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Isolation of intact and pure chloroplasts from leaves of Arabidopsis thaliana
plants acclimated to low irradiance for studies on Rubisco regulation
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Abstract

A protocol is presented for low-cost and fast isolation of intact and pure chloroplasts from leaves of plants acclimated to low
irradiance. The protocol is based on a differential centrifugation of cleared leaf homogenate and omits a centrifugation on Percoll
gradient step. The intactness and purity of the chloroplasts isolated from leaves of low irradiance-acclimated plants by using this
protocol (confirmed by phase contrast microscopy as well as enzymatic and immunological approaches) allows plausible studies

on low irradiance-dependent Rubisco regulation.
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Introduction

Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygen-
ase), the most abundant protein in the biosphere catalyzes
photosynthetic carbon dioxide fixation and photorespiratory
carbon oxidation. In land plants and green algae the enzyme is
an oligomeric protein composed of eight large and eight small
subunits (LSs and SSs, respectively). A lot of experimental data
exist indicating that Rubisco is highly regulated in response to
short term fluctuations in the environment. The mechanisms
involved in Rubisco regulation may occur at the level of enzy-
matic activity, as exemplified by the loss of the Rubisco activity
which has been reported in several plant species under drought
and proposed to be due to the increase in the amount of inhibi-
tors tightly bound to the catalytic site [1,2]. Alternatively, the
amount of Rubisco protein may be regulated, by changes in
relative rates of synthesis and degradation of both subunits.
These processes may involve mRNA accumulation [3], trans-
lational elongation [4] as well as a wealth of posttranslational
phenomena including the assembly of Rubisco holocomplex
[4,5] and aggregation/degradation of individual subunits [6].
As far as posttranslational phenomena are concerned these are,
specifically, reactive oxygen species (ROS) generated during the
exposure of plants to various stress conditions [7-9] that may
drive, at least in some instances Rubisco oxidative modifications
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which may lead, in their turn, to a massive degradation and/or
aggregation of Rubisco subunits and a loss enzymatic activity
as well. In vitro oxidative treatment of purified Rubisco leads
to conformational changes in LS, followed by an increase in its
susceptibility to proteolysis, the disassembly of the holoenzyme
and finally also SS becomes more vulnerable to proteolysis
[10]. It thus may be expected that Rubisco degradation events
caused by stress-related oxidative modifications occuring in
vivo may start by LS degradation as well. Indeed, it was found
that LS oxidative modifications (disulfide cross-linking as well
as non-disulfide polymerization) and a translocation of ag-
gregated LS molecules towards membranes, both triggered in
vivo by subjecting Chlamydomonas reinhardtii to saline stress
are accompanied by an extensive LS degradation [11]. A similar
scenario, involving aggregation, membrane- translocatation
and degradation of LS molecules took place under cupric ions
treatment of higher plants (wheat, Spirodela oligorrhiza) and
algae (Chlamydomonas reinhardtii and C. moewusii) as well
[6]. Most probably preexisting proteases are involved as the
susceptibility of oxidatively modified LS towards proteolysis
correlates positively with the scale of oxidative modifications
introduced to LS by stress treatment but not with possible
oxidative modifications of proteases engaged [12]. Alterna-
tively, in some instances stress-related aggregation and/or
translocation towards membranes of LS molecules are not
accompanied by degradation events [13,14]. Thus from the
results available today it appears that regulation of both LS and
Rubisco holocomplex triggered by short-term environmental
fluctuations may operate through a variety of combinations of
both pre- and posttranslational events. The application of new
experimental models for the study of Rubisco regulation poses
a challenge for future research. It is interesting in this context
that a dramatic decrease in Rubisco holocomplex content was
found to happen in response to shading of attached tobacco
leaves without a concomitant drop in LS mRNA level [15] and
one likely mechanism is through posttranslational regulation,
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possibly involving LS aggregation/degradation phenomena.
Yet, attached leaves of plants acclimated to low irradiance have
not been applied to studies on Rubisco regulation since then.
The exploitation of this experimental model to Arabidopsis
thaliana leaves by our group was unexpectedly retarded by
low purity of chloroplasts isolated from leaves of A. thaliana
plants acclimated to low irradiance by a widely used procedure
involving a centrifugation on Percoll gradient [16]. In its turn,
the same procedure gave satisfactory results when chloroplasts
were isolated from leaves of A. thaliana control plants or the
ones acclimated to moderate irradiance. The goal of the current
study was to develop a protocol for high yield isolation of pure
chloroplasts from leaves of A. thaliana plants acclimated to low
irradiance, suitable for studies on low irradiance-dependent
Rubisco regulation.

