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Abstract

Liver cells absorb apolipoprotein (Apo) B48-carrying lipoproteins in ApoE’s absence, albeit not as efficiently as
the ApoE-mediated process. Our objective was to identify differentially expressed hepatic endosome proteins in
mice expressing ApoB48 but lacking ApoE and ApoB100 expression (ApoE-/-/B48/48). We purified early and late
endosomes from ApoE-/-/B48/48 and wild-type mouse’s livers. In ApoE-/-/B48/48 mouse’s hepatic endosomes,
proteomic analysis revealed elevated protein levels of major urinary protein 6 (MUP), calreticulin, protein disulfide
isomerases (PDI) A1, and A3. These proteins are capable of interacting with lipids/lipoproteins and triggering receptor-
mediated endocytosis. In addition, hepatic endosomes from ApoE-/- /B48/48 mice exhibited significantly reduced protein
levels of haptoglobin, hemopexin, late endosome/lysosome interacting protein, cell division control protein 2 homolog,
y-soluble Nethylmaleimide- sensitive factor attachment protein, vacuolar ATP synthase catalytic subunit A1, dipeptidyl
peptidases IlI, cathepsin B, D, H, and Z. These proteins participate in plasma heme clearance, receptor-mediated
signaling, membrane fusion, endosomal/lysosomal acidification, and protein degradation. The significance of increasing
endosomal MUP, calreticulin and PDls in ApoE-/-/B48/48 mouse liver cells is not clear; however, reducing endosomal/
lysosomal membrane proteins and hydrolases might be, at least partially, responsible for the retarded clearance of

\plasma ApoB-carrying lipoproteins in ApoE-/-/B48/48 mice.

-

Keywords: Endosomes; Apolipoprotein E; Apolipoprotein B48;
Lipoproteins; Proteomics

Introduction

Apolipoprotein (Apo) E and ApoB100 are two important protein
components of the ApoBcarrying lipoproteins. These proteins
interact with the low-density lipoprotein receptors (LDLRs) and the
LDLR-related proteins (LRP) (Havel and Hamilton, 2004). After binding
ApoBcarrying lipoproteins, LDLRs migrate to the plasma membrane’s
coated pits, where they undergo endocytosis to form endocytic
vesicles. The vesicle fuses into the early endosomes, where the low-
pH environment triggers bound lipoprotein particle release. LDLRs
subsequently return to the cell surface via receptor recycling. The
lipoproteins are then transported, within endosomes, to lysosomes,
where lipoproteins are degraded (Havel and Hamilton, 2004).

In an ApoE deficiency, the remnants of ApoB100-carrying
lipoproteins (e.g. LDL) can still be absorbed by cells through the
ApoB100: LDLR interaction. However, the lipoprotein remnants
carrying ApoB48 (e.g. chylomicron remnants) do not have a ligand
for LDLRs and therefore cannot be internalized via the endocytic
pathway mediated by these receptors. These events lead to an
increased plasma level of ApoB-carrying lipoproteins. For example,
homozygous mutations in human ApoE gene (homozygosity for
ApoE2) causes familial type Il hyperlipoproteinlemia (Mahley et
al., 1999). Similarly, mice deficient in ApoE gene (ApoE--) or mice
expressing ApoB48 but lacking ApoE and ApoB100 (ApoE-+/B48/48)
develop hypercholesterolemia due to increased ApoB48-carrying
lipoproteins (Piedrahita et al., 1992; Guo et al., 2002; Farese et al.,
1996). Interestingly, hypercholesterolemia observed among ApoE-/-
(Piedrahita et al., 1992; Guo et al., 2002) and ApoE-~/B48/48 mice
(Farese et al., 1996), fed a normal chow diet, is maintained within
narrow limits (between 400 and 600 mg/dl), despite the continuous
generation of ApoB48-carrying lipoproteins from the intestine and the
liver. Apparently, during ApoE’s absence there are other pathway(s)
meditating the removal of ApoB48-carrying remnants from circulation,
albeit not as efficiently as the ApoE-mediated process. There have
been studies that demonstrate ApoE-independent pathway(s)
mediating the uptake of ApoB48-carrying lipoproteins. For example,

