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Carbonylation of Adipose Proteins in Obesity
and Insulin Resistance
IDENTIFICATION OF ADIPOCYTE FATTY ACID-BINDING PROTEIN AS A CELLULAR TARGET OF
S
4-HYDROXYNONENAL*□

Paul A. Grimsrud‡, Matthew J. Picklo, Sr.§, Timothy J. Griffin‡,
and David A. Bernlohr‡¶
mechanistic link between increased oxidative stress and
the development of insulin resistance. Molecular & Cellular Proteomics 6:624 – 637, 2007.

Reactive oxygen species (ROS)1 and reactive nitrogen species are generated as a result of normal metabolic processes
in the cell, including the uncoupling of the electron transport
chain in the mitochondria and the oxidation of excess NADPH
by NADPH oxidase (1). Oxidative stress occurs due to increased pro-oxidative conditions or the decline of antioxidant
systems and is highly correlated with a wide variety of inflammatory and metabolic disease states, including Alzheimer
disease, macular degeneration, lung dysfunction, and obesity-linked insulin resistance (2–5). Although the precise role of
oxidative stress in disease mechanisms is not completely
understood, ROS are known to be highly reactive with proteins, DNA, carbohydrates, and lipids in the cell. The ROSinitiated peroxidation of polyunsaturated acyl chains of membrane phospholipids can result in a Hock cleavage and the
subsequent formation of lipid-derived reactive aldehydes (6).
Of the variety of reactive aldehydes formed from lipid peroxidation, trans-4-hydroxy-2-nonenal (4-HNE) and trans-4oxo-2-nonenal (4-ONE) have significant contributions to oxidative disease due to their high abundance and strong
reactivity (6 –9). 4-HNE specifically is metabolized (detoxified)
by being reduced to an alcohol (aldehyde reductase), oxidized
to a carboxylic acid (aldehyde dehydrogenase), or conjugated
to glutathione (glutathione S-transferase) (10 –12). However,
some fraction of 4-HNE escapes metabolism and forms adducts with other nucleophiles including both protein and DNA.
In the case of protein, 4-HNE reacts avidly with the side
chains of cysteine and histidine residues as well as lysine
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The abbreviations used are: ROS, reactive oxygen species; AFABP, adipocyte fatty acid-binding protein (also referred to as aP2);
E-FABP, epithelial fatty acid-binding protein (also referred to as KLBP
or Mal-1); 4-HNE, trans-4-hydroxy-2-nonenal (also referred to as
4-hydroxynonenal); 4-ONE, trans-4-oxo-2-nonenal; 1,8-ANS, 1-anilinonaphthalene 8-sulfonic acid; PBST, PBS containing 0.05% Tween
20; ER, endoplasmic reticulum; HRP, horseradish peroxidase;
GSTA4, glutathione S-transferase A4 (also referred to as GSTA4-4 or
GSTa4); ␤ME, ␤-mercaptoethanol; JNK, c-Jun N-terminal kinase;
eEF1␣1, eukaryotic elongation factor 1␣-1.
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Obesity is a state of mild inflammation correlated with
increased oxidative stress. In general, pro-oxidative conditions lead to production of reactive aldehydes such as
trans-4-hydroxy-2-nonenal (4-HNE) and trans-4-oxo-2nonenal implicated in the development of a variety of
metabolic diseases. To investigate protein modification
by 4-HNE as a consequence of obesity and its potential
relationship to the development of insulin resistance, proteomics technologies were utilized to identify aldehydemodified proteins in adipose tissue. Adipose proteins
from lean insulin-sensitive and obese insulin-resistant
C57Bl/6J mice were incubated with biotin hydrazide and
detected using horseradish peroxidase-conjugated
streptavidin. High carbohydrate, high fat feeding of mice
resulted in a ⬃2–3-fold increase in total adipose protein
carbonylation. Consistent with an increase in oxidative
stress in obesity, the abundance of glutathione S-transferase A4 (GSTA4), a key enzyme responsible for metabolizing 4-HNE, was decreased ⬃3– 4-fold in adipose tissue
of obese mice. To identify specific carbonylated proteins,
biotin hydrazide-modified adipose proteins from obese
mice were captured using avidin-Sepharose affinity chromatography, proteolytically digested, and subjected to
LC-ESI MS/MS. Interestingly enzymes involved in cellular
stress response, lipotoxicity, and insulin signaling such as
glutathione S-transferase M1, peroxiredoxin 1, glutathione peroxidase 1, eukaryotic elongation factor 1␣-1
(eEF1␣1), and filamin A were identified. The adipocyte
fatty acid-binding protein, a protein implicated in the regulation of insulin resistance, was found to be carbonylated
in vivo with 4-HNE. In vitro modification of adipocyte fatty
acid-binding protein with 4-HNE was mapped to Cys-117,
occurred equivalently using either the R or S enantiomer
of 4-HNE, and reduced the affinity of the protein for fatty
acids ⬃10-fold. These results indicate that obesity is accompanied by an increase in the carbonylation of a number of adipose-regulatory proteins that may serve as a
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EXPERIMENTAL PROCEDURES

