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Abstract Although a series of protein levels from several
protein pathways have been shown to differ between white
(WA) and brown (BA) adipocytes, proteomic work on this
subject with the exception of mitochondrial protein dif-
ferences is limited. It was, therefore, the aim of the study to
compare WA with BA soluble protein levels. Proteins were
extracted from WA and BA and the soluble fraction was
run on two-dimensional gel electrophoresis. Quantification
of spot volume was carried out and protein spots, statisti-
cally different between groups (P < 0.01), were in-gel
digested with trypsin and peptides were identified using
nano-LC-ESI-MS/MS in the CID and ETD mode. Dif-
ferences between selected proteins were evaluated by
immunoblotting. A network was generated using the
ingenuity pathway analysis. Five proteins, protein DJ-1,
dihydrolipoyllysine-residue acetyltransferase component of
pyruvate dehydrogenase complex, isocitrate dehydroge-
nase subunit alpha, electron transfer flavoprotein subunit
alpha and immunoglobulin-binding protein 1, were
increased in BA based on a gel-based proteomic method
and differential expression was verified by immunoblot-
ting. These individual proteins were represented by one
spot each and sequence coverages were between 28 and
65 %. A network generated based on these results indicated
a link to ubiquitination. Differential protein levels between
WA and BA allow interpretation of previous work on
adipocyte biochemistry and form the basis for future
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studies with genetic or pharmacological inhibition of these
proteins accompanied by work on phenotype and adipocyte
function.
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Introduction

The differentiation into white (WA) and brown adipocytes
(BA) or white adipose and brown adipose tissue (BAT) is
well known and documented (Hansen et al. 2004; Rodriguez
de la Concepcion et al. 2005; Scime et al. 2005; Hansen and
Kristiansen 2006; Seale et al. 2007; Cannon and Nedergaard
1996; Tai et al. 1996; Obregon 2008; Elabd et al. 2009;
Perwitz et al. 2010; Morganstein et al. 2010; Jimenez et al.
2003). Work on the functional differences between WA and
BA is still holding centre stage and there is consensus that
BAT is primarily functioning in non-shivering thermogen-
esis mediated by the uncoupling protein 1 (Cancello et al.
1998; Watanabe et al. 2008; Wolf 2009; Swida-Barteczka
et al. 2009; Ribeiro et al. 2010; Cinti et al. 2005; Kajimoto
et al. 2004). White adipose tissue may be mainly for fat
storage but white fat tissue is also proposed to be involved in
detoxification of xenobiotics.

At the transcriptional level, a large series of genes are
differentially expressed in WA and BA and at least some
differences may be under the control of fat-specific protein
27 (Li et al. 2010). Pan and coworkers (2009) showed that
Twist-1, a PPARdelta-inducible, negative-feedback regu-
lator of PGC-1alpha in brown fat controls the expression of
metabolic pathways.

Forner and coworkers (2009) carried out a comprehen-
sive study that allows major insight into proteome
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differences between white and brown fat mitochondria.
The authors applied high-resolution quantitative mass
spectrometry to compare the mouse mitochondrial proteo-
mes of WA and BA revealing that quantitative and quali-
tative differences are observed.

It was the aim of the current study to investigate the
differences between WA and BA not limited to the mito-
chondrial organelles as it may well be the case that other
than mitochondrial protein differences may contribute to
the WA and BA proteomes.

Using a gel-based proteomic approach applying nano-
LC-ESI-MS/MS for protein identification, higher protein
levels of the multifunctional protein DJ-1 along with
mitochondrial key enzymes were observed in BA, thus
complementing/extending work published by Forner and
coworkers (2009) while generating a network with a link to
the ubiquitination system.

