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Plant Proteomics
Eric Sarnighausen and Ralf Reski

Summary
An understanding of gene function requires a complementation of gene and gene
expression analysis by the systematic analysis of proteins. Progress in plant proteomics has
been lagging behind animal and microbial proteomics due to the lack of plant genome data
and the problems involved in successful protein extraction from plant material. With the
sequencing of more and more plant genomes, this slow progress will soon be overcome. The
moss Physcomitrella patens is a model organism in the ﬁeld of plant functional genomics.
P. patens is the ﬁrst seedless plant for which the complete genome was sequenced. Genome
annotation is currently in progress. While identiﬁcation of proteins requires knowledge of
all coding genes of the organism under study, gene annotation and functional characterization beneﬁt greatly from the ﬁndings of proteome analysis. The proteome of P. patens is
accessible and approaches are under way to increase the spectrum of proteomic methods
applied to this plant. Here we provide a protocol for the extraction of proteins from P.
patens and describe the basic and still most important method of proteome analysis, twodimensional polyacrylamide electrophoresis of proteins. As this technique (not entirely
unjustiﬁably) has the reputation of being unpredictably complicated, we provide a detailed
protocol intended to reduce the reluctance that many scientists may have in using this
technique.

Key Words: Plant proteomics; Physcomitrella patens; protein extraction;
two-dimensional electrophoresis; isoelectric focusing; SDS–PAGE.

1. Introduction
Progress in the ﬁeld of plant proteomics has always lagged behind research
in the animal or microbial ﬁeld (1). There are numerous reasons for this.
Compared with multicellular organisms, proteomes of unicellular prokaryotes
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and eukaryotes are of reduced complexity and therefore more easily accessible; at the same time these were the ﬁrst organisms for which the genome
sequences were available. Furthermore, there is hardly any material that is more
reluctant to proteome analysis than plant tissue. The presence of a rigid cell
wall, which is often enforced through deposition of strengthening substances,
like lignin (wood), suberin (cork), or inorganic salts (calciﬁcation), can render
tissue disruption problematic. Compared to animal tissue, protein content in
most parts of the plant is rather low. On the other hand, plants contain a multitude
of substances that interfere strongly with a successful protein extraction process;
foremost among these are phenolic compounds, organic acids, and proteases—
compounds that tend to modify, inactivate, precipitate, aggregate, or degrade
proteins in crude extracts. Consequently, special techniques are required to
disrupt the cell walls and to protect proteins from damaging components released
on breakage. A direct single-step extraction of proteins, which is a general
procedure when working with bacteria (2), yeast, or animal tissue (3), is
therefore hardly ever the best choice for workers in the plant ﬁeld (4). The
ultimate goal is to separate the total proteome from substances that interfere with
proteome analysis while at the same time avoiding quantitative or qualitative
modiﬁcation of the proteome during this process. As protein extraction procedures can hardly be automated, plant proteomics requires extensive processing
at a step that is considered most critical for the generation of reproducible
results. Protein puriﬁcation procedures, required for the analysis of the plant
proteome, will inevitably be selective for certain proteins and will at the same
time discriminate others (5). Among the most commonly used plant protein
extraction procedures are acetone/trichloroacetic acid (TCA) precipitation (6),
phenolic extraction (7), and extraction of soluble proteins in combination with
acetone or TCA precipitation (8). While all these procedures can render high
quality separations of proteins on two-dimensional gels, protein spot patterns
obtained from the same tissues display considerable variations if extraction
methods are varied (9,10). Another problem researchers in plant proteomics have
to face is the unequal distribution of the concentration of distinct protein species
among the plant proteome. Proteins related to the photosynthetic apparatus can
represent far more than 50% of the total protein mass in plants and will always
dominate in the separation patterns while low abundant proteins are likely to
escape detection (5).
The moss Physcomitrella patens (Fig. 1A) has emerged as a model organism
in the ﬁeld of functional genome analysis. P. patens is unique among land
plants as its nuclear genes can be directly targeted due to highly efﬁcient
homologous recombination (11). In reverse genetics approaches, a gene of
interest is disrupted and the resulting phenotypical aberrations subsequently
allow conclusions to be drawn on the function of the gene (12). Due to its
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Fig. 1. Proteome analysis of Physcomitrella patens. (A) The moss P. patens is
a model organism in plant functional genomics. (Courtesy of Dr. Julia Schulte.)
(B) Proteins of P. patens were extracted with acetone/TCA and were subsequently
separated via isoelectric focusing in the ﬁrst dimension and via SDS–PAGE in the second
dimension. (Courtesy of Anika Erxleben.)