Magoori et al. (2003) reported mice with double deficiencies in
ApoE and LRP-5 displayed severe hypercholesterolemia because of
increased ApoB48-carrying remnants, as compared to mice lacking
ApoE alone (Magoori et al.,2003). However, a LRP-5 deficiency alone
had no significant effect on the plasma cholesterol level. These results
suggest LRP-5 mediates an ApoE-independent catabolism of plasma
lipoprotein remnants. In previous work from our laboratory, we
observed that superimposing the heterozygous ataxia-telangiectasia-
mutated gene (ATM) mutation onto an ApoE deficiency background
(ATM+/-/ApoE-/-) increased plasma cholesterol and ApoB48 levels
(Wu et al., 2005). In addition, ATM+/-/ApoE-/- mice showed slower
clearance for plasma apoB48-carrying lipoproteins, as compared to
the ApoE-/- control mice. However, mice with a heterozygous ATM
mutation alone did not significantly increase their plasma cholesterol
levels (Wu et al., 2005). These observations suggest ATM plays a role
in the ApoE-independent pathway(s) resulting in ApoB48-carrying
remnant catabolism.

Previous studies show the liver is the primary organ to remove the
ApoE-deficient ApoB48- carrying lipoproteins from circulation (Wu et
al., 2005; Yu et al., 2000). To identify proteins specifically involved
in ApoE independent mechanisms for ApoB48-carrying lipoprotein
endocytosis, we applied a proteomic technique comparing the
protein profile of the hepatic endosomes obtained from wild-type
mice and ApoE-~/B48/48 mice, which excluded ApoE/ApoB100-
dependent endocytosis. Our results identify differentially expressed
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proteins from endosomes obtained from ApoE-/-/B48/48 mice and
wild-type controls. We also discuss the possible involvement of these
proteins in endocytosis.

Materials and Methods
Animals

ApoE-/-/B48/48 and 129vEv wild-type mice were obtained from
Jackson laboratory (Bar Harbor, ME). The ApoE-/-/B48/48 mice were
generated by crossbreeding ApoE-/- mice with ApoB48/48 mice.
ApoB48/48 mice were generated by Farese, et al. (1996). ApoE-/- mice
were generated by Piedrahita et al. (1992). ApoB48/48 and ApoE-
/- mice were generated using embryonic stem cells from 129-strain
mice. ApoE-/-/B48/48 and wild-type mice were fed a chow diet
containing approximately 5% fat and 19% protein by weight (Harlan
Teklad, Madison, WI). At 3-4 months of age, mice were anesthetized
as described previously (Guo et al., 2002). After being perfused
with ice cold phosphate buffered saline (25ml), the mouse liver was
removed for endosome isolation.

Endosomal fractions isolation

Mouse liver endosomal fractions were isolated as described
by Casciola-Rosen et al. (1992), with modifications. Mouse livers
were homogenized in 20% (w/v) homogenization buffer containing
0.25 M sucrose, 3 mM imidazole (pH 7.4), 1.7 nM antipain, 2nM
leupeptin, and 1 mM phenymethylsulfonyl fluoride. The homogenate
was centrifuged sequentially at 460 xg for 10 min, 24,000 xg for 8
min, and 100,000 xg for 90 min. The resulting microsomal pellet
was resuspended in homogenization buffer (1 g of starting liver/ 2
ml homogenization buffer). Suspension was diluted with an equal
volume of 2 M sucrose and successively overlaid with 1 M, 0.86 M,
0.6 M, and 0.25 M sucrose solutions. After centrifugation at 100,000
xg for 3.5 h (SW 28 rotor, Beckman L7-55), three distinct fractions
with an average density of 1.06, 1.09, and 1.12 g/ml were obtained.
The 1.06 and 1.09 fractions were pooled to yield late endosomes and
the 1.12 g/ml fraction contained early endosomes. Early endosomes
contain the following contaminations (expressed as a percentage
of the total homogenate value): 3% plasma membranes and 1.8%
lysosomes; while the late endosomes were contaminated with 1%
plasma membranes and 0.5% lysosomes (Casciola-Rosen et al., 1992).

