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Summary. Proteomics offers unique possibilities to investigate changes

in the levels and modifications of proteins involved in the pathomechan-

isms of diseases and toxic events. However, search for potential drug

targets and disease or toxicity markers is limited by the fact that mainly

the high-abundance, hydrophilic proteins are visualized in two-dimen-

sional gels. Here we studied the enrichment of rat liver cytosolic proteins

by preparative electrophoresis. Preparative electrophoresis was performed

with the PrepCell apparatus in the presence of 0.1% lithium dodecyl

sulfate. Lithium dodecyl sulfate was exchanged against agents compatible

with isoelectric focusing prior to the two-dimensional gel electrophoresis.

Proteins were identified from two-dimensional gels by matrix-assisted

laser desorption ionization time-of-flight mass specrometry. Low- and

middle-size proteins and low-abundance proteins, which had not been

found before, were enriched by preparative electrophoresis. The present

study represents a contribution of proteomics in the quantification of

differences in the levels of low-abundance liver proteins in toxicity studies.

Keywords: Proteomics – Preparative electrophoresis – Liver – Low-

abundance proteins – Mass spectrometry

Introduction

Proteomics is frequently applied in the investigation of toxic

events because it enables the efficient generation of toxicity-

related protein patterns, which may be useful in predicting

toxicity of drug candidates (Steiner and Witzmann, 2000).

Proteomics usually involves protein separation by two-

dimensional electrophoresis and protein identification

mainly by mass spectrometry (Fountoulakis, 2001). The

performance of the proteomics technologies has been

greatly improved in the last few years. The technology cur-

rently allows the identification of all gene products of a

proteome, which are expressed in sufficient amounts to be

visualized in gels stained with Coomassie blue. However,

there is still a large discrepancy between possible and

detected gene products in a proteome. To increase the like-

lihood of detection of low-abundance proteins in complex

biological mixtures, the proteomic analysis is increasingly

directed to simpler protein fractions, each containing a lower

number of components in comparison with the starting

material (Fountoulakis and Takács, 1998). Investigating bio-

logical events, it is interesting to study low-copy-number

gene products because such proteins are most likely the

potential drug targets or markers related to toxicity pathways.

The separation of a protein mixture into organelle frac-

tions prior to the 2-D electrophoresis analysis is usually the

first step to increase the probability of detecting low-copy-

number gene products. Subsequent enrichment of proteins

from larger volumes is usually achieved by selective frac-

tionation, chromatography or electrophoretic procedures

(Fountoulakis and Takács, 2002). The electrophoretic meth-

ods comprise the separation of protein mixtures by prepara-

tive polyacrylamide gel electrophoresis on the basis of pro-

tein size usually in the presence of ionic detergents, or by

preparative isoelectrofocusing on the basis of protein charge

either in the presence of ampholines (Rotofor system,

BioRad) or with the use of multi-compartment electrolyzers

with isoelectric immobilized pH gradient (IPG) membranes

(Herbert and Righetti, 2000; Righetti et al., 2001). Prepara-

tive electrophoresis is a general method for protein purifica-

tion. In previous studies, we applied preparative electropho-

resis to isolate interferon �-interferon � receptor complexes

for crystallization purposes (Fountoulakis et al., 1993; Thiel

et al., 2000). We also applied preparative electrophoresis to

enrich low-abundance brain proteins, possibly involved in

neurological disorders (Engidawork and Lubec, 2001). The

approach resulted in the enrichment of low-molecular-mass

and neuron-specific proteins (Fountoulakis and Juranville,



2003). This method has also been used with acid-labile

detergents for the direct mass spectrometry analysis of

whole proteins (Meng et al., 2002). In this study, we used

preparative electrophoresis to enrich low-abundance rat liver

cytosolic proteins prior to proteomic analysis.

Materials and methods

Materials

Immobilized pH-gradient (IPG) strips were purchased from Amersham

Biosciences (Uppsala, Sweden). Acrylamide was obtained from Serva

(Heidelberg, Germany) and the other reagents for the polyacrylamide gel

preparation were from Bio-Rad (Hercules, CA, USA). Ampholytes (Reso-

lyte 3.5-10) were purchased from BDH Laboratory Supplies (Poole, UK).

