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Abstract

Rat is a useful, widely used animal model for biological and toxicity studies. We analyzed total and cytosolic rat liver
proteins by applying proteomics technologies. The proteins were separated by two-dimensional electrophoresis employing
broad and narrow range immobilized pH gradient strips, followed by MALDI-MS analysis of the tryptic digests. Two
hundred and seventy-three different gene products were identified, of which approximately 60% were enzymes with a broad
spectrum of catalytic activities. Most of the identified proteins were detected in other rat protein samples as well, which were
analyzed in our laboratory. Fifteen gene products were detected for the first time. These were represented by one spot each
whereas most of the frequently detected proteins were represented by multiple spots. In average, approximately five to 10
spots corresponded to one gene product. The database includes a large number of proteins known to be involved in
toxicology-relevant pathways and may be useful in toxicity prediction studies.

O 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction the last few years and it now allows the detection

and mapping of all species of a proteome, which are

Proteomics is the high-throughput, large-scale,
mainly automated analysis of protein mixtures.
Proteomic analysis is a useful tool in investigating
biological events, as it provides us with significant
information about the particular proteome, i.e., which
are the abundant gene products and how their levels
and modifications change in response to the effect of
various internal or external factors, such as diseases,
toxic agents and environmental changes. Moreover,
it facilitates protein—protein interaction and protein
structure studies [1,2]. The sensitivity of the
proteomics technologies has been largely improved

expressed in sufficient amounts to be detected in a
two-dimensional (2-D) gel. Many laboratories, our
own included, have undertaken the task to find and
map the proteins of various proteomes. Thus, today
many 2-D databases include several hundreds of
different gene products [3-11]. The 2-D electro-
phoretic analysis has certain limitations, concerning
the detection of hydrophobic proteins and proteins
with extreme size and charge values [2,10-12].
Other emerging proteomics technologies not relying

on 2-D gels appear to detect a higher number of gene

products, but they are compromised by quantification

weaknesses [13,14]. However, there is still a large
discrepancy between possible and detected gene
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directed to simpler protein fractions, each containing 2.2. Sample preparation

a lower number of components in comparison with
the starting material. The separation of the protein
mixture into organelle fractions prior to the 2-D
electrophoretic analysis is usually the first step to
increase the probability of detecting low-copy-num-
ber gene products [12].

One of the most frequent applications of
proteomics is the investigation of toxic events, as it
enables the efficient generation of toxicity-related
protein patterns, which may be useful in predicting
toxicity of drug candidates [15,16]. We have applied
proteomics technologies to study changes in the
levels of liver proteins of mice treated with acet-
aminophen [9], of rats treated with carbon tetra-
chloride, as well as changes of brain proteins of rats
treated with the neurotoxin kainic acid, a cyclic
analogue of glutamate [17,18]. In all cases, the
differential protein expression studies revealed the
presence of significant derangements in the levels of
a series of protein classes, following administration
of the toxic agents. To facilitate the performance of
toxicity studies and the investigation of animal
models of human diseases, we constructed two-di-
mensional databases for mouse liver total [9], cyto-
solic and microsomal proteins [10], as well as for rat
brain total proteins [7]. In a previous study, we
analyzed the rat liver mitochondrial proteins [19].
Here we performed a large-scale proteomic analysis
of total and cytosolic rat liver proteins and identified
273 different gene products.

Animals were sacrificed usipg CO . Livers from
two control animals were flushed through the hepatic
vein with a cold NaCl solution to eliminate excessive
blood content. For preparation of the total protein
extract, liver tissue (1.0 g) was suspended in 10 ml
of sample buffer consisting of BD Tnis, 7 M
ureaM2 thiourea, 4% CHAPS, 10 M 14-
dithioerythritol, M nEDTA and a mixture of
protease inhibitors 1 BMSF and one tablet
completBoehringer Mannheim) per 50 ml of
suspension buffer) and phosphatase inhibitors (0.2
MmMNa,VO, and 1 M NaF). The suspension was
homogenized with the use of a Polytron homogenizer
(Kinematica, Luzern, Switzerland) for approximately
1 min, sonicated for 30 s and centrifuged at
150 @@6r 45 min. The supernatant contained the
total liver proteins solubilized in the IEF-compatible
agents.

