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Peroxisome proliferators induce hepatic peroxisome proliferation and hepatocellular carcinomas in rodents.
These chemicals increase the expression of the peroxisomal B-oxidation pathway and the cytochrome P-450 4A
family, which metabolizes lipids, including fatty acids. Mice lacking fatty acyl-CoA oxidase (AOX—/-), the
first enzyme of the peroxisomal -oxidation system, exhibit extensive microvesicular steatohepatitis, leading to
hepatocellular regeneration and massive peroxisome proliferation. To investigate proteins involved in peroxisome
proliferation, we adopted a novel surface-enhanced laser desorption/ionization (SELDI) ProteinChip technology
to compare the protein profiles of control (wild-type), AOX—/—, and wild-type mice treated with peroxisome
proliferator, Wy-14,643. The results indicated that the protein profiles of AOX—/— mice were similar to the wild-
type mice treated with Wy14,643, but significantly different from the nontreated wild-type mice. Using four dif-
ferent ProteinChip Arrays, a total of 40 protein peaks showed more than twofold changes. Among these differen-
tially expressed peaks, a downregulated peak was identified as the major urinary protein in both AOX—/— and
Wy14,643-treated mice by SELDI. The identification of MUP was further confirmed by two-dimensional electro-
phoresis and liquid chromatography coupled tandem mass spectrometry (LC-MS-MS). This SELDI method
offers several technical advantages for detection of differentially expressed proteins, including ease and speed
of screening, no need for chromatographic processing, and small sample size.
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Peroxisome proliferator-

PEROXISOMES in liver parenchymal cells prolifer-
ate in response to structurally diverse nonmutagenic
compounds designated as peroxisome proliferators
(PP) (20-22). The induction of peroxisome prolifera-
tion is mediated by PP-activated receptor alpha
(PPAR®), a member of a group of transcription fac-
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tors that regulate the expression of genes involved in
lipid metabolism and adipocyte differentiation (21).
In association with peroxisome proliferation, peroxi-
somal B-oxidation system enzymes, which consist of
three enzymes, namely H,O,-generating fatty acyl-
CoA oxidase (AOX), enoyl-CoA hydratase/L-3-
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hydroxyacyl-CoA dehydrogenase (L-bifunctional en-
zyme, L-PBE), and 3-ketoacyl-CoA thiolase (THL),
are dramatically increased (13,21). Mice deficient in
AOX (AOX—/-), the first and rate-limiting enzyme
of this inducible peroxisomal B-oxidation pathway,
initially exhibit extensive microvesicular fatty meta-
morphosis of liver parenchymal cells and inflamma-
tory reaction, and further develop regenerative hepa-
tocytes that display massive spontaneous peroxisome
proliferation. Subsequently, liver tumors develop in
AOX-deficient mice by 15 months of age, a result
similar to sustained induction of PPARo by exoge-
nous peroxisome proliferator (7,19). These results
imply that the deletion of AOX leads to accumulation
of endogenous ligands responsible for the transcrip-
tional activation of PPARa in vivo. The magnitude
of peroxisome proliferation occurring spontaneously
in the liver of adult AOX—/— mice as a result of acti-
vation of PPARo by unmetabolized AOX substrates
is comparable with that induced in the liver of wild-
type mice exposed to exogenous peroxisome prolifer-
ators (4,21). However, due to the inactivation of
AOX gene, the lipid metabolism pathway and associ-
ated biochemical events in AOX—/— mice are obvi-
ously different from wild-type mice exposed to per-
oxisome proliferators. Identifying those differences
will be helpful to the understanding of the molecular
base of this peroxisome proliferation-associated hep-
atocarcinogenesis.

Several gene expression-based methods, such as
PCR-based gene expression screen, differential dis-
play, and subtraction hybridization, have been used
to study the mechanism of peroxisome proliferation-
associated immediate and delayed pleiotropic re-
sponses (1,5). More recently, cDNA microarray tech-
nology has been used to study the full spectrum of
target genes that become activated in response to
PPARo ligands in liver (4). These approaches are pri-
marily focused on changes occurring at the mRNA
level. Recent studies on yeast have revealed that it is
necessary to determine the protein expression level
directly as mRNA levels may or may not correlate
with the protein level (9,12). A proteomics approach
may provide information that could not be obtained
at the RNA level, due to poor correlation between
mRNA and protein levels or due to posttranslational
modifications that may result in several isoforms gen-
erated from one mRNA (19). As part of our effort
to elucidate the molecular mechanism of peroxisome
proliferator-induced hepatocarcinogenesis, we used
proteomics approaches to study global changes of
protein expression and to identify protein targets in-
volved in peroxisome proliferation.