outstanding features as a model organism (13), P. patens has been chosen as
the ﬁrst seedless plant to have its full genome sequenced (http://www.jgi.doe.
gov/sequencing/why/CSP2005/physcomitrella.html). Knowledge of all coding
genes now adds additional weight to proteome analysis as a tool of functional
genomics in P. patens. Complementation of phenotypical analysis by differential or functional proteomics studies allows for the elucidation of regulatory
networks and a precise classiﬁcation of gene functions in the context of complex
living systems.
From the repertoire of proteomic techniques used in our laboratory, this
chapter will focus on those methods of classical proteome analysis that will
most likely describe the most accessible approach for researchers interested
in the ﬁeld. Plant protein extraction by acetone/TCA precipitation is straightforward, fast, and simple and yields samples of high purity. However, it
should be mentioned that sometimes (depending on the source tissue) the price
that needs to be paid for this degree of purity is reduced extractability, not
only of impurities but also of proteins (14). We describe a two-dimensional
(IEF/SDS–PAGE) electrophoresis system routinely used in our laboratory. The
high separation power of this system lies in the combination of two independent
protein separation techniques. Isoelectric focusing (IEF) as the ﬁrst dimension
separates the proteins according to their intrinsic charge (their isoelectric points).
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In the second dimension proteins are subsequently separated on the basis
of their molecular masses using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS–PAGE) (Fig. 1B). While at ﬁrst glance it might appear
unprogressive to not use ready-cast immobilized pH gradient gels for isoelectric
focusing (15), our experience shows that a larger number of protein spots can
be resolved two-dimensionally if self-cast gels containing carrier ampholytes
are used in the ﬁrst dimension. Visualization of proteins is accomplished via
colloidal Coomassie staining. This is a very reliable method of protein staining
that combines a good sensitivity and an acceptable dynamic range of staining
intensities with the advantage that it is compatible with further identiﬁcation of
proteins via mass spectrometry.

2. Materials
2.1. Growth of Plant Material
1. P. patens protonema is grown in Knop medium: 250 mg/L KH2 PO4 , 250 mg/L
KCl, 250 mg/L MgSO4 × 7 H2 O, 1000 mg/L Ca(NO3 )2 × 4 H2 O, 12.5 mg/L
FeSO4 × 7 H2 O, adjust pH to 5.8 with KOH. Knop medium is autoclaved twice at
an interval of 2 days.

2.2. Protein Extraction
1. Acetone/TCA solution: 10% (w/v) TCA, 0.2% (w/v) dithiothreitol (DTT), in
acetone. Store at –20 C.
2. IEF lysis buffer: 8 M urea, 4% (w/v) 3-[(3-cholamidopropyl)dimethylammonio]l-propane-sulfonate (CHAPS), 100 mM DTT, 40 mM Tris-base, 0.16% (w/v)
Biolyte Ampholytes, pH 5–8 (Bio-Rad, Richmond, CA), 0.04% (w/v) Biolyte
Ampholytes pH 3–10 (Bio-Rad). Urea should be of highest purity (e.g., Roche,
EP-MB Grade). Water should be of high-performance liquid chromatography
(HPLC) quality. IEF lysis buffer is stored in 1-mL aliquots at –20 C.