Materials and methods
Adipocyte cultures

Male NMRI mice, purchased from a local supplier (B&K,
Stockholm, Sweden), were used for the preparation of
primary cultures of brown and white adipocytes. This study
was carried out in strict accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health and all efforts
were made to minimize suffering. Mice were kept at room
temperature (~22 °C) for at least 24 h after arrival. At the
age of 3—4 weeks, mice were killed by CO,. Brown adi-
pose tissue was isolated from the interscapular, cervical,
and axillary depots and white adipose tissue was isolated
from epididymal depots. The pooled tissue pieces were
minced in DMEM and transferred to a digestion solution
with 0.2 % (wt/vol) collagenase (type II; Sigma) in a buffer
consisting of 0.1 M HEPES (pH 7.4), 123 mM NaCl,
5 mM KCI, 1 mM CaCl,, 4.5 mM glucose, and 1.5 % (wt/
vol) BSA. The digestion was performed for 30 min at
37 °C with continuous vortex mixing. The cell suspension
was filtered through a 250-um pore-size nylon filter (Sin-
tab, Oxie, Sweden) into sterile 15-ml tubes. The filtered
suspension was kept on ice for 20 min to let the mature
adipocytes float up. The top layer of the suspension was
removed, and the rest of the suspension was filtered
through a 25-um pore-size nylon filter (Sintab) and cen-
trifuged at 700x g for 10 min, to pellet preadipocytes. The
pellet was then suspended in culture medium (0.5 ml/ani-
mal for brown preadipocytes, 0.4 ml/animal for white
preadipocytes). The cells were cultured in 6-well plates
(10 cmz/well, Corning, Tewksbury, MA, USA); 2 ml of
culture medium was added to each well before 0.2 ml of
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cell suspension was added. The culture medium was Dul-
becco’s modified Eagle’s medium with 10 % (v/v) new-
born calf serum (Invitrogen, Life Technologies Europe BV,
Stockholm, Sweden), 2.4 nM insulin, 25 pg/ml sodium
ascorbate, 10 mm HEPES, 4 mM glutamine, 50 units/ml
penicillin, and 50 pg/ml streptomycin. The cells were
grown at 37 °C in an atmosphere of 8 % CO, in air with
80 % humidity. The cells were washed in Dulbecco’s
modified Eagle’s medium, and medium was changed on
day 1 and then every second day. The cells were cultured
for 7 days. On day 7, cells were washed three times with
PBS and then scraped in residual PBS. These experiments
were carried out at the Wenner-Gren Institute, Arrhenius
Laboratories, Stockholm University, SE-106 91 Stock-
holm, Sweden, by Dr. Natasa Petrovic.

Sample preparation

5 WA and 5 BA were used for the experiments, the
supernatant was removed and cells were washed three
times with phosphate buffered saline pH 7.4. Cell pellets
were homogenized and suspended in 1.8 ml sample buffer
(20 mM Tris, 7 M urea, 2 M thiourea, 4 % w/v CHAPS,
10 mM 1,4-dithioerythritol, 1 mM EDTA, 1 mM PMSF, 1
tablet CompleteTM (Roche Diagnostics, Risch, Switzer-
land), and 0.2 % v/v phosphatase inhibitor cocktail from
Calbiochem, Merck, Darmstadt, Germany). The suspension
was sonicated on ice for approximately 30 s and centri-
fuged at 14,000xg for 60 min at 12 °C. Desalting was
carried out with an Ultrafree-4 centrifugal filter unit at a
cut-off molecular weight of 10,000 Da (Millipore, Bed-
ford, MA, USA) at 4,400xg at 12 °C until the eluted
volume was about 4 ml and the remaining volume reached
100-200 pl (Myung and Lubec 2006). The protein content
of the supernatant was determined by the Bradford assay
(Bradford 1976).

Two-dimensional gel electrophoresis (2-DE)

2-DE was performed essentially as reported previously
(Bae et al. 2012). Samples of 700 pg protein (5 gels per
group, total 10 gels) were subjected to immobilized pH
3-10 nonlinear gradient strips. Focusing started at 200 V
and the voltage was gradually increased to 8,000 V at 4 V/
min and kept constant for further 3 h (approximately
1,50,000 Vh totally). Prior to the second dimensional run,
strips were equilibrated twice for 15 min with gentle
shaking in 10 ml of SDS equilibration buffer (50 mM pH
8.8 Tris—HCI, 6 M urea, 30 % v/v glycerol, 2 % w/v SDS,
trace of bromophenol blue). DTT (1 %) w/v was added at
the first incubation for 15 min and 4 % iodoacetamide w/v
instead of DTT at the second incubation step for 15 min.
The second-dimensional separation was performed on
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10-16 % gradient SDS-PAGE. After protein fixation for
12 h in 50 % methanol and 10 % acetic acid, the gels were
stained with colloidal coomassie blue (Novex, San Diego,
CA, USA) for 8 h and excess of dye was washed out from
the gels with distilled water. Molecular masses were
determined by running precision protein standard markers
(Bio-Rad Laboratories, Hercules, CA, USA), covering the
range of 10-250 kDa. Isoelectric point values were deter-
mined as given by the supplier (GE Healthcare, Bucking-
hamshire, UK) of the immobilized pH gradient strips.