In this study we employed the surface-enhanced
laser desorption/ionization (SELDI) ProteinChip tech-
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nology to determine the differential protein expres-
sion profile between AOX—/— mice and wild-type
mice treated with Wy14,643, a potent peroxisome
proliferator. This recently developed ProteinChip tech-
nology (Ciphergen Biosystems, Inc., Fremont, CA)
couples the sensitive analytical capabilities of mass
spectrometry with novel surface chemistry (8,14,16).
SELDI allows for the accurate mass detection of hun-
dreds of proteins simultaneously down to a level of
a few femtomoles of protein (16). The key compo-
nent of this technology, in addition to the mass spec-
trometer, is the ProteinChip Arrays, which contain
2-mm-diameter adsorptive sample spots. Each of
these sample spots represents either chemically or
biochemically based surfaces enhanced for affinity
capture of a population of proteins of defined chemi-
cal nature. After removal of unbound proteins and
interfering substances, the molecular masses of the
proteins retained on the ProteinChip Array are deter-
mined by laser desorption time-of-flight mass spec-
trometry analysis, resulting in a “protein profile” that
is specific to the sample condition. Differences in
protein composition between different status are fur-
ther analyzed by ProteinChip Software (Ciphergen
Biosystems) (16). The SELDI ProteinChip Biology
System has been used successfully in discovery of
biomarkers, including bladder carcinoma (28), Alz-
heimer’s disease (2,6), and prostate cancer (30,31),
etc. In this study, we applied SELDI ProteinChip
technology in profiling mouse liver proteins and fur-
ther identified major urinary protein (MUP) as a bio-
marker of peroxisome proliferation. By comparison
with one-dimensional and two-dimensional gel elec-
trophoresis approaches, the advantages and disadvan-
tages of SELDI ProteinChip technology are also ad-
dressed.

MATERIALS AND METHODS
Animals

Wild-type [C57BL/6JO0 and AOX-null (AOX—/—]
(7) male mice, 3—4 months of age, were housed in a
controlled environment with a 12-h light/dark cycle
with free access to water and standard laboratory
chow. For positive control, peroxisome proliferator
Wy-14,643 (0.125%, W/W) was administered to
wild-type mice in powdered diet ad libitum for 2
weeks. Control (wild-type) mice received 0.15 ml of
dimethyl sulfoxide by gavage, which was used as the
solvent for Wy-14,643. All animals were sacrificed
by terminal anesthesia, and the liver tissue was kept
at —80°C before preparation of protein samples by
homogenization. All animal procedures used in this
study were reviewed and approved by the Institu-
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tional Review Board for Animal Research of North-
western University.

Protein Sample Preparation and Electrophoresis

Individual mouse livers were homogenized sepa-
rately in 5 ml of homogenization buffer (10 mM Tris-
HCI, pH 7.4, 0.25 M sucrose, | mM EDTA, 1 mM
PMSF, 2.5 mg/ml Aprotinin, antipain, and leupeptin)
on ice using a potter-type homogenizer with 15 strokes.
The homogenates were pooled by treatment group
and centrifuged at 25,000 X g for 15 min and the su-
pernatants were collected. Protein concentrations of
each group were determined using BCA protein assay
(Pierce, Rockford, IL), and the final concentration
was adjusted to 20 mg/ml using the homogenization
buffer. The protein samples were aliquoted to 100 pl
each and frozen at —80°C before use. For standard
(1D) sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis, 75 ug of pro-
tein was loaded onto each lane of gels prepared by
standard techniques or purchased from Invitrogen
(Carlsbad, CA). For 2D gel analysis, the pooled sam-
ples were labeled by fluorescent dyes as described
elsewhere (27). Briefly, 300 pg of protein from each
pooled sample was diluted to a final volume of 200
ul of labeling buffer (7 M urea, 2 M thiourea, 4%
CHAPS in 10 mM HCI, pH 9.0). Three cyanine dyes
(Cy2, Cy3, and Cy5, from Amersham Biosciences,
Piscataway, NJ) were used to label three groups of
the liver protein (Wt, AOX—/—, and Wy14,643 treated),
respectively, in a ratio of 50 pug protein/200 pmol dye
for 30 min. The reaction was terminated by 10 mM
lysine and the labeled proteins were mixed together
with the addition of Pharmalyte (pH 3-10) (Amers-
ham Biosciences) to 0.5% and dithiothreitol to 10
mg/ml. The mixture was applied to Immobiline
DryStrips (24 cm, pH 4-7 and pH 3-10, Amersham
Biosciences) with a total of 120 KVH isoelectric fo-
cusing. The second dimension was carried out with
10% SDS-PAGE gels, and gel images were generated
using 2920-2D Master Imager (Amersham Biosci-
ences).

