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A B S T R A C T

This paper presents a simultaneous isolation of pure, intact chloroplasts and mitochondria from mature leaves of
Ice plant (Mesembryanthemum crystallinum) and mitochondrial protein preparation for two-dimensional elec-
trophoresis (2DE) analysis under well watered and water -deficit stressed treatments. The washed chloroplasts
and mitochondria were purified with Percoll gradients prepared using a Master flex R pump. The chloroplast and
mitochondrial proteins were extracted in lysis buffer containing a protease inhibitor mix supplemented with
1 μM Leupeptin and 1 μM E64, followed by precipitation with ice-cold acetone. The protein contents were de-
termined by an EZQ protein quantitation kit. The results show that chloroplast and mitochondria isolated from
Ice plant leaves via this protocol have pure and intact. The shape of chloroplast and mitochondria observed by
microscopy were clear and sharp. This procedure was employed for assessing the significant differences in
mitochondrial protein expression patterns from the well watered and water-deficit stressed treatment leaves
collected at dawn (6 a.m.) and dusk (6 p.m.). The results showed 71 and 20 differentially abundant spots
between control and CAM for 6 a.m. and 6 p.m., respectively. In addition, 32 protein spots were differentially
abundant for 6 a.m. control compared with 6 p.m. control, and 45 protein spots were differentially abundant for
6 a.m. CAM compared with 6 p.m. CAM. Spots that displayed differential abundance for control compared with
CAM likely included proteins involved in mitochondrial processes necessary for CAM function. Through further
analysis, these proteins will be identified and characterized in the near future using mass-spectrometry-based
techniques.

1. Introduction

In recent years, rapid advances in proteomic technologies, along
with the availability of comprehensive public sequence databases, have
provided a tremendous impetus to plant proteomic research. This
technique has been used in many plant species, especially Arabidopsis
thaliana [1–3] and rice [4,5]. Apart from that, chloroplasts and mi-
tochondrial proteome analysis in crop plants has been investigated at
an increasing rate. Most proteins could be assigned to known protein
complexes and metabolic pathways, but more than 30% of the proteins
have unknown functions, and many are not predicted to localize to the
mitochondria [6–8]. In 2015, Uberegui et al. published a differential-
expression proteomics approach to analyze the impact of executer
proteins on the soluble mitochondria protein abundant in Arabidopsis.

Their results support the participation of the executer proteins in sig-
naling and control of mitochondria metabolism and in the regulation of
plant response to environmental changes, such as light acclimation.

Although proteomic technologies have been applied to the study of
chloroplast and mitochondrial proteins of many other C3 and C4 pho-
tosynthesis species, these techniques have rarely been conducted in
mitochondria of CAM (crassulacean acid metabolism) plants. Among
CAM plants, the Ice plant is the most comprehensively studied fa-
cultative specie, with more than 300 papers published with its name in
the title since the first report of CAM in the species [9–12]. Ice plant is a
halophyte CAM plant with a relatively small genome (390Mb) that is
2.5 times larger than the Arabidopsis genome (∼145Mb) [13]. It dis-
plays C3 photosynthesis when grown under non-stressed conditions and
is capable of completing its life cycle in the C3 mode without ever
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exhibiting net nocturnal CO2 uptake. However, when Ice plants are
grown under drought and salt stress treatment condition, they exhibit
all of the physiological features of CAM plants [14]. The facultative
expression of CAM in the Ice plant allows the plant to maximize growth
rates by performing C3 photosynthesis during times when water is
available, but then transitioning quickly to CAM when the water supply
becomes scarce, thus ensuring reproductive success. Ice plant is an
excellent model for investigating the functional genomics of CAM
[14–17]. In recent years, many proteome analyses have been conducted
on Ice plant. Barkla et al. (2009) reported a quantitative proteomics of
the tonoplast fractions from control, and salt-treated Ice plants. Co-
sentino et al. [9] published a research on proteomic analysis of Ice plant
leaf microsomal fractions. Barkla et al. [18] conducted a research on
single-cell-type quantitative proteomic and ionomic analysis of epi-
dermal bladder cells from Ice plant to identify salt-responsive proteins,
and they found about 15% chloroplast protein and 16% mitochondrial
protein were located in epidermal bladder cells of Ice plant, but until
now, mitochondrial and chloroplast proteome analysis in Ice plant are
not published yet.