Protein extraction and quantification

Endosomal proteins were extracted by a dual precipitation
procedure. First, endosomal fractions were suspended in 20% TCA
with 20 mM DTT (1 g of starting liver/ 2 ml 20% TCA). The suspension
was allowed to precipitate on ice for 2 h and centrifuged at 1000
xg for 10 min (Beckman TJ-6R, Beckman Instruments). The resulting
pellet was suspended in acetone with 20 mM DTT (1 g of starting
liver/ 2 ml acetone). Proteins in the suspension were precipitated at
-20°C for 4 h and pelleted by centrifugation at 1000 xg for 5 min.
Residual acetone was removed by lyophilization. The protein pellet
was solubilized in lysis buffer (30 mM Tris, 8 M Urea. 2 M thiourea, 4%
(w/v) CHAPS, pH 8.5), sonicated at 100 W for 30 s, and centrifuged at
25,000 xg for 1 h. Protein supernatant concentrations were measured
in triplicate by a 2-D Quant Kit (Amersham Biosciences, Piscataway,
N)).

Cydye labeling and 2-D gel electrophoresis

CyDye DIGE fluors (Amersham Biosciences) were used to label
protein. Twelve protein samples were examined, i.e. three for each
early and late endosome samples obtained from ApoE-/-/B48/48 and
wild-type mice. Each endosome sample was pooled from three mice.

250 ug protein aliquots were randomly labeled with 200 pmol of
either Cy3 or Cy5. A mixed internal standard methodology described
by Alban et al. (2003) was used in this study, i.e. 125u g protein
aliquots from each of the 12 samples were pooled and labeled with
1200 pmol Cy2. Thereafter, 250 ug of Cy3- and Cy5-labeled protein
sample was mixed with Cy2-labeled sample (250 ug). The tripartite-
labeled samples were passively rehydrated into a 24-cm immobilized
pH gradient (IPG) strip (pH 4-7) (Amersham Biosciences), followed
by simultaneous isoelectric focusing using an Ettan IPGphore II IEF
System (Amersham Biosciences). The IPG strips were then placed on
top of a 4-16% gradient SDSpolyacrylamide gels (PAGE). Samples were
simultaneously subjected to 2D-electrophoresis, at 5 W/gel for 30
min followed by 17 W/gel for 5 h. The Cy2-, Cy3-, and Cy5- distributed
fluorescence on each gel was individually imaged with mutually
exclusive excitation/emission wavelengths of 480/530 nm, 520/590
nm and 620/680 nm using a Typhoon 9410 laser scanner (Amersham
Biosciences). Three protein-spot maps were obtained per gel. To
pick protein spots of interest, gels were post-stained with SYPRO
Ruby (Molecular Probes, Eugene, OR) according to the manufacture’s
recommendations. SYPRO Ruby image was visualized by 457/610 nm
wavelengths using the Typhoon laser scanner.

2-D gel data analysis

Sample’s protein abundance was determined by cy-dye
fluorescence intensity. Computer software (DeCyder biological
variation analysis module; Amersham Biosciences) was used to
simultaneously match all 18 protein-spot maps from 6 gels. Spot
abundances were compared by analyzing the ratios between ApoE-
/-/B48/48 early endosomes and wild-type early endosomes, ApoE-/-/
B48/48 late endosomes and wild-type late endosomes, ApoE-/-/B48/48
late and early endosomes, as well as, between wild-type late and
early endosomes. In addition, an unpaired student’s t-test p-value
was calculated for each comparison.

In-gel digestion and mass spectrometry analysis

Proteins of interest were excised with an Ettan Spot Picker
(Amersham Biosciences). The gel spots were digested with 15 pl
porcine modified trypsin protease (Promega, Madison, WI). The
tryptic peptides were extracted from the gel plugs, reconstituted in
10 ul 0.1% trifluoroacetic acid, desalted, and concentrated into 2 pl
50% acetonitrile, 0.1% trifluoroacetic acid using C18 ZipTip pipette
tips (Millipore, Bedford, MA, USA). Peptide eluate (1pnl) was mixed
with 1 pl of a-cyano-4-hydroxycinnamic acid matrix (Sigma Chemical
Co., St. Louis, MO). The mixture was applied to a MALDI target. An
overlaid MALDI-TOF-mass spectrometry was performed on a Voyager
DE STR (Applied Biosystems, Foster City, CA). Peptide mass maps
were acquired in reflectron mode (20 KeV accelerating voltage) with
150 ns delayed extraction, averaging 1000 laser shots per spectrum.
Trypsin autolytic peptides (m/z = 842.51 and 2211.10) were used
to internally calibrate each spectrum to within a mass accuracy of
20 ppm. Individual ions from each spectrum were inspected for
resolution and isotopic distribution. lons specific for each sample
(discrete from background and trypsin-derived ions) were used to
interrogate mouse sequences entered in the SWISS-PROT databases
using the MASCOT (www.matrixscience.com) database search
algorithms. Protein identifications from MALDI-TOF peptide mass
maps are based on the tryptic peptide masses.