Quantification of protein levels

Protein spots from each gel were outlined (first automati-
cally and then manually) and quantified using the Proteo-
mweaver software (Definiens, Munich, Germany). The
percentage of the volume of the spots representing a certain
protein was determined in comparison with the total pro-
teins present in the 2-DE gel (Langen et al. 1999).

Analysis of peptides by nano-LC-ESI-(CID/ETD)-MS/MS
(High capacity ion trap, HCT)

Twelve spots which showed different levels between white
and brown adipocyte were manually excised and placed
into 1.5 ml lobind Eppendorf tubes. In-gel digestion and
sample preparation for HCT analysis were performed as
described before (Chen et al. 2006). Gel plugs were washed
with 10-mM ammonium bicarbonate and 50 % acetonitrile
in 10-mM ammonium bicarbonate repeatedly. Addition of
100 % acetonitrile resulted in gel shrinking and the shrunk
gel plugs were then speedVac dried in a Speedvac Con-
centrator 5301 (Eppendorf, Hamburg, Germany). The dried
gel pieces were re-swollen, in-gel digested with 40 ng/ul
trypsin (Promega, Madison, WI, USA) in digestion buffer
(consisting of 5 mM Octyl b-p-glucopyranoside (OGP) and
10 mM ammonium bicarbonate) and incubated overnight
at 37 °C. Peptide extraction was performed with 20 pl of
1 % TFA in 5 mM OGP for 30 min, and subsequently
0.1 % TFA in 4 % acetonitrile for 30 min. The extracted
peptides were pooled for HCT analysis.

40 pl of the extracted peptides was analyzed by HCT.
The HPLC used was an Ultimate 3000 system (Dionex
Corporation, Sunnyvale, CA, USA) equipped with a Pep-
Mapl100 C-18 trap column (300 pm x 5 mm) and Pep-
Map100 C-18 analytic column (75 pm x 150 mm). The
gradient was (A = 0.1 % formic acid in water, B = 0.08 %
formic acid in acetonitrile) 8-30 % B from 0 to 105 min,
80 % B from 105 to 110 min, 8 % B from 110 to 125 min.
A HCT ultra ETDII PTM discovery system (Bruker Dal-
tonics, Bremen, Germany) was used to record peptide
spectra over the mass range of m/z 350-1,500, and MS/MS
spectra in information-dependent data acquisition over the

mass range of m/z 100-2,800. Repeatedly, MS spectra were
recorded followed by six data-dependent CID MS/MS
spectra and three ETD MS/MS spectra generated from three
highest intensity precursor ions. An active exclusion of
0.4 min after two spectra was used to detect low abundant
peptides. The voltage between ion spray tip and spray shield
was set to 1,600 V. Drying nitrogen gas was heated to
150 °C and the flow rate was 10 1/min. The collision energy
was set automatically according to the mass and charge
state of the peptides chosen for fragmentation. Multiple
charged peptides were chosen for MS/MS experiments due
to their good fragmentation characteristics.

MS/MS spectra were interpreted and peak lists were
generated by DataAnalysis 4.0 (Bruker Daltonics, Bremen,
Germany). Searches were done using the MASCOT 2.3.02
(Matrix Science, London, UK) against latest UniProtKB
database for protein identification. Searching parameters
were set as follows: enzyme selected as trypsin with two
maximum missing cleavage sites, species limited to
human, a mass tolerance of 0.2 Da for peptide tolerance,
0.2 Da for MS/MS tolerance, fixed modification of carb-
amidomethyl (C) and variable modification of methionine
oxidation and phosphorylation (Tyr, Thr, and Ser). Positive
protein identifications were based on a significant MOWSE
score. After protein identification, an error-tolerant search
was done to detect unspecific cleavage and unassigned
modifications. Protein identification and modification
information returned from MASCOT were manually
inspected and filtered to obtain confirmed protein identifi-
cation and modifications.

