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Abstract—The effects of photodestruction of chloroplasts in norflurazon-treated barley seedlings on expression of nuclear
genes Elip and Hsp32 encoding light and heat stress proteins of barley chloroplasts and also of the Licb 1 and RbcS genes of
photosynthesis proteins were studied. The genes of the photosynthesis proteins were not transcribed upon the photode-
struction of chloroplasts. However, transcription of the stress protein genes continued, and the transcription of the heat
stress protein gene remained virtually at the control level, whereas the light stress protein gene transcription was markedly
(by 30-50%) decreased, and this suggests chloroplast control of the Elip gene transcription. Disorders in the processing and
a partial disturbance in the import of precursors of Hsp32 and Elip proteins into the plastids of the norflurazon-treated
seedlings were shown. Data on protease analysis indicates that photodestruction of chloroplasts is associated with accumu-

lation of stress protein precursors in the plastid envelope.
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The majority of proteins involved in the develop-
ment and functioning of chloroplasts in higher plants
and other photosynthesizing eukaryotes are encoded by
nuclear genes. Expression of these genes is regulated by
light-induced signals that are transmitted through pho-
toreceptors: phytochrome and cryptochrome. However,
the plastids themselves also influence the transcription of
the nuclear genes of the plastid proteins through signals
directed from chloroplasts to the nucleus [1-3]. Blocking
of the influence of plastids (photodestruction, muta-
tions, etc.) on regulation of nuclear gene expression
would allow us to reveal their role in this process. When
plant seedlings are grown in the presence of norflurazon
(NF, an inhibitor of carotenoid biosynthesis on the level
of phytoene desaturase) the chloroplasts undergo pho-
tooxidative destruction in the light, which does not affect
other compartments of the cell [4-7]. The bleached plas-
tids also lack the majority of internal structures, such as
thylakoid membranes and ribosomes, whereas their
DNA and envelope are relatively little damaged [3, 5]. In
the cells of photodestroyed seedlings the expression of

* To whom correspondence should be addressed.

some nuclear genes encoding chloroplast proteins, such
as Lhcb (the gene of the chlorophyll a/b-binding protein
of Photosystem 2 light-harvesting complex) and RbcS
(the gene of the small subunit of ribulose-1,5-bisphos-
phate carboxylase/oxygenase; RBPC, EC 4.1.1.39) is
blocked [3-8]. Based on these data, it was concluded that
the cells had to possess a signal necessary for expression
of these genes and entering into the nucleus from intact
chloroplasts.

Stress proteins are known to play an important role
in the defense reactions of plant cells [9]. Therefore, it
seemed interesting to study the effect of chloroplasts on
expression of the nuclear genes encoding stress proteins
of barley chloroplasts: the light and heat stress proteins
Elip (Early Light-Inducible Protein) and Hsp32 (Heat-
Shock Protein 32 kD). In higher plants the Elip family
proteins are encoded by the nucleus, synthesized on cyto-
plasmic ribosomes, and after the translation are trans-
ported into chloroplasts as precursors [10]. A sponta-
neous mechanism of Elip incorporation into thylakoid
membranes of barley and Arabidopsis thaliana has been
detected [11, 12]. Elip are proteins with three transmem-
brane a-helices, and helices I and III are extremely
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homologous with the corresponding regions of the light-
harvesting complex proteins (Lhcp) of Photosystems 1
and 2 [12]. Contrastingly to typical proteins of the multi-
gene family Lhcp, which are constant structural compo-
nents of Photosystems 1 and 2, Elip are accumulated in
thylakoid membranes for only a short time. Synthesis of
these proteins was earlier found during the greening of
etiolated seedlings and also under conditions of light
stress [10]. Afterwards, Elip production was shown in
response to various stress exposures, including drought
and low temperatures [12]. Elip are suggested to protect
chloroplasts against photooxidative damage [13]. In bar-
ley, two multigene Elip families are found: high- and low-
molecular-weight Elip (protein precursors of 24-27 and
16-18 kD, respectively). The molecular weight of the
mature proteins is 18.0-18.5 and 13.5 kD for the high-
and low-molecular-weight Elip, respectively [10].

