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Leaves, cotyledons, isolated chloroplasts and subplastid fractions (thylakoids and envelopes) of 
radish (Raphanus sativus L. cv. Saxa) and spinach (Spinacia oleracea L. cv. Matador) were 
assayed for their pigment and quinone content and composition. Virtually all the chlorophylls, 
carotenoids and quinones were contained in the thylakoids. Envelopes prepared by the method 
described contained very low amounts o f chlorophyll a and b, violaxanthin and neoxanthin, but 
no /7-carotene, lutein, zeaxanthin and antheraxanthin. Among the quinones trace amounts of 
plastoquinone and a-tocopherol but no plastohydroquinone, a-tocoquinone and phylloquinone 
were detected. Presented data may be taken as evidence that in vivo the chloroplast envelope is 
not a location site o f carotenoids and quinones as generally accepted. Possible im plications for 
the biosyntheses o f quinones and pigments are discussed.

Introduction

The structure, chemical com position and b io ­
logical im portance o f the chloroplast envelope has 
been investigated extensively during the last ten 
years [1-6]. It is now generally accepted that the 
envelope m em brane consists o f protein and acyl- 
lipids and plays an im portant role in plastid galacto- 
lipid biosynthesis [1 ,3 , 6]. However, the presence of 
carotenoids and quinones in this m em brane has still 
been subject to argum ent.

There has never been any doubt, that envelopes 
do not contain chlorophylls, although they were 
detected in significant am ounts in earlier envelope 
preparations [2], Besides chlorophylls, all caro te­
noids and quinones norm ally contained in the 
thylakoid m em brane were also detected in envelope 
fractions [2, 7], The quinone com position o f the 
envelope was reported to be very sim ilar to that o f 
the thylakoids [7], Among the carotenoids partic­
ularly violaxanthin was detected in envelope frac­
tions in high am ounts [2] but the qualita tive 
carotenoid com position was virtually identical to 
that o f the thylakoids.
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In the present report evidence will be presented, 
suggesting that in vivo chlorophylls, carotenoids and 
quinones are not constituents o f the envelope m em ­
brane. It is shown for the first tim e that the 
detectability o f chlorophylls and certain carotenoids 
and quinones in the prepared envelope fractions 
was negligible and far below any physiological 
im portance o f the individual terpenoid. It is 
proposed that the trace am ounts o f pigm ents and 
quinones obtained in the envelope fractions are 
caused by an nonspecific b inding of chlorophylls, 
carotenoids and quinones to the envelope m em ­
brane during chloroplast isolation.

M aterials and M ethods

Radish (Raphanus sativus L. cv. Saxa) was grown 
for 6 or 12 days in continuous white light 
(23 ±  2 °C, 90 ±  5% relative hum idity, 6.4 W /m 2) 
in a greenhouse. Spinach (Spinacia oleracea L. cv. 
M atador) was grown for 1 or 2 m onth under natural 
conditions in the botanical gardens. From  the 6 days 
old radish and the one m onth old spinach, plants, 
cotyledons, leaves and chloroplasts were assayed 
for their pigm ent and quinone com position. Thyla­
koids and envelope fractions were prepared from 
intact chloroplasts isolated from 2 month old spinach 
leaves and 12 days old radish cotyledons. Highly pu­
rified intact chloroplasts were isolated from the plants 
according to the m ethods o f N akatani and Barber 
[8] and Haas et al. [9]. Radish cotyledons and 
spinach leaves were disrupted  for 7 s in an isolation

