prenylquinones were extracted (see [8]).
U ptake o f radioactive precursors was estimated
by centrifugation through a layer o f silicone oil ac
cording to Heldt [18]. A suspension (0.1 ml) of
Percoll gradient-purified intact plastids in grinding
medium (see above) was incubated after the ad 
dition o f 5 m M ATP with labeled precursors at
4 °C. At different time intervals after the addition
of either 18.5 kBq R-[2-14C]mevalonolactone
(2.1 MBq limol“1) or 15 kBq [4-14C]isopentenyl
pyrophosphate (1.8 MBq (imol-1) plastids were
centrifuged through a layer of silicone oil (AR 170
for chloroplasts, A R 150 for ribosome-deficient
plastids) into a layer of 10% (v/v) HC104 and the
uptake into the sorbitol-impermeable space was
determined as described by Höinghaus and Feier
abend [19],
Extraction and analysis o f prenylquinones and
pigments

Prenylquinones were extracted and identified
according to Lichtenthaler et al. [20] and Lichten
thaler and Pfister [21], as previously described [8],
Plastohydroquinone was oxidized by the addition
of ferricyanide.
Prenylquinones and ß-carotene were separated
by thin-layer chrom atography on “ Kieselgel 60”
(Merck 5721) plates according to Lichtenthaler [1],
(1. Dimension: 16.5% (v/v) diethyl ether in

«-hexane; after im pregnation with paraffin oil
2. dimension: 95% acetone (v/v) in H 20 ). In order
to improve the separation of ß-carotene, chrom a
tography in the 2. dimension was, in addition, re
peated two times with 80% acetone (v/v in H 20 ).
The area of the plate containing the prenylqui
nones was protected from the additional chrom a
tography in 80% acetone by removing stripes from
the silica gel layer and separating the prenylqui
nones containing portion. The absence of carotene
precursors or squalene from the ß-carotene spot
was assayed by chrom atography according to
Lütke-Brinkhaus and Kleinig [22], The am ounts of
ß-carotene were calculated after one-dimensional
thin-layer chrom atography from measurem ents of
the absorbance at 464 mm according to Hager and
Meyer-Bertenrath [23].
For the separation of xanthophylls the partition
chrom atography system of Hager and Meyer-Bertenrath [23] was used for the 1. direction. F or the
2. dimension the plate was im pregnated with par
affin oil and chrom atographed with 65% acetone
(v/v in H 20 ).
Determination o f radioactivity

Radioactive spots on thin layer chrom atogram s
were detected by fluorography. Thin layer plates
were sprayed with En3Hance (New England N u 
clear) and exposed to a K odak X -O M AT S film.
Radioactivity was determ ined by liquid scintil
lation counting with Packard Emulsifier Scint 299
in a Packard Tri-Carb 4530 counter. Quench cor
rections were performed by the spectral index of
external standard.
Analytical methods

Chlorophyll was determined according the
Whatley and Arnon [24], The activity o f NAD Pdependent glyceraldehyde-3-phosphate dehydro
genase (EC 1.2.1.13) was determined as described
[13]. Experiments were perform ed at least 3 times.
Standard errors of the mean are indicated.
Results
Course o f synthesis in green and achlorophyllous
leaves