Chemical Reagents—EZ-link biotin hydrazide, FITC-streptavidin,
poly-HRP streptavidin, and ImmunoPure Immobilized Monomeric Avidin kit were purchased from Pierce. 4-HNE was purchased from
Cayman Chemicals (Ann Arbor, MI). Rabbit anti-4-HNE antibody was
purchased from Alpha Diagnostic International (San Antonio, TX).
Mouse anti-glutathione S-transferase A4 (GSTA4) antibody was purchased from Abnova Corp. (Taipei, Taiwan). Sequencing grade modified trypsin was purchased from Promega. Endoproteinase Glu-C
was purchased from Roche Applied Science. 1-Anilinonaphthalene
8-sulfonic acid (1,8-ANS) was purchased from Molecular Probes, Inc.
ECL Western blotting detection reagents were purchased from Amersham Biosciences. C4 and C18 Zip Tip pipette tips and YM10

ultrafiltration membranes were purchased from Millipore (Billerica,
MA). C18 SepPak cartridges were purchased from Waters (Milford,
MA). High fat, high carbohydrate diet F3282 was purchased from
Bioserve Industries (Frenchtown, NJ). (R)-4-HNE and (S)-4-HNE were
synthesized as described previously (10).
Animals—C57Bl/6J mice were weaned onto high fat or chow diet at
3 weeks of age to induce obesity-linked insulin resistance (30). Using
this feeding regimen, at 12 weeks of age the animals exhibit impaired
insulin and glucose tolerance as evaluated using glucose and insulin
tolerance tests as well as clamping studies (31). The animals were
housed on a 12-h light/dark cycle and fed ad libitum with continual
access to water. The mice were sacrificed by cervical dislocation at
12 weeks of age, and epididymal adipose tissue was recovered.
Tissue samples were dissected and stored at ⫺80 °C until needed.
The University of Minnesota Institutional Animal Care and Use Committee approved all experiments.
Biotin Hydrazide Modification and Detection—Adipose tissue samples were homogenized in 100 mM sodium acetate, 20 mM NaCl, 0.1
mM EDTA, pH 5.5 (coupling buffer) supplemented with 0.1 mM PMSF,
2 g/ml pepstatin, 2 g/ml aprotinin, 2 g/ml leupeptin. The extract
was subjected to centrifugation (100,000 ⫻ g for 1 h) at 4 °C, the
floated lipid cake was removed, and the soluble protein fraction was
frozen at ⫺80 °C until needed. Protein concentration was determined
using the BCA assay. For aldehyde detection, extracts (50 g/sample)
were incubated with a final concentration of 0.5 mM EZ-link biotin
hydrazide (5 mM stock prepared fresh in DMSO) in coupling buffer for
2 h at room temperature, resolved by SDS-PAGE (14% acrylamide),
and transferred to PVDF membrane. The membranes were blocked
overnight at 4 °C in PBS containing 0.05% Tween 20 (PBST) with 10
mg/ml BSA, washed in PBST, and incubated for 1 h at room temperature with either FITC-conjugated streptavidin (1:50 dilution) or HRPconjugated streptavidin (1:10,000 dilution). The biotin-avidin interaction was detected using a Fuji imager or by ECL.
For immunodetection of 4-HNE modification of proteins, membranes were blocked in PBST with 10 mg/ml BSA at 4 °C overnight
and incubated with anti-4-HNE rabbit polyclonal antibody (1:1,000
dilution) at 4 °C for 16 h in PBST with 1 mg/ml BSA. The membranes
were washed in PBST and incubated with HRP-conjugated goat
anti-rabbit secondary antibody (1:10,000 dilution) at room temperature for 1 h, and immunoreactivity was detected via ECL. For detection of A-FABP or GSTA4, anti-A-FABP rabbit polyclonal antibody
(1:10,000 dilution) or anti-GSTA4 mouse polyclonal antibody (1:2,500)
were used for the primary antibody incubation. HRP-conjugated goat
anti-mouse secondary antibody (1:10,000 dilution) was used for
GSTA4 detection specifically. For both A-FABP and GSTA4 detection, blocking conditions of 10 mg/ml BSA were used throughout the
procedures.
Enrichment of Carbonylated Proteins—Soluble adipose tissue protein (10 mg) was incubated with 0.5 mM EZ-link biotin hydrazide in
coupling buffer for 2 h at room temperature and dialyzed exhaustively
against PBS, pH 7.4, at 4 °C. To remove proteins that bound to
Sepharose nonspecifically, the extract was initially passed through a
1-ml column of Sepharose 4B at room temperature, and the flowthrough was applied to a monomeric avidin column for 1 h to maximize binding. The column was washed with PBS containing 0.5 M
NaCl to remove nonspecifically bound proteins, and specifically
bound protein was eluted by the addition of 2 mM D-biotin. The eluted
proteins were precipitated with chloroform and methanol, dried under
nitrogen, and stored at ⫺20 °C until used (32).
Identification of Carbonylated Proteins by LC-ESI MS/MS—The
carbonylated proteins were resolubilized in 250 l of 50 mM
NH4HCO3, 1 mM CaCl2, pH 8.5 (trypsin digestion buffer) and digested
with 10 g of trypsin for 15 h at 37 °C. The digestion was stopped by
acidification with TFA, and the samples were applied to SepPak C18
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albeit to a far lesser extent (13). Although the reactive lipid is
formed in membranes, it can diffuse into the cytoplasm and
nucleus due to its relatively high solubility, allowing it to react
with proteins localized far away from the initial site of oxidative
formation (14).
4-HNE modification of protein has been shown to have a
variety of effects on its targets. Alkylation by 4-HNE frequently
inhibits the activity of enzymes; examples include the Na⫹K⫹-ATPase and NADP⫹-dependent isocitrate dehydrogenase
(15, 16). In some cases, however, 4-HNE modification has
been suggested to increase the activity of key regulatory
proteins such as the dimerization and ligand-independent
activation of the epidermal growth factor receptor (17) or the
activation of the Nrf2 (nuclear factor erythroid 2-related factor
2) transcription factor, leading to increased expression of
genes implicated in the antioxidant response (18 –20). In addition to altering the activity of enzymes, 4-HNE alkylation has
been shown to alter the rate of degradation of some proteins
(alcohol dehydrogenase and ␣B-crystallin) (21, 22).
Obesity-linked insulin resistance has recently been causally
linked to the development of ER stress and an increase in
ROS (5, 23, 24). Adipocytes isolated from C57Bl/6J mice with
diet-induced obesity have increased reactive oxygen species
(25). Oxidative stress in human and murine adipose tissue as
well as in cultured 3T3-L1 adipocytes affects the secretion of
adipokines such as adiponectin and tumor necrosis factor ␣
(5, 26, 27). As adipokines secreted by adipose tissue have
dramatic effects on insulin sensitivity in liver and muscle,
determining the effects of oxidative stress in adipose tissue is
an important step in understanding the molecular mechanisms of type 2 diabetes and systemic energy metabolism
(28). The modification of adipose proteins with lipid peroxidation products could be one contributing factor linking oxidative stress to insulin resistance.
In this study we investigated the modification of adipose
proteins by 4-HNE and other aldehydes in lean and obese
C57Bl/6J mice. To accomplish this, hydrazide chemistry was
used for coupling with aldehyde adducts on proteins (29).
Biotin hydrazide tagging allowed evaluation of the relative
extent of carbonylation as well as the identification of novel
targets of such modifications, including the adipocyte fatty
acid-binding protein (A-FABP).
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3-ns pulse length), and a microchannel plate detector was used to
collect data in the linear mode, positive polarity, with an accelerating
potential of 19 kV. Each spectrum was obtained by averaging ⬃200
laser shots. External calibration was performed using singly and
doubly charged peaks for horse heart cytochrome c (average mass
[MH⫹], 12,361 Da). The relative amount of protein modified was
estimated by dividing the peak intensity for the 4-HNE-modified protein by the sum of the peak intensities for the modified and unmodified protein.
Analysis of the Site of 4-HNE Modification on A-FABP Peptides by