2.3. Protein Assay
1. 0.4% (w/v) bovine serum albumin (BSA) stock solution in IEF lysis buffer, stored
in small aliquots at –20 C.
2. 0.1 N hydrochloric acid, stored at room temperature.
3. Bradford reagent (stock solution): 0.05% (w/v) Coomassie brilliant blue G 250,
25% (v/v) methanol, 72.25% orthophosphoric acid. Stored at 4 C. 100 mg
Coomassie brilliant blue is dissolved in 50 mL methanol. 100 mL of 85%
orthophosphoric acid is added and ﬁnally the volume is adjusted to 200 mL with
water. Bradford stock solution is stable at 4 C.
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2.4. Isoelectric Focusing
1. All solutions are made with HPLC grade water (bidistilled).
2. Urea should be of highest purity (Roche, EP-MB Grade).
3. Biolytes 3/10 and 5/8 Ampholytes (Bio-Rad) are stored as aliquots of 500 L at
4 C protected from light.
4. 10% (w/v) CHAPS in water is stored in 1-mL aliquots at –20 C.
5. Acrylamide stock solution for IEF (30% T, 5.3% C): 28.4% (w/v) acrylamide
(Bio-Rad), 1.6% (w/v) piperazine diacrylamide (Bio-Rad) (see Note 1). The
solution is deionized via Serdolit MB-1 mixed bed ion exchanger resin (Serva,
Heidelberg) (see Note 2). Acrylamide stock solution is stirred with 1% (w/v)
Serdolit at room temperature protected from the light for at least 10 min. Serdolit
is removed by paper ﬁltration and ﬁnally the acrylamide stock solution is passed
through a 0.22-m membrane ﬁlter. Acrylamide stock solution is stored in
0.7-mL aliquots at –20 C. Acrylamide monomers are potent neurotoxins and
should be handled with appropriate safety measures. The easiest way to detoxify
acrylamide is polymerization to polyacrylamide (see below).
6. 10% (w/v) ammonium persulfate, prepared freshly.
7. Gel overlay solution: 6.5 M urea, stored in 500-L aliquots at –20 C.
8. Lysis buffer: see 2.2.2.
9. Sample overlay solution: 7 M urea, 0.8% (w/v) Biolytes 5/8 Ampholytes,
0.2% (w/v) Biolytes 3/10 Ampholytes (Biolytes come as a 40% [w/v] stock
solution), stored in 200-L aliquots at –20 C.
10. Cathode electrolyte solution: 0.02 M NaOH (degassed, prepared freshly).
11. Anode electrolyte solution: 0.01 M H3 PO4 (prepared freshly).
12. Bromophenol blue solution in water (at the point of saturation), 1 mL stored at
4 C.

2.5. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
(SDS–PAGE)
1. IEF gel equilibration buffer: 6 M urea, 30% (w/v) glycerol, 50 mM Tris–HCl, pH
8.3 (see Note 3), 4% (w/v) SDS (from a 20% stock solution, Bio-Rad). In addition
(a) for the ﬁrst step (reduction) 2% (v/v) tributylphosphine (see Note 4) and
(b) for the second step (alkylation) 2.5% iodoacetamide.
2. Acrylamide stock solution for SDS–PAGE (30% T, 2.7% C) 29.2% (w/v)
acrylamide (Bio-Rad), 0.8% (w/v) piperazine diacrylamide (Bio-Rad). The
solution is ﬁltered through a 0.45-m membrane ﬁlter and stored at 4 C protected
from light.
3. 1.5 M Tris–HCl, pH 8.8; the solution is ﬁltered through a 0.45-m membrane
ﬁlter and stored in 50-mL aliquots at –20 C (long time storage) or 4 C (short time
storage).
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4. 0.5 M Tris–HCl, pH 6.8; the solution is ﬁltered through a 0.45-m membrane
ﬁlter and stored in 50-mL aliquots at –20 C (long time storage) or 4 C (short time
storage).
5. 10% (w/v) ammonium persulfate, prepared freshly.
6. SDS–PAGE running buffer (cathode buffer): 25 mM Tris base, 192 mM glycine,
0.02% (w/v) sodium thiosulfate (anhydrous), 0.4% (w/v) SDS (see Note 5) (from
a 20% stock solution, Bio-Rad); do NOT adjust the pH (see Note 6).
7. SDS–PAGE anode buffer: 25 mM Tris–HCl, pH 8.3 (see Note 7).

2.6. Colloidal Coomassie Staining
1. Solution A: 1.7% (w/v) orthophosphoric acid, 10% (w/v) ammonium sulfate.
2. Solution B: 5% (w/v) Coomassie brilliant blue G250 in water (colloid); stir or
shake vigorously prior to use (see Note 8).
3. Solution C: 49 vol solution A, 1 vol solution B.
4. Solution D: 4 vol solution C, 1 vol methanol; methanol must be added slowly (see
Note 9); prepare freshly prior to use.

3. Methods
3.1. Growth of Plant Material
1. P. patens protonema is cultivated in 500- mL Erlenmeyer ﬂasks in 180 mL of Knop
medium at 25 C and a light intensity of 55 mol/m2 under long day conditions
(16 h light, 8 h darkness) with shaking at 121 rpm. The ﬁlamentous protonema is
transferred to fresh medium and disintegrated weekly with an Ultra Turrax T 25
(IKA Labortechnik, Staufen, Germany). Inoculation density is 150 mg dry weight
per liter. The material is harvested by paper ﬁltration using a Buchner funnel
with suction and immediately frozen in liquid nitrogen. Moss material is stored at
–80 C until use.