Protein Identification by MS

Bands from 1D gels and spots from 2D gels were
processed for mass spectrometric analysis following
a modified procedure originally developed by Shev-
chenko et. al. (26). Briefly, gel pieces from 1D and
2D gels stained with Coomassie or SyproRuby, re-
spectively, were destained first by using two changes
of equal volumes of 25 mM ammonium bicarbonate
and 50% acetonitrile. Destained gel pieces were
dried, then rehydrated in 25 mM ammonium bicar-
bonate buffer containing 12.5 pg/ml trypsin (Pro-
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mega, Madison, WI) and incubated overnight at 37°C
to generate tryptic fragments. Resulting tryptic pep-
tides were extracted from the gels by one change of
25 mM ammonium bicarbonate and 50% acetonitrile
and two changes of 5% formic acid and 50% acetoni-
trile. The extracts were then analyzed by micro liquid
chromatography electrospray ionization tandem mass
spectrometry (L LC-ESI-MS/MS) as described by
Yates et al. (10,32). Briefly, samples containing tryp-
tic peptides were loaded onto a fritless 365 X 100 um
fused silica capillary (FSC) column, packed with 5
um Zorbax XDB-C18 packing material (Agilent
Technologies, Palo Alto, CA) at a length of 7 cm.
During MS data collection, the flow rate at the tip
was maintained at about 300 pl/min using a precol-
umn restriction column. The tryptic peptides from
Coomassie-stained 1D gels were separated by a 30-
min linear gradient of 0—-60% solvent B (80% aceto-
nitrile/0.02% heptafluorobutyric acid) whereas the
peptides from SyproRuby-stained 2D gels were sepa-
rated by a 60-min linear gradient of 0-60% solvent
B. Separated peptides were electrosprayed and
entered a LCQ Deca ion-trap mass spectrometer
(ThermoFinnigan, San Jose, CA). Tandem mass
spectra were automatically collected in data-depen-
dent mode with the top three most abundant ions
from a full MS scan. Resultant MS/MS spectra were
used directly to search a mammalian subset of the
NCBI nonredundant database with SpectrumMill
(Millennium Pharmaceuticals, Inc. Cambridge, MA)
database search engine.

SELDI Protein Analysis

Three types of ProteinChip Arrays, strong anion
exchange (SAX2), weak cation exchange (WCX2),
and immobilized metal affinity capture (IMAC3), all
from Ciphergen Biosystems, were used for liver pro-
tein profiling according to the manufacture’s proto-
cols. The IMAC3 arrays were chelated with nickel
(IMAC3-Ni) or copper (IMAC3-Cu), respectively,
for capturing metal-binding proteins. Mouse liver
protein samples (20 pg/ul) were diluted to a final
concentration of 1 pg/ul with respective array bind-
ing buffers (SAX2: 50 mM Tris-HCI, 0.05% Triton-
100, pH 8.0; WCX2: 50 mM NaOAc, pH 4.5;
IMAC3: 250 mM NaCl, 100 mM sodium phosphate,
0.05% Triton-100, pH 7.2). After equilibration with
respective binding buffer, each array spot was loaded
with 5 ul of the diluted sample and incubated at room
temperature in a humidified environment for 30 min.
The unbound sample was removed and the array was
washed three times in a 15-ml Corning tube with 8
ml of the same binding buffer to remove nonspecific
binding. The ProteinChip Array was quickly rinsed
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with 8 ml of 1 mM HEPES (pH 8) before air drying
and each spot was loaded twice with 0.5 pl of satu-
rated sinapinic acid solution (SPA) in 50% acetoni-
trile (v/v) containing 0.5% trifluoroacetic acid (v/v).
The ProteinChip Arrays were then read by a Protein-
Chip Reader (Ciphergen Biosystems).

The reader was calibrated with the “All-in-1" pep-
tide standard (Ciphergen) and each spot was scanned
for both low mass region (high mass to 30000 Da,
optimized from 1000 to 20000 Da, starting laser in-
tensity 255) and high mass region (high mass to
200000 Da, optimized from 25000 to 65000 Da, start-
ing laser intensity 300). The TOF mass spectra were
collected and analyzed using Ciphergen’s Protein-
Chip Software 2.1b. Peaks with signal/noise ratio of
at least 3 were considered meaningful. Each sample
was duplicated in two spots in the same array and the
experiments were repeated three times.

Identification of Major Urinary Protein (MUP) by
SELDI ProteinChip System

The MUP was enriched from the original mouse
liver lysate and semipurified using micro spin col-
umns. To prepare micro spin columns, 100 pul of
QAE Sephadex A-50 (Amersham Biosciences) pre-
equilibrated with binding buffer (50 mM Na,HPO,,
pH 7) was packed in Micro Bio-Spin columns
(BIO-RAD, Hercules, CA). For each treatment group,
1.6 mg of the original liver lysate was diluted into
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200 pl of binding buffer and loaded on a micro spin
column. The binding was carried out for 15 min in a
cold room with gentle shaking. Unbound proteins
were washed from the column with the same binding
buffer (3 washes, 200 pl each wash) to minimize con-
tamination. The bound proteins were eluted with 200
ul of elution buffer (50 mM NaOAc) at pH 5, 4, and
3, respectively. For analysis, 1 pl of each fraction
was loaded directly on a normal phase array (NP1,
Ciphergen) spot and air dried. After addition of 0.5 ul
SPA, the array was read in the ProteinChip Reader.
Fractions eluted at pH 4 and pH 3 were further sepa-
rated by 4-20% SDS-PAGE gels and an 18.7 kDa
wild-type mouse-specific band was excised for in-gel
tryptic digestion according to a protocol suggested by
Ciphergen. The resultant tryptic peptides were re-
solved by the ProteinChip Reader and analyzed by
the ProteinChip Software. The protein ID was ob-
tained by searching the NCBI database using Pro-
Found search engine (33).