Material and methods

Plant material

Arabidopsis thaliana (ecotype Columbia) plants were grown
in 42-mm Jiffy peat pellets on sphagnum peat moss and wood
pulp (Agawa, Zielona Goéra, Poland) in a growth chamber
(NEMA, Netzschkau, Germany) for five weeks under short day
conditions (8 h-light/16 h-darkness) with an irradiance set at
moderate level of 250 pmol quanta m™2s™ [17] at a temperature
22/ 18°C (day/night, respectively) and constant 65% relative
humidity (control plants). Then some population of plants
was acclimated for 24 h either still to 250 pmol quanta m™2s™*
(moderate irradiance-acclimated plants) or 50 pmol quanta
m~ s (low irradiance-acclimated plants) with temperature
and humidity kept at the level encountered during growth
period before acclimation.

Isolation of chloroplasts

For chloroplast preparation the leaves of control and moder-
ate or low irradiance-acclimated A. thaliana plants (12 g) were
homogenized in 30 ml of ice-cold isolation buffer containing
0.3 M sucrose, 50 mM Tricine/NaOH (pH 7.8), 10 mM Na(l,
5 mM MgCl,, and freshly added 0.2% BSA (bovine serum
albumin) by using a motor-driven blender (Homogenizer
type 302, Mechanika Precyzyjna, Warszawa, Poland; two 5 s
bursts at maximum speed). After filtration of the homogenate
through a filter Mesh 100 (Sigma-Aldrich, St. Louis MO, USA)
the cleared homogenate was centrifuged at 1000 g for 7 min
at 4°C. The supernatant was rejected and the green pellet was
carefully suspended in 7 ml of the isolation buffer and differ-
ential centrifugation step was repeated. After centrifugation
the supernatant was removed and the chloroplast pellet was
collected.

Alternatively, chloroplasts were prepared using Sigma
Chloroplast Isolation Kit (Sigma-Aldrich, St. Louis MO, USA).
The leaves (12 g) were homogenized in 48 ml of an ice-cold
isolation buffer by using a motor-driven blender (Homogenizer
type 302, Mechanika Precyzyjna, Warszawa, Poland; two 5 s
bursts at maximum speed) and the homogenate filtered through
filter Mesh 100. The filtrate was centrifuged for 7 min at 1500 g
to sediment chloroplasts as a green pellet, which was then
resuspended in isolation buffer. The chloroplast suspension was
then loaded on top of linear Percoll gradient - precentrifuged
at 43000 g for 30 min at 4°C - and centrifuged in a swing-out
rotor for 6 min at 13300 g at 4°C (brake off). Intact chloroplasts

were collected from the gradients (lower band), diluted three
times in isolation buffer without BSA and centrifuged at 3300 g
for 2 min at 4°C. The supernatant was discarded and the washed
chloroplast pellet was collected.