Western blotting

Western blot analyzed protein disulfide isomerases (PDIs) and
cathepsin B protein levels in whole liver and liver endosomal fractions.
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Mouse liver endosomes were prepared as described above. For  Single protein displays multiple spots in 2-D gel
preparation of liver total proteins, mouse liver was homogenized in
20% (w/v) homogenization buffer containing 20 mM Tris-Cl, 2% SDS and
protease inhibitor cocktail. Homogenates were centrifuged at 14,000
rpm, 10 min at 4°C. Supernatants containing 5 or 20 ug proteins, with
same amount of endosomal proteins, were separated on a 10% SDS-
PAGE for detection of PDIs and cathepsin B, respectively. Proteins
were transferred to polyvinylidene difluoride (PVDF) membranes
using a semidry transfer system (Bio-Rad Laboratories, Hercules,
CA). After blocking with 5% BSA, the membrane was immunoblotted
with mouse PDIs and cathepsin B antibodies. Membrane was then
incubated sequentially with a horseradish peroxidase-conjugated
secondary antibody and ECL Plus Western Blotting Detection System
(Amersham Biosciences). Protein fluorescence signal was detected
using the Typhoon laser scanner and quantified using an image
analysis system (ImageQuant, Amersham Biosciences).

By mass spectrometry analysis, interpretable peptide mass
fingerprints were obtained for 50 proteins spots, accounting for
35 individual proteins (Table 1). The multiple spots corresponding
for a single protein in a 2-D gelelectrophoresis might represent
different post-translational modifications (Witzmann et al., 1994).
For example, protein phosphorylation might cause a slight isoelectric
point (pl) change, shifting the protein to the acidic end of the pH
gradient gel. Therefore, a spot at the basic end of the isoform string
might represent the unmodified protein (Witzmann et al., 1994). In
this report, 9 proteins displayed more than one spot in 2-D gels. In
most of the cases, multiple spots for a single protein show a similar
molecular weight (MW) but a different pl. For example, ApoAl, ApoE,
cathepsins D, and Z were present in two spots; while albumin, PDI-A1,
and A3 were found in three spots (Table 1 and Figure 2). Interestingly,
modifications such as phosphorylation are known to occur in the
Results aforementioned proteins (Beg et al., 1989; Raftery et al., 2005; Sakai
et al., 2003; Faust et al., 1987). In this report, we identified cathepsin
B at three spots, two with MW of about 37 kDa and one spot with

We used 2-D analysis to identify differentially expressed proteins a MW of about 25 kDa. Cathepsin B could be processed to various
among 4 endosomal samples sets, i.e. early and late endosomes of sizes via post-translational modifications (Hanewinkel et al., 1987). In
ApoE-/-/B48/48 and wild-type mice. We generated three protein-spot addition, we also identified haptoglobin (Hpt) B-chain four times, as
maps for each endosome line; representative spot maps are shown a string of discrete spots with a MW of about 39 kDa (Figure 2, spots
in Figure 1. By analyzing about 1,000 protein features, a total of 65 19-22). Previous reports indicate Hpt f-chain resolves into a complex
protein spots showed differential abundance either between ApoE- pattern on 2-D gels, probably due to its various post-translational
/-/B48/4 and wild-type early endosomes, between ApoE-/-/B48/48 modifications, such as sialylation and neutral glycosylation (Skehel et
and wild-type late endosomes, between ApoE-/-/B48/48 late and al., 2000; Tubbs et al., 2005).
early endosomes, or between wild-type late and early endosomes.
Fluorescence intensity ratios illustrated differences in protein levels

Mouse liver endosome protein profile

Differentially expressed endosomal proteins between ApoE-/-/

between endosomes (Tables 1 and 2). Figure 2's 2-D gel image B48/48 and wild-type mice

shows differentially expressed protein spots with numbers and Among the identified 50 protein spots, 10 were up-regulated
letterscorresponding to the entries in Tables 1 and 2. in the early and late endosomes of the ApoE-/-/B48/48 mice, as
e 1\