Previously, we have successfully established experiments to isolate
and Percoll purify mitochondria from CAM plants such as Ananas cos-
mosus [19], Kalanchoë pinnata (Hoang et al., 2005), Hoya carnosa
[20–22] for studying CAM mitochondrial respiration. In 2012, we
conducted a mitochondrial proteomic analysis of CAM plants, Ananas
comosus and Kalanchoë pinnata [21,22]. All the Percoll mitochondria
isolated from these plants have shown high intactness of the inner and
outer mitochondrial membrane, and their quality was acceptable and
specifically reflected these mitochondrial properties. However, these
protocols have been designed for a single type of mitochondria only. In
this research, we are interested in assessing differences in both chlor-
oplast and mitochondrial protein abundance depending on the time of
day and following the transition from C3 photosynthesis to CAM in Ice
plants under well-watered and water-deficit-stressed conditions. This
will require us to develop a protocol for simultaneous isolation of intact
chloroplasts, mitochondria and their protein preparation from Ice plant
samples collected at the same time under well-watered and water-def-
icit-stressed conditions. This protocol will allow us to further analyze in
parallel the chloroplast and mitochondrial proteomes from Ice plant
leaves in the near future to determine and characterize the differences
in specific proteins and their function by which mitochondria and
chloroplast in ice plants cope with environmental stress.

2. Materials and methods

2.1. Ice plant preparation

Though Ice plant is very popular in the world and it is well known as
a model plant for CAM plants, it is a completely new plant species and is
unavailable in Vietnam. In this research, Ice plants were grown and
developed according to the method of Adams et al. [23] with slight
modifications. Ice plant seeds were washed under running tap water
and sterilized in a 100% Javel solution for 2min and then washed two
times with tap water. Subsequently, samples were washed several times
with sterile distilled water. The seeds were inoculated and germinated
on the surface of agar-gelled Murashige and Skoog [35] nutrient
medium with 3% sucrose, 0.8% agar in sterile nylon bags and kept in
the culture room. After 7–10 days, approximately 80% seeds were

germinated and well grown. Ice plant plantlets with well-developed
leaves (4–6 cm in length) and roots (3–4 cm in length) were removed
from the nylon bags and washed thoroughly in running tap water. They
were then transferred to plastic pots containing soil and sand (1:1) and
placed in a greenhouse for acclimatization for two weeks before being
transplanted to natural conditions. The plants were watered daily every
second day with tap water when less than 4 weeks old or daily as they
reached maturity. Additionally, the plants were irrigated once a week
with 0.5X Hoagland's solution until five weeks old in a greenhouse
before uses as experimental materials. Ten days before beginning the
experiments, the plants were kept in a growth chamber for a 12/12 h
light/dark photoperiod. The temperature in the growth chamber was
maintained at 25 °C during both periods with a relative humidity of
70% and photosynthetically active radiation of 400 μmolm−2s−1 at the
top of the plant. The leaves were harvested and transported to the la-
boratory, rinsed thoroughly with distilled water, and used immediately
for mitochondria and chloroplast isolation. For determining mi-
tochondrial proteins with significant changes in abundance between
control and drought treatment assays, five-week-old plants were sepa-
rated into two sets, in which one set of Ice plants was well-watered and
the other set of Ice plants was stressed by withholding all irrigation for
10 days to induce CAM (water-deficit stress). Three biological replicates
were harvested from each treatment at 6 a.m. and 6 p.m., respectively,
and they were used for chloroplast and mitochondria isolation.

2.2. Mitochondria and chloroplast isolation and purification

Approximately 40 g of Ice plant mature leaves were used for si-
multaneously chloroplasts and mitochondria preparation. The leaves
(the central portion of each leaf) were sliced into 0.2-cm-thick strips
and homogenized with 200ml of ice-cold grinding buffer [300mM
sorbitol, 50mM HEPES-KOH (pH 7.4), 0.1% (w/v) bovine serum al-
bumin (BSA), 1% (w/v) Polyvinylpyrrolidone (Sigma-Aldrich-PVP40),
2 mM EDTA-KOH (pH 7.4), 1 mM dithiothreitol (DTT), 1 mM MgCl2.6
H2O, 1 μM Leupeptin, 0.2% (v/v) protease inhibitor cocktail (PIC,
539133 Set VI) and 1 μM E64] using a Polytron homogenizer for 30 s at
high cell disruption and release of organelles. After filtration through
four layers of sterile Miracloth (Calbiochem-Novabiochem, La Jolla, CA,
USA), the homogenate was centrifuged at 1500×g (∼3000 rpm with
Rotor HB 4) for 10min at 4 °C. Then, the pellets were collected for
chloroplast isolation while the supernatant was decanted into new
centrifuge tubes and used for the isolation of mitochondria. Percoll
gradient preparation for chloroplast isolation was carried out according
to Dunkley et al. (2008) with small modifications using a gradient
buffer [50mM HEPES-KOH (pH 7.4), 0.1% (w/v) DTT, 1mM MgCl2.6
H2O, 2mM EDTA-KOH (pH 7.4), and 300mM sucrose] for organelle
isolation and purification. The gradients were made by adding 15ml of
80% Percoll/gradient buffer to the bottom of each centrifuge tube.
Then, 15ml of 30% Percoll/gradient buffer was carefully layered on top
of the 80% Percoll layer with the help of a Masterfkex pump. The
needle should touch the tube wall at the top of the meniscus and the
needle should be pulled up at the same rate as the liquid is delivered,
moving the needle slowly up the side of the tube so that the impact on
the 80% layer is minimal. A similar preparation was conducted with
10ml each of 45%, 21% and 13% Percoll media for mitochondrial
purification.