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



K.-H. Grumbach • Intraplastidic Distribution o f Chlorophylls, Carotenoids and Quinones 997

medium consisting o f 0.33 M sorbitol, 0.2 mM M gC l2 
and 20 mM MES and adjusted to pH  6.5 with tris- 
hydroxym ethylam inom ethane. The crude slurry was 
filtered through 10 layers o f nylon cloth and the 
filtrate centrifuged at 1 0 0 x 0  for 60s. The pellet 
was discarded and the supernatan t centrifuged 
again at 660 x g  for 4 min. The green pellet was 
resuspended in 0.33 m  sorbitol (adjusted to pH  7.5 
with 0.5 mM tris-hydroxym ethyl-am inom ethane), 
filtered through 10 layers o f nylon cloth and cen tri­
fuged again at 660 x g  for 4 min. The resulting 
pellet was resuspended in resuspension m edium  
prepared according to Jensen and Bassham [10], 
Chloroplasts obtained by this m ethod with an 
intactness of 80 to 90% were fu rther purified  on 
linear gradients o f Percoll in suspension m edium . 
Gradients were prepared from equal volum es o f 
Percoll containing 0.33 m sorbitol (and adjusted  to 
pH 7.5) and resuspension m edium . A liquots o f the 
chloroplast suspension were layered on top o f the 
Percoll gradient and centrifuged at 3500 x g  for 
20 min. The lower m ain  green band consisting o f 
intact chloroplasts was rem oved from  the g rad ien t 
diluted with resuspension m edium  and chloroplasts 
sedimented using standard  techniques. The ch loro­
plast pellet was gently resuspended in swelling 
medium (10 mM tric in /N aO H  containing 5 m M  
MgCl2 and adjusted to pH 7.5) and incubated  at 
6 °C  for 15 min. A liquots o f the swelling m edium  
containing the subplastid fractions were layered on 
top of a discontinuous gradient and thylakoid  and 
envelope fractions prepared  by the m ethod of 
Douce et al. [2],

Envelope and thylakoid fractions were rem oved 
from the gradient and resuspended in water. Before 
extracting the pigm ents and quinones aliquots o f 
both fractions were solubilized w ith 2% desoxy- 
cholate and the precip itated  and redissolved pro tein  
assayed according to the m ethod o f Lowry et al.
[10]. Pigments and quinones were extracted from  the 
leaves, cotyledons, chloroplasts and subplastid  
fractions using standard  techniques [11], C h lo ro ­
phylls were assayed as described by Ziegler and 
Egle [12], carotenoids by the m ethods o f  H ager and 
Meyer-Bertenrath [13] and Britton and G oodw in
[14] and quinones according to G rum bach  [11]. 
Pigment and quinone contents and com positions o f 
the thylakoid and envelope fractions were assayed 
by using high perform ance liquid chrom atography  
(Figs. 1 and 2). Presented data are m eans o f 5

(cotyledons, leaves, chloroplasts) or 3 (thylakoids, 
envelopes) independent analyses ±  S.D.

Results

Chlorophylls, carotenoids and the quinones 
plastoquinone-9, plastohydroquinone-9, oc-toco- 
pherol, a-tocoquinone and phylloquinone are con­
tained in chloroplasts of all higher plants (Table
I - I I I ,  [15, 16]). W ithin the chloroplast these 
terpenoids are located virtually exclusively in the 
thylakoid m em brane, but carotenoids were also 
obtained in envelope fractions [2, 17] and quinones

Fig. 1. High performance liquid chromatograms o f  
chlorophylls and carotenoids from radish thylakoids and 
spinach and radish envelope fractions. Column: 
250 x 3  mm I.D., Li-Chrosorb R.P. 18; 5 nm; pressure: 
120 bar; methanol-water gradient: 90 to 100% methanol in 
water; flow: 1.5ml/min; UV-VIS detector, detection at 
444 nm, 0.04 A.U.F.S., 50 |il.
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Fig. 2. High performance liquid chromatograms o f  
quinones from radish thylakoids and spinach and radish 
envelope fractions. Column: 250 x 3 mm I.D., Li-Chrosorb 
Si-60; 5 nm; pressure: 80 bar; solvent: 0.6% dioxane in 
hexane; flow: 2.3 m l/m in, UV-VIS detector; detection: 
plastoquinone-9 and phylloquinone at 260 nm, a-tocopherol 
at 290 nm, 0.16 A.U.F.S., 20 \il