A. WT early endosomes (Cy3) C. ApoE"/B*8 early endosomes (Cy3)
= - k

Figure 1: 2-D gel analysis of differentially expressed proteins in hepatic endosomes obtained from ApoE-/-/B48/48 and wild-type mice. Proteins obtained from mouse
liver early or late endosomes were labeled with either Cy3 or Cy5 and subjected to 2-D gel electrophoresis with Cy2-labeled pooled standards. Panels A, B, C, and D
show representative 2-D gel images of endosomal proteins obtained from ApoE-/-/B48/48 and wild-type (WT) mice. The spot image was mapped at pl ranged from 4
to 7 NL (left to right) and MW ranged from 100 to 10 kDa (top to bottom). Protein-spot maps from all the gel images were matched and the fluorescence spot intensity
was compared between endosomes, as detailed in the Materials and Methods. Two representative protein spots, which are differentially expressed among endosomes,
are boxed and circled, respectively. The 3-D images show fluorescence distribution of these spots. The 3-D images labeled with boxed or circled letters correspond to
the boxed or circled spots in panels A, B, C, and D. Mass spectrometric analysis demonstrates the boxed and the circled spots as PDIA3 and cathepsin B, as shown
in Table 1 (spots 11 and 35).
.
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Figure 2: Representative Sypro Ruby-stained gel image shows protein spots
of interest. Following DIGE analysis, 2-D gels were post-stained with Sypro
Ruby. The protein spots, of which the abundance differed significantly among
endosomes, were excised and analyzed with MALDITOF mass spectrometry.
Tryptic peptide masses, obtained from the mass spectrometric analysis, were
subjected to database searching. Fifty spots were identified and indicated
by numbers, which correspond to line entries in Table 1. Fifteen protein
spots (indicated by letters) were unidentified due to poor signal in the mass
spectrum, low-abundance features, or low molecular weight proteins. Letters
L correspond to line entries in Table 2.

J

compared to wild-type controls. Peptide fingerprint analysis indicates
these spots correspond to 6 proteins, including ApoAl, peroxiredoxin
(prx)-4, major urinary protein 6 (MUP), and three protein chaperons,
i.e. calreticulin, PDI-A1, and A3. Interestingly, we observed another
protein chaperon, ERp29’s abundance decreased in endosomes
obtained from ApoE-/-/B48/48 mice. ERp29 is a endoplasmic reticulum
(ER) resident, where its expression profile parallels PDIs (Hubbard
et al., 2004). These observations imply increased PDIs in the ApoE-
/-/B48/48 mouse endosomes are not due to ER contamination. In
addition to ERp29, 15 other proteins (corresponding to 22 protein
spots) decreased in abundance in ApoE-/-/B48/48 mice’s endosomes.
These proteins appeared to be more reduced in the late endosomes
than in the early endosomes. Some of these proteins are known to
be important in the endocytic process. For example, Hpt -chain and
hemopexin (Hpx) participate in the internalization of plasma free
hemoglobin and heme. While late endosome/lysosome interacting
protein (p14), cell division control protein 2 homolog (cdc2), and
y-soluble N-ethylmaleimide-sensitive factor attachment protein
(y -SNAP) are endocytosis-related signaling proteins. In addition,
vacuolar ATP synthase catalytic subunit A1 (V-ATPase A1) is involved
in endosomes/lysosomes acidification by transporting protons into
these compartments. Down-regulated proteins in ApoFE-/-/B48/48
mice also include five lysosomal proteases, i.e., dipeptidyl-peptidase
Il, cathepsins B, D, H, and Z. These enzymes had higher expression
levels in the late endosomes than in the early endosomes of wild-
type mice. This finding agrees with the general view that lysosomal
hydrolase levels are higher in the late endosomes than in the early
endosomes. These results also indirectly validate the gradient
centrifugation method to separate endosomes. In this report, one
spot (Figure 2 and Table 1, spot 40), which corresponded to ApoAl,
exhibited opposite regulation in the early and late endosomes of the
ApOE-/-/B48/48 mice, when compared to wild-type controls. Namely,
the fluorescence intensity of this spot was greater in the ApoE-/-/
B48/48 mice’s early endosomes but was lower in the late endosomes
of the ApoE-/-/B48/48 mice.