RESULTS

Analysis of Mouse Liver Protein by SDS-PAGE
Coupled With MS/MS

Acyl-CoA oxidase (AOX), along with enoyl-CoA
hydratase/L-3-hydroxyacyl-CoA dehydrogenase (L-
bifunctional enzyme, L-PBE) and 3-ketoacyl-CoA
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Figure 1. SDS-PAGE analysis of mouse liver proteins. Mouse liver homogenates (75 ng) were loaded to each lane of a 10% homogenous
gel and stained with Coomassie Brilliant Blue R-250. Lanes 1-3: control (wild type); lanes 4—6: AOX—/—; lanes 7-9, wild-type treated with
Wyl14,643. Arrows indicate visible differentially expressed protein bands: bl—4, downregulated; b5—7: upregulated.
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thiolase, form the peroxisomal B-oxidation system,
which is responsible for oxidation of long chain and
very long chain fatty acids (13). Mice lacking AOX
(AOX—/-) display massive spontaneous peroxisome
proliferation and further develop hepatocellular carci-
nomas (7). To investigate changes of protein expres-
sion involved in peroxisome proliferation, total liver
protein of AOX-deficient mice was first compared
with control (wild-type) and peroxisome proliferator
Wy-14,643-treated mice by SDS-PAGE analysis. As
shown in Figure 1, four major protein bands (b1-b4),
showed reduced expression in both AOX-null mice
and Wyl4,643-treated mice when compared with
control mice. On the other hand, the intensity of three
abundant protein bands (b5, b6, and b7), with approx-
imate molecular weight of 78, 45, and 26 kDa, re-
spectively, were clearly increased in both AOX-null
mice and Wy14,643-treated mice. LC-MS-MS analy-
sis of these bands revealed protein IDs as shown in
Table 1. Due to the nature of SDS-PAGE, b2, b3,
and b7 were shown to contain multiple protein IDs.
Alternation of protein expression in these three bands
may be due to one of these identified proteins or a
combination. Among those identified proteins, gluta-
thione S-transferase (GST), peroxisomal bifunctional
enzyme (PBE), and peroxisomal 3-ketoacyl-CoA thi-
olase have been reported previously to be related to
peroxisome proliferation (11,15,17,21-25,29). Al-
though the downregulation of carbamyl-phosphate
synthetase 1 in peroxisome proliferator-treated mice
was not reported before, this observation was consis-
tent with the results from 2D gel-coupled LC-MS-
MS analysis (data not shown). The SDS-PAGE cou-
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pled with the MS/MS approach is simple and
straightforward. Yet, due to the limited resolution of
SDS-PAGE separation, a different approach has to be
considered for the analysis of complex samples.

Profiling of Mouse Liver Protein by SELDI
ProteinChip Biology System

The SELDI ProteinChip Biology System combines
protein capture on arrayed surfaces with direct detec-
tion by mass spectrometry. SELDI ProteinChip Sys-
tem has been used for analysis of various types of
biological samples (14,16). To explore the suitability
of this system for mouse liver protein profiling and
further identify protein targets involved in peroxi-
some proliferation, liver sample from control mice
was first used to establish experimental conditions.
Liver lysates of control mice containing 1, 2.5, 5, and
10 pug of protein were loaded on SAX2, WCX2,
IMAC3-Ni, and IMAC3-Cu array spots, respectively,
with duplication. After stringent washes to eliminate
nonspecifically bound proteins, retained proteins
were analyzed by the ProteinChip Reader. Under the
tested condition, 5 pg was the optimal protein load,
which produced the best sensitivity and peak resolu-
tion. Figure 2 displays liver protein profiles of control
mice captured by SAX2, WCX2, IMAC3-Ni, and
IMAC3-Cu arrays in low mass range. With 5 ug of
protein load, prominent peaks occurred between 5
and 20 kDa in low mass range and between 25 and
100 kDa in high mass range (data not shown). While
the strong anion exchange (SAX2) array captured
more peaks than the weak cation exchange (WCX2)

TABLE 1

IDENTIFICATION OF DIFFERENTIALLY EXPRESSED PROTEINS BY LC-MS-MS FROM ONE-DIMENSIONAL
GEL ELECTROPHORESIS OF MOUSE LIVER PROTEINS