For the preparation of the cytosolic fraction, liver
tissue (1.0 g) was suspended in 10 ml d#120 m
Hepes—OH, pH 7.5, containing 2AB0sutrose, 1

M EDTA, 5 mM dithioerythritol and protease and
phosphatase inhibitors as above. The suspension was
homogenized with the use of a PTFE/potter
homogenizer and centrifuged aj &Y010 min to
remove nuclei and undissolved material. The super-

natant was centrifuged at 40f@0A5 min to
separate the mitochondrial proteins. The supernatant
of this centrifugation step was centrifuged further at

100 000g for 1 h to separate cytosolic and micro-

somal proteins. The cytosolic fraction was directly

used for isoelectric focusing. The protein concen-
tration was determined using the Coomassie blue
method [20] and was approximately 15 mg/ml.

2. Experimental
2.1. Materials

Immobilized pH-gradient (IPG) strips were pur-
chased from Amersham—Pharmacia Biotechnology 2.3. Two-dimensional gel electrophoresis

(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 (Re-
solyte 3.5-10) were purchased from BDH Labora-
tory Supplies (Poole, UK). CHAPS and thiourea
were from Sigma (St. Louis, MO, USA), urea,
dithioerythritol and EDTA were obtained from
Merck (Darmstadt, Germany). Adult, male Wistar
rats were purchased from BRL {Fullingsdorf, Swit-
zerland).

Two-dimensional gel electrophoresis was per-
formed essentially as reported [21]. Samples of 1.5
mg protein were applied on immobilized pH 3-10
nonlinear and on pH 4-5, 4-7, 5-6 and 5.5-6.7
linear gradient strips, in sample cups at both ends.
Each sample was analyzed in triplicate. 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 (approximately 120 000 kVh totally).

The second-dimensional separation was performed in



M. Fountoulakis, L. Suter / J. Chromatogr. B 782 (2002) 197-218 199

10% SDS-polyacrylamide gels. The gels (X80

200x1.5 mm) were run at 40 mA per gel, in an

ISO-DALT apparatus (Hoefer Scientific Instruments,
San Francisco, CA), accommodating 10 gels. 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,

droxycinnamic acid (Sigma) in 50% acetonitrile,
containing 0.1% trifluoroacetic acid. Samples were

analyzed in a time-of-flight mass spectrometer (Re-
flex 3, Bruker Analytics, Bremen, Germany). An
accelerating voltage of 20 kV was used. Peptide
matching and protein searches were performed auto-
matically with the use of in-house developed soft-
ware [23]. The peptide masses were compared to the
theoretical peptide masses of all available proteins

Switzerland), covering the range 10-200 kDa. p from all species. Monoisotopic masses were used

values were used as given by the supplier of the IPG
strips. Excess of dye was washed out from the gels
with H,O and the gels were scanned in an Agfa
DUOSCAN densitometer (resolution 200). Elec-
tronic images of the gels were recorded using
Photoshop (Adobe) and PowerPoint (Microsoft) soft-
ware. The images were stored as both tiff (about 5
Mbytes/file) and jpeg (about 50 kbytes/file) formats.
Protein spots were outlined first automatically and
then manually and quantified using the ImageMaster
2D Elite software (Amersham Biosciences). The
percentage of the volume of the spots representing a
certain protein was determined in comparison with
the total proteins present in the 2-D gel.

2.4. Matrix-assisted laser desorption ionization
mass spectroscopy (MALDI-MS)

MALDI-MS analysis was performed as described
elsewhere [22] with certain modifications. Spots
were automatically excised with a spot picker and
placed into 96-well microtiter plates. Each spot was
destained with 10l of 30% acetonitrile in 50 i
ammonium bicarbonate and dried in a speedvac
evaporator. Each dried gel piece was rehydrated with
4 pl of 1 mM Tris—HCI, pH 9.0, containing 50 ng
trypsin (Promega, Madison, WI, USA). After 16 h at
room temperature, gl of H,O were added to each
gel piece and the samples were shaken for 10 min.
Four pl of 50% acetonitrile, containing 0.3% tri-
fluoroacetic acid and the standard peptides des-Arg-
bradykinin (Sigma, 904.4681 Da) and adrenocortico-
tropic 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
SymBiot | sample processor (PE Biosystems,
Framingham, MA, USA). Of the peptide mixture, 1.5
wl were simultaneously applied with {1l of matrix,
consisting of a saturated solution afcyano-4-hy-

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 [23].
Four matching peptides was the minimal requirement
for an identity assignment. Unmatched peptides or
miscleavage sites were not considered. The auto-
matically identified proteins were checked individ-
ually and only rat proteins or highly homologous
counterparts from other specied aitld pnolecu-

lar mass values close to the theoretical were consid-
ered (a deviation of about 20% was allowed).