CHAPS and thiourea were from Sigma (St. Louis, MO, USA), urea, dithio-

erythritol and EDTA were obtained from Merck (Darmstadt, Germany).

Sample preparation

Animals were sacrificed using CO2. Livers were flushed through the

hepatic vein with cold NaCl to eliminate excessive blood content. Liver

tissue (1.0 g) was suspended in 10 ml of 20 mM Hepes-OH, pH 7.5,

containing 250 mM sucrose, 1 mM EDTA, 5 mM dithierythritol and

1�l=ml of a mixture of protease inhibitors (1 mM PMSF and 1 tablet

completeTM (Roche Diagnostics, Mannheim, Germany) per 50 ml of sus-

pension buffer) and phosphatase inhibitors (0.2 mM Na2VO3 and 1 mM

NaF). The suspension was homogenized with the use of a teflon=potter

homogenizer and centrifuged at 800� g for 10 min to remove nuclei and

undissolved material. The supernatant was centrifuged at 10000� g for

15 min to separate the mitochondrial proteins. The supernatant of this

centrifugation step was centrifuged further at 100000� g for 1 h to sepa-

rate cytosolic and microsomal proteins. The cytosolic fraction was con-

centrated 10-fold by ultrafiltration (Mr cut off 10000), diluted 10-fold with

50 mM Tris-HCl, pH 6.8, containing 25% glycerol and 1% lithium dode-

cyl sulfate (LDS) and concentrated again to reach a protein concentration

of about 12.5 mg=ml. The protein content was determined using the

Coomassie blue method (Bradford, 1976).

Preparative electrophoresis

Preparative gel electrophoresis was performed in the PrepCell system

(Bio-Rad), following the instructions of the supplier as previously

described (Fountoulakis et al., 1993). The acrylamide concentration of

the cylindrical separation gel was 11% and the gel was about 6 cm long.

The stacking gel had an acrylamide concentration of 4% and was 2.5 cm

long. 50 mg of total proteins in 4 ml of 50 mM Tris-HCl, pH 6.8, contain-

ing 25% glycerol and 1% LDS were applied onto the stacking gel.

Electrophoresis was performed at 250 V in 0.198 M glycine and 25 mM

Tris, containing 0.1% LDS. Fractions started to be collected after the

bromphenol blue front reached the lower end of the gel. The eluted

proteins were collected from the gel in 0.198 M glycine and 25 mM Tris,

containing 0.1% CHAPS at 30 ml=h. Eighty 10-ml fractions were col-

lected and each fraction was concentrated to about 0.2 ml by ultrafiltration.

Excess of salt and LDS were reduced by twice diluting the concentrated

sample 10-fold with 20 mM Tris-HCl, pH 7.5, containing 8 M urea and 4%

CHAPS and concentrating it by ultrafiltration. Approximately 12 mg of

protein was recovered in all fractions.

Two-dimensional gel electrophoresis

Two-dimensional gel electrophoresis was performed essentially as

reported (Langen et al., 1997). Samples from selected fractions, containing

0.1–1 mg of total protein, were applied on immobilized pH 3–10 nonlinear

gradient strips in sample cups at their basic and acidic ends. Focusing

started at 200 V and the voltage was gradually increased to 5000 V at

3 V=min and kept constant for a further 24 h. The second-dimensional

separation was performed on 12% SDS polyacrylamide gels (180� 200�
1.5 mm) run at 40 mA per gel, in an ISO-DALT apparatus. After protein

fixation for 12 h in 40% methanol, containing 5% phosphoric acid, the gels

were stained with colloidal Coomassie blue (Novex, San Diego, CA, USA)

for 24 h. Molecular masses were determined by running standard protein

markers (Gibco, Basel, Switzerland), covering the range 10–220 kDa. pI

values were used as given by the supplier of the IPG strips. Excess of dye

was washed from the gels with H2O and the gels were scanned in an Agfa

DUOSCAN densitometer (resolution 200). Electronic images of the gels

were recorded using Photoshop (Adobe) software. The images were stored

as both tiff (about 5 Mbytes=file) and jpeg (about 50 Kbytes=file) formats.

The figures were prepared with PowerPoint (Microsoft) software.