MALDI-TOF MS/MS—His-tagged A-FABP was incubated with 4-HNE
for 15 h at room temperature in standard 4-HNE adduction buffer. The
protein was dialyzed at 4 °C against 25 mM ammonium bicarbonate,
pH 8.0. The protein was incubated with 6 M guanidine HCl, 10 mM
EDTA, 10 mM DTT for 1 h at 56 °C to denature and reduce the protein.
The protein was cooled to room temperature and incubated with
iodoacetic acid at a final concentration of 20 mM for 30 min at room
temperature in the dark. The protein was dialyzed into trypsin digestion buffer and incubated with trypsin for 15 h at 37 °C or dialyzed
against 25 mM sodium phosphate, pH 7.8 (Glu-C digestion buffer) and
incubated with Glu-C at room temperature for 15 h. For both enzymes, the ratio of 1:20 protease:protein was used. Digestion was
stopped by acidification with TFA. The peptides were desalted with
SepPak C18 cartridges according to the manufacturer’s instructions
and spotted with ␣-cyano-4-hydroxycinnamic acid. Full scans of the
peptide mixture from 800 to 3500 m/z and tandem mass spectral data
of select ions were collected on a QSTAR XL quadrupole time-offlight mass spectrometer (Applied Biosystems Inc., Foster City, CA).
The TOF region acceleration voltage was 4 kV, and the injection pulse
repetition rate was 6.0 kHz. Laser pulses were generated with a
nitrogen laser at 337 nm, ⬃9 J of laser energy using a laser repetition
rate of 20 Hz. Mass spectra were the average of ⬃50 laser shots
collected in positive mode. External calibration was performed daily
using human angiotensin II (monoisotopic [MH⫹] m/z, 1046.5417;
Sigma) and adrenocorticotropin hormone fragment 18 –39 (monoisotopic [MH⫹] m/z, 2465.1989; Sigma). Noise was subtracted from
MS/MS spectra using the periodic noise filter in Analyst QS, and the
centroid peak lists were submitted to Mascot and searched against
the National Center for Biotechnology Information non-redundant
(NCBInr) (December 1, 2006) Mus musculus database (the database
contained 107,811 protein entries at the time it was searched) including 4-HNE as a variable modification with mass tolerances set to 0.5
for precursor ions and 0.5 for fragment ions. Centroid peak masses
were exported from Analyst QS and graphed using GraphPad Prism
software.
Ligand Binding—A-FABP was incubated with and without 0.5 mM
4-HNE at room temperature for 5 h, incubated with 100 mM ␤ME, and
dialyzed extensively against 25 mM Tris-HCl, pH. 7.4 (1,8-ANS binding buffer). The 1,8-ANS binding affinity of native and 4-HNE-modified
A-FABP was determined by monitoring changes in fluorescence upon
titrating the protein into 500 nM 1,8-ANS in 1,8-ANS binding buffer as
described previously (44). Excitation and emission wavelengths of
376 and 472 nm, respectively, were used with slit widths of 4 nm for
each. Nonlinear regression was carried out using GraphPad Prism
software to fit the data to one-site binding isotherms. The isotherm for
the 4-HNE-treated protein was modeled as a two-component system
to produce a theoretical binding isotherm for the 4-HNE-modified
species specifically. Dissociation constant (Kd) values were determined from nonlinear regression.
Statistical Analyses—All values are expressed as mean ⫾ S.E.
Statistical significance was determined by performing the two-tailed
Student’s t test assuming unequal variances. p values ⬍0.05 are
considered significant.
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cartridges to desalt and remove undigested protein. The peptides
were eluted with 80% acetonitrile, 0.1% TFA in water; dried; and
reconstituted in 20 l of 0.1% formic acid.
Analysis of peptides by LC-MS/MS was achieved using the methods described previously (33, 34). Briefly each 20-l sample was
loaded onto a precolumn for concentrating and desalting followed by
a C18 in-line analytical capillary column (75-m inner diameter ⫻ 12
cm). The peptides were eluted over a linear gradient of 10 –35%
acetonitrile in 0.1% formic acid over 60 min at a flow rate of ⬃250
nl/min followed by isocratic elution at 80% acetonitrile in 0.1% formic
acid. Tandem MS analysis of the eluted peptides was performed
using either an LCQ classic ion trap mass spectrometer (Finnigan
Mat, San Francisco, CA) or an LTQ linear ion trap mass spectrometer
system (Thermo Fisher Scientific, Waltham, MA). For each MS survey
scan, the top three most abundant precursor ions were selected for
MS/MS on the LCQ (33), and the top four most intense precursor ions
were selected on the LTQ (34). The instrument settings used for data
collection on each platform were identical to those published previously (33, 34), and Xcalibur 2.0 software was used to create the peak
lists.
Proteins were identified by analyzing fragment and parent ions
using BioWorks 3.2 software and the SEQUEST search algorithm (35)
using the International Protein Index (IPI) mouse database, version
3.03 (the database contained 42,402 protein entries at the time it was
searched), appended with a reversed database containing reversed
sequences of each protein to facilitate false positive rate estimations
(36). Oxidation of methionine was included as a variable modification.
Mass tolerance was set at 2.0 for parent ions and 1.0 for fragment
ions, and trypsin was specified as the enzyme allowing for two internal missed cleavages. Each peptide match was assigned a probability
score (p score) using the program Peptide Prophet (37). The probability score cutoff value was set at 0.2 for proteins identified from
multiple hits (two or more unique peptides) and at 0.90 for single hits.
The false positive rate using these thresholds was below 1%, as
estimated by reverse database searching, and consistent with our
previous studies (38).
Purification of FABPs—Recombinant epithelial fatty acid-binding
protein (E-FABP) and A-FABP were expressed in Escherichia coli and
purified as described previously (39, 40) using a combination of acid
and protamine sulfate fractionation followed by gel filtration chromatography using Sephadex G-75. For E-FABP an additional cation
exchange chromatography step was utilized. Histidine-tagged
A-FABP (His-A-FABP) was expressed in E. coli and purified by nickel
affinity chromatography and gel filtration chromatography as described previously (41). A-FABP was purified from mouse adipose
tissue by methods similar to those described previously for purification from 3T3-L1 adipocytes (42).
Detection of in Vitro 4-HNE Modification by MALDI-TOF MS—
Purified E-FABP was incubated with or without 0.5 mM 4-HNE for 20
min at 22 °C in 10 mM potassium phosphate, 150 mM NaCl, pH 7.4
(standard 4-HNE adduction buffer). The reaction was quenched with
100 mM ␤-mercaptoethanol (␤ME), and the protein was dialyzed
exhaustively to remove excess 4-HNE and ␤ME. C4 ZipTips were
used to desalt the sample, and the presence of a 4-HNE adduct on
E-FABP was confirmed by MALDI-TOF MS. For A-FABP, the protein
was incubated with 4-HNE in 10 mM potassium phosphate, 10 mM
NaCl, pH 7.4 (low salt 4-HNE adduction buffer), and the protein was
spotted on a MALDI-TOF target without the use of a ZipTip after the
reaction was stopped by acidification with TFA.
MALDI-TOF spectra for undigested proteins were collected as
described previously (43). Briefly the samples were spotted with
sinapinic acid as the matrix (3,5-dimethoxy-4-hydroxycinnamic acid)
in 50:50 acetonitrile:nanopure water, 0.1% TFA. A Bruker Biflex III
(Bruker Biosciences, Billerica, MA) equipped with a N2 laser (337 nm,
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FIG. 1. Detection of 4-HNE modification of E-FABP. Purified recombinant
mouse E-FABP was incubated with or
without 0.5 mM 4-HNE in vitro, and the
extent of modification was evaluated using MALDI-TOF MS. Inset, 10 g of
4-HNE-modified
and
unmodified
E-FABP were coupled with biotin hydrazide, resolved by SDS-PAGE, transferred to a PVDF membrane, and blotted
with FITC-streptavidin.