3. Results
3.1. Two-dimensional electrophoretic analysis

We prepared mitochondrial, microsomal and cyto-

somal protein fractions from rat liver tissue of male

control animals. Each fraction and the total proteins
were analyzed by 2-D electrophoresis and mass
spectrometry. The proteomic analysis of the mito-

chondrial fraction has been described elsewhere [19].

Here we report the proteomic analysis of total and
cytosolic proteins. The samples were analyzed on

broad and narrow pH range IPG strips and the spots

were visualized following stain with colloidal

Coomassie blue. Fig. 1 shows a representative

analysis of total liver proteins separated on a broad

pH range 3-10 and Fig. 2 on a narrow pH range 4-7

2-D gel. Fig. 3 shows the separation of the cytosolic
proteins on a broad pH range 3-10 gel. Figs. 4-6
show the separation of the cytosolic proteins on
narrow pH range 4-5, 5-6 and 5.5-6.7 IPG strips,
respectively. On each gel, 1.5 mg of total protein

amount was applied. The use of the narrow pH range
strips resulted in the detection of the heterogeneity

pattern of certain proteins. For example, contrapsin-
like protease inhibitor (P05545) was represented by
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Fig. 1. Two-dimensional electrophoretic analysis of rat liver total proteins. The proteins were separated on a pH 3—10 nonlinear IPG strip,
followed by a 10% SDS—polyacrylamide gel, as stated in Section 2. The gel was stained with Coomassie blue. The spots were analyzed by
MALDI-MS. The proteins identified are designated with the accession numbers of the corresponding database. The identities assigned are
listed in Table 1.

about 20 spots, detected in the narrow pH range 4-5 spectrometry (see Section 3.2). In total, 273 different
gel (Fig. 4). The heterogeneity was only partially gene products were identified from all gels. Of these,
evident in the 2-D gels prepared with the broad range 65 gene products were only detected in the gels
IPG strips. carrying total, 52 in the gels carrying cytosolic, and

The spots representing total (Figs. 1 and 2) and the remaining proteins were found in both samples.

cytosolic (Figs. 3—6) proteins were analyzed by mass Moreover, 45 proteins out of the 62 found in the gels
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proteins were separated on a pH 4-7 IPG strip, followed by a 10%

SDS—polyacrylamide gel. The gel was stained with Coomassie blue. Analysis was performed as stated in the legend to Fig. 1.

carrying total protein samples were detected in the
broad pH range 3-10 gel (Fig. 1), 11 in the narrow
pH range (Fig. 2) and nine in both types of gels. The
52 proteins only detected in the gels carrying the
cytosolic fraction, except for six which were found

in the broad pH range 3-10 gel (Fig. 3), were found
in one of the narrow pH range gels only (Figs. 4-6).

Thus, the narrow pH range strips helped to detect 46
proteins not found in the broad range gels. About 20
of them were detected in the pH 5.5-6.7 gel (Fig. 6).

The protein distribution was solely based on the
protein identification by mass spectrometry and may
not be complete, as the analysis of many spots
excised from the various gels may have not resulted
in a successful identity assignment on account of

technical limitations, such as spot loss during auto-
matic excision, peptide loss mainly from weak spots,

spot overlapping and small protein size. Neverthe-
less, it provides an indication that subcellular frac-
tionation and use of narrow pH range strips can
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Fig. 3. Two-dimensional electrophoretic analysis of rat liver cytosolic proteins. The proteins were separated on a pH 3-10 nonlinear IPG
strip, followed by a 10% SDS-—polyacrylamide gel. The gel was stained with Coomassie blue. Analysis was performed as stated in the
legend to Fig. 1.

result in the detection of additional gene products not excised from 13 2-D gels, five carrying total and
found when the total protein sample is analyzed in eight carrying cytosolic proteins. The total proteins
broad pH range gels. were separated in three broad pH range 3-10
nonlinear and in two pH 4-7 gels. The cytosolic
3.2. |dentity assignment proteins were separated in three broad pH range