3.2. Protein Extraction
1. Frozen moss protonema is disrupted in a ball mill (see Note 10) equipped with
Stainless-steel grinding jars and grinding balls for 90 s at 1800 rpm. To prevent the
material from thawing during this process, balls and jars are precooled in liquid
nitrogen.
2. Using a spatula precooled in liquid nitrogen, 300 mg of ground moss material is
transferred to a precooled 2-mL reaction tube.
3. 1.5 mL of ice-cold acetone/TCA is added immediately to the plant material. The
mixture is vortexed brieﬂy and allowed to stand at –20 C for 1 h (see Note 11).
4. Samples are centrifuged at 19,000 × g for 15 min at –5 C and the supernatant is
discarded.
5. The pellet is washed three times with 1.5 mL of ice-cold acetone containing 0.2%
(w/v) DTT. The samples are allowed to stand for 1 h at –20 C between the washes
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and the tubes are centrifuged at 19,000 × g for 15 min at –5 C prior to the removal
of the acetone. The ﬁnal pellet should be deprived of chlorophyll.
The pellet is dried in a speed vac. To this end the lids of the reaction tubes are
perforated with a needle in order to allow the evaporation of the acetone. The
pellet should not be dried with the reaction tubes opened, as there is a high risk of
loosing the sample during venting of the rotor chamber.
The proteins are extracted from the dried material in 600 L of lysis buffer; the
slurry is transferred to a 1.5-mL reaction tube and protein extraction is performed
by vortexing the sample at room temperature for 30 min (see Note 12).
Cell debris is removed by centrifuging the sample twice at 19,000 × g for 15 min
at room temperature (see Notes 13 and 14).
Protein samples are stored at –80 C. Repeated thawing and freezing is not recommended!

3.3. Protein Assay
We use a modiﬁcation of the Bradford protein assay optimized for protein
samples in urea buffer (16).
1. 4 L 0.1 N HCl is added to 4 L of protein extract. The acidiﬁed extract is diluted
with 80 L of water.
2. 6 L of 0.1 N HCl is added to 6 l of BSA stock solution (4 mg/mL). The acidiﬁed
solution is diluted with 120 L of water.
3. A 1:1:20 mixture of lysis buffer, 0.1 N HCl, and water is used to further dilute the
sample and the BSA solution. Dilutions of the BSA solution are required to build
a calibration curve. Dilutions of the moss protein sample are prepared to ensure
absorption values that are within the range of the calibration curve.
4. Bradford reagent stock solution is diluted 5-fold with water and ﬁltered through
paper.
5. 300 L of Bradford reagent is added to 20 L protein solution in the wells of a
96-well microtiter plate.
6. Absorbance at 595 nm is determined within 30 min in a microtiter plate reader.
7. Protein concentrations of the moss protein samples are calculated from the
calibration curve.