The Modiro™ software respected enzymes selected as
used, with three maximum missing cleavage sites, species
limited to human. Peptide mass tolerance was 0.2 Da for
peptide tolerance, 0.2 Da for fragment mass tolerance,
selecting modification 1 as carbamidomethyl and modifi-
cation 2 of methionine oxidation. Protein identification was
first of all listed by inspection of spectra and subsequently
significant peptide identification was based on the ion-
charge status of the peptide, b- and y-ion fragmentation
quality, ion score >200 and a significance score >80 as
suggested by the manufacturer’s manual (http://www.pro
tagen.com/customers_downloads/MAN_Modiro_v1.1.zip).
Searches for unknown mass shifts, for amino acid substi-
tution and calculation of significance were selected on
advanced PTM explorer search strategies (http://www.pro
tagen.com/customers_downloads/MAN_Modiro-Advanced-
Search-Strategies.pdf).

Western blotting
Two-dimensional gels or 12 % SDS homogenous gels

separating proteins from mouse adipocyte were electro-
transferred onto PVDF membranes as described recently
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(Sunyer et al. 2009). Primary antibodies used were as
follows: rabbit antibody against protein DJ-1 (DJ1) (Ab-
cam, Cambridge, UK, ab18257, in a dilution of 1:20,000);
rabbit antibody against dihydrolipoyllysine-residue acetyl-
transferase component of pyruvate dehydrogenase complex
(PDE2) (Abcam, Cambridge, UK, ab66511, in a dilution of
1:2,500); rabbit antibody against isocitrate dehydrogenase
(NAD) subunit alpha (IDH3A) (Abcam, Cambridge, UK,
ab58641, in a dilution of 1:20,000); rabbit antibody against
electron transfer flavoprotein subunit alpha (ETFA)
(Sigma, Deisenhofen, Germany, AV54290, in a dilution of
1:20,000); rabbit antibody against immunoglobulin-bind-
ing protein 1 (IGBP1) (Abcam, Cambridge, UK, ab70545,
in a dilution of 1:10,000); rabbit antibody against poly(A)-
binding protein (PABP) (Abcam, Cambridge, UK,
ab21060, in a dilution of 1:10,000); mouse antibody
against catalytic subunit of protein phosphatase 2A
(PP2Ac) (Abcam, Cambridge, UK, ab33527, in a dilution
of 1:2,000) and rabbit antibody against E3 ubiquitin ligase
(EDD) (Abcam, Cambridge, UK, ab70311, in a dilution of
1:5,000). Secondary antibodies used were goat anti-rabbit
IgG, HRP linked (Abcam, Cambridge, UK, ab6721, in a
dilution of 1:20,000) and goat anti-mouse IgG, HRP linked
(Abcam, Cambridge, UK). Membranes were developed
with the Amersham ECL Plus Western Blotting Detection
System (GE Healthcare, Buckinghamshire, USA). Densi-
ties of immunoreactive bands were measured by Image J
software program (http://rsb.info.nih.gov/ij/). Differences
were performed by unpaired Student’s 7 test. In all pro-
teomic studies, a probability level of P < 0.01 was con-
sidered as statistically significant. All calculations were
performed using Excel (Microsoft Office, http://office.
microsoft.com/en-us/excel/).

Pathway analysis

Differentially expressed proteins were analyzed further by
bioinformatic pathways analysis [Ingenuity Pathway Ana-
lysis (IPA); Ingenuity® Systems, Mountain View, CA;
www.ingenuity.com]. IPA constructs hypothetical protein
interaction clusters on the basis of a regularly updated
“Ingenuity Pathways Knowledge Base.”