3-10 nonlinear, in two pH 4-7 and in one of each
The proteins were identified by MALDI-MS on pH 4-5, 5-6 and 5.5-6.7 gels. The spots from each
the basis of peptide mass matching [24], following gel were selected randomly with the goal to detect as
in-gel digestion with trypsin. About 5000 spots were many new gene products as possible. Each excised
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Fig. 4. Two-dimensional electrophoretic analysis of cytosolic proteins, separated on a pH 4-5 IPG strip, followed by a 10% SDS-—
polyacrylamide gel. Stain was with Coomassie blue.

spot was analyzed individually. The peptide masses identified with four matches. The average molecular
were matched with the theoretical peptide masses of mass of the proteins identified with four matching
all known proteins from all species. The analysis peptides was 25 kDa and those identified with five
resulted in the identification of about 3000 proteins, matches 32 kDa. In general, the number of matching
which were the products of 273 different genes peptides is related to the molecular mass of the
(Table 1). In Table 1, the theoretical MW and p protein analyzed and usually increases with the
values of the proteins identified are listed, together protein size, as larger proteins carry a higher number
with data from the mass spectrometry analysis, i.e., of lysine and arginine residues, i.e., more trypsin
the numbers of matching peptides and the probability cleavage sites than their shorter counterparts. This
of assignment of a random identity. gives rise to a larger number of proteolytic products
An identity could be assigned to about 60% of the and consequently the identification relies on a higher
analyzed spots. The identification was based on four number of matching peptides. When the identifica-
to 21 matching peptides. Proteins of low molecular tion was based on seven or more matches, the

mass, which deliver few peptides [25], were usually probability of a wrongly assigned identity was
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Fig. 5. Two-dimensional electrophoretic analysis of cytosolic proteins, separated on a pH 5-6 IPG strip, followed by a 10% SDS-

polyacrylamide gel. The gel was stained with Coomassie blue.

practically zero (Table 1). For about 50% of the
unidentified spots, good MS data were collected, but
no identity could be assigned. This may be due to
poorly defined genes, to insufficient precision in
mass determination, or to spot overlapping, which
did not allow an unambiguous identity assignment.
For about 40% of the not identified spots, the MS
data were insufficient for a protein identification. A
low number of peptides were found mainly from
spots of low intensity. For the remaining 10% of the
spots, no MS data could be acquired. The major
reasons for the latter were no signal acquisition for
one of the standard peptides, very weak spots, which

did not deliver a sufficient amount of peptides or
peptide losses. No search on residual peptides was
performed to detect additional proteins in the mix-
ture.

The theoretlcaslpes of the proteins identified
varied between 4 and 9. Twelve proteind had p
values between 9 and 10 and two higher than 10
(Fig. 7A). No proteins witts elow 4 were
detected (the lowetgpection limit was about 3.5).

The proteins with theoreticahlpes higher than
10 were probably represented by multiple spots. The
spots representing protein forms with lovedugs
were most likely those detected within the nominal
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Fig. 6. Two-dimensional electrophoretic analysis of cytosolic proteins, separated on a pH 5.5-6.7 IPG strip, followed by a 10%
SDS—polyacrylamide gel.

pH range of the strips. The molecular masses of proteins not do efficiently adsorb colored substances)
about 70% of the identified proteins varied between and for the large proteins, to limitations of the IPG
20 and 60 kDa. No protein smaller than 10 kDa was strips (large proteins enter the strips less efficiently).

identified. Nine proteins were larger than 100 kDa

(Fig. 7B). In general, low- and high-molecular mass 3.3. Protein abundance and function

proteins are underrepresented in Table 1. For the

small proteins, this is most likely due to limitations The relative abundance of the proteins was de-
of the gels (the lower mass limit of the gels was termined using the ImageMaster 2D Elite software.
about 8 kDa) and of the staining methods (small The sum of the relative volumes of the spots
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Table 1. Continued