Isolation of mitochondria

Mitochondria were prepared according to Urantowka et al.
[18] with some modifications. Namely, leaves of control plants
(12 g) were homogenized in 50 ml of ice-cold isolation buffer
containing 0.45 M sucrose, 5 mM EDTA [Fe(III)-ethylene-
diaminetetraacetic acid], 1.5 mM EGTA [ethylene glycol bis
(B-aminoethyl ether)-N], 5 mM MOPS [3-(N-morpholino)
propanesulfonic acid]/KOH (pH 7.4), 0.5% BSA, 0.6% PVP-
40, 2.5 mM PMSF (phenylmethylsulfonyl fluoride) and 5 mM
2-mercaptoethanol, by using a motor-driven blender and a
homogenate was filtered through a filter Mesh 100. The cleared
homogenate was then centrifuged twice at 2200 g for 2 min
(4°C) and the supernatant after the second centrifugation step
was again centrifuged for 10 min at 28000 g (4°C). The pellet
representing crude mitochondria preparation was suspended
in 10 mM potassium phosphate buffer (pH 7.2) containing
0.4 M mannitol, 1 mM EDTA, 0.5% BSA and centrifuged in
a fixed angle rotor through a four-step Percoll gradient (2-ml
centrifugation tube containing 50%, 29%, 26%, 18% Percoll in
0.25 M sucrose and sterile water at a 3.75:3:4:3 ratio, respec-
tively; brake off). After centrifugation at 40000 g for 12 min at
4°C the mitochondria were isolated from 29/ 50% interphase.
To remove Percoll the purified mitochondria were centrifuged
twice in 10 mM potassium phosphate buffer (pH 7.2) contain-
ing 0.4 M mannitol, 1 mM EDTA without BSA at 23200 g for
10 min at 4°C.

Phase contrast microscopy

Isolated chloroplasts were viewed with phase-contrast
objective to verify their intactness and chlorophyll auto-
fluorescence was detected using broad pass-band excitation
filter set (confocal laser scanning microscope LSM 510, Carl
Zeiss, Jena, Germany). The phase-contrast images and the red
autofluorescence of chloroplast were recorded simultaneously.

Enzyme assay for glutamate dehydrogenase (GDH)

GDH was used as a mitochondrial marker and assayed both
in the mitochondria and chloroplasts. Briefly, the extracts were
obtained by suspending the pellets of isolated mitochondria or
chloroplasts (freshly prepared) in 50 mM phosphate buffer (pH
7.5) containing 10 mM 2-mercaptoethanol and 0.1% Triton.
The suspensions were centrifuged for 15 min at 16000 g (4°C)
and the supernatants (extracts) were used for GDH activity
determination. NADH-GDH (aminating) activity was assayed
as the initial rate of the 2-oxoglutarate dependent oxidation of
NADH according to the method of Watanabe et al. [19]. The
specific activity of the enzyme was expressed as the oxidation
of 1 umol of NAD* per minute per miligram of protein.

Protein determination

Protein concentration was assayed in extracts of chloroplasts
or mitochondria, chloroplast lysates and in cleared leaf homog-
enates according to Bradford [20] using BSA as the standard.

SDS-PAGE, immunoblotting

SDS-PAGE was performed according to Laemmli [21] using
14% acrylamide resolving gel and chloroplast lysates obtained
by suspending chloroplast pellets in small volume of water or
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cleared leaf homogenates. After the electrophoresis, proteins of
chloroplasts or cleared leaf homogenates were transferred onto
a polyvinylidene fluoride (PVDF) membrane (Roche, Basel,
Switzerland), reacted with polyclonal antibodies raised against
LS Rubisco or UGPase (Agrisera, Vannas, Sweden) and detected
by applying goat anti-rabbit biotinylated immunoglobulin G
(Sigma-Aldrich) and ExtrAvidin-conjugated horseradish per-
oxidase (Sigma-Aldirch). The quantification of immunostained
signals were performed using Gelix One software (Biostep,
Jahnsdorf, Germany). For each individual immunoblot the
range of the linearity of immunoresponse was checked. Only
blots with a linear relationship between sample dilution factor
and immunoresponse were taken into consideration.