MS/MS Database
(# of Matched (NCBI)
Band Peptides) Accession # MW (Da) PI Protein Candidate
1 12 8393186 164580.8 6.33 carbamoyl-phosphate synthase mitochondrial precursor
(CPSASE 1)
2 6 10717134 29366.4 6.89 carbonic anhydrase 3
2 7106389 27855.0 8.59 proteasome subunit alpha type 7 (proteasome subunit RC6-1)
3 3 11120720 24664.8 4.35 membrane associated progesterone receptor component (acidic
25-kDa protein) (25-DX)
2 13879286 22197.4 6.49 similar to biliverdin reductase B (flavin reductase (NADPH))
4 8 10092608 23609.3 7.69 glutathione S-transferase P 1 (GST Class-PI)
5 23 12836375 78243 9.26 peroxisomal bifunctional emzyme (PBE) includes: enoyl-CoA
hydratase; 3,2-trans-enoyl-CoA iosomerase; 3-hydroxyacyl-
CoA dehydrogenase
6 7 6978429 44839.6 8.33 peroxisomal 3-ketoacyl-CoA thiolase
7 14 6754084 25970.2 7.72 glutathione S-transferase GT8.7 (GST 1-1) (GST Class-MU)
6 68423 26712.8 6.90 triosephosphate iosomerase (TIM)
5 3219774 24870.8 5.71 antioxidant protein2
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Figure 2. Surface-enhanced laser desorption/ionization (SELDI) time-of-flight (TOF) mass spectra of wild-type mouse liver proteins cap-
tured by different ProteinChip Array surfaces. SAX2: strong anion exchange; WCX2: weak cation exchange; IMAC3-Cu: immobilized metal
affinity capture-nickel chaleted; IMAC3-Cu: immobilized metal affinity capture-copper chaleted.

array, the IMAC3-Ni affinity array captured more
metal-binding proteins than IMAC3-Cu. A ~15 kDa
protein cluster was captured by IMAC3-Cu and
IMAC3-Ni arrays as the dominant peak and appeared
as a doubly charged peak with molecular mass
of 7507. These results revealed distinct profiles
of proteins captured by four different ProteinChip
Arrays, indicating that different ProteinChip Array
chemical surfaces allow differential capture of pro-
teins according to their unique biochemical proper-
ties.

SELDI-TOF Profiles of AOX-Null Mice Are Similar
to Those of Wyl4,643-Treated Mice

Similar to activation of PPARo by peroxi-
some proliferators, in AOX-null mice liver, some en-
zymes, such as peroxisomal B-oxidation enzymes, are
markedly upregulated and certain others are down-
regulated (4). Comparison of SELDI profiles of
AOX-null mouse liver proteins with the profiles of
control and Wyl4,643-treated mice revealed a simi-
larity between AOX—/— and Wy14,643-treated mice,
but a significant difference from the control mice.
Figure 3 displays SELDI-TOF profiles of SAX2
array and IMAC3-Cu array in selected mass ranges.
Peaks, as indicated by arrows at the molecular mass

of 18685, 59434, 15924, and 78352 Da, respectively,
were found to be substantially different. The 18685-
Da peak of the control mice captured by the SAX2
array was not detectable in AOX—/— and Wy14,643-
treated mice, representing one of the downregulated
proteins. In contrast, the 15924- and 78352-Da peaks
detected in IMAC3-Cu array, along with the 59434-
Da peak found in SAX2 array, showed increased
peak intensities in AOX—/— and Wyl4,643-treated
mice, indicating that these were the upregulated pro-
teins. Notably, the 78352-Da upregulated protein cap-
tured by IMAC3-Cu array showed an elevated ex-
pression level in Wyl14,643-treated mice compared
with AOX-null mice. To further quantitatively ana-
lyze these SELDI profiles, the Biomarker Wizard fea-
ture of the ProteinChip Software was used to com-
pare these captured protein peaks. As summarized in
Table 2, a total of 40 peaks in the mass range be-
tween 4500 and 100,000 Da exhibited more than two-
fold difference among control, AOX-/-, and
Wy14,643-treated mice. These 40 peaks represent a
subset of proteins whose expression levels were al-
tered in AOX—/— and/or Wyl4,643-treated mice in
comparison to the control mice. Among these 40
peaks, 15 of them were downregulated whereas 25 of
them were upregulated. Although the trend of
changes between AOX—/— and Wyl4,643-treated
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Figure 3. SELDI protein profiles of mouse liver proteins. (A) SAX2 array in low mass range; (B) SAX2 array in high mass range; (C)
IMAC3-Cu array in low mass range; (D) IMAC3-Cu array in high mass range. Vertical direction: mass intensity; horizontal direction: mass

charge.

mice was similar, the extent of repression or induc-
tion was not always the same. For example, the
IMAC3-Cu h16 cluster, which was later identified as
the peroxisomal bifunctional enzyme (data not
shown), showed three times higher induction in
Wy14,643-treated mice than in AOX-null mice. On
the other hand, a few peaks, such as WCX11 and
IMAC3-Cul7, showed roughly twice higher peak in-
tensity in AOX—/— mice than in Wyl4,643-treated
mice. Nevertheless, these results revealed similarities
of protein profiles between AOX-null and Wy14,643-
treated mice, which were significantly different from
the control mice. Of these differences found, majorit-
ies were in the 5000-20000-Da mass ranges.