Number Protein Full name Level  Location Frequency Spots GRAVY ™ Ip MW Matches Probability ~ Figure
Q64640 SW:ADK RAT Adenosine kinase (EC 2.7.1.20) (ak) (adenosinghBsphotransferase) 0.063 27 68 -031 0 6.71 37630 7 7.27E-08 1,3,5,6 i
Q64727 SW:VINC MOUSE Vinculin 0.021 AP 6 8 576 117171 5 8.64E-06 1,3 e
Q9Z0T0 TRE ROD:Q920T0 Thiopuring&methyltransferase (EC 2.1.1.67) C 6.79 27959 8 7.39E-08 6 g’
Q9Z0V5 TRE ROD:Q9Z0VS PRX IV 11 14 6.63 31216 7 1.32E-05 56 ;
Q9Z0V6 TRE ROD:Q9Z0V6 PRX Il 4 7 755 28588 6 2.02E-05 6 o
Q97218 TRE ROD:Q9Z218 GTP-specific succinyl-CoA synthetgssubunit (fragment) 0.072 6.13 44115 8 21906 1,35 -
Q9z2Mm7 TRE ROD:Q9Z2M7 Phosphomannomutase 2 (EC 5.4.2.8) (PMM 2) C 812 3189 6 459E-08 6 EJ
S39807 PIR2:539807 3-Methyl-2-oxobutanoate dehydrogenase (lipoamide) (EC 1.2.4.4)-mouse 3 3 6.68 43651 6 2.72E-06 2 5
W74762 NRDBP:GSP W74762 Human secreted protein encoded by gene 32 clone HRDEW41 0.099 7.92 56650 8 342E-06 1 ~
Y07062 NRDBP:GSP Y07062 Renal cancer associated antigen precursor sequence 550 60194 8 9.51E-05 5 ;
Total and proteins from the cytosolic fraction of rat liver were extracted, separated by 2-D electrophoresis and identified by MALDI-MS, folloeimgjgastion with 5:*7

trypsin, as described in Section 2. The search in protein databases was performed with in house developed software. The software usually sessign2d peggtides of a§
mass spectrum. At least four matching peptides were required for an identity assignment. The number of matching peptides is listed in Tables')“Matamass spectrag
usually included a number of peptides higher than 22, which were not considered for protein search. The spots representing the identified iprbeeitesidreFigs. 1-6 and -
are designated with their accession numbers of the SWISS-PROT or of the other databases. The theoretical MVdlaes, ps well as the probability of assignment of 3
random identity are given. The probability was determined as described in [23]. In the column “Protein”, the abbreviated name of the protetfataizhtigeused for protein®
search are indicated. In the column “Level”, the approximate percentage of the volume of the spots representing the particular protein, Sorcentipahie total proteins N
present in the gel of Fig. 1 is given. In the column “Location”, the annotated subcellular location for the particular protein in the SWISS-PR&¥E dmtadicated. In the S
column “Frequency”, the number of times the particular protein has been detected in the 50 rat liver samples analyzed in our laboratory idintfieateliimn “Spots”, the >~
number of spots, which represent the particular protein and which were identified by MS in the 50 rat liver samples analyzed in our laboratory|nishgiveslumn
“GRAVY”, the grand average hydrophobicity values according to Kyte-Doolittle [26] and in the column “TM”, the number of predicted transmermdgams according to n,
Klein et al. [27] are given. In the column “Figure”, the figure number is given in which the spot representing the corresponding protein can bee sima. afle sorted &
according to ascending accession numbers. AJ, adhesion junction; AP, adhesion plaques; C, cytoplasmic; E, extracellular; ER, endoplasmi&Ritjcahdoplasmic
reticulum lumen; M, mitochondria; MIM, mitochondrial inner membrane; MB, membrane bound; MC, microsomal; MM, mitochondrial matrix; N, nuclé&r;oQter
mitochondrial matrix; P, peroxisomal.

—/6T (Cl
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plex protein chains, etc.), ribosomal proteins, trans-
100 = A port proteins, channels, elongation factors, urinary
80 proteins and others (Fig. 8). Several calcium-binding
proteins were also detected, such as calreticulin,
probable protein disulfide isomerase, annexins,
myosin regulatory chains, tubulin chains and ne-
cleobindin.

Protein Number

3.4. Subcellular location

For about 63% of the proteins of Table 1, the
annotation in the SWISS-PROT database includes
their subcellular location. Seventy-two proteins are
annotated as cytosolic and 72 as organelle-associ-
ated. Of the latter, 47 are annotated as mitochondrial,
11 as endoplasmic reticulum, four as peroxisomal
and three as nuclear proteins (Fig. 9). Seven proteins
are annotated as extracellular and only one protein is
annotated as microsomal (cytochrome b5).