Results and discussion

When chloroplasts were isolated from leaves of A. thaliana
low irradiance-acclimated (24 h) plants applying a method
involving a centrifugation on Percoll gradient an unexpectedly
small band which was formed at the lower portion of the gradi-
ent, widely regarded as representing pure and intact chloroplasts
[16] exhibited an atypical, fuzzed appearance. In contrast,
chloroplasts isolated from control and moderate-irradiance
acclimated plants formed a typical, narrow band within the
Percoll gradient, yielding 3 times more chloroplast protein per g
of fresh weight (data not shown). In order to isolate a high yield
of intact and pure chloroplasts from leaves of low-irradiance
acclimated A. thaliana plants - and equally suitable for isolation

of chloroplasts from leaves of control and moderate-irradiance
acclimated plants — we based our protocol on established, fast
procedure involving differential centrifugation of the cleared
homogenate but omitting a centrifugation on Percoll gradient
step. In accordance with earlier data [22] it was found by us that
a proper ratio of weight of leaves vs volume of homogenization
buffer, the origin and type of homogenizer as well as care and
speed was essential to obtain high quality chloroplast samples.
Intactness of the chloroplasts isolated by the optimal protocol,
involving merely a differential centrifugation of the cleared ho-
mogenate but omitting a centrifugation on Percoll gradient was
compared by using phase-contrast microscopy with the one of
the chloroplasts obtained by a method involving a centrifugation
on Percoll gradient (Fig. 1). The chloroplasts which appeared
bright and surrounded by a clear halo were identified as intact
ones while the ones found to be darker and surrounded by a
less pronounced halo were regarded to be broken [23,24]. All
objects visible on phase-contrast micrographs not yielding
a red chlorophyll autofluorescence were described as non-
chloroplast bodies. It was demonstrated that the method based
on differential centrifugation allowed to obtain chloroplast
preparations which gave very similar intactness, i.e. 87.5-89.2%
no matter whether the chloroplasts were isolated from leaves
of control, moderate-irradiance or low-irradiance acclimated
plants. Furthermore, only 3.8-5.3% objects visualized by phase
contrast microscopy were demonstrated to be non-chloroplast
bodies. When chloroplasts isolated from leaves of control and
moderate-irradiance acclimated plants have been separated
on Percoll gradient the lower band contained equally intact

ACCLIMATION
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Fig.1 Phase contrast microscopy of chloroplasts of A. thaliana leaves. a,d Micrographs of chloroplasts isolated from control plants (0 h ac-

climation). Plants acclimated for 24 h to moderate (b,e) or low (c,f) irradiance. Chloroplasts were isolated by differential centrifugation (a-c)

or by using centrifugation on Percoll gradient (d-f). White arrows point to non-chloroplast bodies, grey arrows point to intact chloroplasts

and black ones to broken chloroplasts. The insets in a-f show average frequencies of non-chloroplast bodies, broken chloroplasts and intact

chloroplasts, quantified relative to all bodies visible on appropriate micrographs (100%). Scale bars: 30 pm.
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(86.3-88.7%) chloroplast preparations, containing equally
low amount of non-chloroplast bodies (4.8-5.5%). In sharp
contrast to this in the case of chloroplast isolated from leaves
of low irradiance-acclimated plants, the lower band collected
after Percoll gradient-based centrifugation has been heavily
contaminated by non-chloroplast bodies (18.1%) and chloro-
plast intactness fell to 78.1%.

Mitochondria are known to be popular contaminants of
chloroplast preparations [25]. To estimate the extent to which
chloroplast samples analysed by us were contaminated by mi-
tochondria, measurements of GDH (a mitochondrial marker
enzyme) were performed. As few as 5.0-6.5% of the specific
activity found for mitochondrial sample isolated from control
leaves was detected in chloroplast samples isolated using
differential centrifugation (5.3% in the case of samples from
leaves of low irradiance-acclimated plants; Fig. 2). In paral-
lel, GDH specific activity of the lower band collected after
Percoll gradient centrifugation of chloroplasts isolated from
low-irradiance acclimated leaves was much higher (23% of the
specific activity found for mitochondrial sample isolated from
control leaves), corresponding to much higher contamination by
non-chloroplast bodies (see Fig. 1) and this suggests that these
are mainly mitochondria which contaminate this preparation.