For chloroplast isolation and purification, the pellets of the first
centrifugation step were carefully resuspended in approximately 2ml of
washing buffer [300mM sorbitol, 300mM sucrose, 5 mM EDTA-KOH
(pH 7.4), and 50mM HEPES-KOH (pH 7.4)] using a fine paint brush,
and added to the top of Corex centrifuge tubes containing Percoll gra-
dient solutions (15ml each of 30% and 80% Percoll) for chloroplast
isolation, and centrifuged at 18,000×g for 20min at 4 °C. After cen-
trifugation, the broken chloroplasts gravitated to the top, forming a
large green band towards the top of the Percoll layer, whereas the intact
chloroplasts formed sediment that was light green in color lower in the

Abbreviations

2DE two-dimensional electrophoresis
CAM crassulacean acid metabolism
IEF Isoelectric focusing
M. crystallinum Mesembryanthemum crystallinum
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centrifuge tube. The intact chloroplasts were then carefully removed
from the gradient using a Pasteur pipette and transferred into the new
centrifuge tubes with 20ml wash buffer and then centrifuged at
12,000×g for 20min, removing the Percoll layer, then repeating this
step one more time. The supernatant was removed and the chloroplast
pellets were collected and frozen at −80 °C for protein extraction and
proteomic analysis.

For mitochondrial isolation and purification, the supernatant of the
first centrifugation step was transferred into new tubes, balanced and
centrifuged at 10,500×g for 20min. The pellets were resuspended in
approximately 10ml of wash buffer [300mM sorbitol, 300mM sucrose,
5 mM EDTA-KOH (pH 7.4), and 50mM HEPES-KOH (pH 7.4)] and
centrifuged at 500×g for 5min. The supernatant was resuspended in
10ml of wash buffer and centrifuged at 18,000×g for 20min to collect
mitochondria. The pellets were resuspended in 2ml of wash buffer and
then further purified by isopycnic density centrifugation on a 13%, 21%
and 45% Percoll step gradient (10ml each step prepared in wash
buffer) at 21,000×g for 45min. The mitochondria were found in a
white band at the lower half of the centrifuge tube and were removed
from the gradient by a thin glass pipette. Both chloroplasts and mi-
tochondria were resuspended in 20ml of wash buffer and collected by
centrifuging at 12,000×g for 20min. The supernatant was removed
and the wash was repeated. After final centrifugation, the supernatant
was removed and both chloroplast and mitochondrial pellets were
collected for protein extraction and two-dimensional electrophoresis
analysis. All steps were performed at 4 °C and intact chloroplast and
mitochondria were isolated and extracted as quickly as possible to
prevent loss of protein.

2.3. Chloroplast and mitochondrial protein extraction

Total protein of chloroplasts or mitochondria was extracted using a
phenol-based protocol [24] based upon protocols previously developed
for recalcitrant plant tissues [32,25]. The purified chloroplasts or mi-
tochondria were added to 10ml of protein extraction buffer (0.5M Tris-
HCl pH 7.5. M sucrose, 50mM EDTA, 0.1mM KCl, 2% (v/v) β-mer-
captoethanol in water, 1% Protease inhibitor cocktail (item #P9599),
1 μM Leupeptin and 1 μM E−64 (Sigma Aldrich, Inc., St. Louis, MO)) in
a 50ml Falcon tube and vortexed for 30 s followed by a 10min in-
cubation at 4 °C.

Note that the protease inhibitor cocktail plus 1 μM Leupeptin and
1 μM E−64 were added to the protein extraction buffer in order to
control the activity of plant-specific proteases. Next, 10 ml of Tris-sa-
turated Phenol (pH 7.9) was added to the mixture, vortexed for 30 s,
and followed by a 30min incubation at 4 °C with inversion of the
samples every 10min. Samples were then centrifuged at 3650×g and
4 °C for 30min in a Beckman Allegra™ 6R centrifuge (Beckman Coulter
Inc., Brea CA). The upper phenol phase was then transferred to a new
50ml Falcon tube and an equal volume of fresh protein extraction
buffer added. This was followed by vortexing for 30 s and incubation for
30min at 4 °C with inversion of the samples every 10min. Samples
were again centrifuged at 3650×g and 4 °C for 30min, and the upper
phenol phase for each sample was again removed to a new 50ml Falcon
Tube. To precipitate proteins, five volumes of cold (−20 °C) methanolic
ammonium acetate (0.1M ammonium acetate in methanol) were added
to each Falcon tube, followed by placement of samples for 3 h at−20 °C
with inversion every 10min. Next, the 50ml Falcon tubes were spun at
3650×g at 4 °C for 30min using the Beckman Allegra™ centrifuge to
recover the protein pellets. Following centrifugation, the supernatants
were discarded and 5ml cold (−20 °C) methanol was added to each
tube to wash the pellets. The samples were vortexed for 30 s and placed
for 1 h at −20 °C with inversion every 10min, followed by centrifuga-
tion at 3650×g at 4 °C for 30min. The supernatant was discarded and
the wet pellets transferred to 2ml microfuge tubes. Three additional
wash, vortexing, and centrifugation steps were performed in the same
manner as the methanol wash, using ice-cold (−20 °C) acetone and a