Heat stress proteins are produced in plants under
conditions of elevated environmental temperature. Low-
molecular-weight Hsp are essential for resistance to heat
stress and play an important role during plant develop-
ment [14]. The nucleus-encoded low-molecular-weight
heat stress protein Hsp32 is located in chloroplasts [15].
Expression of this protein gene is genetically related with
adaptive thermal tolerance of plants.

The purpose of the present work was to study the
effect of the plastid signal on expression of the genes of
plastid stress proteins, the low-molecular-weight light
stress protein Elip and heat stress protein Hsp32, in bar-
ley seedlings, and also on expression of genes Lhcbh and
RbcS of the photosynthesis proteins.

MATERIALS AND METHODS

Plants and conditions of cultivating. Barley seedlings
(Hordeum vulgare, Apex cultivar) were grown for 7-8 days
in hydroponic culture in the dark at 24°C. To obtain NF-
treated seedlings, seeds were soaked in distilled water sup-
plemented with 5-10°> M NF (SAN 9789, 4-chloro-5-
(methylamino)-2-(o,o,o-trifluoro-m-tolyl-3-(2H)pyri-
dazinone) and grown in hydroponic culture in the dark at
the same concentration of NE

Heat and light stress conditions. Control and NF-
treated intact etiolated plants were incubated in the dark
for 2 h (from 06.00 to 08.00) at 42°C in a thermostat. To
escape stress caused by water deficiency, vessels with
water were placed into the thermostat. Light stress was
created by illumination of etiolated seedlings with the
light of 300 pmol'‘m %sec”™' for 24 h. Contents of
carotenoids and chlorophylls were assessed by absorption
spectra of acetone extracts.

Isolation of RNA and Northern hybridization. The
total RNA from the control and NF-treated barley
seedlings was isolated as described in [16]. Specimens of
leaves (0.3 g) frozen in liquid nitrogen were powdered, the
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powder was suspended in 1 ml of buffer for extraction
(0.6 M NaCl, 10 mM EDTA, 100 mM Tris-HCI
(pH 8.0), 4% SDS) and mixed with an equal volume of
phenol—chloroform—isoamyl alcohol mixture (25 : 24 :
1 v/v). The aqueous phase was separated by centrifuga-
tion, and RNA was precipitated with 8 M LiCl at 4°C.
Then the RNA was reprecipitated with ethanol in the
presence of 3 M sodium acetate buffer (pH 5.2). The con-
centration of RNA was determined spectrophotometri-
cally. Samples of total RNA (10 pg) were fractionated by
electrophoresis in 1.0% agarose gel in the presence of
formaldehyde. By capillary blotting RNA was transferred
onto a 0.45-um Biodyne-B membrane (Pall, Germany),
which was UV-radiated (254 nm) for 90 sec.
Prehybridization was performed for 2 h at 42°C in the
presence of 50% formamide, fivefold Denhard’s solution
(Denhard’s solution consists of 0.02% Ficoll, 0.02%
polyvinylpyrrolidone, 0.02% BSA), fivefold standard salt
solution (SSS) (SSS is 0.15 M NaCl in 0.015 M sodium
citrate buffer (pH 7.0)), 1% SDS, and salmon sperm
DNA (100 pg/ml). The RNA blots were hybridized
overnight with ¥P-labeled fragments of barley cDNA
(Lhcbl, RbeS, Elip, and Hsp32) in 10 ml of the solution at
42°C. The membranes were washed successively in
twofold SSS supplemented with 0.1% SDS, then in the
same solution for 5 min at 60°C, and thrice under the
same conditions in 0.1-fold SSS + 0.1% SDS. All cDNA-
probes were labeled using a Random Primer Labeling Kit
(Stratagene, USA) in the presence of [a-3?P]dATP.
rRNAs stained with ethidium bromide were used as con-
trols to confirm the application of equal amounts of the
total RNA and efficiency of the subsequent transfer of
RNA onto the membrane. The linearity of the response
was tested by different time expositions with a Bio Max
MR-1 film (Kodak, Germany). Radioautographs were
scanned and analyzed using the Gel Doc 1000 programs
of image analysis (Bio-Rad, USA).

Isolation of plastids from barley seedlings. Intact
plastids were isolated from 200-400 g barley seedlings and
purified by centrifugation in a Percoll gradient [17, 18].