Matrix-assisted laser desorption ionization

mass spectroscopy (MALDI-MS)

MALDI-MS analysis was performed as described elsewhere (Fountoulakis

and Langen, 1997) with certain modifications (Jiang et al., 2003). The

spots from selected gels were excised with a spot picker and placed into

96-well microtiter plates. Each spot was destained with 100�l of 30%

acetonitrile in 50 mM ammonium bicarbonate and dried in a speedvac

evaporator. Each dried gel piece was rehydrated with 4�l of 3 mM Tris-

HCl, pH 9.0, containing 50 ng trypsin (Roche Diagnostics). After 16 h at

room temperature, 7�l of H2O were added to each gel piece and the

samples were shaken for 10 min. Four �l of 50% acetonitrile, containing

0.3% trifluoroacetic acid and the standard peptides des-Arg-bradykinin

(Sigma, 904.4681 Da) and adrenocorticotropic hormone fragment 18–39

(Sigma, 2465.1989 Da), in water were added to each gel piece. The

application of the samples was performed with a Cy-Well apparatus

(Cybio AG, Jena, Germany). 1.5�l of the peptide mixture was simulta-

neously applied with 1�l of matrix, consisting of a saturated solution of �-

cyano-4-hydroxycinnamic acid (Sigma) in 50% acetonitrile, containing

0.1% trifluoroacetic acid. Samples were analyzed in a time-of-flight mass

spectrometer (Reflex 3, Bruker Daltonics, Bremen, Germany). An accel-

erating voltage of 20 kV was used. Peptide matching and protein searches

were performed automatically with the use of in-house developed software

(Berndt et al., 1999). The peptide masses were compared to the theoretical

peptide masses of all available proteins from all species. Monoisotopic

masses were used and a mass tolerance of 0.0025% was allowed. The

probability of a false positive match with a given MS-spectrum was

determined for each analysis. Four matching peptides was the minimal

requirement for an identity assignment. Unmatched peptides or miscleav-

age sites were not considered. The automatically identified proteins were

checked individually and only rat proteins or highly homologous counter-

parts from other species (mouse or human) with pI and Mr values close to

the theoretical were considered (a deviation of about 20% was allowed).

Results

Protein fractionation and enrichment

by preparative electrophoresis

Rat liver cytosolic proteins (50 mg) were fractionated over

a cylindrical 11% acrylamide gel. The sample was applied

in 1% lithium dodecyl sulfate (LDS) and the elecropho-

resis was performed in the presence of 0.1% LDS. The

proteins as they were eluted from the gel were collected

28 M. Fountoulakis et al.



in a buffer containing 0.1% CHAPS to avoid eventual pre-

cipitation. The eluate was concentrated by ultrafiltration.

Simultaneously salt was removed and LDS was exchanged

against CHAPS, an isoelectric focusing compatible deter-

gent. Total protein recovery from the preparative gel (after

ultrafiltration and buffer exchange) was approximately

25%. We used LDS instead of SDS because in control

experiments we had observed that LDS can be easier

removed from the proteins in comparison with SDS and

it does not interfere with 2-D electrophoresis, whereas SDS

can not be completely removed and often produces hori-

zontal streaking in the gels (Fountoulakis and Takács,

2001).

Selected fractions were concentrated and subsequently

analyzed by 2-D electrophoresis in broad pH range 3–10

nonlinear IPG strips. Figure 1A shows the 2-D gel analysis

of the cytosolic fraction applied on the preparative gel and

Fig. 1B shows an artificial gel of the eluate, reconstructed

from the 2-D gel analysis of the fractions collected from

the preparative gel. In the artificial gel, a larger number of

spots can be seen in comparison with the starting material.

Comparison of the spots included in the rectangles drawn

in Fig. 1A and 1B shows that after the preparative electro-

phoresis step the spots are much stronger and new spots

can be detected.