Differentially expressed proteins between early and late
endosomes but not between different genotype mice

As shown in Table 1, 16 spots showed comparable protein
abundance in ApoE-/-/B48/48 and wild-type mice, but were
significantly different between early and late endosomes of the same
genotype. Among these 16 spots, 8 were in higher abundance in the
late endosomes than in the early endosomes, while another eight
showed a lower abundance in the late endosomes than in the early
endosomes. As expected, two spots corresponding to ApoE (spots 31
and 32) disappeared from the ApoE-/-/B48/48 endosomal preparation,
suggesting the DIGE technique detected ApoE’s loss. In wild-type
mice, ApoE showed higher levels in the late endosomes than in the
early endosomes. This finding is consistent with the notion that late
endosomal fraction extracted by gradient centrifugation contains
recycling particles, which delivers ApoE and receptors to the cell
membrane (Heeren et al., 2001).

Unidentified proteins

In this report, 15 spots, which differentially expressed among
endosomes, were not identified (Table 2) because of poor signal
in the mass spectrum above expected background of the trypsin-
derived ions. Five of the unidentified protein spots were among the
lowest-abundant features having Sypro Ruby-image pixel volumes
below 1x 108 (Figure 3, spot ¢, h, i, m, n). However, several spots,
such as spots 43 and 46 with similar pixel values,were unambiguous
identified (Table 1 and Figure 2) indicating abundance alone does
not necessarily correlate with unambiguous identification. Low
molecular weight proteins liberate few tryptic peptides simply based
on the relative paucity of the cleavage sites. Six of unidentified spots
exhibited an apparent MW below 20 kDa (Figure 3; spotsj, k, I, m, n, o)
and pooling samples from five gels did not provide sufficient material
for identification. Limitations of MALDI-derived tryptic mass protein
fingerprints likely contribute to ambiguous or no identification of the
remaining proteins (Figure 3; spots a, b, d, e, f, g).

Liver Early End  Late End

T 1 T 1 T 1
WT E- WT E- WT E*
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Figure 3: Western blot analysis of differentially expressed proteins in the
whole liver and hepatic endosomes (end) obtained from ApoE-/-/B48/48 (E-/-)
and wild-type (WT) mice. Western blot analysis was performed with antibodies
against mouse PDIs and cathepsin B. The photographs show representative
images of PDIs and cathepsin B western blots. PDIs and cathepsin B protein
levels are expressed as relative band fluorescence intensity. Values are mean
+ SEM of 5 separate experiments in which endosomes are pooled from 2 mice
for each experiment. * and t represent P <0.05 and <0.01, respectively as

compared to wild-type mice.
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Western blot validation of 2-D DIGE results

We performed immunoblot experiments to confirm the 2-D gel
results, comparing proteins between ApoE-/-/B48/48 and wild-type
mice. As illustrated in Figure 3, PDI protein levels were significantly
increased, while the cathepsin B proteins levels were significantly
reduced in endosomes obtained from ApoE-/-/B48/48 mice compared
to those from wild-type mice. These data are consistent with the
2-D DIGE results (Figure 2 and Table 1). Data in Figure 3 also shows
PDI and cathepsin B endosomal protein levels are higher than in the
whole liver homogenates, and the whole liver PDI and cathepsin B
protein levels mirror endosomal levels, i.e. PDI protein levels are
significantly increased, while the cathepsin B protein levels are
significantly reduced in the ApoE-/-/B48/48 mice.