The species detected in the total protein sample
(Figs. 1 and 2) are mainly annotated as cytosolic or
mitochondrial (Table 1). Some cross-contamination

Molecular Mass (kDa) of the subcellular fractions could not be avoided.
Fig. 7. Distribution of the rat liver proteins in relation to their Thus, _the Cyt(_)SOIIC fraction mainly C(.)nSISted .Of
theoretical p (A) and molecular mass (B) values. The bars cytosolic proteins but also some species of mito-
indicate the number of proteins found in thegnd the molecular ~ chondrial origin, such as carbamoyl-phosphate synth-

Protein Number

O D PSSO ® PSS
2O D gD D B A D B
YRS S S ¢

mass intervals indicated. ase, glutamate dehydrogenase and 3-ketoacyl CoA-
thiolase, were detected. Similarly, in the mitochon-
representing the various protein forms of the same drial fraction previously analyzed, we detected sever-
gene product was compared to total proteins present al cytosolic proteins. However, they were mainly
in the broad pH range gel of Fig. 1. The most minor components accounting for approximately
abundant components were several house-keeping 13% of the total spot volume [19]. The presence of
enzymes, represented by strong spots mainly at the cytosolic proteins in the mitochondrial fraction and

basic region of the gel, such as carbamoyl-phosphate
synthase, 3-ketoacyl-CoA thiolase, betaine-homocy-

. ; Heat shock
steine S'methyltransferase, fructose-biphosphate al-
dolase, as well as heat shock proteins (Table 1). The
less abundant species include enzyme subunits and Factors
proteins with various functions, such as structural 6%
and hypothetical proteins. The major components are Structural _.
localized in mitochondria and the cytosol. The minor 7%
components are mainly localized in the cytoplasma
and nucleus. Other_ _____

About 60% of the liver proteins of Table 1 are  19%
enzymes or enzyme subunits (approximately 165)
with various catalytic activities. Other major classes _ _ _ , R

. - . . . Fig. 8. Functions of the rat liver proteins. The proteins identified
of the |dent|f|ec_i proteins include z_approxmately 20 in this study were classified into functional groups. Proteins with
structural species, such as tubulin, about 14 heat o cataiytic activities and proteins with hypothetical or unknown
shock proteins (glucose-regulated proteins, T-com- functions were taken together into the group “Other”.

_ Transport Ribosomal
5% o 3% 7 1%

-
~ b -

<

\

~._Enzymes
59%
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Mitochondrial Nuclear ~ Peroxisomal Other
membrane ~_ 2% 2% .- 1% -
19% 2
_Cytosomal %
Mitochondrial B 45%
10%
Endoplasmic CytosomaH
Reticulum —------" __.--—Mitochondrial
7% e 1%
A ) “~._._  Cytosomal +
Extracellular__-~ Cytosomal + ">~ Membrane
4% Nu;:lzar 2% Rat Liver Proteins
Fig. 9. Subcellular location of rat liver proteins as annotated in 2 B
the SWISS-PROT database. For 37% of the proteins no annotation
existed. 1
>
Z| o
vice-versa may be attributed to the fact that the % .
separation of the organelles was incomplete. Thus, )
the mitochondrial species found in the cytosolic -2
fraction were mainly high-abundance components, 3
for which the complete separation from the cytosolic
proteins was not very efficient. About 50% of the 4

proteins detected in the total protein sample (Figs. 1 Rat Proteins

and 2) were alslp detec_ted |r|;_0n€30r6mo_ll:i_of_the gt])els Fig. 10. Grand average hydrophobicity values (GRAVY) of 170
carrying cytosolic proteins ( 1gS. 5— ) : 1S '_S to be rat liver proteins (A), and of 2900 rat proteins of the SWISS-
expected as the total proteins sample mainly included proT database (B). The values were calculated according to
cytosolic and mitochondrial species. Kyte-Doolittle [26]. Negative GRAVY scores mean hydrophilic
and positive scores mean hydrophobic proteins.
3.5. Hydrophobicity
region, eight proteins include two and one protein

The grand average hydrophobicity (GRAVY) val- carries three predicted transmembrane domains. The
ues for 170 proteins of Table 1, which are annotated three-transmembrane domain protein, cystathionine
in the SWISS-PROT database, were determined B-synthase, was found in 13 rat protein samples
according to Kyte-Doolittle [26] and the number of analyzed in our laboratory. The two-transmembrane
the theoretical transmembrane (TM) regions was domain proteins were in average detected in 25
determined according to Klein et al. [27]. GRAVY samples, the one-transmembrane domain proteins in
values usually vary in the range2. Positive scores 40 and the proteins lacking a transmembrane domain
indicate hydrophobic and negative scores hydrophilic were in average found in 30 samples. The GRAVY
proteins. 14 (8%) proteins had low positive (below values of the species in the total protein sample