in thylakoids [15] envelopes [7] and plastiglobuli 
[18-21],

The terpenoid com position o f the thylakoid 
membrane prepared from radish and spinach leaves 
was similar (Table I). Q uinones, carotenoids and 
chlorophylls were contained in the thylakoid in a 
ratio of 1:3:18. The chlorophyll, carotenoid and 
quinone com position o f spinach or radish leaves, 
chloroplasts and thylakoids is shown in Tables II 
and III. Chlorophyll a and b were contained in the 
thylakoid in a ratio o f 3:1. Among the carotenoids 
lutein and /7-carotene were the m ain pigm ents 
besides lower am ounts o f violaxanthin, an thera­

xanthin and zeaxanthin. The m ain quinone con­
tained in chloroplasts and their thylakoid m em ­
branes was the electron carrier and proton trans­
locator redox system plastoquinone-9/plastohydro- 
quinone-9 [22]. a-Tocopherol, suggested to serve as 
a structural com ponent and antioxidative agent [23] 
was contained in leaves and chloroplasts in similar 
amounts as plastoquinone-9 (Tables II, III). a-Toco- 
quinone and phylloquinone were also obtained in 
thylakoids, although in m uch smaller am ounts (Table 
II). As can be deduced from Tables I —III the overall 
pigment and quinone com position o f chloroplasts 
from different plant species grown in the same 
natural environm ent does not change very much, 
but considerable changes can be observed between 
plants grown under d ifferent intensities o f light 
([24, 25], Tables II, III). An analysis concerning the 
distribution of chlorophylls, carotenoids and 
quinones in subplastid  fractions revealed that 
virtually all pigments and quinones were contained 
exclusively in the thylakoid m em brane and not in 
the envelope (Table IV). A lthough 5 mgs (spinach) 
and 4.1 mgs (radish) envelope protein were 
assayed, the am ount o f chlorophylls, carotenoids 
and quinones contained in these fractions was in the 
range of detectability and could only be estim ated 
quantitatively by using high perform ance liquid 
chrom atography (Figs. 1, 2). As com pared to 
recent envelope preparations no specific enrichm ent 
in violaxanthin was obtained but m ost surprisingly 
more polar terpenoids like chlorophyll a and b, 
violaxanthin and neoxanthin were still detected. 
/7-carotene, lutein and an theraxanth in  were com ­
pletely absent. These results most likely suggest 
that the very small am ounts o f pigm ents obtained in 
the isolated envelope fractions m ay derive from a 
nonspecific binding of these m ore po lar terpenoids 
to the envelope m em brane during chloroplast isola­
tion.

Among the quinones a-tocoquinone, plastohydro- 
quinone and phylloquinone were not detected in the 
envelope fractions, but a-tocopherol and plasto­
quinone were obtained in small am ounts (Table IV, 
Fig. 2). W hether these two quinones are constituents 
of the envelope m em brane in vivo is still uncertain 
since it is well known that they are contained in 
large am ounts in the osm iophilic plastoglobuli 
[19, 20]. Therefore they may appear in trace 
am ounts in envelope preparations during their iso­
lation (Tables IV, V).
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Table I. Terpenoid content o f  radish and spinach leaves and their plastid and thylakoid fractions. Presented data are 
given as |ig terpenoid.

Terpenoids Plants assayed

Radish Spinach

Cotyledons Chloroplasts Thylakoids Leaves Chloroplasts Thylakoids

Chlorophylls 24461 12376 28600 60000 5170 17300
Carotenoids 4692 2322 5631 11101 1204 2497
Quinones 1473 704 1706 3643 473 936

Table II. Pigment and quinone content o f  radish and spinach leaves, chloroplasts and thylakoid fractions. Presented data 
(|ig total terpenoid) are means o f three to five independent preparations ±  standard deviation.