Comparison of SELDI Protein Profiles With
SDS-PAGE Gel

To validate the SELDI profile, we converted mass
spectrum data into a virtual gel format (gel view) by
using the ProteinChip Software and then compared
the gel view with SDS-PAGE results. Figure 4 shows
the gel view of SAX2 and IMAC3-Cu profiles in
comparison with a 4-20% gradient SDS-PAGE gel
profile using the same samples. As arrows indicated,
the 18.7-kDa downregulated and the 78-kDa upregu-
lated proteins were captured by SAX2 and IMAC3-
Cu arrays, respectively. Both proteins appeared in the
same SDS-PAGE gel with expression patterns similar

to those found in the ProteinChip Arrays. In contrast
to the 78-kDa band, which was a prominent band in
Wy14,643-treated mice samples, the 18.7-kDa band
appeared as a faint band in the control mice samples.
These results revealed a correlation between SELDI
and SDS-PAGE gel profiles. The difference is, SDS-
PAGE gel separates total proteins whereas the
ProteinChip Array only captures a subset of proteins.
Thus, if the SELDI ProteinChip Biology System is
used to compare total protein profiles, combinations
of different array surfaces with all possible binding
and washing conditions will be necessary.

Identification of MPU by SELDI

In the SELDI-TOF profiling experiment, a total of
40 peaks exhibited more than twofold changes among
control, AOX—/—, and Wy14,643 mice. In an attempt
to assign biological significance to some of these dif-
ferentially expressed proteins, the control (wild-type)
mouse-specific 18.7-kDa protein captured on strong
anion exchange (SAX?2) array was chosen for protein
identification. The fact that it binds to a strong anion
exchange (SAX2) array surface indicates that the
18.7-kDa protein is negatively charged and can be
purified by an anion exchange column. Hence, QAE
Sephadex A-50 (Amersham Biosciences) resin was
used to make micro spin columns. After preequilibra-
tion, mouse liver lysates from each treatment group
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TABLE 2

DIFFERENTIALLY EXPRESSED PROTEIN CLUSTERS IDENTIFIED BY SELDI FROM SAX,
WAX, IMAC-Cu, AND IMAC-Ni ARRAYS

Peak Intensity

Cluster ID* M/Z wt AOX—/— wt + Wy Trend
SAXI1 4577 5.2 — - down
SAX2 4651 9.4 1.3 1.9 down
SAX10 9338 5.9 2 2 down
SAX11 9358 4.7 0.7 0.6 down
SAXI13 9749 1.3 3 6.5 up
SAX15 12954 3.1 3.4 7 up
SAX16 14986 1.5 1.8 34 up
SAX19 15920 0.7 1.5 44 up
SAX20 18685 4.5 - - down
SAXh10t 45105 3.0 5.1 5 up
SAXh14+ 59434 2.5 43 4.8 up
SAXhl16t 84911 0.4 - \—- down
WCX2 3648 15.2 48.3 39.8 up
WCXS5 5451 7.7 319 28.1 up
WCX8 6588 8.9 332 29.1 up
WCX9 6645 8.1 33 31.3 up
WCX11 6991 11.2 49 227 up
WwCX14 7589 34 20.4 16.5 down
WCX21 9542 43 - - down
wCX24 10134 14.8 22 46.3 up
WCX25 10889 79 14.9 19.7 up
WCX35 19948 4 8.7 144 up
WCXh6 55822 - 0.8 0.4 up
WCXh9 76601 0.5 1 0.7 up
IMAC-Cu2 5816 33 1.3 0.8 down
IMAC-Cu5 6716 9.8 7.6 4.6 down
IMAC-Cu9 7993 6.5 249 22 up
IMAC-Cul4 11117 1.5 7.4 4.8 up
IMAC-Cul7 12378 0.4 9.2 4.7 up
IMAC-Cul8 13777 0.7 5.2 4.5 up
IMAC-Cu22 15924 9.5 22 20.3 up
IMAC-Cu24 17812 0.6 2 4.1 up
IMAC-Cuhl6F 78352 0.5 8.3 40 up
IMAC-Cuh17+ 93529 - 1.8 4 up
IMAC-Nil 6293 15.2 11.6 2.4 down
IMAC-Ni2 6558 7.4 4.1 1 down
IMAC-Ni3 7097 4.8 2.4 1 down
IMAC-Nill 11912 1.6 1.5 34 up
IMAC-Nil3 14179 4.1 2.1 04 down
IMAC-Ni19 17626 2.5 1.6 - down
IMAC-Nih8+ 78367 — 0.9 10.2 up

*The ID was assigned based on mass orders from low to high on each ProteinChip Array; peaks with

greater than twofold changes are listed.
fThese peaks are from high mass range.

were loaded on the micro spin columns and unbound
proteins were washed away. Bound proteins were
then eluted stepwise with buffers at descending pH.
Direct SELDI-TOF analysis of the elutions at pH 3
from control, AOX-null, and Wy14,643-treated mice
samples on NP1 array (Ciphergen) revealed a 18689-
Da peak only presented in the control sample (Fig.
5A). Accordingly, SDS-PAGE analysis of the same
elution revealed a control mouse-specific 18.7-kDa

protein band (Fig. 5B). Although there were other
proteins found in the same elution, clearly, the 18.7-
kDa protein was enriched and other components were
appreciably reduced compared with the total mouse
liver proteins separated by the same gradient SDS-
PAGE gels (Fig. 40).