100
90 | |  CMTOCHONDRIA
o I | = CHLOROPLASTS DIFFERENTIAL CENTRIFUGATION

| mCHLOROPLASTS CENTRIFUGATION ON PERCOLL GRADIENT

GDH SPECIFIC ACTIVITY (%)

2 1 '
0 -

oh 24hM 24nL

ACCLIMATION

Fig. 2 GDH specific activity in chloroplasts isolated by centrifuga-
tion on Percoll gradient or by differential centrifugation from leaves
of control plants (0 h acclimation) and plants acclimated for 24 h to
moderate (24hM) or low (24hL) irradiation. The activity was quantified
relative to the value found for mitochondrial sample isolated from

control leaves (100%).

Cytoplasm is another, potential source of impurities of chlo-
roplast preparations yet invisible on phase-contrast micrographs
[26]. Thus to further validate a purity of chloroplasts isolated
by differential centrifugation from various types of leaves
the abundance of UGPase (a cytoplasmic marker enzyme)
has been determined by immunoblotting. Again, the level of
contamination was found to be marginal (5.2-6.2% of UGPase
level identified in cleared leaf homogenates of relevant popula-
tions of plants; 5.4% in the case of leaves of low irradiance-
acclimated plants), in opposition to what was found for lower
band collected after Percoll gradient-based centrifugation of
chloroplasts isolated from leaves of low-irradiance acclimated
plants (14.9% relative to the value found in cleared homogenates
of low irradiance-acclimated plants; Fig. 3).

Thus our fast and simple procedure allows obtaining intact
and pure chloroplasts from leaves of A. thaliana plants ac-
climated for 24 h to low irradiance (and the results are very
similar for chloroplasts isolated from plants acclimated to low
irradiance for shorter and longer time ranges as well, data not
shown). The method works equally well for chloroplasts isolated

from control and moderate irradiance-acclimated plants. In
opposition to this a widely used procedure involving a cen-
trifugation on Percoll gradient works much worse in terms of
purity of chloroplasts isolated from low irradiance-acclimated
plants. The reason why this widely used method is not success-
tully applicable to isolation of chloroplasts from leaves of low
irradiance-acclimated plants remains obscure.

ACCLIMATION
Oh  24hM  24hL
CLEARED LEAF
HOMOGENATE  #HNNSS S .
100  101+2 9913 (%)
CHLOROPLASTS
DIFFERENTIAL
CENTRIFUGATION o\ oo 5.452%)
CHLOROPLASTS
CENTRIFUGATION
ON PERCOLL ]
GRADIENT 6.8+2 6.4+3 14.9+2 (%)

Fig. 3 Quantification of UGPase in chloroplasts isolated by cen-
trifugation on Percoll gradient or differential centrifugation from
leaves of control plants (0 h acclimation) or plants acclimated for 24
h to moderate (24hM) or low (24hL) irradiation. 2 pug protein of each
chloroplast samples were introduced into gel wells. The immunoblot
signals received with anti-UGPase antibodies were quantified relative
to the signals identified in cleared homogenates of leaves of relevant
plants (100%). The signals were determined by scanning 4 blots
representing 2 biological replicates. The mean values +SD are shown
under respective lanes.

