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Cress (Lepidium sativum) seeds were germinated in darkness. Seedlings were investigated
for soluble proteins by SDS-PAGE. Two proteins were identified by microsequencing: the
small subunit of ribulosebisphosphate carboxylase (SSU) and the alpha subunit of the storage
protein cruciferin. Net synthesis of small and large subunits of ribulosebisphosphate carbox-
ylase (SSU and LSU) was investigated by Western blot. Net synthesis of both subunits was
inhibited by coumarin. To the contrary, net synthesis of cruciferin was increased by coumarin.
With specific cDNA probes, we determined steady state levels of the corresponding mRNAs
(rbcS mRNA for SSU, rbcL mRNA for LSU). Both mRNAs can be detected in dry seeds;
their amount increases during germination in the dark. Incubation with coumarin inhibits
this increase. Inhibition of development by coumarin on the level of transcription is discussed.

Introduction

Coumarin (2H-1-benzopyran-2-one) is known
since a long time as regulator of plant growth and
development (review: Brown, 1981). Being pro-
duced by some plants, coumarin is listed as an alle-
lophatic chemical (Putnam, 1983; Valio, 1973). In
this connection, mainly its action as germination
inhibitor has been considered (Williams and
Hoagland, 1982; Reynolds, 1989). It inhibits root
growth similar as several phenolic acids do (Glass,
1976). Tolerant species are believed to metabolize
coumarin and detoxify it in this way (Sivan et al.,
1965). However, there are effects different from
this inhibitory action: Svensson (1972) reported
e.g. an increase of net DNA synthesis, decrease
of net RNA synthesis and increase of the protein
content per cell by coumarin in roots of maize and
wheat. The lack of interaction of coumarin with
several metabolic inhibitors led Svensson (1972)
to the conclusion that coumarin effects already
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existing structures or enzymes which were not
defined however.

In the course of our studies on protein patterns
during germination of cress seeds, we charac-
terized a seed protein as carboxy terminal frag-
ment of the heat shock protein HSP70 (Oster
et al., 1992). This fragment occurs naturally in dry
seeds but disappears normally during germination.
Coumarin inhibits the degradation of this frag-
ment. The opposite behaviour was found for a
17 kDa protein. We describe here its identification
as the small subunit of ribulosebisphosphate car-
boxylase. This observation prompted a study on
the accumulation of both subunits (SSU and LSU)
of this enzyme on protein and mRNA level during
germination of cress seeds in the dark and the
influence of coumarin on these processes.

Materials and Methods
Treatment of plant material

Seeds of garden cress (Lepidium sativum L.)
were either germinated with water (“water con-
trol”) or treated with coumarin under other-
wise identical conditions. Coumarin (final conc.
9x1073 m) was applied to the filter paper as de-
scribed before (Oster et al., 1992). Cress seeds
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(15 per Petri dish, diameter 4.5 cm) were evenly
distributed on the filter paper which was mois-
tured with 1.5 ml of either water or coumarin solu-
tion. The Petri dishes were then incubated at 24 °C
and 80% relative humidity in the dark for the indi-
cated time. Sowing and harvesting was performed
under dim-green safelight.

Extraction of soluble proteins

Seeds or seedlings of 4 Petri dishes were col-
lected, frozen with liquid nitrogen and homogen-
ized with 8 ml 50 mm Tris/HCI, pH 8.3, with mortar
and pistil. The homogenate was centrifuged at
12,000xg for 15 min. Precooled acetone (final
conc. 70%, v/v) was then added to the supernatant
and the mixture incubated at —80 °C for 15 h. The
protein precipitate was then separated by centri-
fugation (8000xg for 15 min) and dissolved in
100 wl 9.5 m urea. Protein was determined accord-
ing to Lowry et al. (1951). The solution was diluted
with sample buffer (Laemmli, 1970) to a final
conc. of 4 nug protein/ul.

Electrophoresis and blotting procedure

Electrophoresis was performed according to
Laemmli (1970) on gels (1 mm) with 12% acryl-
amide. The stacking gel was modified according
to Makowsky and Ramsby (1993). 200 ug protein
were applied per lane. The proteins were then
transfered by the “semi-dry” method (Kyhse-
Andersen, 1984) to either nitrocellulose (for
immunodetection) or to glass fiber sheets (for
sequence analysis). Immunodetection was per-
formed according to Beisiegl (1986); the anti-
sera against LSU from Sinapis alba and SSU
from Pisum sativum. respectively, were applied
in a 1:500 dilution. Microsequencing was per-
formed according to Eckerskorn er al (1988)
after collection of the respective band from
10 lanes.

RNA isolation and hybridization

Total RNA was prepared according to Paulsen
and Bogorad (1988) with the modifications of
Kittsteiner er al. (1991). Labelling of DNA probes
were performed with random primers (Feinberg
and Vogelstein, 1983).