3.4. Isoelectric Focusing
Initially, we used commercially available IPG (immobilized pH gradient)
strips for isoelectric focusing (17). While the use of these precast gels considerably simpliﬁes the procedure of isoelectric focusing and is known to yield gels
of high reproducibility even in the hands of rather inexperienced labworkers (3),
the problems associated with this method are well known. Separation of large,
basic, acidic, or hydrophobic proteins, in particular, is problematic when IPG
strips are used. We are able to resolve a larger number of proteins using carrier
ampholyte tube gels as described by O’Farrell (18).
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1. The IEF gel solution is prepared in a 100-mL side arm ﬂask: 2.25 g urea, 665 L
IEF acrylamide stock solution, 1 mL 10% (w/v) CHAPS, 500 l Biolytes 5/8
Ampholytes, 125 L Biolytes 3/10 Ampholytes, 1.17 mL of water.
2. As oxygen interferes with the acrylamide polymerization, the IEF gel solution is
degassed for 15 min (see Note 15). The side arm ﬂask is connected to a membrane
vacuum pump. A Wolffs bottle should be inserted between the side arm ﬂask
and the pump in order to avoid contamination of the latter with acrylamide
solution. The pump should be used in a fume hood. The urea should not be
dissolved in the gel solution immediately, as the crystals will act as nucleation
centers for gas bubbles. Eventually, the solution should be mixed while still
under vacuum by gentle movements of the side arm ﬂasks. The urea should be
dissolved without warming of the solution as increased temperature will promote
acrylamide polymerization. The walls of the side arm ﬂasks should not be wetted
by the solution as this might induce the precipitation of urea.
3. Clean glass tubes 20 cm in length with an inner diameter of 2.3 mm are labeled
to a height of 16.5 cm. The bottom of the tube is sealed tightly with Paraﬁlm.
Avoid covering large parts of the tubes’ surface with Paraﬁlm as the gel solution
must be visible through the glass during the casting process.
4. Glass tubes are mounted in an upright position in a casting stand.
5. Polymerization of the IEF acrylamide solution is initiated by the addition of
4 L TEMED and 8 L 10% (w/v) ammonium persulfate solution. Note that the
polymerization process will start immediately. The gel solution is mixed gently
and is then aspirated into a (self made) 10-L syringe equipped with a thin Teﬂon
tubing of 22 cm. Aspiration of air must be avoided.
6. The glass tubes are ﬁlled to the label. The Teﬂon tubing must be inserted to the
bottom of the glass tube prior to the injection of the gel solution or air bubbles
will form. Keep the tip of the tubing approximately 0.5 cm below the meniscus
while ﬁlling the tubes (see Note 16).
7. Each gel is immediately carefully overlaid with 130 L of overlay solution. The
tubes are ﬁlled to the rim with water.
8. After 2 h, overlay solution is replaced by 100 L of IEF lysis buffer. The
lysis buffer is overlaid with water to completely ﬁll the tubes. Polymerization is
complete after an additional 2 h.
9. Cathode electrolyte (500 mL if a Bio-Rad Protean xi II cell is used) is degassed
under vacuum with stirring for 1 h (see Note 17).
10. The paraﬁlm is removed from the glass tubes. The gels need to be secured from
sliding out of the tubes during electrofocusing by sealing the tubes at the bottom
with dialyses membranes wetted in anode electrolyte. The membrane pieces are
ﬁxed with O-rings that are cut from rubber tubing. No air bubbles should be
trapped between the gel and the membrane. This is achieved by wetting the
bottom of the IEF gels with anode electrolyte prior to the application of the
membrane (see Note 18).
11. The lower buffer chamber is ﬁlled with anode electrolyte (1.5 L if a Bio-Rad
Protean xi II cell is used). The glass tubes are installed in the electrophoresis
chamber.
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12. The protein concentration of the sample is adjusted to 500 g/100 L with IEF
lysis buffer.
13. The overlaying IEF buffer is removed and replaced by the protein sample in
100 L of IEF buffer (see Note 19). The samples are overlaid with 20 L of
sample overlay solution. Finally the glass tubes are ﬁlled to the rim with cathode
electrolyte. The upper electrophoresis chamber is ﬁlled with cathode electrolyte.
The tubes must be completely covered by the cathode electrolyte.
14. Isoelectric focusing is run at 10 C for 30 min at 200 V, for 18 h at 500 V, for 1 h
at 800 V, and ﬁnally for 1 h at 1000 V.
15. After the disassembly of the electrophoresis chamber, liquid is removed from the
IEF gels and the surface of the gels is rinsed with water once. Subsequently, the
glass tubes are ﬁlled with water and the gels are released into a disposable Petri
dish by air pressure applied via a (self made) 10-mL syringe equipped with a
silicone tubing that ﬁts tightly over the glass tubes. Extreme care must be taken
not to damage the gels during this process (this requires some practice). The
force required to press the gels from the glass tubes decreases rapidly as the gel
is released. The pressure applied to the glass tube must be adjusted accordingly
or the gel will be destroyed when being ejected from the tube.
16. The basic (former upper) end of the gel is labeled with one droplet of saturated
bromophenol blue solution.
17. The gels can be stored indeﬁnitely at –80C.