model 5417R Eppendorf microcentrifuge (Hauppauge, NY, USA).
Following the final acetone wash, the acetone-wetted protein pellets
were centrifuged at 1000×g, 4 °C for 10min, and washed an additional
two times with acetone/water (4:1) before being chilled to −20 °C. The
final pellets were allowed to dry in open tubes for 10min, including
1min of drying at 3000×g in a stream of nitrogen gas. Individual dried
pellets were resuspended in 0.5 ml 2DGE reaction buffer (7M urea, 2M
thiourea, 4% CHAPS, 30mM Tris, pH 8.74). The tubes were vortexed
frequently for a minimum of 10 times, and then sonicated for a total of
10min using 30 s pulses in a water bath sonicator (model FS30, Fisher
Scientific, Pittsburg, PA) over a period of 2 h. Samples were then cen-
trifuged at 1000×g, 4 °C for 10min. The supernatant from each sample
was removed to a clean 1.7ml microfuge tube and samples were
maintained at −20 °C overnight. The protein concentration was de-
termined using an EZQ Protein Quantitation Kit (R33200) via
Molecular prober™ Invitrogen detection technology) with albumin as
the standard, according to the manufacturer's instructions.

2.4. SDS-PAGE and Western blot analysis

Chloroplast and mitochondrial proteins were separated using 12%
SDS-PAGE and then electrophoretically transferred to nitrocellulose
membranes to assess the protein purity. After proteins were transferred
onto nitrocellulose membrane, the membrane was immersed in 5ml
Ponceau S staining solution and stained for 5min. After proteins were
visualized, the membrane was rinsed with distilled water 2–3 times for
5min/each with orbital shaking, followed by photography. The mem-
brane was rinsed with distilled water 2–3 times for 5min/each with
orbital shaking, and then rapidly immersed in an aqueous solution of
0.1 M NaOH. The protein bands began disappear at 10–30 s, followed
by shaking for 5min with an orbital shaker. The nitrocellulose mem-
brane was rinsed with distilled water 2–3 times for 5min/each with an
orbital shaker. The membrane was blocked with 5% skimmed milk
powder in Tris buffer saline with 0.1% Tween 20 (TBST, pH 7.4) for 1 h
at room temperature. After it had been washed with TBST three times,
the membrane was incubated with the primary antibody in TBST buffer
(Rubisco larger sub unit rabbit 1: 1500) for chloroplasts or antibody
alternative oxidase (AOX rabbit 1: 1500) for mitochondria, and stained
for 1 h at room temperature on an orbital shaker. Unbound antibody
was removed by 3× 5min washes with 10% TBST in distilled water
before 2 h incubation at room temperature with the secondary antibody
(Horseradish peroxidase rabbit, HRP 1:1500) in 20ml TBST buffer for
30min, and the membrane washed as previously. The results were
obtained by staining with ECL reagents and analyzed using a UV
Transilluminator system.