Norm al green or non-green etiolated rye leaves
were grown at 22 °C in light or in darkness. Alter
natively, seedlings were grown at 32 °C in light in
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order to eliminate chloroplast ribosome form ation
in the leaves. Except for the tip parts, the 32 °Cgrown leaves were 70S ribosome-deficient and
bleached [10, 13]. The contents of prenylquinones
in achlorophyllous tissues of etiolated 22 °Cgrown or bleached 32 °C-grown leaves were below
2 0 -3 0 % o f those found in green leaves [8], Also
carotenoid contents were low, although caroten
oids were the predominating pigments of heatbleached leaves [10]. The content of ß-carotene
(per g fresh weight) in bleached 32 °C-grown leaf
sections was only about 2% of that in normal
green leaves. In order to investigate differences
and potential controls occurring in the course of
development of isoprenoid compounds in green
and non-green leaves we followed the same proto
col that was previously described for investiga
tions o f glycolipid synthesis [15]. The lower halves
o f the leaves o f 6-day-old seedlings were dissected
into three parts of equal length ( I - I I I , Fig. 1) and
separately labeled with [14C]mevalonate. Because
cereal leaves are growing from a basal meristem
the leaf segments reflect consecutive stages o f pro
gressive leaf age and allow a comparison of syn
thetic activities along the developmental gradient
o f the leaves.
The total [14C]mevalonate uptake (radioactivity
in crude total acetone extract) was under all grow
ing conditions slightly higher in the younger than
in the older leaf segments. U ptake in segment III
was in green leaves about 40%, in the non-green
leaves up to about 20% lower than in segment I.
U ptake o f [14C]mevalonate into segments o f etiol
ated leaves was up to 50%, and uptake into seg
ments o f heat-bleached leaves 50-100% , higher
than into segments from green leaves (not shown).
In accordance with the differences in total
[14C]mevalonate uptake also total incorporation
into the «-hexane-extractable fraction o f non
polar lipids was slightly decreasing with the age of
the leaf tissue in green and heat-bleached, but not
in etiolated leaves (Fig. 1). The most striking dif
ference between the different types of leaf differen
tiation was that, at all stages, incorporation into
total non-polar lipids was much higher in heatbleached than in 22 °C-grown green or etiolated
leaves. In heat-bleached 32 °C-grown leaf seg
ments, on the average, about 50% o f total
[14C]mevalonate uptake were incorporated into to
tal non-polar lipids, while in 22 °C-grown leaves
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Fig. 1. Incorporation o f radioactivity during a 6 h incu
bation with [14C]mevalonate into total «-hexane-soluble
non-polar lipids and into major prenylquinones and
carotenoids o f three consecutive segments (I -I I I ) cut
from the lower halves o f primary leaves o f 6-day-old rye
seedlings, as illustrated by the scheme. Seedlings were
grown at 22 °C in light (green leaves), at 22 °C in dark
ness (etiolated leaves), or at 32 °C in light (70S ribosom e-deficient bleached leaves). Labeling was per
formed under the same light and temperature conditions
under which the plants were raised.

only about 30% were incorporated. In heatbleached leaves up to 12% o f the radioactivity (in
segment III) incorporated into non-polar lipids
were contained in the prenylquinones (PQ-9, a-T,
phylloquinone) and carotenoids (ß-carotene, lu
tein) analysed by us, while these accounted for
only up to 2% in 22 °C-grown leaves. Correspond
ingly, in heat-bleached 32 °C-grown leaves incor
poration into individual prenylquinones and caro
tenoids was several-fold higher than in 22 °C-
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grown leaves and, except for a-T, increased con
tinuously with leaf age (Fig. 1). Since the am ounts
of the isoprenoids were lower in the 32 °C-grown
than in green 22 °C-grown leaves, specific radioac
tivities were even more increased. The specific ra
dioactivity of the ß-carotene of the complete lower
halves (segments I - I I I ) was 49 Bq |ig~’ for green
22 °C-grown and 7358 Bq jig-1 for bleached 32 °Cgrown leaves. Among the 22 °C-grown leaves in
corporation into PQ-9 was equal in green and
etiolated leaves. Incorporation into a-T, phylloquinone and lutein was higher in etiolated than in
green leaves. Only for ß-carotene [14C]mevalonate
incorporation was higher in green than in etiolated
leaves and leveled off with leaf age, similar to the
previously described behavior o f acyl lipids [15]. In
green leaves (22 °C light) also labeling of lutein
declined with leaf age.
Since the comparison of radioactive labeling in
green and non-green leaves did not provide evi
dence for the existence of any correlation of the
apparent synthesis of prenylquinones or carotenoids with chlorophyll form ation, we examined, in
addition, by inhibitor application, whether any
immediate coupling between chlorophyll synthesis
and the form ation of isoprenoid com pounds could
be dem onstrated in green leaf segments. Labeling
experiments with [14C]mevalonate were performed
with segment III of green leaves in the presence of
gabaculin, an inhibitor of 5-aminolevulinic acid
synthesis [25, 26] and 4,6-dioxoheptanoic acid, an
inhibitor of the aminolevulinic acid dehydratase
[27], at concentrations which efficiently block
chlorophyll synthesis. D ioxoheptanoic acid almost
completely suppressed the synthesis o f isoprenoid
compounds, except for a-T, for which labeling was
even increased (Fig. 2). The suppression o f iso
prenoid synthesis through dioxoheptanoic acid
cannot be regarded as a mere consequence of the
inhibition of chlorophyll synthesis, but must re
flect more severe direct effects on this pathway be
cause the action of the alternative and equally ef
fective chlorophyll synthesis inhibitor gabaculin
did not confirm the results obtained for dioxohep
tanoic acid. In the presence o f gabaculin incorpo
ration into the total non-polar lipids and into
PQ-9 was markedly diminished, incorporation
into a-T and phylloquinone was not affected and
labeling of the carotenoids was slightly increased
(Fig. 2).