3.5. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
(SDS–PAGE)
1. Glass plates and spacers must be cleaned thoroughly with ethanol and water prior
to the assembly of the gel sandwich. Glass plates must be dried with lint-free
cloth only. We use the Bio-Rad Protean xi II chamber to cast two gels of 1 mm ×
185 mm × 185 mm simultaneously.
2. To cast gels with a linear acrylamide gradient, two gel solutions containing
different amounts of acrylamide need to be prepared (see Note 20). For the lower
acrylamide solution (high amount of acrylamide) mix in a 500-mL side arm ﬂask
25 mL of SDS–PAGE acrylamide stock solution, 11.25 mL 1.5 M Tris-HCl, pH
8.8, 225 l 20% (w/v) SDS, 4.5 g glycerol and adjust to 45 mL with water. For
the upper acrylamide solution (low amount of acrylamide) prepare in a 500-mL
side arm ﬂask 10.5 mL of SDS–PAGE acrylamide stock solution, 11.25 mL Tris–
HCl, pH 8.8, 225 l 20% (w/v) SDS, and adjust to 45 mL with water.
3. Both solutions are degassed via a membrane pump for 15 min. A Wolffs bottle
should again be used to prevent the acrylamide solution from contaminating the
pump.
4. The gradient mixer is placed on a magnetic stirrer and a stir bar is placed in the
mixing chamber (front beaker).
5. The lower (high density) acrylamide solution is poured into the mixing chamber
of the gradient mixer.
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6. 110 L 10% ammonium persulfate and 30 L TEMED are added to the upper
(low density) acrylamide solution, which is then mixed by gentle shaking and is
poured into the reservoir chamber of the gradient mixer.
7. The magnetic stirrer is switched on and 110 L 10% ammonium persulfate and
30 L TEMED are added to the lower acrylamide solution.
8. The stopcock is opened and acrylamide solution is released form the gradient
mixer (see Note 21). The ﬂow is either driven by a peristaltic pump (which is
preferable) or via hydrostatic pressure by placing the gradient mixer on a shelf
above the gel sandwich. Two gels are cast simultaneously by inserting a T-piece
into the tubing (see Note 22).
9. The valve stem between the two chambers is opened in order to start gradient
formation.
10. Both gels should be cast at the same speed. It might be necessary to adjust the
simultaneous ﬂow of the acrylamide solution by squeezing one or the other of
the tubing to decrease the ﬂow.
11. The running gel is cast to a height 18 mm below the top of the lower glass plate.
12. Each gel is overlaid carefully with water-saturated isobutanol. The gels are
allowed to polymerize for 2 h.
13. To prepare the stacking gel solution for two gels, mix 1.3 mL SDS–PAGE
acrylamide stock solution, 2.5 mL 0.5 M Tris–HCl, pH 6.8, 50 L 20% (w/v)
SDS, and add water to a volume of 10 mL.
14. The solution is degassed via a membrane pump for 15 min.
15. The isobutanol and a layer of unpolymerized acrylamide solution are removed
from the running gels and disposed of. The surface of the gels is rinsed with water
and dried carefully with ﬁlter paper.
16. 50 L 10% (w/v) ammonium persulfate and 10 L TEMED are added to the
stacking gel solution. The running gels are overlaid with the stacking gel solution
to a height 6 mm below the top of the lower plate.
17. The stacking gel solution is carefully overlaid with water-saturated isobutanol.
The gels are allowed to polymerize for 2 h.
18. The IEF gels are equilibrated with gentle shaking in equilibration buffer supplemented with 2% (v/v) tributylphosphine for 20 min and subsequently in equilibration buffer supplemented with 2.5% (w/v) iodoacetamide for 20 min (see
Note 23).
19. Pieces of ﬁlter paper approximately 4 mm × 6 mm are wetted with 5 L protein
standards (PageRulerTM Unstained Protein Ladder, Fermentas or Precision Plus
ProteinTM Standards, Bio-Rad). The ﬁlter papers are allowed to dry.
20. Melt 1% low melting point agarose in stacking gel buffer (5 mL 0.5 M Tris–HCl,
pH 6.8, 100 L 20% [w/v] SDS, add water to a volume of 20 mL).
21. Melt 1% standard agarose in running gel buffer. Add bromophenol blue to give
the agarose a deep blue color.
22. The IEF gels are placed on pieces of Paraﬁlm 17 cm × 5 cm that have been folded
lengthwise in order to increase stability. IEF gels are straightened and the excess
of equilibration buffer is drained off.
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23. Isobutanol and unpolymerized acrylamide solution are removed from the
stacking gels. The surface of the stacking gel is rinsed with stacking gel buffer
(5 mL 0.5 M Tris–HCl, pH 6.8, 100 L 20% [w/v] SDS, add water to a volume
of 20 mL) and carefully dried with ﬁlter paper.
24. The gel sandwich is ﬁlled with 1% low melting point agarose in stacking gel
buffer. Immediately allow the IEF gel to glide from the Paraﬁlm onto the melted
agarose. It is a good idea to always use the same orientation of the gel (i.e., basic
[=blue] end to the right). Avoid trapping air bubbles under the IEF gel. Allow
enough space at one side of the gel to insert the marker paper.
25. Insert the marker ﬁlter paper into the melted agarose at one side of the IEF gel.
26. Once the low melting point agarose has solidiﬁed, cover the IEF gel with melted
agarose in SDS–PAGE running buffer.
27. The lower buffer chamber of the electrophoresis unit is ﬁlled with 1.5 L of SDS–
PAGE anode buffer.
28. Once the electrophoresis unit is assembled, the upper buffer chamber is ﬁlled
with 400 mL SDS–PAGE running buffer.
29. SDS–PAGE is performed overnight (16 h) at a constant current of 12 mA/gel with
cooling to 15 C. Electrophoresis is stopped when the bromophenol blue front is
about to migrate out of the gel.