Results

A representative figure on light-microscopical appearance
is shown in supplemental Fig. S1. A total number of well-
separated 662 spots were observed on the 2DE gels (sup-
plemental Fig. S2). A representative two-dimensional gel
identifying proteins with differential levels and their cor-
responding UniProtKB/Swissprot numbers are shown in
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Fig. 1 Two-dimensional maps of mouse brown adipocyte proteins
spots were quantified and statistically analyzed using Student ¢ test.
The 12 spots that were significantly different between white and
brown adipocyte were identified using nano-LC-ESI-MS/MS

Fig. 1. Posttranslational modifications as well as protein
modifications probably representing post-translational
modifications or artifacts resulting from chemical modifi-
cation by the analytical procedure are listed in the Sup-
plementary Table 1 in alphabetical order. While
deamidation, oxidations and methylations may be consid-
ered technical artifacts, hydroxylation and dihydroxylation
(dioxidation) in isocitrate dehydrogenase (NAD) subunit
alpha, aspartyl aldehyde formation on aspartic acid resi-
dues in dihydrolipoyllysine-residue acetyltransferase com-
ponent of pyruvate dehydrogenase complex may reflect
PTMs. “Sequence conflicts” in isocitrate dehydrogenase
F211Y as indicated by Modiro searches may simply reflect
hydroxylation of phenylalanine to tyrosine, while F332I
and D353Y may indeed represent sequence conflicts.

Western blot results were carried out and confirmed
results from the gel-based proteomics approach for protein
DJ-1, dihydrolipoyllysine- residue acetyltransferase com-
ponent of pyruvate dehydrogenase complex, isocitrate
dehydrogenase (NAD) subunit alpha, and electron protein
1. Immunoglobulin-binding protein 1 interacting with
poly(A)-binding protein levels was increased in BA,
whereas binding partners EDD and PP2Ac were compa-
rable between WA and BA. Immunoblotting images for
these proteins are given in Fig. 2. 2D-Western blotting of
IGBP1 was performed along with 1D-Western blotting on
the same membrane as shown in Fig. 3. There is only one
spot detected on the 2D-Western blotting of GBP1. Results
for significantly different protein levels as evaluated by
immunoblotting are expressed as arbitrary units of optical
density and are shown in Fig. 2.
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Fig. 3 2D-Western blotting of IGBP1 in mouse adipocyte 2DE was
performed with 45 pg and when it applied to 10-16 % gradient SDS-
PAGE as second dimension separation, 22 pg of protein was loaded
at the edge for 1D-Western blot. 2D- and 1D-Western blots were
performed on the same membrane with anti-IGBP1 (1:10,000)

IPA networking

As shown in Fig. 4, there was a link between the ubiqui-
tination system and the five proteins verified by western
blotting. Quantification results of 12 protein spots with
significantly different levels (P < 0.01) between WA and
BA are listed in Table 1. Accession numbers, protein
names, means and standard deviation, ratios and P values

DJ1
PDE2 IGBP
UBC
IDE3A ETFA

Fig. 4 A network pointing to the interaction of the differentially
expressed proteins with the ubiquitination system is revealed. DJI
Protein DJ-1, dihydrolipoyllysine-residue acetyltransferase compo-
nent of PDE2 pyruvate dehydrogenase complex, IDH3A isocitrate
dehydrogenase (NAD) subunit alpha, ETFA electron transfer flavo-
protein subunit alpha, /GBP Immunoglobulin-binding protein 1, E3
isolated by differential display, EDD E3 ubiquitin ligase (UBC)

of the ¢ test are provided. These 12 protein spots repre-
sented 12 individual proteins. Identification of these 12
protein spots along with Mascot scores, matched peptide
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Table 1 Quantification result of 12 significantly different spots between white and brown adipocyte

No. Acc.no. Protein name White adipocyte Brown adipocyte BA/ P value
(mean £ SD) (mean £ SD) WA of t test
ratio

532 Q99LX0  Protein DJ-1 0.362 £ 0.057 0.615 £+ 0.070 1.699  0.0003

182 Q8BMF4 Dihydrolipoyllysine-residue acetyltransferase component of 0.163 + 0.097 0.391 £ 0.070 2.399  0.0035
pyruvate dehydrogenase complex, mitochondrial

401 Q9D6R2  Isocitrate dehydrogenase (NAD) subunit alpha, 0.890 £ 0.262 1.994 + 0.520 2.240 0.0056
mitochondrial

573 Q99LCS5  Electron transfer flavoprotein subunit alpha, mitochondrial 0.953 + 0.248 1.821 £ 0.437 1.911 0.0075

399 Q61249 Immunoglobulin-binding protein 1 0.044 £ 0.015 0.092 + 0.024 2.091 0.0070

404 Q921W4  Quinone oxidoreductase-like protein 1 0.778 £ 0.177 0.166 £ 0.051 0.213 0.0009

599 Q9DBI15 39S ribosomal protein L12, mitochondrial 0.180 + 0.065 0.379 4+ 0.062 2.106 0.0011

329 Q9CXW2 28S ribosomal protein S22, mitochondrial 0.097 £ 0.026 0.177 £ 0.031 1.825  0.0023

272 Q9D2G2  Dihydrolipoyllysine-residue succinyltransferase component of 0.203 £ 0.051 0.384 £ 0.073 1.892 0.0026
2-oxoglutarate dehydrogenase complex, mitochondrial