To assess the relative extent of carbonylation on adipose
tissue proteins in lean and obese mice, biotin hydrazide was
used as a chemical tag to couple proteins with free carbonyl
groups. As an initial means of verifying the ability of biotin
hydrazide to detect carbonylated proteins, purified E-FABP, a
known target of 4-HNE modification, was evaluated (43).
4-HNE modification was confirmed by the presence of a mass
shift of 156 Da when the protein was analyzed by MALDI-TOF
MS (Fig. 1). The peak corresponding to a mass of 156 Da
larger than that of E-FABP was not detected in the absence of
incubation with 4-HNE (Supplemental Fig. 1). After 4-HNEmodified and unmodified E-FABP were incubated with biotin
hydrazide, samples were resolved by SDS-PAGE, transferred
to PVDF membrane, and incubated with FITC-streptavidin. As
shown in Fig. 1, inset, biotin hydrazide modified only 4-HNEmodified E-FABP and not the native form.
Using the methods initially developed for detecting 4-HNE
modification of E-FABP, soluble adipose protein extracts
were coupled with biotin hydrazide, resolved by SDS-PAGE,
transferred to membranes, and blotted with HRP-streptavidin.
Reaction variables such as biotin hydrazide concentration,
temperature, protein amount, and reaction time were altered
to optimize the detection of endogenous carbonylation (Supplemental Fig. 2). The reaction was relatively insensitive to
temperature or biotin hydrazide concentration but was dependent upon the amount of protein in the reaction. Standard
conditions of 0.5 mM biotin hydrazide, 50 g of protein, 2 h,
and 22 °C were chosen for all subsequent biotin hydrazide/