Terpenoid Plants assayed

Radish Spinach

Cotyledons Chloroplasts Thylakoids Leaves Chloroplasts Thylakoids

Chlorophyll a 18773 ±  156 9536 ±  85 21400 ±  178 46300 ±  150 3900 ±  148 12900 ± 2 1 5
Chlorophyll b 5688 ± 61 2840 ±  53 7200 ± 48 13700 ±  85 1270 ± 25 4400 ± 58
/^-Carotene 1122 ± 10 598 ±  14 2146 ± 37 2834 ± 2 1 8 286 ± 6 594 ± 16
Lutein 1850 ± 31 880 ±  21 2744 ± 56 3171 ±  278 412 ± 6 1081 ±  168
Zeaxanthin 180 ± 19 76 ±  9 38 ± 4 92 ±  6 12 ± 2 10 ± 3
Antheraxanthin 396 ± 13 211 ±  16 166 ± 8 920 ±  27 108 ± 3 90 ± 5
Violaxanthin 562 ± 16 256 ±  13 393 ± 11 2540 ±  315 246 ± 5 586 ± 14
Neoxanthin 582 ± 12 301 ±  28 149 ± 16 1544 ±  134 140 ± 10 136 ± 17
Plastoquinone-9 428 ± 16 201 ±  17 832 ± 24 1652 ±  95 213 ± 9 630 ± 25
Plastohydroquinone-9 350 ± 18 151 ±  10 127 ± 10 460 ±  82 58 ± 9 63 ± 3
a-Tocopherol 544 ± 35 286 ±  24 180 ± 7 1192 ±  234 160 ± 18 94 ± 2
Phylloquinone 110 ± 10 48 ±  7 510 ± 25 250 ±  88 30 ± 8 101 ± 5
a-Tocoquinone 41 ± 7 1 8 +  5 57 + 4 89 ±  29 12 ± 2 48 ± 2

Table III. Percentage pigment and quinone com position o f  radish 
fractions. Data are calculated from Tab. II.

and spinach leaves, chloroplasts and thylakoid

Terpenoid Plants assayed

Radish Spinach

Cotyledons Chloroplasts Thylakoids Leaves Chloroplasts Thylakoids

Chlorophylls
Chlorophyll a 76.7 77.0 74.8 77.2 75.4 74.6
Chlorophyll b 23.3 23.0 25.2 22.8 24.6 25.4

Carotenoids 
ß- Carotene 23.9 25.8 38.1 25.5 23.8 23.8
Lutein 39.4 37.9 48.7 28.6 34.2 43.3
Zeaxanthin 3.8 3.3 0.7 0.8 1.0 0.4
Antheraxanthin 8.4 9.1 2.9 8.3 8.9 3.6
Violaxanthin 12.0 11.0 7.0 22.9 20.4 23.5
Neoxanthin 12.5 12.9 2.6 13.9 11.7 5.4

Quinones
Plastoquinone-9 29.0 28.5 48.8 45.3 45.0 67.3
Plastohydroquinone-9 23.8 21.4 7.4 12.6 12.3 6.9
x-Tocopherol 36.9 40.6 10.5 32.7 33.8 10.0
Phylloquinone 7.5 6.8 29.9 6.9 6.3 10.7
a-Tocoquinone 2.8 2.7 3.4 2.5 2.6 5.1
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Table IV. Distribution o f chlorophylls, carotenoids and quinones in thylakoid and envelope fractions o f  green radish and 
spinach plants.

Terpenoid Radish Spinach

Hg in
Thylakoids +  
Envelopes

% in
Thylakoids

% in
Envelopes

|ig in
Thylakoids +  
Envelopes

% in
Thylakoids

% in
Envelopes

Chlorophyll a 21404 99.981 0.019 12903 99.974 0.026
Chlorophyll b 7201 99.982 0.018 4401 99.977 0.023
/^-Carotene 2146 100.000 — 594 100.000 —

Lutein 2744 100.000 - 1081 100.000 -

Zeaxanthin 38 100.000 — 10 100.000 -

Antheraxanthin 166 100.000 - 90 100.000 —

Violaxanthin 393 99.996 0.004 586 99.983 0.017
Neoxanthin 149 99.987 0.013 136 99.928 0.072
Plastoquinone-9 834 99.736 0.264 633 99.589 0.411
Plastohydroquinone-9 127 100.000 — 63 100.000 -

a-Tocopherol 184 98.044 1.956 96 98.021 1.979
Phylloquinone 510 100.000 — 101 100.000 —
a-Tocoquinone 57 100.000 — 48 100.000 —

Table V. Pigment and quinone content o f thylakoid and envelope fractions isolated from intact 
radish and spinach chloroplasts. Data are presented as jig terpenoid per mg membrane protein; 
b. d. =  below detectability.