Next, the optimal method of isolation of chloroplasts from
low irradiance-acclimated plants, involving merely a differential
centrifugation of the cleared homogenate and omitting a Percoll
gradient centrifugation step was applied to a plausible study of
changes in intrachloroplast pool of LS Rubisco due to 24 h-long
acclimation to low irradiance. It was demonstrated that LS
Rubisco exhibited a pronounced decrease in its abundance
inside chloroplasts during the acclimation to low irradiance
conditions, down to 58% of the value found for control leaves
whereas the abundance of LS Rubisco remained unchanged dur-
ing 24 h of acclimation to moderate irradiance (Fig. 4). On the
other hand, the decrease was not accompanied by any increase
in extrachloroplast pool of LS Rubisco (data not shown) and
this strongly suggests that solely the events taking place inside
chloroplasts contribute to loss of LS Rubisco in low irradiance-
acclimated plants. These results confirm and extend previous
observations concerning a dramatic fall in the abundance of
Rubisco holocomplex in shaded tobacco leaves [15]. As proteo-
lytic phenomena may be engaged in low irradiance-dependent
LS Rubisco fall, the extremely low amount of contaminations of
our chloroplast preparations by mitochondria and cytoplasm is
of seminal importance for the validity of potential identification
of chloroplast protease involved. Namely, Miyadai et al. [27]
have demonstrated that proteases of extrachloroplast origin
may adhere to outer envelope during chloroplast isolation.

The experiments are in progress aimed at elucidation of
molecular mechanisms of low-irradiance-dependent strong
decrease in LS Rubisco amount.
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ACCLIMATION
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Fig. 4 Quantification of LS Rubisco in chloroplasts isolated by dif-
ferential centrifugation from leaves of control plants (0 h acclimation)
or plants acclimated for 24 h to moderate (24hM) or low (24hL)
irradiation. 0.2 pg protein of each chloroplast samples were intro-
duced into gel wells. The immunoblot signals received with anti-LS
Rubisco antibodies were quantified relative to the signals identified in
chloroplast of control plants (100%). The signals were determined by
scanning 9 blots representing 3 biological replicates. The mean values
+8D are shown under relevant lanes.

Acknowledgments

The presented research was funded by the Department of
Plant Phisiology, Adam Mickiewicz University.

Authors’ contributions

The following declarations about authors’ contributions to the
research have been made: designed the experiments: GJ, MG;
performed the experiments: MG; analyzed the experimental
data: MG, GJ; wrote the paper: GJ, MG.

References

1. Parry MAJ. Rubisco activity: effects of drought stress. Ann Bot.
2002;89(7):833-839. http://dx.doi.org/10.1093/aob/mcf103

2. Chaitanya KV, Jutur PP, Sundar D, Reddy RA. Water stress effect on
photosynthesis in different mulberry cultivars. Plant Growth Regul.
2003;40:75-80. http://dx.doi.org/10.1023/A:1023064328384

3. Krapp A, Hofmann B, Schifer C, Stitt M. Regulation of the expression of
rbcS and other photosynthetic genes by carbohydrates: a mechanism for
the “sink regulation” of photosynthesis? Plant J. 1993;3(6):817-828. http://
dx.doi.org/10.1111/j.1365-313X.1993.00817.x

4. Cohen I. A proposed mechanism for the inhibitory effects of oxidative
stress on Rubisco assembly and its subunit expression. Plant Physiol.
2005;137(2):738-746. http://dx.doi.org/10.1104/pp.104.056341

5. KnopfJA, Shapira M. Degradation of Rubisco SSU during oxidative stress
triggers aggregation of Rubisco particles in Chlamydomonas reinhardtii.
Planta. 2005;222(5):787-793. http://dx.doi.org/10.1007/s00425-005-0023-0

6. Mehta RA, Fawcett TW, Porath D, Mattoo AK. Oxidative stress causes
rapid membrane translocation and in vivo degradation of ribulose-1,5-
bisphosphate carboxylase/oxygenase. ] Biol Chem. 1992;267(4):2810-2816.