HRP-streptavidin blotting experiments. To confirm that biotin
hydrazide is highly specific for aldehydes, as has been demonstrated previously for dinitrophenylhydrazine (45), soluble
adipose protein was incubated with NaBH4 to reduce aldehydes to primary alcohols. After dialysis, the protein was
coupled with biotin hydrazide and blotted with HRP-streptavidin (Supplemental Fig. 3). The signal intensity for the reduced protein was decreased significantly, confirming that
the signal intensity from the unreduced protein coupled with
biotin hydrazide was primarily from aldehyde groups on the
proteins.
To examine the profile of carbonylated proteins in various
tissues as well as to confirm that the endogenous carbonylation detected by biotin hydrazide included 4-HNE-modified
proteins, soluble protein extracts were prepared from mouse
eye, lung, tongue, and adipose tissues. The protein samples
were coupled with biotin hydrazide using the standard conditions, resolved by SDS-PAGE, transferred to PVDF membrane, and blotted with HRP-streptavidin. In addition, parallel
samples were subjected to immunochemical analysis using
an anti-4-HNE antibody. As shown in Fig. 2, different patterns
of protein carbonylation were detected in the various tissues,
and in general, the profiles of modified proteins were similar,
although the biotin hydrazide method appeared to be more
sensitive and detected more proteins than did the anti-4-HNE
antibody. As hydrazide chemistry has been shown previously
to be specific for carbonyl groups (45), the additional bands
detected by biotin hydrazide may arise from other carbonyl
modifications besides 4-HNE that are known to be prominent
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RESULTS
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(6, 46). Moreover some bands detected by the anti-4-HNE
antibody were not observed with the biotin hydrazide method
and may be the result of nonspecific reactivity often observed
with antibody detection (dark smear at ⬃55 kDa seen in all
samples).
To investigate the extent of carbonylation of proteins in
obesity, equal amounts (50 g) of soluble proteins from epididymal adipose tissue of lean and obese mice were coupled
with biotin hydrazide, resolved by SDS-PAGE, transferred to
PVDF membrane, and blotted with HRP-streptavidin (Fig. 3A).
Quantification of signal intensities by densitometry (normalized to total protein) indicated increased (p ⬍ 0.05) carbonylation of proteins (⬃2–3-fold) in the samples from the obese
mice relative to the lean counterparts (Fig. 3B). This finding
agrees well with those reported by Talior et al. (25) who
measured a 2-fold increase in ROS in adipocytes from high
fat-fed mice compared with control chow-fed animals. Consistent with increased ROS in adipose tissue of high fat-fed
mice, extracts from obese animals exhibited a 3– 4-fold decrease (p ⬍ 0.05) in GSTA4 protein compared with lean animals (Fig. 4). GSTA4 catalyzes the Michael addition of 4-HNE
to glutathione (with high specificity for 4-HNE as a substrate),
and its decreased abundance may contribute to the increased
reactive aldehydes in adipose tissue from high fat-fed mice
(47, 48).
To identify proteins that are targets of aldehyde modification, soluble adipose proteins from obese mice were coupled
with biotin hydrazide and enriched via affinity chromatography using immobilized monomeric avidin. Bound proteins
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FIG. 3. Carbonylation of proteins in adipose tissue from lean
and obese mice. A, soluble proteins (50 g) from adipose tissue of
lean (L) and obese (O) mice were coupled with biotin hydrazide,
resolved by SDS-PAGE, transferred to PVDF, and blotted with HRPstreptavidin. Molecular masses (kDa) of the proteins are indicated on
the left. B, relative carbonylation (indicated as percentage of the
average value for obese mice) was determined from the blot in A by
densitometry (normalized to total protein). Values are expressed as
mean ⫾ S.E. (n ⫽ 3; *, p ⬍ 0.05).

were eluted with biotin, digested with trypsin, and subjected
to LC-ESI MS/MS. Proteins were identified by analyzing parent and fragment ions (Supplemental Fig. 4) using SEQUEST.
All data were filtered using the SEQUEST parameters described under “Experimental Procedures.” The experiment
was performed multiple times and repeated in the absence of
biotin hydrazide coupling to control for nonspecific enrichment by the avidin column. After removing all proteins that
were enriched without biotin hydrazide coupling, a list of
soluble proteins identified as targets of aldehyde modification
in adipose tissue was generated (Table I). Peptides matched
to keratins, serum proteins, trypsin, and hypothetical proteins
were also removed from the list. The identified proteins sorted
into the following clusters: carbohydrate and lipid metabolism, signal transduction, antioxidant enzymes/cell stress response, nucleic acid metabolism, protein synthesis/degradation, and structural/motor proteins. Of particular note was
A-FABP/aP2, a cytoplasmic fatty acid carrier protein and a
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FIG. 2. Detection of carbonylated proteins in different murine
tissues. Soluble extracts (50 g) from eye (E), lung (L), tongue (T), or
adipose tissue (A) were either coupled with biotin hydrazide (using the
standard conditions) and detected by blotting with HRP-streptavidin
(left panel) or immunoblotted with anti-4-HNE antibodies (right panel)
to detect carbonylated proteins. An additional sample that had not
been coupled with biotin hydrazide (⫺BH) was subjected to HRPstreptavidin blotting as a control. Molecular mass (kDa) of protein
standards is indicated on the left.