162 P14733 Lamin-B1 0.128 + 0.030 0.222 £+ 0.039 1.734  0.0030

112 Q02788 Collagen alpha-2(VI) chain 0.054 £ 0.030 0.186 £ 0.057 3.444  0.0038

600 Q9ZOF7  Gamma-synuclein 0.503 £ 0.130 1.339 £+ 0.430 2.662  0.0100

Protein names given in bold were verified by WB

numbers, sequence coverage, peptide sequences including
ion scores and mass errors, theoretical molecular weight
and pl is given in Table 2.

Discussion

Mitochondrial proteins dihydrolipoyllysine-residue acetyl-
transferase component of pyruvate dehydrogenase com-
plex,  dihydrolipoyllysine-residue  succinyltransferase
component of 2-oxoglutarate dehydrogenase complex,
isocitrate dehydrogenase (NAD) subunit alpha, electron
transfer flavoprotein subunit alpha showed higher levels in
BA confirming data published by Forner et al. (2009).
Mitochondrial protein DJ-1 and 28S ribosomal protein S22
levels were higher in BA contradicting results from Forner
et al. (2009). The use of different adipocytes as well as the
use of a cell lysate in our methodology in contrast to the
use of a mitochondrial preparation may account for these
differences. It was the aim of the study herein, however, to
compare partial proteomes of a lysate to show expression
differences between WA and BA. Immunoglobulin-binding
protein 1 (A4PP; syn.: alpha 4 phosphoprotein, CD79a-
binding protein 1, lymphocyte signal transduction molecule
alpha 4, p52) was twofold higher in BA. It represents the
mammalian alpha4 phosphoprotein, the homolog of yeast
Tap42, and is a component of the mammalian target-of-
rapamycin (mTOR) pathway that regulates ribogenesis,
initiation of translation and cell-cycle progression. This
protein is a constituent of immune signaling pathways

@ Springer

(Herzog et al. 2012) and binds to lactoferrin and this
complex in turn interacts with the catalytic subunit of
protein phosphatase 2Ac (PP2A), thus reducing the phos-
phatase activity of PP2Ac and triggering apoptosis (Li
et al. 2011). Current results herein showed that increased
AA4PP levels were not accompanied by increased PP2Ac
levels.

A4PP is also known to interact with E3 ubiquitin ligase
(McDonald et al. 2010) as proposed by results from yeast
two-hybrid analysis, thus showing a possible link to ubig-
uitination. The comparable EDD levels between WA and
BA do not contradict interaction but on the other hand do
not provide evidence for functional interaction. A4PP was
reported to interact with (PABP) and indeed, increased
A4PP levels were paralleling PABP levels, although no
significant correlation was observed (data not shown). The
biological meaning of increased PABP levels in BA may
be represented by the essential role for recognition of
polyadenylate RNA (Deo et al. 1999) via interaction with
eukaryotic initiation factor elF4G, a component of the
elF4F cap binding complex (Berlanga et al. 2006). PABP is
able to destroy premature translation in the nonsense-
mediated mRNA decay pathway (Behm-Ansmant et al.
2007) playing a crucial role for the regulation of translation
and mRNA stability (Bag and Bhattacharjee 2010). In
drosophila, PABP is one protein of the Hsp83 degradation
element enhancing translation (Nelson et al. 2007). It is
intriguing that DJ1, IGBP, IDE3A, ETFA and PDE2 are all
linked to ubiquitination as revealed by the generation of a
proposed network using IPA (Wagner et al. 2011; Kim
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et al. 2011; Danielsen et al. 2011; Zucchelli et al. 2010;
McConnell et al. 2010; McCartney et al. 1997). The find-
ings are relevant for interpretation of previous work and
design of future studies on BA and WA biology and
biochemistry.
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