0.21) and the remaining negative values (down to —0.26) were comparable with the values of the
—1.10). Fig. 10A shows the distribution of the cytosolic specie®.p5). The GRAVY scores pro-

GRAVY scores of the rat liver proteins. For com- vide an image of the hydrophobicity of the whole
parison, in Fig. 10B, the distribution of the GRAVY protein. The proteins detected in 2-D gels are in
scores of about 2900 rat proteins of the SWISS- general hydrophilic with negative GRAVY values
PROT database is shown. About 590 (20%) rat [28]. The GRAVY scores do not seem to represent a
proteins have positive GRAVY values (between 0 reliable criterion to predict whether a protein will
and 1.5), which indicates that hydrophobic proteins enter an IPG strip. More important may be the
are underrepresented in our list. Twenty-five proteins particular hydrophobic stretches, which could hinder

of Table 1 include one theoretical transmembrane the whole protein from entering the strip.
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3.6. Heterogeneity

carbamoyl-phosphate synthase (P07756) (Table 1).

The most frequently detected protein, heat shock

Table 1 includes a column with the number of
spots identified for each protein in th&0 rat liver
samples analyzed by MS in our laboratory. Most
proteins were represented by more than one spot. For
15 proteins, mainly enzyme subunits and structural
proteins, only one spot was found. For 50 proteins up
to five spots were detected. All other proteins were
represented by a larger number of spots, seven high
abundance proteins by more than 200. Six hundred
and fifty-one spots were found representing car-
bamoyl-phosphate synthase, 625 representing serum
albumin and 376 catalase. In average, we estimate
that about five to 10 spots correspond to one gene
product. In the mouse liver and the rat liver mito-
chondrial proteomes, we also detected a high hetero-
geneity, calculating approximately 10—20 spots per
gene product [10,19]. The multiple spots can be
partly due to artifacts of the 2-D electrophoresis, but

cognate, has been most frequently detected in other
proteomes as well, for example mouse liver [10] and

human brain [29]. Therefore, it can be considered as
a positive control in a protein identification process.
The frequency of detection provides an indication of
the importance of information deriving from the
detection of a gene product in the proteome, which is
currently analyzed. The detection of a species is
probably of limited value if that protein has been
already detected for example in 100 or more sam-
ples. The less frequently detected gene products ar
more interesting in proteomic studies, as they can be
most likely involved in disease-related changes and

their changed levels or modifications may carry more

significant biological information than of their fre-
quently detected counterparts.

in most cases they represent post-translationally 4. Discussion

modified protein forms. For most of the observed
heterogeneities, we know neither the origin nor the
biological significance. Efficient analysis of the post-

In a previous study, we prepared a 2-D database

for mitochondrial rat liver proteins and detected 192

translational modifications requires a significant im-
provement in sensitivity and throughput of the
analytical techniques.

different gene products, a first step towards the
establishment of a rat liver proteome [19]. Here, we
performed a proteomic analysis of the total and

cytosolic liver proteins, which resulted in the identi-

3.7. Frequency of detection

fication of 273 different gene products, 20% of

which were detected only in the cytosolic fraction.

We observed a variation in the frequency with
which the components of a proteome are detected by
mass spectrometry. Certain abundant, hydrophilic
and easily to solubilize proteins are present in most
gels. They can be easily digested and deliver a
sufficient number of peptides, so that an identity can
be almost always assigned. We evaluated the fre-
quency of detection of the proteins of Table 1 in the
about 50 rat liver samples analyzed in our laboratory.
Fifteen gene products, seven of which are low-
abundance enzymes, were detected in only one of the
gels, whereas the other proteins were found in two or
more samples. Fifty-eight proteins were found in five
or less samples, whereas about 35% of the proteins
were detected in more than 20 samples. The most
frequently detected in 40 or more samples, were heat
shock cognate (P08109), serum albumin (P02770)
and house-keeping enzymes, such as catalase
(P04762), thioredoxin peroxidase (Q63716) and

Detection of additional species demands sophisti-

cated protein enriching techniques, involving de-
tailed organelle fractionation, efficient use of
solubilizing agents and chromatographic separation
[12,28]. The proteins identified were in the majority
hydrophilic, usually represented by multiple spots, in
average five to 10 per gene product. The most
heterogeneous species were the abundant and fre-
guently detected proteins. The average heterogeneity
and the frequency of detection may be higher than
the estimated or found because not all spots repre-
senting an abundant gene product are excised for a
MS analysis and usually 60—70% of the MALDI-MS
analyses result in an identity assignment.