Adipocyte FABP Is a Cellular Target of 4-Hydroxynonenal

FIG. 4. Protein levels of GSTA4 in lean and obese mice. Soluble
protein (50 g) from adipose tissue of lean and obese mice was
resolved by SDS-PAGE, transferred to PVDF, and immunoblotted
with anti-GSTA4 antibody. Relative abundance (indicated as percentage of the average value for lean mice) was determined by densitometry (normalized to total protein). Values are expressed as mean ⫾
S.E. (n ⫽ 8; *, p ⬍ 0.05). Inset, representative lean (L) and obese (O)
samples from anti-GSTA4 immunoblot.
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member of the multigene family of lipid-binding proteins that
includes previously characterized E-FABP (43).
Because A-FABP was found to be an in vivo target of
aldehyde modification in adipose tissue by LC-ESI MS/MS,
adipose extracts from A-FABP-null mice were used to confirm
that A-FABP was modified with 4-HNE (Fig. 5). When soluble
adipose protein extracts from wild type mice were subjected
to aldehyde detection via biotin hydrazide coupling/HRPstreptavidin blotting, a prominently modified protein was detected at ⬃15 kDa that was absent in protein extracts from
A-FABP-null mice. When these same samples were subjected
to immunoblotting with an anti-4-HNE antibody a similar result was observed. To further verify that A-FABP is a target of
4-HNE modification in vivo, the protein was purified from
mouse adipose tissue. Both biotin hydrazide/streptavidin
blotting and immunoblotting with anti-4-HNE antibody confirmed that A-FABP was modified with 4-HNE in vivo (Fig. 5).
To determine the stoichiometry of in vivo 4-HNE modification of A-FABP, quantitative immunoblotting using antibodies
directed to 4-HNE and A-FABP was utilized (Supplemental
Fig. 5). The fraction of A-FABP modified with 4-HNE in adipose tissue of obese mice was calculated by determining the
concentrations of total A-FABP and 4-HNE-modified A-FABP
in tissue extracts. Through immunodetection of either A-FABP
or 4-HNE-modified A-FABP, it was estimated that 6 – 8% of
total A-FABP is modified by 4-HNE in adipose tissue of obese
mice. Given the total abundance of A-FABP is ⬃250 M in
adipocytes (42), the concentration of 4-HNE-modified protein
was estimated to be 15–20 M.
To further characterize the modification of A-FABP with
4-HNE, purified protein was incubated with 0.5 mM (R)- or
(S)-4-HNE or a 50:50 racemic mixture for various lengths of
time, and the extent of modification was assessed using
MALDI-TOF mass spectrometry (linear mode). As shown in
Fig. 6, there was no statistical difference between the extent
of modification of the protein by (R)- or (S)-4-HNE compared
with the racemic mixture.
To identify the site of 4-HNE modification of A-FABP in

vitro, His6-tagged A-FABP was incubated with 4-HNE and
enzymatically digested with either trypsin or Glu-C, and the
resulting peptides were subjected to MALDI-TOF MS/MS
analysis (41). The m/z values of abundant ions in the initial MS
spectra demonstrated A-FABP sequence coverage of 47.7%
for Glu-C and 73.5% for trypsin (data not shown). For both
trypsin and Glu-C digestions, parent ions with m/z values
corresponding to a peptide with Cys-117 modified by 4-HNE
(1076.5 for trypsin and 1628.8 for Glu-C) were isolated and
subjected to fragmentation to generate MS/MS spectra (Fig.
7). Many of the ions in the MS/MS spectra observed corresponded to those in the predicted fragmentation pattern for
the peptides with Cys-117 modified by 4-HNE (Table II). The
4-HNE modification itself appeared to undergo significant
neutral loss fragmentation during the collision-induced dissociation process (labeled as [M ⫹ H]⫹1 ⫺ 156 for parent ion
and with * for fragment ions in Fig. 7), a commonly observed
event during MS/MS analysis of 4-HNE-modified peptides
(49, 50) resulting in parent and fragment ions with 4-HNE
modification intact in some cases and absent in others. The
presence of b ions at 104.0 and 260.1 m/z in the spectrum for
the Glu-C-digested peptide (Fig. 7A, labeled as b1 and b1*)
verify that the 4-HNE modification is on Cys-117 as these m/z
values correspond to N-terminal b1 ions consisting only of
cysteine with and without the addition of 4-HNE. The 104.0
m/z peak represents the unmodified Cys-117 with the 260.1
m/z peak representing the same cysteine with the 4-HNE
modification intact, giving it an additional 156 m/z units. Furthermore the additional 156 m/z units was only seen on b ions
for the tryptic peptide in which Cys-117 is part of the given
fragment (ions indicative of 4-HNE modification at Cys-117
are shown in bold in Table II). No fragments besides those
containing Cys-117 were found to have 4-HNE adducts, and
no other 4-HNE-modified peptides were detected for either
digest. A-FABP contains no histidine residues and only one
additional cysteine, Cys-1, making it the only other strong
candidate as a potential site of in vitro 4-HNE modification.
Although ions with m/z values corresponding to peptides with
Cys-1 in the unmodified (alkylated with iodoacetic acid) state
were detected for both trypsin and Glu-C, the corresponding
ion for a 4-HNE-modified peptide was absent in each case.
The reactivity of lysine with 4-HNE is much weaker than that
of cysteine or histidine, and we found no evidence for a lysine
modification on A-FABP at a detectable level. Furthermore the
MS/MS spectra in Fig. 7 were submitted to Mascot to search
against the mouse database in an unbiased way using 4-HNE
as a variable modification. For both the trypsin and Glu-C
digests, the Cys-117 HNE-modified peptide derived from AFABP was the top scoring sequence match with Molecular
Weight Search scores of 14 for trypsin and 39 for Glu-C
(where a Molecular Weight Search score of greater than 32
indicates identity or extensive homology at p ⬍ 0.05) (51).
Together this evidence demonstrates that Cys-117 is the site
of 4-HNE modification on A-FABP in vitro.