Results and Discussion

In a previous pape: (Oster et al., 1992), we com-
pared protein patterns of dry seeds, dark-grown
seedlings and coumarin-treated seeds of Lepidium
sativum L. In the course of these experiments, we
noticed a protein band sized about 17 kDa in the
fraction of soluble proteins which was detectable
after Coomassie staining only in the seedlings but
not in the dry seeds or coumarin-treated seeds
(Fig. 1). In order to identify the protein, we sepa-
rated soluble proteins by SDS-PAGE, blotted the
proteins of 10 lanes (200 ug total protein each) to
siliconized glass fiber and applied the collected
spots to gas phase sequencing. The resulting N-
terminal sequence K VWPPIGKKKF
identified the protein as the small subunit of ribu-
losebisphosphate carboxylase/oxygenase (SSU,
Fig. 2). The homology with known sequences of
SSU from higher plants is high (between 58 and
83% identity).

In order to investigate the formation of SSU in
dark-grown seedlings in more detail, we investi-
gated extracts from seeds, seedlings and coumarin-
treated seeds by immunostaining. Besides an anti-
serum against SSU, another antiserum against the
large subunit of ribulosebisphosphate carboxylase/

kDa

Fig. 1. Separation of soluble proteins extracted from
etiolated cress seedlings grown for the indicated time.
1 = dry seeds: 2-6 = germinated in water for 24 h (2),
48h (3). 72h (4),96 h (5), 120 h (6): imbibed with 9 mm
coumarin for 48 h (7). Extracted proteins (see Materials
and Methods) were applied to the gel (200 pg protein
per lane). The gel was stained with Coomassie Brilliant
Blue. Arrows indicate marker proteins.



H. Burghardt et al. - Inhibition of Rubisco Synthesis by Coumarin 323

A
5 10 15 20 25 30

1 NTDITSNGERVKCMQVWPPIGK K KFETLSY

31T, LPPLTRDQLLXKXKEVEYLLRKGWVPCLETFETLL
61 KGFVYGEHNEKSPRYYDGRYWTMWIKLPMPFGT
9] TDPAQVVEKELDEVVAAYPEAFVRVIGFNNYV
1217 RQVQCISFIAHTPESY

B

IKVWPPIGKKKTF Lepidium sativum (this paper)

MQ: pea, cv. Feltham Fist

MQ: soybean

MQE s &2 :LEL: spinach

MQ : 3 : Y5 232X tobacco

MQ: IE:I wheat

MQ % : 3 4E : L ¢ Lemna gibba

MSMKTLPKERR:
M S : TLPKERRY

Synechococcus PCC 6301
Anabaena PCC 7120

Fig. 2. Alignment of the N-terminal sequence of the 17 kDa protein from cress seedlings with sequences of SSU. A:
Comparison with the SSU precursor from Pisum sativum (Bedbrook ez al., 1980). The cleavage site between signal
peptide and mature SSU is indicated by arrow. B: Alignment with N-terminal partial sequences of SSU from differ-

ent species. Data from Andrews and Lorimer (1987).

oxygenase (LSU) was used in these studies. Both
subunits are present already in dry seeds (Fig. 3).
During the first 24 h of imbibition, the amount of
both subunits remains as low as in the dry seeds.
We observe an increase of the amount of both sub-
units during germination in the dark, i.e. 48 to 72 h
after imbibition (lanes 3 and 4). No further in-
crease is found upon prolonged incubation in the
dark, i.e. 96 and 120 h after imbibition (lanes 5 and
6). In the presence of coumarin, no increase in the
content of SSU or LSU can be observed 48 h after
imbibition (lane 7). The amount of both subunits
remains at the level of that in dry seeds under
these conditions. This means that neither net
synthesis nor net degradation is observed in the
presence of coumarin. This differs from the situa-
tion with cruciferin (see below): we observed an
increase in the amount of cruciferin during incu-
bation with coumarin (Fig. 1). The increase dem-
onstrates that translation in general is not in-
hibited by coumarin.

The anti-SSU antiserum gives a positive cross-
reaction also with LSU, with the 32 kDa fragment
of HSP70 (Oster et al., 1992) and a major protein
of apparent size 30 kDa. We determined also the
identity of this protein by microsequencing: the
sequence RQSLGVPPQLGN E identi-
fied it as the a-subunit of cruciferin, the storage
protein of Brassicaceae (Fig. 4). The cross-reaction
is significantly weaker than the proper reaction
with SSU. We assume that a few epitopes in the
cross-reacting proteins are similar to the authentic
epitopes in SSU. The protein bands which react —
besides LSU — with the anti-LSU antiserum are
probably proteolysis products of LSU, indicating
degradation in spite of constant accumulation, i.e.
a steady turnover of LSU in the dark.

Synthesis of a protein in germinating seeds can
either be derived from mRNA pre-existing in
seeds or from mRNA newly formed during germi-
nation. In order to test this situation in cress, we
determined the steady state levels of mRNA for
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Fig. 3. Immunostaining of sub-
units of ribulosebisphosphate
carboxylase/oxygenase in cress
plants (Lepidium sativum L.).
Immunostaining A: with anti-
SSU antiserum, B: with anti-
LSU antiserum. Lanes 1-7 as
in Fig. 1. Position of SSU and
LSU are indicated by arrows.