Isolation of total cell proteins. To isolate the total
proteins, 100 mg leaves were homogenized in liquid nitro-
gen and transferred into 1 ml of buffer containing
12.5 mM Tris-HCI (pH 6.8), 2% SDS, 1 mM EDTA,
6 mM dithiothreitol, and 10% glycerol. The extract was
heated at 65°C for 15 min and then centrifuged for 15 min
at 18,000g. The protein concentration was determined by
the Lowry method [19], and the proteins were analyzed
by SDS-PAGE.

Electrophoresis and immunoblotting. Electrophoresis
of the proteins (10 pg per lane) was performed in 12.5%
polyacrylamide gel in the presence of SDS according to
Laemmli [20]. The proteins were transferred onto a nitro-
cellulose membrane (Schleicher and Schull, Germany)
with pores 0.45 um in size [21]. The membranes were
incubated for 1 h at 4°C in an inhibiting buffer which



432

consisted of a 5% defatted dry milk in 20 mM sodium
phosphate buffer (pH 7.2), 0.15 M NaCl, 0.1% Tween 20,
and then incubated overnight at 4°C with primary anti-
bodies (diluted 1 : 2000) to the corresponding protein
(Elip, Hsp32, Lhcb, or RbcS). After washing, the mem-
brane was incubated for 2 h at room temperature with
anti-rabbit goat IgG conjugated with alkaline phos-
phatase. The membranes were washed, and specific pro-
tein bands were revealed using substrates for development
of the alkaline phosphatase activity: 5-bromo-4-chloro-
3-indolyl phosphate/nitroblue tetrazolium. All experi-
ments were repeated at least three times.

Peptide maps obtained by limited proteolysis of pro-
teins. The proteins were digested in polyacrylamide gel as
described in [22]. The gel bands of the first direction
SDS-PAGE with the proteins under study were equili-
brated for 20 min with buffer 1 (0.125 M Tris-HCI
(pH 6.8), 0.1% SDS, 1 mM EDTA, 1 mM dithiothreitol)
and placed onto the gel of second direction of SDS-
PAGE. Then onto the gel buffer 1 supplemented with
10% glycerol, 0.001% Bromophenol Blue, and freshly
prepared protease solution were deposited from above for
equilibrating. For digestion, chymotrypsin (20 pg/ml)
and protease M8 (16 pg/ml) were used. The polypeptides
produced by proteolysis were detected by immunoblot-
ting as described above.

Treatment of chloroplasts with trypsin. The chloro-
plast precipitate was suspended in 0.5 ml of buffer
(330 mM sorbitol, 50 mM Hepes-KOH (pH 8.0)) con-
taining trypsin (20 pg/ml; Boehringer, Germany). The
sample was incubated with trypsin for 15 min on ice.
Then the chloroplasts were diluted with 5 ml of the initial
buffer supplemented with the egg inhibitor of trypsin
(2 mg/ml; Boehringer) or protease inhibitors (1 mM
phenylmethylsulfonyl fluoride, I mM benzamidine). The
chloroplasts were precipitated by centrifugation, and total
proteins of the organelles were analyzed by SDS-PAGE
with subsequent immunoblotting.

RESULTS

Photobleaching of NF-treated barley seedlings.
Previously the bleaching of barley seedlings grown at var-
ied concentrations of NF (107*-1077 M) was studied.
Even at 510> M NF, carotenoids and chlorophylls were
virtually absent in the seedlings.

Content of stress protein gene transcripts in NF-
treated plants. Expression of nuclear genes of stress pro-
teins and genes of photosynthesis proteins was studied by
Northern hybridization under conditions of chloroplast
photodestruction (Fig. 1). The figure shows that the genes
Lhcbl and RbcS are not transcribed in the NF-treated
plants that had been intensely illuminated for 24 h. Under
the same conditions, the genes of the plastid stress pro-
teins are expressed as follows: gene Hsp32 expression is
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virtually the same in the control and NF-treated plants,
whereas the content of gene Elip transcripts is decreased
in the experimental plants. The relative content of the
transcripts in the NF-treated seedlings was 50-70 and 90-
95% of the control for Elip and Hsp32, respectively. Thus,
the transcription of the four proteins was differently sen-
sitive to photodestruction of the plastids in the NF-treat-
ed seedlings. The photodestruction had the greatest effect
on the transcription of genes Lhacbl and RbcS, whereas
the gene Hsp32 transcription was less affected. By the
sensitivity to NF treatment, the genes show the following
order: Lhcb1 = RbcS > Elip > Hsp32.