2.5. Two-dimensional electrophoresis (2DE)

For chloroplast or mitochondrial protein separation, 2DE was em-
ployed, and Decyder v7.0 software was used to quantify the abundance
of different protein spot abundances on the 2DE gels. Chloroplast or
mitochondrial proteins were resuspended in IEF sample buffer con-
sisting of 7M urea, 2M thiourea, 4% (w/v) CHAPS, 10mM DTT, 2% (v/
v) carrier ampholytes pI= 3–10 (Bio-Rad Laboratories, Inc., Hercules,
CA), and 10mM DTT (Amersham Biosciences, Uppsala, Sweden), 2%
(v/v) tributylphosphine (TBP) and 0.001% (w/v) bromophenol blue
(BPB) and were used immediately for isoelectric focusing with a 24 cm
3–10 immobilized pH gradient (IPG) strip (GE Healthcare, Inc.,
Pittsburg, PA). Sample runs on 2DE were performed according to the
manufacturer's instructions (Immobiline DryStrips, Amersham
Pharmacia Biotech, Piscataway, NJ). The strip was rehydrated passively
overnight (for 22 h) at 20 °C. Isoelectric focusing (IEF) was performed
as follows: active rehydration at 50 V for 4 h, a linear increase to 200 V
in 1 h, a linear increase to 500 V in 1 h, a linear increase to 1000 V in
1 h, a linear increase to 10,000 V in 2 1/2 h, and maintenance of steady
voltage from 10,000 V to 70,000 V h (Volt-hours) (∼7 ½ h). IPG strips
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were removed and stored at −80 °C until the second dimension was
run. IEF strips were thawed at room temperature (10min) followed by
equilibration in Equilibration base buffer [6M urea, 30% v/v glycerol,
2 M Tris-HCl pH 8.8, and 2% (w/v) SDS containing 1% w/v DTT] for
20min to reduce proteins, and then 2.5% (w/v) iodoacetamide for
20min to alkylate proteins. The strips were then loaded onto 12.0% (v/
v) 26×20×0.1 cm polyacrylamide gels (Jule Inc., Milford, CT).
Electrophoresis was performed using a Protean® Plus Dodeca Cell (Bio-
Rad Laboratories, Inc.) with standard Tris-Glycine-SDS Buffer (25mM
Tris-base, 0.5M Glycine, 0.1% v/v SDS) under the following conditions:
40 V for 2 h followed by 100 V for 24 h at 10 °C.

2.6. Different protein detection among the gels

The chloroplast or mitochondrial proteins separated on 2DE gels
were fixed for 30min in 7% (v/v) methanol with 10% (v/v) acetic acid,
washed three times with distilled water, and stained for at least 3 h with
Sypro Ruby (Invitrogen, Inc., Carlsbad, CA). Sypro Ruby-stained pro-
teins in 2DE gels were detected and characterized using a Typhoon
Imaging System.

To examine whether the simultaneously isolated chloroplasts and
mitochondria were physiologically active and thus suitable for further
organelles proteome analysis of Ice plant leaves under stressful en-
vironmental conditions, similar experiments for chloroplast and mi-
tochondria isolation and their protein preparation for 2DE assay were
performed with mature leaves isolated from well-watered (C3 photo-
synthesis) and drought-stressed (CAM) Ice plants at 6 a.m. and 6 p.m.
Images captured with Typhoon were analyzed using Decyder v7.0
software (GE Healthcare, Inc.) for protein spot quantification and de-
termination of significantly different spot abundance within C3 photo-
synthesis versus CAM samples from 2DE gels. The pI standards and
molecular weight (Mr) standards were used to confirm fixed pH gra-
dient positioning in the first dimensional separation and to identify
apparent molecular mass in the second dimensional separation, re-
spectively. Three replicate gels were run to obtain chloroplast or mi-
tochondrial protein maps for each sample.

3. Results and discussion

3.1. Optimization of chloroplast and mitochondria isolation

In this research, to optimize the isolation and purification the intact
chloroplasts and mitochondria of Ice plant and their protein prepara-
tion for 2DE analysis, the protocol was conducted according Hoang
et al. [21,22] with slight modification as detail below: (1) For sample
grinding, the leaves of Ice plant were disrupted using a Polytron
homogenizer instead of a Waring blender (National MX-X1, Japan) as

described earlier [21,22]. This handheld homogenizer was ideal for
quick processing of small sample quantities and volumes. The powerful
motor and effective disruptive action combined to rapidly breakdown
the plant in only 30–60 s. Direct mechanical action cut, ripped, and
pulverized the samples for complete homogenization. Therefore, the
Polytron homogenizer was useful for preparation of intact chloroplasts
and mitochondria. (2) Another change was the addition of 0.2% (v/v)
protease inhibitor cocktail with 1 μM Leupeptin and 1 μM E−64 di-
rectly into the sample chloroplast and mitochondrial protein extraction
buffers to reduce the protease activities in order to minimize protein
degradation within the samples. (3) A Masterflex R pump was also used
to facilitate the preparation of the Percoll step gradients at different
concentrations of 30% and 80% for chloroplast isolation and 13%, 21%,
and 45% for mitochondrial isolation. The intact chloroplast and mi-
tochondria of M. crystallinum via this modified protocol with their
shapes observed by microscopy were shown in Fig. 1.

It has been shown that the isolation of pure organelle fractions from
crude source material is the critical phase of any sub proteome analysis
and this analysis is often utilized to evaluate organelle function.
Therefore, detailed protocols for the isolation and sub fractionation of
mitochondria from plants [26] and the isolation of numerous types of
plant organelles (Rödiger et al., 2009) had been developed. Among
plant organelle isolation protocol for proteomic analysis, the individual
organelle isolation protocols are more popular published than those of
simultaneous mitochondria and chloroplast isolation protocol. To now
our knowledge, Lang et al. [27] firstly published a protocol for the si-
multaneous isolation of pure and intact chloroplasts and mitochondria
from moss (Physcomitrella) as the basis for sub-cellular proteomics, and
they reported that during the purification in the Percoll density gra-
dient, the intact chloroplasts from moss patens accumulated at the
40–80% interface, while the broken chloroplasts were found at the
10–40% interface. In our research, it was found that the intact chlor-
oplasts of the M. crystallinum leaves were accumulated at the 30–80%
interface, while the broken chloroplasts were found at or above the
30% band interface (Fig. 1A) and the intact chloroplasts fraction of M.
crystallinum leaves was sharper and clearer than those of moss (Phys-
comitrella) patens chloroplast fraction [27]. Furthermore, Ice plant
chloroplast shape observed by microscopy was high quality with intact
chlorophyll (Fig. 1B).