Lepidium sativum (this paper)

Rhaphanus sativus (Depigny-This et al., 1992)
Brassica napus (Rodin et al., 1990, 1992)
Arabidopsis thaliana (Raynal et al., 1990)

Fig. 4. Comparison of the N-terminal sequence of the 30 kDa protein from cress seedlings with sequences of the
alpha subunit of cruciferin. Identical amino acids are indicated by colon.

SSU (rbecS mRNA) and LSU (rbcL. mRNA) under
the same physiological conditions as for protein
analysis (Fig. 5). We find low but detectable levels
of both rbcS and rbcL mRNA in dry seeds. This
level does not change significantly until 24 h after
imbibition. The levels are definitely higher than
the levels in roots of 96 h old seedlings. The level
of both mRNAs increases stepwise during further
incubation with water in the dark; in 96 h old seed-
lings, it is about 4- to 5-fold for rbcL mRNA and
about 10-fold for rbcS mRNA compared to the
level in seeds. A further increase is observed in
light-grown seedlings. The light-induced increase
is more pronounced for rbcL mRNA than for rbeS
mRNA. Coumarin-treated seeds contain the same
amounts of both mRNAs as dry seeds even 48 h
after imbibition.

These results suggest that new synthesis of both
mRNAs occurs during germination in the dark
and that this synthesis is inhibited by coumarin.
Increased steady state levels can principally also
be achieved by a decreased rate of degradation
even with a constant raté of synthesis. We consider
this alternative unlikely in our plant material; it
would imply a high rate of degradation in dry
seeds that are generally known for slow metab-

olism. During germination, the high rate of degra-
dation should be maintained only in the presence
of the inhibitor coumarin but should decline with-
out the inhibitor. The likely explanation of the ob-
served effects is the inhibition of transcription of
rbcS and rbcL genes by coumarin. It cannot be
decided at this moment whether coumarin is an
inhibitor of transcription or whether inhibits
specifically the activation of a gene (our group of
genes) responsible for development.

Many papers deal with rbcS and rbcL gene ex-
pression and its regulation (reviews: Lehmann and
Parthier, 1985; Manzara and Gruissem, 1988;
Dean et al., 1989; Spreitzer, 1993). Developmental
control can be considered as the basic regulation
which operates in the dark and in the light in both
dicotyledonous (Berry er al, 1985; Degenhardt
etal, 1991; Harn et al, 1993) and monocoty-
ledonous plants (Rapp and Mullet, 1991). Devel-
opmental regulation of rbeS transcripts in connec-
tion with source-sink transcriptions has recently
been discussed in correlation with metabolic fac-
tors related to the carbohydrate content (Krapp
et al., 1993); it remains to be shown whether such
a regulation is of general importance. Develop-
mental regulation is superimposed by light regu-
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Fig. 5. Steady state levels of
rcbS and rbcL mRNA in cress
seedlings grown in darkness for
the indicated time. Equal
amounts of total RNA were
dot-blotted and hybridized with
labelled probes for rbcS and
rbcL. Values are means of 3
experiments. O h = dry seeds;
168 h = plants grown under

R

48“% + Coumarin

168 h

lation. Light regulated synthesis of SSU is pri-
marily under transcriptional control: regulation of
rbcS gene expression via phytochrome is well
documented. Light regulation of the synthesis of
LSU is possibly quite different: evidence for trans-
lational control has been accumulated in this case
(Sivan et al., 1965; Inamine et al., 1985). This com-
plex regulation leads finally to a stoichiometric ac-
cumulation of both subunits in the mature enzyme.
However, the accumulation of the subunits and
their mRNASs is not strictly coordinated under all
experimental conditions (Berry et al, 1985; Harn
et al., 1993).

Very early stages of development do not contain
measurable amounts of LSU or SSU peptides and
rbcL mRNA or rbcS mRNA in Amaranthus coty-
ledons (Berry et al, 1985) or in barley primary
leaves (Rapp and Mullet, 1991). The developmen-
tal state of dry cress seeds and 24 h-old seedlings
(this paper) corresponds to about 3 day-old Ama-
ranthus seedlings (Berry et al,, 1985) or leaf sec-
tions 3 to 5 (1-4 cm from the leaf base) of dark-
grown 4 day-old barley plants (Rapp and Mullet,

R

48h%-| + Coumarin

white light; R = roots of 96 h
etiolated plants.

72h
96 h
168 h

1991): we find both LSU and SSU mRNAs and
peptides in the dark. We find furthermore cab
mRNA 48 h-old dark-grown seedlings (Kittsteiner
et al, 1991); this corresponds also the section 5
of the barley leaf (Rapp and Mullet, 1991). Later
developmental stages in the dark contain smaller
amounts of cab mRNA in both plants (Kittsteiner
et al, 1991; Rapp and Mullet, 1991). In cress seed-
lings, a steady increase of both rbcS mRNA and
rbcL mRNA is observed during development in
the dark (this paper). In Amaranthus and barley,
the amount of rbcL mRNA increases for a longer
time of development than the amount of rbcS
mRNA (Berry er al, 1985; Rapp and Mullet,
1991). These observations indicate that the par-
ticular developmental program is — within a cer-
tain frame — species-specific.
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