Comparison o f the turnover in green and
achlorophyllous leaves

Since the rates of [,4]mevalonate incorporation
were not in accordance with the much lower
steady-state contents of prenylquinones and caro
tenoids in non-green, relative to green, leaves we
have examined by chase experiments whether
these com pounds might be less stable in the ab 
sence of chlorophyll and normal thylakoid differ
entiation. After term ination of [l4C]mevalonate
application the radioactivity in total non-polar lip
ids and in most individual com pounds analysed by
us increased for the next 3 - 6 h of a subsequent
chase (Fig. 3). The majority of the isoprenoid com 
pounds was fairly stable during the next 24 h. Ex
cept for ß-carotene, degradation rates were not
m arkedly higher in heat-bleached and 22 °Cgrown etiolated, relative to norm al green leaves,
and did not provide a sufficient explanation for
the differences in the prenylquinone and carotenoid contents. Only the turnover of ß-carotene in
32 °C-grown heat-bleached leaves was much high
er than in norm al green leaves which might reflect
increased photodegradation. Its half time in 32 °Cgrown leaves was about 12 h, while it was about 58
or 41 h in green or etiolated 22 °C-grown leaves
(Fig. 3). During the total chase period o f 24 h
radioactivity continued to accumulate in a-T, p ar
ticularly in heat-bleached leaves, and apparent
degradation could not be observed.
Uptake and incorporation by isolated plastids