In Fig. 2, the 2-D gel analyses of the starting material and

of selected fractions collected from the preparative electro-

phoresis step are shown. In the latter gels, in which conse-

cutive fractions were analyzed, the spots form zones with

gradually increasing average molecular masses. Preparative

Fig. 1. Two-dimensional gel analysis of rat liver cytosolic proteins (A) and reconstructed 2-D gel from partial images of selected fractions, which

were collected from the PrepCell (B). In the reconstructed gel (B), stronger spots representing proteins enriched by preparative electrophoresis are

seen in comparison with the starting material (A). The rectangles show regions with significant differences in spot number and intensity. The proteins

were analyzed as stated in Materials and methods. The gels were stained with colloidal Coomassie blue
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electrophoresis mainly enriched proteins of average mole-

cular mass (about 20–40 kDa, Fig. 2D). Enrichment of low-

molecular-mass proteins was also efficient (Fig. 2B–C). The

enrichment of high-molecular-mass proteins (Fig. 2F) was

less efficient compared to those of lower molecular masses.

This can be due to technical limitations of the preparative

electrophoresis or very large volumes are required for their

elution.

Several mainly low- and medium-size proteins, which

had not been detected before, were detected in the fractions

collected from the preparative gel. Five proteins were

detected for the first time. These were represented by one

spot. The other proteins had been found in at least one

additional sample analyzed in our laboratory, ten of them

in more than 100 samples. The often detected proteins were

usually represented by more than one spot in the fractions

from the preparative electrophoresis, 20 of them by more

than 10 spots. In general, low- and high-abundance proteins

were simultaneously enriched by preparative electropho-

resis. Preparative electrophoresis resulted in the enrichment

of glutathione S-transferase yb1 (P04905), glutathione S-

transferase yb2 (P08010), carbonic anhydrase (P14141),

catechol O-methyltransferase (P22734), senescence marker

protein-30 (Q03336) and other proteins (Fig. 3).

The proteins collected from the preparative electropho-

resis are structural molecules (about 15), heat shock proteins

(about 10), enzymes involved in carbohydrate metabolism

(about 15, like fructose-bisphosphate aldolase b, fructose-

1,6-bisphosphatase, peroxisomal bifunctional enzyme,

aldehyde dehydrogenase and others), in amino acid metab-

olism (about 20), involved in phenylalanine catabolism,

arginine biosynthesis, glycine biosynthesis and other path-

ways. Proteins were also detected which are involved in

response to oxidative stress (major urinary protein, thiore-

doxin peroxidase 1 and 2), in signal transduction (about 10,

like probable protein disulfide isomerase, 14-3-3 proteins),

translation and translation regulation, transport (about 20;

electron, ion, oxygen transporters) and other functions.

Protein identification

The proteins were identified by MALDI-MS on the basis of

peptide mass matching (Henzel et al., 1993; Lahm and

Langen, 2000), following in-gel digestion with trypsin.

Spots were excised from selected 2-D gels and each spot

was analyzed individually. The peptide masses were

matched with the theoretical peptide masses of all known

proteins from all species. The analysis resulted in the iden-

tification of about 600 proteins, which were the products

of 140 different genes. The number of the different geneF
ig
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products appears to be relatively low in comparison with

the proteins identified and this is because spots representing

the same protein were present in several gels.

The identification was based on 4 to 13 matching pep-

tides. Proteins of low molecular mass, which deliver few

peptides (Fountoulakis et al., 1998), were usually identified

with 4 matches. The average molecular mass of the proteins

identified with four peptides was 30.7 kDa and those identi-

fied with nine or more matches 54 kDa. When the identifica-

tion was based on seven or more matches, the probability of

a wrongly assigned identity was usually lower than 10�7. In

Table 1, the proteins identified in selected fractions of the

preparative gel are listed together with the theoretical MW

and pI values and data from the mass spectrometry analysis,

i.e. the numbers of matching peptides and the probability of

assignment of a random identity. The spots representing

proteins identified in selected fractions of the preparative

electrophoresis are shown in the gels of Fig. 3 (not all protein

identities are shown).