Discussion

This study, for the first time, identified a number differentially
expressed proteins in the hepatic endosomes obtained from ApoE-/-/
B48/48 and wild-type mice. The most important finding is that hepatic
endosomes obtained from ApoE-/-/B48/48 mice have significantly
elevated MUP, calreticulin, PDI-A1, and A3 protein levels. MUP, a
protein secreted into bloodstream by the liver, has an ideal structure
for binding and transporting hydrophobic molecules. A truncated
MUP fraction was recently suggested to be capable of binding
long chain fatty acids and is thought to be involved in fatty acid
transportation (Kimura et al., 1991). A cell surface receptor for mouse
MUP has been identified (Flower, 2000). Calreticulin was first thought
to be a Ca?*-binding ER chaperone (Gelebart et al., 2005) but is also
found in other membrane-bound organelles, on the cell surface,and
in the extracellular environment (Gelebart et al., 2005). Calreticulin
can bind to a diverse spectrum of proteinsand can escort associated
proteins to the cell surface, eliciting a receptor-mediated endocytosis
(Berwin et al., 2004). Receptors that recognize calreticulin include:
CD91 (a LDL receptorrelated protein), scavenger receptor class-A
(SRA), and SREC-I (scavenger receptor expressed by endothelial cell-I)
(Berwin et al., 2004). These receptors also mediate the modified
LDL uptake through a variety of cell types (Berwin et al., 2004). In
addition, reports suggest calreticulin together with CD91, on the cell
surface, provides a binding site for the endocytic processes of virus,
bacteria, and apoptotic cells (Ghebrehiwet and Peerschke, 2004). PDIs
were also thought to be ER proteins originally, where they catalyzes
disulfide bond formation in the newly synthesized proteins (Ellgaard
and Ruddock, 2005). In the intestine and liver, PDIs interact with a
97-kd peptide to form a heterodimer microsomal triglyceride transfer
protein (MTP), which bind to ApoB100 or ApoB48, in the ApoB-carrying
lipoprotein assembly process (Berriot-Varoqueaux et al., 2000). MTP
binds to partially degraded remnants of ApoB-containing lipoproteins
with a high affinity (Hussain et al., 1997). MTP also is present in the
cell membrane and endosomes/lysosomes (Bagshaw et al., 2005). In
ApoE-/- mouse’s hepatic endosomes, the increased MUP, calreticulin,
and PDI protein levels suggests these proteins may participate in
hepatic uptake of ApoB48-carrying lipoproteins. It is highly likely that
MUP, calreticulin, and PDIs interact with ApoB48-carrying lipoprotein
protein or lipid component and then subsequently present these
lipoproteins to the cell surface receptors for endocytosis. Definitive
experimental data is needed to prove this postulation.

ApoAl is a structural protein of high-density lipoprotein (HDL)
particle and exhibits two distinct isoforms with similar molecular
weights but different pls, in mouse liver endosomes. We found both
isoforms significantly upregulated in early endosomes of ApoE-/-/

B48/48 mice, compared to wild-type controls. This data suggests
an increased holoparticle endocytosis of HDL in the ApoE-/-/B48/48
mouse liver. Previous data indicates HDL holoparticle endocytosis is
a pathway for liver cells to remove cholesterol from the circulation
(Schwartz et al., 2004). Thus in hypercholesterolemia mouse models
increased ApoAl protein levels is not surprising in the early hepatic
endosomes. However, two ApoAl isoforms in the late endosomes
showed opposite changes in the ApoE-/-/B48/48 mouse liver, i.e. the
basic isoform increased 1.97-fold, while the acidic isoform decreased
1.8-fold in the ApoE-/-/B48/48 mice. Why the basic and acidic ApoAl
isoforms are oppositely regulated in the hepatic late endosomes of
the ApoE-/-/B48/48 mice remains unknown.

Another important finding is hepatic endosomes obtained from
ApOE-/-/B48/48 mice significantly reduce V-ATPase Al abundance,
as well as, five lysosomal proteases and three endocytosis-related
signaling proteins, when compared to wild-type controls. The
vacuolar ATPases are a family of ATP-driven proton pumps responsible
for acidification of intracellular compartments including clathrin-
coated vesicles, endosomes, lysosomes, Golgi, and secretory vesicles
(Forgac, 1998). The acidic endosomal environment is required for
internalized ligand-receptor complex dissociation and endosomal
carrier vesicles budding, which transfer ligands from early to late
endosomes (Forgac, 1998). Vacuolar ATPases are composed of two
domains, VO and V1. The VO domain is composed of 5 subunits
(subunits a—d) and is responsible for proton translocation. The V1
domain is composed of 8 subunits (subunits A-H) and is responsible
for ATP hydrolysis. The V-ATPase Al is a V1 domain subunit (Forgac,
1998). The reduced lysosomal proteases in the ApoE-/-/B48/48 mice
include dipeptidyl peptidases II, as well as, cathepsin B, D, H, and
Z. These lysosomal proteases are synthesized as proenzymes. In
mammalian cells, mannose 6-phosphate receptors transport them
from the trans-Golgi network to endosomes/lysosomes, where they
are converted to mature enzymes (Ishidoh and Kominami, 2002).
The reduced signaling proteins in the ApoE-/-/B48/48 mice include
pl14, cdc2, and y-SNAP. p14 is associated with the cytoplasmic
face of the late endosomes, where it participates in the signaling
transduction induced by receptor endocytosis (Qian et al., 2005).
Cdc2 is a protein kinase that phosphorylates proteins involved in
cell proliferation. Interestingly, recent studies demonstrate cdc2
also exists in the endocytic compartment of rat livers and is able to
phosphorylate proteins that play a fundamental role in membrane
traffic regulation and receptor endocytosis (Vergés et al., 1997). y-
SNAP functions in membrane fusion and is essential not only for the
endosome formation, but also for the endosome’s interaction with
lysosomes and the cell membrane (Stenmark and Zerial, 2001). As the
expression of V-ATPase Al, lysosomal proteases, and endocytosis-
related signaling proteins decrease in the endosomes, we suggest
this might impair the endocytic process in ApoE-/-/B48/48 mice.