7. Dionisio-Sese ML, Tobita S. Antioxidant responses of rice seedlings to
salinity stress. Plant Sci. 1998;135(1):1-9. http://dx.doi.org/10.1016/
S0168-9452(98)00025-9

8. Smirnoff N. Plant resistance to environmental stress. Curr Opin Biotechnol.
1998;9(2):214-219. http://dx.doi.org/10.1016/S0958-1669(98)80118-3

9. Orozco-Cardenas ML. Hydrogen peroxide acts as a second messenger for
the induction of defense genes in tomato plants in response to wounding,
systemin, and methyl jasmonate. Plant Cell. 2001;13(1):179-191. http://
dx.doi.org/10.1105/tpc.13.1.179

10. Moreno J, Garcia-Murria MJ, Marin-Navarro J. Redox modulation of

Rubisco conformation and activity through its cysteine residues. ] Exp Bot.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

2007;59(7):1605-1614. http://dx.doi.org/10.1093/jxb/erm310
Marin-Navarro J, Moreno J. Cysteines 449 and 459 modulate the reduc-
tion-oxidation conformational changes of ribulose-1,5-bisphosphate
carboxylase/oxygenase and the translocation of the enzyme to membranes
during stress. Plant Cell Environ. 2006;29(5):898-908. http://dx.doi.
org/10.1111/j.1365-3040.2005.01469.x

Albuquerque JA, Esquivel MG, Teixeira AR, Ferreira RB. The catabolism of
ribulose bisphosphate carboxylase from higher plants. A hypothesis. Plant
Sci. 2001;161(1):55-65. http://dx.doi.org/10.1016/S0168-9452(01)00389-2
Landry LG, Pell EJ. Modification of Rubisco and altered proteolytic activity
in O,-stressed hybrid poplar (Populus maximowizii x trichocarpa). Plant
Physiol. 1993;101(4):1355-1362.

Garcia-Ferris C, Moreno J. Oxidative modification and breakdown of
ribulose-1,5-bisphosphate carboxylase/oxygenase induced in Euglena gra-
citis by nitrogen starvation. Planta. 1994;193(2). http://dx.doi.org/10.1007/
BF00192532

Prioul JL, Reyss A. Acclimation of ribulose bisphosphate carboxylase
and mRNAs to changing irradiance in adult tobacco leaves: differential
expression in LSU and SSU mRNA. Plant Physiol. 1987;84(4):1238-1243.
http://dx.doi.org/10.1104/pp.84.4.1238

. Lucinski R, Misztal L, Samardakiewicz S, Jackowski G. The thylakoid

protease Deg2 is involved in stress-related degradation of the photosystem
II light-harvesting protein Lhcb6 in Arabidopsis thaliana. New Phytol.
2011;192(1):74-86. http://dx.doi.org/10.1111/j.1469-8137.2011.03782.x
Adamiec M, Drath M, Jackowski G. Redox state of plastoquinone pool
regulates expression of Arabidopsis thaliana genes in response to elevated
irradiance. Acta Biochim Pol. 2008;55(1):161-173.

Urantowka A, Knorpp C, Olczak T, Kolodziejczak M, Janska H. Plant
mitochondria contain at least two i-AAA-like complexes. Plant Mol Biol.
2005;59(2):239-252. http://dx.doi.org/10.1007/s11103-005-8766-3
Watanabe M, Nakayama H, Watanabe Y, Shimada N. Induction of a
specific isoenzyme of glutamate dehydrogenase during isolation and
the first 48 h of culture of Brassica napus leaf protoplasts. Physiol Plant.
1992;86(2):231-235. http://dx.doi.org/10.1034/j.1399-3054.1992.860207.x
Bradford MM. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-
dye binding. Anal Biochem. 1976;72(1-2):248-254. http://dx.doi.
0rg/10.1016/0003-2697(76)90527-3

Laemmli UK. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature. 1970;227(5259):680-685. http://dx.doi.
org/10.1038/227680a0

Aronsson H, Jarvis P. The chloroplast protein import apparatus, its com-
ponents, and their roles. FEBS Lett. 2002;529(2-3):215-220. http://dx.doi.
org/10.1007/978-3-540-68696-5_3

Belknap WR. Partial purification of intact chloroplasts from Chlamydo-
monas reinhardtii. Plant Physiol. 1983;72(4):1130-1132. http://dx.doi.
org/10.1104/pp.72.4.1130