To examine whether differences of the capacity
of precursor transport across the envelope m em 
branes or of enzymatic activities were responsible
for the greatly higher rates of apparent synthesis o f
isoprenoid com pounds in heat-bleached than in
green leaves, uptake of substrates and capacities
for in vitro incorporation were compared in Percoll-gradient-purified isolated plastids. M icro
scopic examinations indicated that 90% of the or
ganelles were still intact at the end of the incuba
tion experiments. Uptake of [14C]mevalonate and
of [14C]isopentenyl pyrophosphate was com pared
by the silicon-layer filtering centrifugation m eth
od. Uptake into chloroplasts or bleached plastids
from 32 °C-grown leaves differed markedly. Both
m evalonate and isopentenyl pyrophosphate up
take was faster in heat-bleached plastids than in
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Fig. 2. Effect o f 1 m M gabaculin and o f 10 m M
4,6-dioxoheptanoic acid on incorporation o f
[14C]mevalonate (6 h incubation) into total
«-hexane-soluble non-polar lipids and into ma
jor prenylquinones and carotenoids o f segment
III (see scheme o f Fig. 1; upper one third o f
lower halves o f leaves) from green leaves o f
6-day-old rye seedlings grown at 22 °C in light.
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Fig. 3. Chase o f the radioactivity incorporated
in total «-hexane-soluble non-polar lipids or in
major prenylquinones or carotenoids after a
6 h labeling with [14C]mevalonate. For labeling
and chase, only the segment no. Ill (see
Scheme o f Fig. 1; upper one third o f lower
halves o f leaves) from primary leaves o f 6-dayold rye seedlings was used. O, green leaves
grown at 22 °C in light; • , etiolated leaves
grown at 22 °C in darkness; □ , 70S ribosomedeficient bleached leaves grown at 32 °C in
light.
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Table I. Comparison o f the incorporation o f
[l4C]isopentenyl pyrophosphate into total «-hexane-soluble non-polar lipids and into plastoquinone (PQ-9) by
Percoll-gradient-purified chloroplasts from 22 °C-grown
leaves or by ribosome-deficient bleached plastids from
32 °C-grown leaves o f 6-day-old rye seedlings. The 4 h
incubations were performed at the same temperature,
22 °C or 32 °C, at which the corresponding leaves had
been grown. The data are referred to either equal num
bers o f plastids or equal amounts o f leaf tissue. Incorpo
ration per amount o f fresh weight o f original leaf tissue
used for organelle isolation was calculated from estima
tions o f the yields o f intact plastids. 100 mg (fresh
weight) tissue from lower halves o f green leaves contain
about 81 ± 3 ng chlorophyll.
Measurement

[14C] incorporation into total
non-polar lipids
Bq per 108 plastids
Bq per 100 mg leaf tissue
[l4C]incorporation into PQ-9
Bq per 108 plastids
Bq per 100 mg leaf tissue

Chloroplasts
(22 °C)

Bleached
plastids
(32 °C)

2655
2393

2972
1491

5.5
4.9

9.4
4.7

chloroplasts (Fig. 4). While uptake of mevalonate
into chloroplasts occurred only to the level o f equi
libration to the concentration of the external medi
um, it was greatly enriched in heat-bleached plas
tids above its external concentration. Also the ac
cum ulation of isopentenyl pyrophosphate in heatbleached plastids was markedly higher than in
chloroplasts.
Analysis o f the products formed during incuba
tion of isolated organelles showed that [14C]mevalonate was not to any detectable extent incorporat
ed into lipids. Isopentenyl pyrophosphate was,
however, incorporated into num erous distinct
lipids. U nder our assay conditions formation of
PQ-9 was clearly identified and fluorographs of
TCL separations indicated a faint labeling of
ß-carotene in heat-bleached plastids. The capaci
ties of isolated chloroplasts and heat-bleached
plastids for synthesis of total non-polar lipids and
PQ-9 appeared to be of similar order. If incorpora
tion was referred to plastid number, heat-bleached
plastids appeared to be more active than chloro
plasts (Table I). Incorporation into the total non
polar lipids in chloroplasts was about 15%, in

Incubation tim e [m in]

Fig. 4. Time course o f the uptake o f [14C]isopentenyl
pyrophosphate and [14C]mevalonate into the sorbitolimpermeable space o f isolated chloroplasts (O ) from
green leaves (grown at 22 °C in light), or o f ribosomedeficient plastids (□ ) from heat-bleached leaves (grown
at 32 °C in lig h t).-------, external mevalonate concentra
tion o f the medium.