For mitochondrial isolation, after washed mitochondria were cen-
trifuged in the Percoll density gradient, the broken mitochondria
gravitated to the top, forming a slight green band toward the top of the
Percoll layer, whereas the intact mitochondria form a sediment-like
lower white band at the lower half of the centrifuge tube (Fig. 1C).
Compared with the isolation protocol for moss protonema mitochondria
with two bands of different densities were reported by Lang et al. [27];
in this research, only one band of different densities were detected with

Fig. 1. Percoll step gradients after centrifugation with intact chloroplasts (A) and mitochondria (C) from Ice plant leaves. The shapes of Ice plant intact chloroplast
(B) and mitochondria (D) observed by microscopy. Percentages of Percoll in buffer are given for the different layers.
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Ice plant mitochondria (Fig. 1C). The broken mitochondria fraction was
less greenness and the mitochondria fraction observed by microscopy
shown high quality and purifies of intact Ice plant mitochondria
(Fig. 1D).

3.2. Western blot analysis

Western blot analysis with antibodies to Ice plant chloroplast and
mitochondria were carried out to further detect the presence of the
specific marker proteins in isolated chloroplasts and mitochondria. For
chloroplasts, we used a protein antibody for the larger subunit of ri-
bulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) and for mi-
tochondria, we used protein antibodies for alternative oxidase (AOX).
The results of this assay yielded a positive band with a distinct signal for
chloroplast but yielded a negative band for mitochondria when using
Rubisco antibody (Fig. 2A). Immunoblotting results with the extracted
proteins using the plant organelle compartment marker antibodies in-
dicate that there is a slight contamination with mitochondria in the
chloroplast fraction but there is no chloroplast contamination in the
mitochondria fraction (Fig. 2B). Based on these results, it is clearly
shown that the chloroplast and mitochondria isolated from this pro-
tocol are rather pure and the shape of the chloroplasts and mitochon-
dria are not broken and are intact.

3.3. Protein separation in 2 DE gels

Fig. 3 shows a typical Sypro ruby-stained 2DE map of chloroplast
(Fig. 3A) and mitochondrial (Fig. 3B) proteins from Ice plant leaves.
The typhoon scan images showed different protein expression among
the different samples on 2DE gels in which proteins were well resolved
for the most part from the IEF strips into the polyacrylamide gels. Image
Quantity One 4.6.3 software was used to detect protein spots in gels and
the result revealed 489 and 615 major protein spots from chloroplasts
and mitochondria, respectively (data not shown). Based on this result, it
is possible to suggest that most of the chloroplast mitochondrial pro-
teins extracted from this protocol were well transferred from strips to
the 2DE gels, and the overall quality of proteins was superior for further
proteome analysis. Also, the mitochondrial protein expression on 2DE
gels from Ice plant were more clear and high quality than those of
Ananas comosus and Kalanchoë pinata in our previous published method
[21,22].

It has been indicated that proper sample preparation is an integral
part of proteomic approaches, and can drastically impact the results of a
wide number of analyses. As proteomics research approaches often
yield complementary information, it is desirable to have a sample
preparation procedure that can yield information for both types of
analyses from the same cell population. Furthermore, for the new ma-
terials that were initially applied to probe the protein expression by the
2DE technique, the determination of suitable conditions for organelle
protein extraction was necessary [28]. To examine whether the si-
multaneously isolated chloroplasts and mitochondria and their protein
extraction were suitable for further proteome analyses of Ice plants
under control and drought stress treatment, this protocol was applied
for performing similar experiments with Ice plant leaves from well-
watered and water-deficit stressed samples. In these experiments,
samples were collected from ice plant leaves at 6 a.m. (C3; 6 a.m. and
CAM 6 a.m.) and 6 p.m. (C3; 6 p.m. and CAM; 6 p.m.) to simultaneously
isolate chloroplasts and mitochondria as well as their protein extraction
for 2DE assay. After mitochondria and chloroplast proteins were ex-
tracted and purified, the protein contents were determined via EZQ
protein quantitative assay but not via Bradford protein assay as we had
been using before [19–22]. In 2008, Weist et al. indicated that results
and reliability of protein quantification for 2DE assay strongly depend
on the type of protein sample and the method employed. And, among
three protein quantification kits were tested, the Bradford method al-
ways gave the lowest protein concentrations, the EZQ Protein Quanti-
tation Kit the highest and the 2-D Quant Kit yielding intermediate re-
sults [29]. In this research, an EZQ protein assay from Invitrogen was
used to determine the protein concentration of the chloroplast and
mitochondrial samples in rehydration buffer before transferring to IPG
strips. The typical results of determining mitochondrial protein content