Early detection of toxic effects of drug candidates
increases the performance of the drug design proces:
and the safety of pharmaceuticals. Genomics and

proteomics are emerging, high-throughput tech-
nologies, which can easily generate toxicity patterns,
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i.e., alterations in gene or protein levels, an in-
formation which can lead to drug toxicity prediction
[15,16,30]. Changes in the mRNA [31-33] and the
protein levels [9,15,16,34—37] on account of expo-
sure to toxic agents have been reported. However, an
unambiguous relationship between toxicity and gene
or protein pattern derangement has not been estab-
lished yet. Up to now, mainly model compounds,
such as acetaminophen [9,34,38], thioacetamide [39]
or carbon tetrachloride [40,41], are usually adminis-
tered 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.

The present results represent a contribution to the
proteomic approach. The database could be useful in
the quantification of differences in the levels of liver
proteins of animals serving as models in toxicity
studies. In our list, several proteins are included
which have been described to be involved in the
toxicity of acetaminophen, such as selenium-binding
protein, N*°-formyl tetrahydrofolate dehydrogenase,
glutathione S-transferases, glutathione peroxidase,
proteasome proteins, superoxide dismutase, cal-
reticulin and others [9,34,42—44]. Best documented
is the involvement of selenium- or acetaminophen-
binding protein, which is arylated and translocated
into the nucleus, following administration of a toxic
dose of acetaminophen [45]. Applying proteomics
technologies, we found a decrease in the levels of the
selenium-binding protein in the livers of mice treated
with acetaminophen at 300 mg/kg. We also observed
reduced levels for the antioxidant enzymes, gluta-
thione Stransferases and glutathione peroxidase. It
has been reported that oxidative stress is involved in
the progression of acetaminophen-induced hepato-
toxicity [46].

Deranged levels were also found for mitochondrial
proteins included in our list, such as glutamate

dehydrogenase, aldehyde dehydrogenase, the heat

shock proteins mitochondrial matrix protein 1 and
glucose-regulated protein 75 kDa, which suggests for
mitochondria damage by the toxic agent. Mitochon-
dria play a critical role in cell apoptosis and necrosis

217

ated protein, in animals treated with low and high

doses of acetaminophen and with the non-toxic
isomer [9]. This protein binds to the intracellular
domain of the TNF receptor type 1 and has been
proposed to play a role in the acetaminophen-in-
duced toxicity [50,51]aTiéE been found to be

involved in both necrosis and apoptosis [52-54],
however, its role in toxicity events is not clear [37].

In a recent study, we also employed genomics and
proteomics technologies to investigate the effect of

toxic doses of carbon tetrachloride on gene and
protein levels in the liver [55]. The proteomic
analysis revealed that the levels of three peroxisomal
proteins, catalase, uricase and 3-ketoacyl-CoA thiol-
ase A, were increased in the livers of the treated

animals. Catalase and uricase are involved in stress
defence, whilst the 17 down-regulated proteins are
mainly enzymes participating in lipid and amino acid
metabolism.

In summary, we constructed a 2-D database for
total and cytosolic proteins from rat liver. The
database is one of the largest databases for high
eukaryotic proteomes, comprising 273 different gene

products. They resulted from the MALDI-MS analy-
sis of approximately 5000 spots, taken from 13 2-D
gels. About 60% of the identified proteins are
enzyme subunits. Fifteen gene products were de-
tected for the first time. The most frequently detected
proteins are heat shock proteins and house-keeping
enzymes. In average, approximately five to 10 spots
correspond to one gene product. The list includes
many proteins which are known to be involved in
toxicity and for which deranged levels have been
reported in animals exposed to toxic agents. It may
be useful in toxicity studies, in particular in predic-
tion of toxic effects of drug candidates, on the basis

of changes in the protein levels, resulting from the

administration of compounds under investigation.
Future efforts should be dedicated to optimize the

subcellular fractionation in order to achieve a more
detailed proteome image.

and are involved in the acetaminophen toxicity Acknowledgements

pathway and the pathways of other substances
[37,47—-49]. Moreover, we found reduced levels for
the mitochondrial heat shock protein 75 kDa, also
called tumor necrosis factor (TNF) receptor-associ-
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