Adipocyte FABP Is a Cellular Target of 4-Hydroxynonenal

TABLE I
Identification of carbonylated proteins in adipose tissue
Soluble proteins from adipose tissue of obese mice were coupled with biotin hydrazide, enriched via affinity chromatography using
immobilized monomeric avidin, and digested with trypsin. Peptides were subjected to LC-ESI MS/MS, and proteins were identified using
SEQUEST software. The identified proteins are listed along with their accession number. The peptides sequenced for each protein are
indicated along with the Peptide Prophet probability score (P score), the charge of the peptide (z), the singly charged mass ([M ⫹ H]⫹1]) with
the experimental error shown in parentheses, the cross-correlation value (Xcor), delta correlation value (⌬cor), and preliminary score rank (Rsp).
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TABLE I— continued
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To verify that Cys-117 is the in vivo site of modification (and
in agreement with the reactivity of the protein with 4-HNE in
vitro), A-FABP purified from mouse adipose tissue was di-

gested with Glu-C and subjected to MALDI-TOF MS. The
spectrum obtained had 67.9% sequence coverage for AFABP. Peaks at 1641.8 and 1530.6 m/z were detected, cor-
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To investigate the effect of 4-HNE modification of A-FABP on
its fatty acid binding activity, recombinant protein was modified
with 4-HNE, and the binding of the surrogate fluorescent ligand
1,8-ANS was monitored (44). Fig. 8 shows the binding isotherm
for the native and 4-HNE-modified protein with native A-FABP
exhibiting a Kd of 2.05 ⫾ 0.17 M and the 4-HNE-modified
A-FABP exhibiting a Kd of 23.20 ⫾ 4.18 M (p ⬍ 0.05).
DISCUSSION

FIG. 5. In vivo carbonylation and 4-HNE modification of A-FABP.
Left, soluble protein (50 g) from adipose tissue of A-FABP null (⫺/⫺)
and wild type (Wt) mice was evaluated using either biotin hydrazide
coupling or immunochemically using anti-4-HNE and anti-A-FABP
antiserum. Right, A-FABP was purified from murine adipose tissue
and subjected to a parallel analysis.

responding to unmodified peptides containing Cys-1 (acetylated) and Cys-117 alkylated with iodoacetic acid. Although
no peak was observed corresponding to a peptide with Cys-1
modified with 4-HNE or 4-ONE, a cluster of peaks at 1626.6,
1627.6, and 1628.6 m/z (signal:noise between 4 and 5 for
each peak) was observed (Supplemental Fig. 6) and is in
agreement with the theoretical monoisotopic m/z values of the
predicted Glu-C peptide with Cys-117 modified with 4-ONE
(1626.8) and 4-HNE (1628.8). Although it is unclear whether
the 1628.6 m/z peak is part of the isotope envelope for a
monoisotopic peak at 1626.6 m/z (as the 1627.6 peak likely is)
or whether it is the result of an independent modification,
these m/z values are in agreement with the modified Glu-C
peptide observed in the in vitro studies (Table II). In addition,
this peak cluster was absent in a control Glu-C digest of
E. coli-expressed recombinant A-FABP, which had 74.0% sequence coverage for A-FABP and contained the peak corresponding to the peptide with Cys-117 alkylated with iodoacetic acid (data not shown).
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FIG. 6. In vitro modification of A-FABP by 4-HNE enantiomers.
Purified A-FABP was incubated with 0.5 mM (R)-4-HNE, (S)-4-HNE, or
a 50:50 racemic mixture. After various time points, the protein was
subjected to MALDI-TOF MS analysis. The relative extent of 4-HNE
modification was estimated from spectral peak intensities. The experiment was done in triplicate with error bars shown. Squares represent (R)-4-HNE, circles represent (S)-4-HNE, and diamonds indicate
50:50 racemic mixture.

Obesity and type 2 diabetes are correlated with an increase
in ER stress (5, 23) and increased ROS (5, 23). One possible
contributing factor of obesity to insulin resistance is oxidative
stress-induced lipid peroxidation and the modification of proteins by reactive aldehydes such as 4-HNE and 4-ONE. To
gain insight into the extent of carbonylation of adipose proteins, biotin hydrazide was used as an affinity tag for proteins
with free aldehyde groups (29). Whereas other studies have
demonstrated an increase in oxidative stress markers such as
malondialdehyde and ROS measurements (5, 25), to our
knowledge this is the first report of direct protein modification
in adipose tissue linked to obesity. The ⬃2–3-fold increase in
protein carbonylation accompanying high fat feeding agrees
with other measures of oxidative stress (25). In addition, 37
targets of aldehyde modification were identified in adipose
tissue of the obese mice.
Several proteins we identified in this study have been reported previously to be carbonylated or 4-HNE-modified specifically in other systems. Glyceraldehyde-3-phosphate dehydrogenase and glutathione S-transferase M1 have been
shown to be targets of 4-HNE (52). In addition, dihydropyrimidinase-related protein 2 has been shown to be carbonylated in brain of Alzheimer disease patients, and triose-phosphate isomerase 1 has been found to be carbonylated in yeast
upon treatment with hydrogen peroxide (53). As we found
similarities between the detection of proteins with biotin hydrazide and anti-4-HNE antibody in adipose and other tissues, we presume that many of the proteins identified by
enrichment via biotin hydrazide coupling are 4-HNE-modified
(Fig. 2). However, as amino acid side chain oxidation and
other lipid peroxidation products can also result in aldehyde
groups on proteins (6, 46), additional studies need to be done
to confirm the type of modification present on each specific
protein of interest as we have done for A-FABP.
Work from this laboratory has shown previously that EFABP is a target of 4-HNE modification in retina and that the
site of modification is Cys-120 (corresponding to Cys-117 in
A-FABP) (43). A-FABP and E-FABP are members of the intracellular fatty acid-binding protein multigene family, share
⬃60% amino acid identity, and have essentially superimposable secondary and tertiary structures (54, 55). The defining
feature of the FABP multigene family is a large interior waterfilled cavity that serves as the hydrophobic ligand-binding
domain. Lipid binding to A-FABP occurs within a defined fatty
acid binding site with the carboxyl group coordinated by