Discussion

Genomics and proteomics are high-throughput technolo-

gies, which can easily generate toxicity patterns, i.e. altera-

tions in gene or protein levels resulting from the effect of

toxic agents, an information which can lead to drug toxicity

prediction (Steiner and Anderson, 2000; Fielden and

Zacharewski, 2001). Early detection of toxic effects of drug

candidates increases the performance of the drug design

process and the safety of pharmaceuticals. An unambiguous

relationship between toxicity and gene or protein pattern

derangement has not been established yet. Up to now,

mainly model compounds, such as acetaminophen (Qiu

et al., 1998; Fountoulakis et al., 2000), thioacetamide

(Dogru-Abbasoglu et al., 2001) or carbon tetrachloride

(Stoyanovsky and Cederbaum, 1999; Fountoulakis et al.,

2002b) are usually administered to animals and tissue

samples are analyzed by employing the new approaches

for the generation of toxicity databases, which will function

as a guiding cue in predicting toxicity in similar cases. To

facilitate the performance of toxicity studies and the inves-

tigation of animal models of human diseases, we con-

structed two-dimensional databases for rat and mouse liver

cytosolic and mitochondrial proteins (Fountoulakis et al.,

2000; 2001; 2002a; Fountoulakis and Suter, 2002).

We have applied proteomics technologies to study

changes in the levels of liver proteins of rats treated with

carbon tetrachloride (Fountoulakis et al., 2002b), of mice

treated with acetaminophen (Fountoulakis et al., 2000), as

well as changes of brain proteins of rats treated with the

neurotoxin kainic acid, a cyclic analogue of glutamate

(Krapfenbauer et al., 2001a). In all cases, the differential

protein expression studies revealed the presence of signif-

icant derangements in the levels of a series of protein

classes, following administration of the toxic agents.

However, analysis of the proteins of the main subcellular

fractions of a system is not sufficient for the detection of

the majority of the low-abundance gene products which

are involved in toxicity pathways. In previous studies, we

have pointed out the necessity of applying chromatogra-

phy steps to enrich low-abundance proteins of various

organisms prior to a proteomic analysis (Fountoulakis

et al., 1997; Fountoulakis, 2001; Krapfenbauer et al.,

2001b; Fountoulakis and Takács, 2002). Here we applied

a combination of subcellular fractionation of liver proteins

and subsequent enrichment of the proteins of the cytosolic

fraction by preparative electrophoresis.

The present study resulted in the identification of 140

proteins from the analysis of selected fractions collected

from the preparative gel. Low- and middle-molecular-

weight proteins were preferentially enriched with this

method. Proteins with a theoretical molecular mass below

25 kDa represent approximately 21% of the proteins listed in

Table 1. In comparison, the corresponding proteins identi-

fied from total liver extract represent about 18% of all iden-

tified proteins (Fountoulakis and Suter, 2002). The method

was efficient in the enrichment of low-abundance liver pro-

teins and of certain high-abundance protein classes, like

glutathione S-transferases and 14-3-3 proteins.

Preparative electrophoresis appears to be very efficient

for fractionation of cytosolic proteins. Fractionation of the

microsomal proteins, after solubilization with 1% LDS, on

the preparative gel was less satisfactory in comparison with

the cytosolic fraction (data not shown). The membrane pro-

teins are most likely forming strong complexes, which can

not be disrupted by the resolving power of the preparative

electrophoresis. In addition, hydrophobic proteins may have

been missed during the 2-D gel electrophoretic analysis, as

they do not enter IPG strips (Fountoulakis and Gasser,

2003). Other limitations of the approach are the relatively

low recovery of total proteins eluted from the preparative gel

(about 25%) and the inefficient enrichment of large proteins.

Furthermore, a general limitation of the 2-D gel analysis of

chromatography fractions is that proteins strongly enriched

in certain fractions are represented by multiple, strong and

often overlapping spots, which suppress the signals of co-

eluted, low-abundance proteins and consequently the detec-

tion of such proteins may not be possible during the analysis.

With exception of the high molecular mass proteins, which

were not efficiently enriched, all spots present in the 2-D
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gels from the starting material, were also observed after

performing the preparative electrophoresis step.

In summary, we applied preparative electrophoresis to

enrich low-abundance liver cytosolic proteins prior to pro-

teomic analysis. The approach resulted in the enrichment

of low-abundance proteins and of glutathione transferases

and 14-3-3 proteins. Mainly small- and medium-size pro-

teins were enriched. Preparative electrophoresis offers

unique advantages over other fractionation methods and

can be included in an efficient protein-enriching scheme.
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