Colloidal Coomassie Staining (see Note 24)
1. The electrophoresis unit is disassembled and the gel sandwiches are opened
carefully. The stacking gel and the IEF gel are cut from the running gel. The best
way to do this is to use a pizza cutter!
2. The gels are directly transferred from one glass plate to a staining dish ﬁlled with
250 mL of colloidal Coomassie staining solution D. The gel is incubated in the
solution for 24 h.
3. The staining solution is discarded and the gel is washed in water with frequent
changes until the background is clear.

Stained gels are ready for manual or automated image analysis and subsequent
isolation of protein spots (see Note 25).

4. Notes
1. Piperazine diacrylamide is rather expensive but is nevertheless preferred to
N,N’- methylene bisacrylamide as a crosslinker for two-dimensional protein
gel electrophoresis, because it confers increased strength to the polyacrylamide gels, leads to increased resolution of proteins, and reduces silver stain
background (19).
2. This procedure will remove any traces of acrylic acid from the solution, which
would otherwise interfere with the generation of a pH gradient during isoelectric
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focusing of proteins. While this step is probably dispensable whenever highpurity grade chemicals are used (e.g., Bio-Rad) it is an absolute requirement if
acrylamide purity grade is questionable.
It should be noted that most protocols for two-dimensional electrophoresis
include equilibration of IEF gels at a pH of 6.8 (which corresponds to the pH of
the SDS stacking gel) rather than pH 8.3 (which corresponds to the pH of the
SDS running buffer). However, reduction and alkylation of –SH groups are rather
inefﬁcient at pH 6.8 (the optimum pH is between 8.5 and 8.9) so the use of a
more alkaline equilibration buffer is highly recommended (20).
Tributylphosphine is used instead of 2-mercaptoethanol or DTT because it has
been reported to be more active, increases protein resolution, and results in
an increased transfer of proteins to the second dimension. Tributylphosphine is
inactivated by oxygen and should be handled and stored accordingly (21).
Classical SDS–PAGE running buffer contains only 0.1% SDS. Increasing the
concentration to 0.4% efﬁciently reduces vertical streaking in the second
dimension.
Separation of proteins in SDS–PAGE gels depends on the presence of different
anions in the gel buffer (chloride) and the running buffer (glycinate). Stacking of
proteins occurs because the chloride anions (leading ions) will move more easily
through the stacking gel than glycinate ions (trailing ions), which results in the
formation of a high-voltage gradient where all proteins pile up to form a tight
disc between the glycinate and chloride ions (22). The presence of chloride ions
in the running buffer would interfere with this process.
Glycine and SDS are required to separate the proteins in the acrylamide gel but
their presence is not required at the end point of separation (the lower end of
the gels). Therefore, SDS can be omitted and glycine is replaced by the much
cheaper hydrochloric acid as a counterion to the Tris base.
Coomassie brilliant blue will hardly (and is not supposed to!) dissolve in water.
The dye will therefore form a colloid and will sediment to the bottom upon storage.
It is essential to the staining procedure that the Coomassie brilliant blue remains
in a colloidal state but is not dissolved in the staining solution. If methanol is
added too quickly, temporarily high concentrations of the solute will dissolve the
dye. This will result in high background staining of the gels.
Moss protonema cells are extremely resistant to mechanical disruption. Tissue
disruption using a mortar and pestle is tedious and rather inefﬁcient as was
observed when the cells were analyzed microscopically. Proteonema disruption
in a ball mill is fast and results in breakage of all cells in a protonema thread.
Samples should not be kept in acetone/TCA solutions for prolonged periods of
time as modiﬁcations or cleavage of proteins might occur.
In contrast to SDS-Laemmli buffer, protein samples in urea buffer must never
be heated to temperatures higher than 37 C. High temperatures will promote the
formation of ammonium cyanate from the urea, which will induce carbamylation
of protein amine groups. This covalent modiﬁcation will affect the charge of the
proteins and hence their migration during isoelectric focusing.
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13. Samples in urea buffer should not be stored or centrifuged at low temperatures or
precipitation of urea will occur.
14. The insoluble pellet is discarded. Jacobs et al. (23) describe a procedure for
sequential solubilization of plant proteins precipitated with acetone/TCA. They
perform a reextraction of the pellet with another IEF lysis buffer containing
thiourea. This treatment results in the resolubilization of additional proteins that
were not released from the pellet under mild extraction conditions. While this
method works for cultured Catharantus roseus cells, it could not be successfully
applied to P. patens as the thiourea extracts did not yield 2D gels of satisfactory
quality.
15. If degassing of acrylamide solution is omitted, the amount of polymerization
initiators ammonium persulfate and TEMED needs to be increased. High
amounts of initiators will affect formation of the pH gradient during isoelectric
focusing and excess amounts of ammonium persulfate and TEMED may interact
with (and modify) proteins.
16. Air bubbles can be removed by reinserting the tubing down to the position of the
bubble. This will cause the air bubble to rise.
17. Degassing must be performed in order to remove carbon dioxide from the cathode
electrolyte thereby preventing the formation of sodium carbonate, which would
decrease the pH of the electrolyte.
18. The easiest way to apply the dialysis membrane to the bottom of the tubes without
trapping air bubbles is to turn the tubes upside down. In this case, the water
overlaying the IEF lysis buffer must be removed ﬁrst or the ﬂuids will mix.
19. The sample volume should be kept as small as possible to allow solubilization
of the proteins but should always be the same between gels to ensure reproducibility. Separation of proteins will occur over the length of the gel including
the IEF buffer. If large volumes of IEF buffer are used to apply the sample,
proteins in the basic range will not enter the gel at all and will be lost. It has to
be mentioned, though, that isoelectric focusing of basic proteins in the presence
of urea is problematic, which is why the sample is applied at the basic end of the
gradient where separation is not expected to be excellent.
20. Migration of proteins is approximately inversely proportional to the logarithms
of their masses. In nongradient gels, this will lead to a high separation in the
low-molecular-weight range, whereas separation of proteins is rather poor in
the high-molecular-weigh range. A gradient gel with concentration of polyacrylamide increasing from top to bottom will counter this effect and result in a
satisfactory separation of proteins over a wide range of masses.
21. The stopcock should be opened prior to the valve stem or the high-density
solution will ﬂow “backward” into the reservoir chamber.
22. Plastic pipette tips (200 L) should be attached to the end of the tubings. The tips
should slowly be moved back and forth over the whole length of the gel sandwich
or the gradient will be distorted.
23. Equilibration is necessary to transfer the proteins from one electrophoretic
separation technique that requires the proteins to maintain their native charges