Fig. 2. Western blot of Ice plant chloroplast and mitochondria. Total protein
extracts from isolated mitochondria (lanes M) or chloroplasts (lanes C) were
separated by SDS-PAGE, transferred to nitrocellulose membranes, and subjected
to Western analysis using antisera raised against proteins from either chlor-
oplast (A) or mitochondria (B). Chloroplast protein antibodies: Larger subunit
of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco). Mitochondrial
protein antibodies: alternative oxidase (AOX).

Fig. 3. Typical Sypro-Ruby® stained 2DE gels for total protein of Ice plant
chloroplast (A) and mitochondria (B).

Table 1
Protein contents via EZQ Protein Quantitation Kit (Invitrogen, Carlsbad, CA)
assay from mitochondria of well watered and water-deficit stressed samples at
6am and 6pm.

Samples Mitochondrial protein (μg/μl)

Well watered (C3) at 6 a.m. 4216 ± 0,483
Water-deficit stressed at (CAM) 6 a.m. 5803 ± 0,373
Well watered (C3) at 6 p.m. 4935 ± 0,219
Water-deficit stressed (CAM) at 6 p.m. 5425 ± 0,403
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Fig. 4. Typical Sypro-Ruby® stained 2DE gels for Ice plant chloroplast proteins of well-watered samples at 6 a.m. (C3, 6am) and 6 p.m. (C3, 6 p.m.) and water-deficit
stressed plants at 6 a.m. (CAM, 6am) and 6 p.m. (CAM, 6 p.m.).

Fig. 5. Typical Sypro-Ruby® stained 2DE gels for M. crystallinum mitochondrial proteins of well-watered samples at 6 a.m. (C3, 6am) and 6 p.m. (C3, 6 p.m.) and
water-deficit stressed plants at 6 a.m. (CAM, 6am) and 6 p.m. (CAM, 6 p.m.).

Table 2
Average numbers of spots and CVa for each treatment and time point of M. crystallinum mitochondrial protein 2DGE.

pI: 3-10 Well watered at 6 a.m. (C3) Water-deficit stressed at 6 a.m. (CAM) Well watered at 6 p.m. (C3) Water-deficit stressed at 6 p.m. (CAM)

Avarage CV 54.10 48.24 48.96 55.57
Total Spots 641 ± 77 547 ± 16 513 ± 47 569 ± 103
Spots matched 592 ± 65 473 ± 26 443 ± 40 494 ± 105

Spots appearing on and matched to all gels (n=12).
All data are for spots with an abundance≥ 0.01% of total spot abundance.

a Coefficient of Variation (n=3 biological replicates).

H.T. Kim Hong et al. Protein Expression and Purification 155 (2019) 86–94

91



by EZQ Protein Quantitation Kit from three replicated of well-watered
samples and water-deficit stressed samples collected at 6 a.m. and 6
p.m. were shown in Table 1. The protein samples were separated using
standard pH ranges from 3 to 10 and a standard molecular mass range
from 25 to 120 kDa for 2DE assays. Image Quantity One 4.6.3 software

was used to detect protein spots in 2DE gels. The typhoon scan images
showed different protein expression among the different samples on
2DE gels in which proteins were well resolved for the most part from
the IEF strips into the polyacrylamide gels. Triplicate sample analysis of
Ice plant mitochondrial protein spots obtained from separately ex-
tracted proteins of these samples showed high levels of reproducibility

Fig. 6. The difference protein expressions on an area of typical 2DE gels of M. crystallinum mitochondria at 6 a.m. and 6 p.m. from well-watered samples (C3) and
water-deficit stressed (CAM) samples using Quantity One® 4.6.3 software. A typical different protein expression from spot number 10 among four gels was labeled in
yellow.

Fig. 7. Water-deficit stressed treatment at 6 p.m. (CAM) vs. 6 a.m. (CAM) (45
protein spots).

Fig. 8. Water-deficit stressed treatment at 6 p.m. (CAM) vs. well-watered (C3)
at 6 p.m. (C3) (20 protein spots).

Fig. 9. Well-watered (C3) at 6 a.m. vs. well-watered (C3) at 6 p.m. (32 protein
spots).