Terpenoid Plastid membranes

Radish Spinach

Thylakoids Envelopes Thylakoids Envelopes

Chlorophyll a 142.70 0.68 146.60 1.00
Chlorophyll b 48.00 0.75 50.00 0.32
/?-Carotene 14.30 b.d. 6.75 b.d.
Lutein 18.50 b.d. 12.28 b.d.
Zeaxanthin 0.25 b.d. 0.11 b.d.
Antheraxanthin 1.11 b.d. 1.02 b.d.
Violaxanthin 2.62 0.02 6.66 0.003
Neoxanthin 0.99 0.02 1.55 0.005
Plastoquinone-9 5.55 0.52 7.16 0.54
Plastohydroquinone-9 0.85 b.d. 0.72 b.d.
a-Tocopherol 1.20 0.38 1.07 0.88
Phylloquinone 3.40 b.d. 1.15 b.d.
a-Tocoquinone 0.38 b.d. 0.09 b.d.

On a protein basis approxim ately 200 |ig of 
chlorophyll, 33 ng carotenoid and 10 jig quinones 
per mg were detected in the thylakoid m em brane 
(Table V). As com pared to the thylakoid the 
pigment content o f the envelope m em branes was 
much lower.

Discussion

Chlorophylls, carotenoids and quinones are con­
stituents o f the thylakoid m em brane. W ithin the 
m em brane chlorophylls and carotenoids are bound

to protein and integrated in a highly specific 
orientation [26], Photosystem  I and II particles 
contain chlorophyll a and /7-carotene as light- 
harvesting pigm ents [27-29]. Besides chlorophyll a 
all the xanthophylls and chlorophyll b appear to be 
located in the light-harvesting chlorophyll alb  
protein [30]. In the thylakoid m em brane both photo­
systems are connected by a large proton carrier-like 
plastoquinone pool [22]. However, the d istribution  
and biological im portance o f a-tocopherol, a-toco- 
quinone and phylloquinone are still a m atter o f in­
vestigation. Sufficient evidence has now been
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presented that quinones and particularly p lasto­
quinone and a-tocopherol are contained also in the 
osmiophilic plastoglobuli. All carotenoids bu t 
notably violaxanthin were also obtained in ch loro­
plast envelope fractions [2] but they were never 
identified properly. Besides carotenoids quinones 
were also detected in envelope preparations [7],

As com pared to recent envelope isolations, 
envelope m em branes prepared from chloroplasts 
isolated according to the m ethods of N akatani and 
Barber and Haas et al. contained pigments only in 
very small am ounts (Table IV), and notably m ore 
polar terpenoids like chlorophylls, violaxanthin and 
neoxanthin suggesting tha t chlorophylls and 
carotenoids are not contained in the envelope 
membrane. The very small am ounts detected m ay 
rather derive from a nonspecific binding o f pig­
ments to the envelope m em brane during chloroplast 
isolation. T hat envelope preparations may be con- 
tam ined by chlorophylls and carotenoids is fu rther 
supported by the observation that the carotenoid 
and particularly the violaxanthin content o f enve­
lopes prepared from irradiated  green leaves was 
much higher than that o f envelopes isolated from  
darkened green leaves [17].

It is well known that depending on the light 
intensity a plant received, rap id  changes in the 
xanthophyll com position and particularly in the 
am ount of violaxanthin, antheraxanthin  and zea­
xanthin occur [31]. This interconversion o f xan tho­
phylls (xanthophyll-cycle) is, however, restricted 
exclusively to the thylakoid m em brane [24] and m ay 
be the reason why the carotenoid content o f d iffe r­
ent envelope preparations varies considerably. M ost
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