bleached plastids about 7% of the [14C]mevalonate
incorporation found in equivalent quantities of in
tact leaf tissue. The labeling of PQ-9 was 3% in
chloroplasts or 0.2% in bleached plastids of
the [,4C]mevalonate incorporation into PQ-9 in
equivalent am ounts o f intact leaf tissue.
Discussion
Previous investigations comparing the rates of
acetate incorporation along the developmental
gradient above the basal meristem zone o f cereal
leaves, such as rye, revealed a clear correlation of
plastidic glycolipid synthesis with greening and
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chloroplast differentiation [15]. Glycolipids were
formed in low am ounts also in achlorophyllous,
etiolated or heat-bleached, leaves but the activity
of new synthesis leveled off at an early develop
mental stage while their stability was not markedly
different from that observed in green leaves. Thus,
glycolipid accum ulation was mainly regulated by
control o f its biosynthesis. While the total contents
of prenylquinones and carotenoids remained also
much lower in etiolated and heat-bleached, than in
norm al green, leaves [8], these differences were not
at all reflected by the rates o f incorporation of ex
ternal m evalonate by intact leaves since these were
far highest in 32 °C-grown leaves and for phylloquinone, a-T and lutein also higher in etiolated
than in green leaves. In 32 °C-grown bleached
leaves up to 19- or 36-fold more radioactivity than
in green leaves was incorporated e.g. into phylloquinone or PQ-9.
Ratios o f apparent m evalonate incorporation
will diverge from true rates o f isoprenoid synthesis
to the extent that internal metabolite pool sizes,
their com partm entation or the rates of turnover of
the com pounds would differ in different tissues.
Nevertheless, apparent incorporation rates could
illustrate relative changes during the course of de
velopment. In this respect it was, however, surpris
ing that rates o f m evalonate incorporation into the
isoprenoids o f etiolated and heat-bleached leaves,
analysed by us, increased continuously with in
creasing age o f the tissue and only incorporation
into the total non-polar lipids declined, as expect
ed, in 32 °C-grown leaves. Some immediate corre
lation with greening and thylakoid differentiation
was only indicated by the reduction o f total lipid
and PQ-9 labeling after application of the chloro
phyll synthesis inhibitor gabaculin.
According to previous work [1] exposure of
green leaves to darkness induced an apparent deg
radation o f prenylquinones. Also in achlorophyl
lous leaves an increased turnover of prenylipids
might conceivably be accompanied by higher ap
parent incorporation rates but, nevertheless, result
in lower steady state levels than in green leaves.
However, except for ß-carotene, the other com
pounds were under all conditions quite stable and
the lower isoprenoid quantities of achlorophyllous
leaves cannot be explained by increased degrada
tion, relative to green leaves. Within our 24 h
chase periods half times could not be determined
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very precisely, can, however, be estimated to range
mostly between 2 - 3 days. These values are fairly
similar to those estimated from apparent degrada
tion rates after dark incubation o f leaves [1], how
ever, much longer than those observed in the uni
cellular alga Chlorella [28, 29]. F or ß-carotene,
degradation was greatly increased in heatbleached leaves, with a half time o f only 12 h in
stead o f about 60 h in green leaves, and could thus
sufficiently explain the lower ß-carotene accum u
lation, as compared to green leaves, while in etio
lated leaves ß-carotene synthesis appeared to be
low. It is conceivable that under the conditions of
disturbed plastid differentiation in 32 °C-grown
leaves ß-carotene suffered more from photooxidative degradation than in norm al chloroplasts. In
green rye leaves photooxidation of ß-carotene was,
in contrast to observations with Chlorella [28], not
much higher, relative to lutein. Similar to Chlorel
la, xanthophylls and a-T had lowest turnover also
in rye leaves [29]. F or a-T no degradation at all
was observed during the 24 h chase periods. Its ini
tial labeling was always very low and radioactivity
was slowly but continuously accumulating in a-T,
particularly in 32 °C-grown leaves. This behavior
might either result from the slowness of the cycli
zation of the prenylquinol [30] or from its gradual
accumulation in plastoglobuli which have a high
a-T content [31, 32]. However, the extended high
radioactive incorporation into a-T in non-green
leaves cannot represent true higher accum ulation
of substance because the final contents of a-T were
much lower than in green leaves [8], F or PQ-9
which is the m ajor prenylquinone constituent of
plastoglobuli the course o f labeling differed great
ly from that o f a-T and degradation became ap 
parent already after 6 h of chase.
Since for the m ajority of the isoprenoids differ
ences o f turnover cannot account for the strong
labeling in achlorophyllous, particularly heatbleached, leaves external m evalonate incorpora
tion must be greatly affected and modified by th o r
ough ontogenetic changes of uptake, intracellular
com partm entation, transport or pool sizes, or by
varying routes o f metabolic channelling of isopre
noid metabolites which appear to accompany, in
particular, patterns of leaf development with
greatly diverging types of plastid differentiation.
Several o f the potential mechanisms appear to
contribute to the strikingly high mevalonate incor
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poration in heat-bleached leaves, which were most
thoroughly analysed, as the most remarkable ex
ample. The uptake of external m evalonate and the
total incorporation capacity were about two times
higher than in green leaves. In addition, the uptake
and accum ulation o f the isoprenoid precursors
mevalonate and isopentenyl pyrophosphate into
bleached plastids was greatly enhanced, as com 
pared to the uptake by chloroplasts. While meva
lonate was not incorporated into lipids in isolated
plastids from rye, in accordance with results of
other publications, some authors believe that chlo
roplasts can be fully autonom ous and capable to
both synthesize and use mevalonate for prenylipid
synthesis, but the m evalonate pyrophosphate de
carboxylase seems to be labile in vitro [6, 33]. How
ever, also during different stages of norm al chloro
plast development the capacity for uptake and in
corporation of isoprenoid precursors from the
cytoplasm appears to change quite markedly.
Heintze et al. [34] discriminate between an auton
omous stage in young leaf tissue where C 0 2 is the
preferential source of isoprenoid synthesis in chlo
roplasts, and a “division-of-labor” stage in mature
tissue where the precursor flow from photosyn
thesis declines and, instead, isopentenyl pyrophos
phate is im ported from the cytoplasm. Leaves with
non-green plastids and, in particular the rudim en
tary, proplastid-like, heat-bleached plastids, would
necessarily be in a “division-of-labor” situation
and totally dependent on precursor supply from
the cytoplasm. Nevertheless, also ribosome-defi
cient heat-bleached plastids were still able to syn
thesize a full complement o f prenylipids, thus em
phasizing that the enzymes involved were nuclearencoded and synthesized in the cytoplasm.
External m evalonate is to a m ajor proportion
incorporated into sterols in cereal leaves [34, 35],
Since sterol form ation was greatly increased in