Detection of stress protein gene expression on the
protein level in NF-treated plants. The presence of four
proteins (Elip, Hsp32, Lhcbl, and RbcS) was detected by
Western blotting of cell extracts from the NF-treated and
control barley seedlings. Contents of the Lhcb1 and RbcS
proteins were decreased in the NF-treated seedlings as
compared to the control (Fig. 2). The presence of these
proteins in the chloroplasts of the photodestroyed
seedlings seems to be due to the proteins synthesized
before the photodestruction [23]. The contents of the
light and heat stress proteins were insignificantly different
in the NF-treated and control plants. However, in the
NF-treated barley seedlings additional proteins with
higher molecular weight were accumulated in both the
case of the heat stress protein Hsp32 and the light stress
protein Elip (Fig. 2, arrow). The figure shows that under
two stress exposures (heat shock and oxidative stress), an
additional 36-kD protein is produced along with the
mature Hsp32. In the case of Elip, in addition to the
mature 13-kD protein a 17-kD protein is also accumulat-
ed (Fig. 2).

To quantitatively assess the accumulation of stress
proteins in dependence on the duration of intense illumi-
nation of the plants, a diagram was plotted based on data
for the protein Hsp32 (Fig. 3). The diagram shows that in
the plants subjected only to heat stress, the mature Hsp32
protein (hatched columns) is accumulated, and its con-
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Fig. 1. Radioautograph of the Northern blot hybridization of 32P-
labeled Elip, Hsp32, Lhcb, and RbcS with the total RNA from the
NF-treated (+) and control (—) barley plants (a); b) ethidium
bromide-stained rRNA of each specimen presented in (a).
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Fig. 2. Western blotting of the proteins Elip, Hsp32, Lhcbl, and
RbcS from the NF-treated (+) and control (—) barley plants.
Seven-day-old etiolated barley seedlings were illuminated
(300 pmol'm~%sec™!) for 24 h. In the case of Hsp32 the seedlings
were previously subjected to heat stress (42°C, 2 h). The arrow
indicates additional proteins.
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Fig. 3. Immunoblotting analysis of Hsp32 content in the NF-
treated (the black column shows the 36-kD protein, the gray col-
umn is Hsp32) and control (the white columns present the 36-kD
protein, the hatched columns are Hsp32) barley seedlings. The
seedlings were incubated for 2 h at 42°C and then illuminated
(300 pmol'm~2sec™!) for 4-24 h. The isolated total proteins were
fractionated by SDS-PAGE, and then immunoblotting was per-
formed.

tent increases with increase in the incubation time to
12 h. In these preparations, a trace amount of a 36-kD
protein is also found, but its content does not change dur-
ing the incubation. Another situation is observed in the
plants subjected to combined heat shock and oxidative
stress. The content of the additional 36-kD protein
increased linearly up to 24 h of incubation of the seedlings
in the light, whereas the content of Hsp32 flattened out
on the early stages of the incubation (Fig. 3, black and
gray columns, respectively).

The difference in molecular weights of the major and
additional protein components and also the immune
reaction of both proteins to antibodies to Hsp32 suggest
that the protein with the higher molecular weight is a pre-
cursor of Hsp32. To test this hypothesis, peptide mapping
of the proteins was performed and the influence of NF
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removal (by washing of roots of the seedlings and placing
them into an NF-free medium) on the accumulation of
the 36-kD protein was studied experimentally.

Comparison of proteins using peptide maps. Total
proteins of the seedlings subjected to heat shock or com-
bined heat shock and oxidative stress were fractionated in
SDS-PAGE. From unstained gels of the first direction
(the gels were used similar to those the blots of which are
presented in Fig. 2) a zone which contained 10-50-kD
proteins was cut out, as described in “Materials and
Methods”, and placed over the second direction gel with
the above-deposited protease solution. After elec-
trophoresis in the second direction, the proteins and gen-
erated peptides were detected by Western blotting with
antibodies to Hsp32. Figure 4 presents results of degrada-
tion of the Hsp32 and 36-kD protein with chymotrypsin.
In the presence of NF, four main components are detect-
ed in electrophoregrams of the 36-kD protein degrada-
tion products. Three of these components have the same
electrophoretic mobilities as the main components of
Hsp32 from the control plants (Fig. 4, the bilateral
arrows). The fourth spot with the higher molecular weight
corresponds to the incompletely degraded 36-kD protein
(Fig. 4, the dotted arrow). Thus, similar peptide maps are
obtained for the mature Hsp32 and the additional 36-kD
protein that suggests a high homology between these pro-
teins and proves the precursor—product interrelation.
Based on these findings, it is concluded that during the
seedling growth in the presence of NF the Hsp32 precur-
sor is accumulated. Similar data were obtained by treat-
ment of the mature protein with protease V8 (figure not
presented).