42

Sarnighausen and Reski

to another technique that requires them to be covered with the anionic detergent
SDS. To ensure complete unfolding of the proteins, disulﬁde bonds must be split.
This is accomplished via the addition of tributylphosphine in the ﬁrst step of
equilibration. Iodoacetamide, which is added to the equilibration buffer in a next
step, performs alkylation of free –SH groups, thereby preventing reformation of
disulﬁde bonds.
24. Colloidal Coomassie staining detects protein amounts down to 10 ng in a spot.
While the sensitivity of silver staining is higher by a factor of 10, silver staining
protocols are usually laborious. The dynamic range of silver staining methods is
rather narrow, which limits protein quantitation and most silver staining methods
are not compatible with mass spectrometric identiﬁcation of proteins. The exact
mechanism of silver staining is still unknown. It is, however, very obvious that
efﬁciency of staining differs between protein spots with quite a large number of
proteins not being stained by silver at all. Lower protein loads, however, usually
result in better resolution during isoelectric focusing, so silver stained gels
usually appear to be of a higher quality than gels stained with Coomassie brilliant
blue. Recently two protocols describing highly sensitive silver staining methods
that are compatible with mass spectrometry analysis have been published (24,25).
25. As the name implies, “differential proteomics” aims at ﬁnding qualitative and
quantitative differences between proteomes. In the case of two-dimensional
protein electrophoresis, patterns of protein spots need to be compared. It is
evident that similarities in protein patterns must outweigh the differences in order
to make comparisons possible. Visual analysis and comparison of gel patterns
(each consisting of around 1000 protein spots) is rather cumbersome and the
development of 2D gel analysis software has made this job easier. However,
spot detection is still a critical point in software-aided gel image analysis and
requires manual intervention, which is time consuming and inevitably introduces subjectivity. Protein spots of interest are excised from the gel (either
manually or by a robot, which is much more convenient). Proteins are destained
and speciﬁcally cleaved (usually by in gel trypsin digestion) prior to identiﬁcation by mass spectrometry (see Chapter 1). Via peptide mass ﬁngerprinting
and de novo peptide sequencing by tandem mass spectrometry we were able to
identify 306 proteins from P. patens after two-dimensional electrophoresis and
colloidal Coomassie staining (17). Cho and colleagues predicted the identities
of 90 protein spots on 2D gels from protonema and gametophores and observed
differences in the proteome patterns in these two tissues of P. patens (26).
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