32 °C-grown leaves [10] the internal isoprenoid
precursor pools might be much more depleted
than in normal leaves. When internal pools are
smaller, they will obtain a higher specific radioac
tivity from [14C]mevalonate uptake and this will
also increase apparent incorporation rates. The
observation that in vitro, in the presence of an iso
prenoid precursor supply of equal specific radioac
tivity, the incorporation into lipids or PQ-9 in
bleached plastids was similar as in chloroplasts
but, relative to the capacities of equivalent
amounts of intact leaf tissues, much more dim in
ished than for chloroplasts, provides strong argu
ments, that in the intact tissue o f heat-bleached
leaves plastids must be supplied with precursors of
higher specific radioactivity than in green leaves,
to explain the higher incorporation from external
mevalonate. In addition to such general effects, as
enhanced organellar uptake and higher specific ra
dioactivity of the precursors, also more specific ac
tions of metabolic channelling m ust be responsible
for the peculiar differences which exist between the
labeling patterns o f different plastidic isoprenoids
in heat-bleached leaves, e.g. between PQ-9 and
ß-carotene. From the overall com parison of our
results it has to be anticipated that prenyllipid syn
thesis is lower in achlorophyllous, than in green,
leaves and that the differences o f mevalonate in
corporation do not so much reflect true differences
of synthetic rates but rather illustrate very funda
mental developmental changes in the metabolic
flow of isoprenoid intermediates which are not ob
served during glyolipid form ation from acetate.
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