C NF

Fig. 4. The peptide map of Hsp32 and the 36-kD protein. The
proteins were digested in situ with chymotrypsin. The peptides
were visualized by Western blotting. The proteins were isolated
from the NF-treated (NF) and control (C) barley seedlings after
illumination for 24 h. To the right one can see the mature protein
peptides in the NF-treated seedlings. The double-headed arrows
indicate peptides detected in both specimens. The dotted arrow
indicates the precursor position in the NF-treated seedlings. M,
mature protein; P, precursor.
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Effect of NF removal on contents of Hsp32 and Elip
precursors. The precursor—product relation for the Hsp32
and 36-kD proteins would be also proved by a decrease in
the amount of the additional product (a hypothetical pre-
cursor) with removal of NFE In fact, the content of the
36-kD protein was sharply decreased 16 h after the
removal of NF from the medium by twice washing of the
plant roots with water (Fig. 5). These data confirm that
the 36-kD protein is a precursor of Hsp32.

Figure 6 shows the effect of the plastid photodestruc-
tion on the content of the stress protein Elip (13.5 kD). In
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Fig. 5. Effect of NF removal on the Hsp32 precursor content. The
NF-treated (+) and control (—) barley seedlings were subjected to
heat stress (42°C, 2 h) and then illuminated for 8 h
(300 pmol-m~>sec™'). The roots of the plants were washed, the
seedlings were placed onto water, and the incubation was contin-
ued in the light for 16 h. The proteins were isolated from the NF-
treated seedlings (/, 3), the seedlings placed onto water (4), and
the control barley seedlings (2, 5).
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Fig. 6. Effect of NF removal on Elip precursor content. The NF-
treated (+) and control (—) barley seedlings were illuminated for
8 h (300 pmol'm2>sec™), then the roots of the plants were
washed, the seedlings were placed onto water, and the incubation
was continued in the light for 16 h. The proteins were isolated
from the NF-treated seedlings (7, 3), the seedlings placed onto
water (4), and the control barley seedlings (2, 5).
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Fig. 7. Effect of trypsin on chloroplasts from NF-treated barley
seedlings. Digestion with trypsin (20 pg/ml, 4°C, 15 min) of pro-
teins not imported into the plastids. P, protein precursors; M,
mature proteins.

this case, a 17-kD precursor of the protein is also accu-
mulated, and its molecular weight coincides with that of
the earlier described Elip precursor [24]. The accumula-
tion of precursors in the presence of NF is reversible.
Protein precursors virtually disappear upon washing of
the plant roots free of NF. Some minor immunologically
detectable protein bands (Fig. 6) are explained by the
presence of the Elip family proteins in the plants.

Locating of stress protein precursors. To determine
the location of stress protein precursors in the cells of the
NF-treated plants, the chloroplasts were fractionated and
treated with trypsin. The fractionation revealed associa-
tion of the stress protein precursors with the chloroplast
membrane fraction (figure not presented). The chloro-
plasts purified in a Percoll gradient were treated with
trypsin. The stress protein precursors were sensitive to
trypsin, whereas the mature proteins had undergone pro-
cessing and were located inside the plastids were not
destroyed by this treatment of the organelles (Fig. 7). This
suggests that not all stress protein precursors in the NF-
treated plants were imported across the envelope mem-
brane, and the accumulation of the plastid protein pre-
cursors is concluded to be due to affected translocation of
the stress protein precursors into the plastids.