Fig. 10. Well-watered at 6 a.m. (C3) vs. water-deficit stressed treatment at 6
a.m. (CAM) (71 protein spots).
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in protein spot patterns among the three replicated 2DE gels at 6 a.m.
and 6 p.m. for well-watered (C3) and water-deficit stressed plants
(CAM). Four typical Sypro Ruby-stained 2DE gel images from chlor-
oplast and mitochondria soluble proteins collected at 6 a.m. and 6 p.m.
from well-watered and water-deficit stressed Ice plant samples are
shown in Fig. 4 and Fig. 5, respectively. The results from Figs. 4 and 5
indicated that the protein expression on 2DE maps of each well-watered
and water-deficit stressed samples collected at 6am and 6pm are com-
pletely different between chloroplast and mitochondria.

Based on the high quality of the total protein patterns in these 2DE
images, these gel images were then used for further analysis and the
quantitative detection of significant differences in protein abundance
patterns using Quantity One® 4.6.3 software. In the scope of this paper,
we mainly focus on analyzing the different Ice plant mitochondrial
proteins from three replicated 2DE gels at 6 a.m. and 6 p.m. of well-
watered samples (C3) and water-deficit stressed (CAM) samples. Table 2
shows average numbers of spots and CV* for each treatment and time
point from three replicated 2DE gels of M. crystallinum mitochondrial
protein. The results in Table 2 indicated that total protein spots of 2DE
gels of M. crystallinum mitochondria from well watered and water-
deficit stressed at 6am and 6 p.m. were varies between 513 ± 47 to
641 ± 77 and they are higher than those of mitochondria isolated from
A. comosus (389 protein spots) and K. pinnata (415 protein spots)
[21,22].

And, the difference protein expressions on an area of typical 2DE
gels of Ice plant mitochondria at 6 a.m. and 6 p.m. from well-watered
samples and water-deficit stressed samples was shown in Fig. 6. Based
on the protein expression in this area from four gels of well-watered and
water-deficit stressed treatment samples collected at 6 a.m. and 6 p.m.,
it is possible to suggest that drought stress treatment significantly ef-
fected on the protein expression of mitochondria isolated from Ice plant
samples collected at 6am and 6pm in which water-deficit stressed
(CAM) samples showed more protein spots than those of well-watered
samples at both time point of 6am and 6pm.

Bio-Rad's PDQuest 2DE gel analysis software was used to detect the
typical difference in mitochondrial proteins between well-watered and
water-deficit stressed treatment samples collected at 6 a.m. and 6 p.m.
in the 2DE maps. Representative differences in gel electrophoresis DIGE
protein maps are shown in Fig. 7, Fig. 8, Fig. 9 and Fig. 10. This figures
show the protein spot quantification and determination of significantly
different spot abundance patterns for well-watered vs. water-deficit
stress treatments at 6 a.m. and 6 p.m. using DeCyder 2D Software. It
was detected 71 and 20 differentially abundant spots between control
C3 and CAM, for 6 a.m. and 6 p.m., respectively (Figs. 7 and 8); 32
protein spots were differentially abundant for the 6 a.m. control com-
pared with the 6 p.m. C3 (Figs. 9), and 45 protein spots were differ-
entially abundant for the 6 a.m. CAM compared with the 6 p.m. CAM
(Fig. 10). The results in this research represent the first Ice plant mi-
tochondria and chloroplast protein detection in 2DE gels. The high
yields of mitochondria and chloroplasts obtained in this research sug-
gest strongly that the protocol implemented may be useful for identi-
fying and characterizing many different aspects of the function and
overall role in CAM photosynthesis of mitochondria and chloroplasts
isolated from Ice plants.

4. Conclusion

Although the integrative functional genomics and quantitative
proteomics of the tonoplast and epidermal bladder cells were in-
vestigated in Ice plant for exploring adaptation to environmental stress,
little is known about how environmental stress conditions might affect
chloroplast and mitochondrial protein expression and modification. In
this research, experimental conditions were optimized for isolating and
purifying intact chloroplasts and mitochondria and their protein pre-
paration with high quality suitable for 2DE analysis of Ice plant
chloroplast and mitochondria proteomes. Comparison of spot

abundance patterns showed that more spots changed in abundance (91)
during the transition from C3 photosynthesis to CAM than the number
of spots that showed temporal differences in abundance (77) between
dawn and dusk. Protein spots on 2DE gels showing significant differ-
ences among different samples will be excised using a robotic spot
cutter and peptide fragments will be recovered from excised gel pieces
and spotted onto MALDI targets in order to identify these differentially
expressed proteins. All MS data from 2D-PAGE gel spots will be col-
lected and 2D-LC MS/MS analysis of peptides will be used for the
identification of differences in protein expression patterns between
unstressed (C3) and water-deficit stressed (CAM) plants.

Through further analysis, this simultaneous chloroplast and mi-
tochondrial protein preparation can be used as an effective protocol for
further identifying and characterizing the spots that display differential
abundance for control compared with CAM functioning using mass-
spectrometry-based techniques.
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