Schulz A, Knoetzel J, Scheller HV, Mant A. Uptake of a fluorescent dye
as a swift and simple indicator of organelle intactness: import-compe-
tent chloroplasts from soil-grown arabidopsis. ] Histochem Cytochem.
2004;52(5):701-704. http://dx.doi.org/10.1177/002215540405200514
Lang EGE, Mueller SJ, Hoernstein SNW, Porankiewicz-Asplund J, Verv-
liet-Scheebaum M, Reski R. Simultaneous isolation of pure and intact
chloroplasts and mitochondria from moss as the basis for sub-cellular
proteomics. Plant Cell Rep. 2010;30(2):205-215. http://dx.doi.org/10.1007/
500299-010-0935-4

Peltier JB. The oligomeric stromal proteome of Arabidopsis thaliana
chloroplasts. Mol Cell Proteomics. 2005;5(1):114-133. http://dx.doi.
org/10.1074/mcp.M500180-MCP200

Miyadai K, Mae T, Makino A, Ojima K. Characteristics of ribulose-1,5-
bisphosphate carboxylase/oxygenase degradation by lysates of mechanically
isolated chloroplasts from wheat leaves. Plant Physiol. 1990;92(4):1215-
1219. http://dx.doi.org/10.1104/pp.92.4.1215

© The Author(s) 2012  Published by Polish Botanical Society


http://dx.doi.org/10.1093/aob/mcf103
http://dx.doi.org/10.1023/A:1023064328384
http://dx.doi.org/10.1111/j.1365-313X.1993.00817.x
http://dx.doi.org/10.1111/j.1365-313X.1993.00817.x
http://dx.doi.org/10.1104/pp.104.056341
http://dx.doi.org/10.1007/s00425-005-0023-0
http://dx.doi.org/10.1016/S0168-9452(98)00025-9
http://dx.doi.org/10.1016/S0168-9452(98)00025-9
http://dx.doi.org/10.1016/S0958-1669(98)80118-3
http://dx.doi.org/10.1105/tpc.13.1.179
http://dx.doi.org/10.1105/tpc.13.1.179
http://dx.doi.org/10.1093/jxb/erm310
http://dx.doi.org/10.1111/j.1365-3040.2005.01469.x
http://dx.doi.org/10.1111/j.1365-3040.2005.01469.x
http://dx.doi.org/10.1016/S0168-9452(01)00389-2
http://dx.doi.org/10.1007/BF00192532
http://dx.doi.org/10.1007/BF00192532
http://dx.doi.org/10.1104/pp.84.4.1238
http://dx.doi.org/10.1111/j.1469-8137.2011.03782.x
http://dx.doi.org/10.1007/s11103-005-8766-3
http://dx.doi.org/10.1034/j.1399-3054.1992.860207.x 
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://dx.doi.org/10.1038/227680a0
http://dx.doi.org/10.1038/227680a0
http://dx.doi.org/10.1007/978-3-540-68696-5_3
http://dx.doi.org/10.1007/978-3-540-68696-5_3
http://dx.doi.org/10.1104/pp.72.4.1130
http://dx.doi.org/10.1104/pp.72.4.1130
http://dx.doi.org/10.1177/002215540405200514
http://dx.doi.org/10.1007/s00299-010-0935-4
http://dx.doi.org/10.1007/s00299-010-0935-4
http://dx.doi.org/10.1074/mcp.M500180-MCP200
http://dx.doi.org/10.1074/mcp.M500180-MCP200
http://dx.doi.org/10.1104/pp.92.4.1215

	Abstract 
	Introduction
	Material and methods 
	Plant material
	Isolation of chloroplasts 
	Isolation of mitochondria 
	Phase contrast microscopy 
	Enzyme assay for glutamate dehydrogenase (GDH) 
	Protein determination 
	SDS-PAGE, immunoblotting 

	Results and discussion 
	Acknowledgments
	Authors' contributions
	References

		2013-06-23T10:44:06+0100
	Polish Botanical Society