DISCUSSION

In plants grown in the presence of NF, the synthesis
of carotenoids is inhibited. The absence of carotenoids
results in development of oxidative stress, which causes
bleaching and destruction of chlorophyll and also inhibi-
tion of Photosystem 2 activity [4, 25]. The light-harvest-
ing complex proteins binding carotenoids and chloro-
phylls are also destroyed in the absence of pigments
responsible for their stabilization [26, 27]. The effect of
oxidative stress is more pronounced in etiolated plants
transferred from the dark to light. The present work is the
first to study the effect of photodestruction of barley
chloroplasts on expression of nuclear genes encoding
stress proteins and the plastid photosynthesis proteins.
The transcription of the four genes under study differs in
the sensitivity to photodestruction of the plastids in the
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NF-treated seedlings. The transcription of genes Lhcbh1
and RbcS was the most sensitive to the plastid signal. The
lack of the Lhchl and RbcS gene transcripts in the NF-
treated seedlings is in agreement with earlier published
data on the stronger dependence of expression of these
genes on the plastid signals as compared to expression of
other genes studied [5, 8, 25]. The plastid signal did not
affect expression of the nuclear gene of the chloroplast
protein Hsp32, because its transcription is virtually the
same in the NF-treated and control plants. Obviously,
Hsp32 exemplifies a gene with expression relatively insen-
sitive to the plastid signal. The decreased transcription of
the Elip protein gene upon the photodestruction of
chloroplasts suggests that chloroplasts control the expres-
sion of this gene. However, Elip gene expression depends
less on the plastid signal than does the expression of the
Lhceb I and RbceS genes. This is consistent with data on the
different inhibition of different gene expression in the
seedlings with damaged plastids [28, 29]. Data on the reg-
ulation of Elip gene expression are also in agreement with
the concept that the expression of nuclear genes is more
likely uninterruptedly regulated by the functional state of
the plastids than discretely, by the “open—shut gate”
principle [28]. Possibly, the different sensitivity of tran-
scription of the four genes under study to chloroplast
photodestruction is due to difference in the regulatory
elements of the corresponding gene promotors.

It is especially interesting that transcription of the
genes of the Lhebl and Elip proteins of the closely relat-
ed families is different under conditions of the chloroplast
photodestruction. This suggests difference in mecha-
nisms regulating the expression of these genes. Possibly,
two different plastid signals are involved in the regulation
of expression of these genes. These data are consistent
with a report [30] that during the biogenesis of chloro-
plasts and at low content of chlorophyll the accumulation
of Elip always preceded the accumulation of Lhcbl.
Chloroplasts seem to have a signaling network which reg-
ulates coordinated expression of the nuclear and chloro-
plast genomes, and the plastid signals can either inhibit
the transcription of nuclear genes (as in the case of pho-
tosynthesis proteins) or activate it (as shown for the gene
Hsp70) [31].

Precursors of the plastid proteins encoded by the
nucleus are known to be synthesized on cytoplasmic ribo-
somes, transported across the chloroplast envelope, and
undergo endoproteolytic processing in the chloroplast
stroma [10, 32]. Photodestruction is associated with
accumulation of precursors of these proteins in barley
chloroplasts, in addition to the mature proteins Elip and
Hsp32 [33]. Precursors of chloroplast proteins of the
peripheral antenna of Photosystem 2 and small subunit of
RBPC are not detected under these conditions. This is
explained by the continued transcription of the stress pro-
tein genes along with suppression of the photosynthesis
protein transcription.
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Under conditions of oxidative stress caused by short-
age of carotenoids, protein import into chloroplasts is
somewhat affected, and the protein precursors are accu-
mulated in the envelope of the plastids. This is shown by
treatment of the isolated plastids with exogenous protease
(trypsin). The N-terminal of the stress protein seems to
be located inside the plastid envelope, whereas the C-ter-
minal is exposed outwards and subjected to the proteases.
It is suggested that in the NF-treated and control plants
stress protein precursors are bound to the translocation
sites of the chloroplast envelope, but the transfer is par-
tially affected in the NF-treated plants.

Thus, the photodestruction of chloroplasts switches
off the plastid signal thus inhibiting the transcription of
the light stress protein and results in the accumulation in
the plastid envelope of the stress protein precursors syn-
thesized on cytoplasmic ribosomes and imported into the
plastids. But further studies are required to elucidate the
transmission pathways of the plastid signal and com-
pounds involved in this process.
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