For protein identification, the enriched 18.7-kDa
protein band was excised and half of the gel slice was
subjected to in-gel digestion and protein identifica-
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Figure 4. Comparison of SELDI protein profiles with SDS-PAGE protein profile. (A) Virtue gel format (gel view) of SELDI protein profile
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type; lanes 3 and 4: AOX—/—; lanes 5 and 6: wild-type treated with Wy14,643. Arrows indicate the differentially expressed proteins of 18.7
and 78 kDa identified by SELDI ProteinChip System and SDS-PAGE, respectively.
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Figure 5. Partial purification and characterization of the PP-downregulated 18.7-kDa protein. Mouse liver homogenates of wild-type, AOX—/—,
and wild-type treated with Wy14,643 were loaded to micro spin columns filled with QAE Sephadex A-50 resin. After washing to remove
nonspecific banding, the bound proteins were eluted and subjected to SELDI-TOF protein profiling on NP1 array (A) or SDS-PAGE analysis
(B). Note that the 18.7-kDa protein was found only in the wild-type mouse liver.
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tion using SELDI ProteinChip Biology System. Ac-
cording to Ciphergen’s User Guide, the resultant
tryptic peptides were resolved by the ProteinChip
Reader and analyzed by the ProteinChip Software.
Using ProFound search engine to search the NCBI
protein database, eight peptides from the tryptic di-
gestion matched a 166-aa mouse major urinary pro-
tein (MUP) (3) with 54% coverage (Table 3). To con-
firm the SELDI result, the other half of the gel slice
was subjected to LC-MS-MS analysis and the same
protein identification was obtained (data not shown).
In addition, the downregulation of mouse MUP in
AOX-null and peroxisome proliferator-treated mice
was also previously detected at the mRNA level
(1,5). This evidence supports a conclusion that the
detection and identification of MPU as a downregu-
lated protein in AOX-null and Wyl4,643-treated
mice by SELDI ProteinChip Biology System are reli-
able.

Characterization of MUP by 2D gel and LC-MS-MS

To further characterize MUP, mouse liver lysates
from control, AOX-null, and Wy14,643-treated were
analyzed by 2D gel electrophoresis. Figure 6 displays
the results of which the first dimension was isoelec-
trically focused by pH 4-7 IPG strips and the second
dimension was separated by 10% SDS-PAGE gels.
Arrows indicate three protein spots named P1, P2,
and P3, which were only seen in the control mice.
The molecular weights of these three spots were the
same, approximately 19 kDa. However, their pls
were slightly different, at about 4.8, 4.9, and 5.0, re-
spectively. The expression pattern of these three spots
along with their molecular weight and pl nature led
to a suspicion that these three spots might be MUPs.
Therefore, P1, P2, and P3 were excised from the 2D
gel and analyzed by LC-MS-MS. Database searches
indicated that these three spots, indeed, were different
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forms of MUP, as shown in Table 4. Interestingly, all
three spots that were very well separated by 2D gels
at pl ranging from 4 to 7 matched the same gene
sequences of MUP1 in mouse and alpha-2u-globulin
I precursor in rat with an exception that only P2
matched MUP2. There are three MUP mRNAs spe-
cies (I, II, and III) found in mouse liver as a result of
polymorphic multigene family (3). Although our
LC-MS-MS identification was based on amino acid
sequences, we were not able to obtain complete
amino acid sequence information from these three
MUP spots. It is not clear if the difference in pls is
due to different amino acid sequences or caused by
posttranslational modifications. However, our results
indicate that they are all downregulated in AXO—/—
and Wyl4,643-treated mice, suggesting these three
MUP isoforms are regulated by the same mechanism.

DISCUSSION

This study applied SELDI ProteinChip technology
to examine liver protein profiles of wild-type, AOX—/—,
and Wyl4,643-treated mice. As an initial screen,
SELDI-based analysis offers clear advantages over
more conventional SDS-PAGE methodologies in that
it is capable of easily and rapidly screening large
numbers of biological samples, no initial processing
(chromatographic and/or electrophoretic) is required
and only a small sample volume is needed for each
analysis.