We also report significantly reduced Hpt 3-chain and Hpx protein
levels in hepatic endosomes of ApoE-/-/B48/48 mice, as compared to
wild-type controls. Hpt and Hpx are key plasma hemoproteins that
function to remove hemoglobin and heme released from ruptured
erythrocytes. In plasma, Hpt-hemoglobin and Hpx-heme complexes
initiate receptor-mediated endocytosis in hepatocytes or cells in
the hepatic reticuloendothelial system (Anderson and Frazer, 2005).
Heme is potentially highly toxic because it can intercalate into lipid
membrane/ lipoproteins producing hydroxyl radicals. Hpt- and Hpx-
dependent heme clearance may be important for atherosclerosis
(Skehel et al., 2000). Interestingly, a high-fat diet can elevate plasma
Hpt in ApoE3 transgenic mice and in wild-type mice (Skehel et al.,
2000).
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In this report, several proteins, not proven to participate in the
plasma transportation and/or hepatic uptake of lipids/lipoproteins,
showed significant differences between endosomes obtained from
ApoE-/-/B48/48 and wild-type mice. For example, adenosine kinase
(AK), ERp29, indolethylamine N-methyltransferase (INMT), and sulfite
oxidase protein levels were significantly reduced in the ApoE-/-/B48/48
mice, as compared to the wild-type controls. AK phosphorylates
adenosine to adenosine monophosphate. ERp29 is present in folding
complexes of several ER secretory proteins, suggesting it may
facilitate folding and/or export of secretory proteins in/from the ER
(Hubbard et al., 2004). INMT catalyzes tryptamine N-methylation and
structurally related compounds. Sulfite oxidase oxidizes sulfites to
sulfate. In addition to those down-regulated enzymes, we observed
significantly elevated Prx-4 level in the hepatic endosomes of ApoE-
/-/B48/48 mice, as compared to wild-type controls. Prxs are novel
peroxidases that catalyze the detoxification of various peroxide
substrates such as H202, peroxinitrite, and hydroperoxides. Of the
six known members of the family, Prx-4 is present as a secretable
form in most tissues (Rhee et al., 2005).

In summary, this report applied a proteomic analysis to identify
differentially expressed proteins in the hepatic endosomes obtained
from ApoE-/-/B48/48 and wild-type mice. Our data demonstrates the
protein levels of MUP, calreticulin, PDI- A1, and A3 were elevated in
ApoE-/-/B48/48 mice. MUP, calreticulin and PDIs capacity to interact
with lipids/lipoproteins and with cell surface receptors suggests
these proteins might assist the hepatic uptake of ApoB48-carrying
lipoproteins in ApoE’s absence. Additionally, ApoE-/-/B48/48 mouse
endosomes exhibited a reduction of proteins involved in heme
uptake, such as Hpt and Hpx, for endocytosis-related signaling, such
as p14, cdc2 and y-SNAP, and endosomal acidification and protein
degradation, such as V-ATPase Al, dipeptidyl peptidases IlI, and
cathepsins. Reduction in these proteins might slow the endocytic
process, contributing to reduced clearance of ApoB48-carrying
lipoproteins in ApoE-/-/B48/48 mice. The 2-D gels analysis used
separated proteins with MWs from 10-100 kDa and pls from 4-7 NL.
Our data represent only a part of the entire protein spectrum that is
differentially expressed in the hepatic endosomes of ApoE-/~/B48/48
and wild-type mice.
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