Adipocyte FABP Is a Cellular Target of 4-Hydroxynonenal

Arg-106, Arg-126, and Tyr-128 (56). The decreased binding
affinity of 4-HNE-modified A-FABP for the hydrophobic probe
1,8-ANS (Fig. 8) agrees with the finding of Cys-117 as the site
of modification (Fig. 7) and is consistent with a variety of
crystallographic and NMR studies on the A-FABP apo- and
holoprotein forms. X-ray crystallographic analysis of A-FABP
in a variety of fatty acid-bound forms (palmitate, stearate, and
arachidonate) have shown that the C3 to C6 region of a bound
lipid lies in close proximity to Cys-117 (57–59). Moreover
chemical modification of Cys-117 in vitro with a battery of
sulfhydryl reagents decreased the affinity of A-FABP for fatty
acids, and fatty acid binding attenuated Cys-117 modification
(60). Prior to this study, only long and very long chain fatty
acids were believed to bind within the cavity (44). This report
implies that the ligand binding specificity of FABPs is broader
than previously considered and extends to medium chain
aldehydes. It will be interesting in the future to determine
whether testis FABP, which exhibits the same structurally
conserved cysteine residue, is also 4-HNE-modified.
The presence of a cluster of peaks containing ions with m/z
1626.6 and 1628.6 in the MALDI-TOF MS spectrum of in vivo
purified A-FABP digested with Glu-C (Supplemental Fig. 6) is

consistent with the finding of Cys-117 as the in vitro site of
modification (Fig. 7). As further support for in vivo modification
at Cys-117, digestion of recombinant E. coli-derived A-FABP
(E. coli lacks large amounts of polyunsaturated fatty acid substrates for 4-ONE and 4-HNE synthesis) revealed no peak
cluster at these m/z values. It is not surprising that a significant portion of the modified species of A-FABP in vivo may be
alkylated with 4-ONE (consistent with 1626.6 peak) at Cys117 in addition to 4-HNE (consistent with 1628.6 peak). Because 4-ONE contains a more electronegative keto function
relative to the hydroxyl group of 4-HNE it has been measured
to be significantly more reactive than 4-HNE (61).
It has been shown previously that A-FABP has a role in insulin
resistance in mice (31), and A-FABP-null mice are relatively
insulin-sensitive compared with wild type C57Bl/6J littermates.
In light of this, covalent binding of 4-HNE may promote the
holoprotein structure, mimicking the fatty acid-bound state. As
the interaction of A-FABP and hormone-sensitive lipase has
been shown previously to be fatty acid-dependent (41), the level
at which A-FABP is modified with 4-HNE could have significant
effects on lipolysis in the adipocyte. In this study it was estimated that 6 – 8% of A-FABP is modified with 4-HNE in adipose
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FIG. 7. MS/MS spectra of 4-HNEmodified A-FABP peptides. A-FABP
was modified with 0.5 mM 4-HNE in vitro
and digested with either Glu-C protease
(A) or trypsin (B). In each case, the ion
with m/z corresponding to the predicted
4-HNE-modified peptide was isolated
and subjected to fragmentation. Both
the [M ⫹ H]⫹1 parent ion peak corresponding to the 4-HNE-modified peptide as well as the peak corresponding to
the neutral loss of 4-HNE ([M ⫹ H]⫹1 ⫺
156) are labeled. The b and y ions observed are labeled as well as several
observed a ions, an immonium ion of an
arginine residue (Imm. Arg.), and ions
corresponding to the loss of water
(⫺H2O). Fragment ions demonstrating
neutral loss of 4-HNE are indicated with
an asterisk (*).

Adipocyte FABP Is a Cellular Target of 4-Hydroxynonenal

TABLE II
Ions observed in MS/MS fragmentation of 4-HNE-modified A-FABP peptides
Ions with m/z corresponding to predicted 4-HNE-modified A-FABP peptides were isolated and fragmented using an Applied Biosystems
QSTAR XL instrument. The observed MS/MS ions agree with theoretical fragmentation patterns for an A-FABP peptide modified on Cys-117,
generated by digestion with both trypsin and Glu-C. Peptide fragments indicative of cysteine modification with 4-HNE are indicated in bold.
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tissue of obese mice. Because of the high level of expression of
A-FABP in adipose tissue (250 M), this seemingly modest
fraction that is modified would accumulate to relatively high
concentration (15–20 M HNE-modified A-FABP) in obese mice.
The relative extents of modification of A-FABP in lean and
obese mice was consistent with the ⬃2–3-fold increase in total
protein carbonylation (Fig. 3), and increased modification of
A-FABP may in part contribute to insulin resistance in obesity
through altering hormone-sensitive lipase activity.
A potential role for A-FABP is as an antioxidant protein,
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scavenging 4-HNE in the cell (43). Glutathione, a well characterized antioxidant against 4-HNE, has been shown to be enantioselective toward (S)-4-HNE in its GST-catalyzed Michael
adduct formation (62). The fact that A-FABP forms adducts with
both enantiomers of 4-HNE suggests that such a 4-HNE-scavenging role would not be completely overlapping with that of
glutathione. As both stereoisomers of 4-HNE are formed in the
cell, the ability of FABP to form adducts with (R)-4-HNE could
be an important way of regulating concentrations of free 4-HNE.
Several other proteins identified in this study as targets of

Adipocyte FABP Is a Cellular Target of 4-Hydroxynonenal

FIG. 8. Effect of 4-HNE modification of A-FABP on 1,8-ANS
binding. After modification with or without 0.5 mM 4-HNE, A-FABP
was titrated into 1,8-ANS, and the binding isotherm was calculated
from monitoring changes in fluorescence. The experiment was done
in triplicate, and the results shown are representative of the three
trials. Squares represent untreated A-FABP, and triangles represent
4-HNE-modified A-FABP.
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