Using SELDI technology and a standard panel of
four different chemically based ProteinChip Arrays,
40 differentially expressed protein peaks were ob-
served from liver extracts of wild-type and AOX—/—
or Wyl14,643-treated mice. The molecular masses of
these differentially regulated species ranged from
4577 to 93529 Da, with the majority of them (80%)
being less than 20000 Da. In contrast, using a 1D

TABLE 3

PEPTIDE FRAGMENT FROM THE TRYPSIN DIGESTION OF THE PARTIALLY PURIFIED SAX20 PEAK MATCHED
WITH MUP (NCBI ACCESSION #494384, SEARCHED BY PROFOUND)

Residues
Measured Avg/ Error Missed
Mass (M) Mono  Computed Mass (Da) Start To Cut Peptide Sequence
1752.672 A 1752.991 -0.319 19 33 1 INGEWHTIILASDKR
1894.572 A 1895.273 —-0.701 44 59 0 LFLEQIHVLENSLVLK
2009.362 A 2010.187 —-0.825 81 98 0 AGEYSVTYDGFNTFTIPK
2031.492 A 2030.250 1.243 150 166 2 ENIIDLSNANRCLQARE
2047.892 A 2049.209 -1.317 1 18 1 CVHAEEASSTGRNFNVEK
2470.912 A 2471.727 -0.815 114 135 1 DGETFQLMGLYGREPDLSSDIK
2486.562 A 2484.798 1.764 13 33 2 NFENVEKINGEWHTIILASDKR
3626.942 A 3627.997 —-1.055 1 32 2 CVHAEEASSTGRNENVEK

INGEWHTIILASDK
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Wyl4,643

Figure 6. 2D gel electrophoresis of mouse liver proteins. Mouse liver homogenates of wild-type (A), AOX—/— (B), and wild-type treated
with Wy-14,643 (C) were first separated by isoelectric focusing (horizontal axis, pH 4—7) and further separated by 10% SDS-PAGE (vertical
axis), which stretches from approximately 15 kDa (bottom) to about 120 kDa (top). Arrows indicate the PP-downregulated 18.7-kDa triple

spots.

SDS-PAGE approach, only seven bands could be
identified as differentially expressed proteins from
the same samples. This difference may be explained
in that SDS-PAGE is typically insensitive to proteins
in the low mass range, the mass region where SELDI
excels.

Using SELDI and SDS-PAGE as complementary
technologies, the 18.7-kDa protein that was found to
be downregulated in AOX—/— and Wy14,643-treated
mice by SELDI analysis was enriched and semipuri-
fied by a predictive spin column approach. Based
on the retention characteristics learned from SAX2
ProteinChip Arrays, the binding and elution charac-
teristics were predicted in a preparative scale anionic
exchange column. This provided an 18.7-kDa prepa-
ration that was simplified enough to allow for final
purification on a 1D SDS-PAGE followed by identi-
fication by mass fingerprinting using the ProteinChip
System. This protein was identified as MUP and fur-
ther confirmed by subsequent LC-MS-MS analysis.

When comparing the SELDI ProteinChip Biology
System and 2D SDS-PAGE coupled with LC-MS-MS,
it becomes clear that the two technologies are com-
plementary. Both technologies were able to distin-
guish the 18.7-kDa protein species as differentially
regulated in wild-type vs. AOX—/— or Wyl14,643-
treated mice. Although SELDI analysis provided for
rapid discovery, validation, and preparative purifica-
tion leading to final identification, 2D-SDS-PAGE
data further revealed that three different isoforms of
MUP were present. Additionally, SELDI analysis
provides exceptional screening potential in the low
mass range, an area traditionally difficult by SDS-
PAGE analysis.

In mouse urine, up to 15 MUP forms with pI rang-
ing from 4.6 to 5.3 have been observed. Although
different isoforms can be attributed to polymorphism
of the MUP genes, the contribution of posttransla-
tional modifications cannot be ruled out (3). It is not
clear, at present, how these three forms of liver MUP

TABLE 4

IDENTIFICATION OF THE “TRIPLE” SPOTS FROM 2D GEL BY LC-MS-MS

MS/MS
(# of Matched Database (NCBI)
Spot # Peptides) MW (Da) pl Accession # Protein Identity
P1 4 20649.5 4.89 72073 alpha-2u-globulin I precursor or
20648.6 5.04 127527 major urinary protein 1 precursor (MUP 1)
P2 8 20663.6 5.04 127527 MUP 2 or
20648.6 5.03 13654245 MUP 1 or
20649.5 4.89 72073 alpha-2u-globulin I precursor
P3 6 20648.6 5.03 13654245 MUP 1 or
20649.5 4.89 72073 alpha-2u-globulin I precursor
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correlate to the different isoforms of urine MUP.
Once a correlation is established, MUP may serve as
a prime biomarker of peroxisome proliferation in tox-
icology studies.

In conclusion, the data presented here demonstrate
the applicability of SELDI for differential profiling
of mouse liver proteins and the potential of this tech-
nique for the identification of marker proteins to aid
in the prediction of toxicological effects during pro-
cedures such as drug development. As a proof of
principle, we have identified one of the peaks in the
SELDI protein profiles (i.e., that at 18.7 kDa) as
MUP. Application of the SELDI ProteinChip tech-
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nology to studies of peroxisome proliferation has the
potential to advance this field, making SELDI Pro-
teinChip technology an important predictive and di-
agnostic tool.
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