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ABSTRACT

Protein carbonylation is a major form of protein oxidation and is widely used as an indicator
of oxidative stress. Carbonyl groups do not have distinguishing UV or visible, spectrophotometric
absorbance/fluorescence characteristics and thus their detection and quantification can only be achieved
using specific chemical probes. In this paper, we review the advantages and disadvantages of several
chemical probes that have been and are still being used for protein carbonyl analysis. These probes
include 2,4-dinitrophenylhydazine (DNPH), tritiated sodium borohydride ([*H]NaBH,), biotin-containing
probes, and fluorescence probes. As our discussions lean toward gel-based approaches, utilizations of
these probes in 2D gel-based proteomic analysis of carbonylated proteins are illustrated where applica-
ble. Analysis of carbonylated proteins by ELISA, immunofluorescent imaging, near infrared fluorescence
detection, and gel-free proteomic approaches are also discussed where appropriate. Additionally, poten-
tial applications of blue native gel electrophoresis as a tool for first dimensional separation in 2D gel-based
analysis of carbonylated proteins are discussed as well.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Oxidative stress iscommonly viewed as a condition under which
the generation of reactive oxygen species (ROS) within a cellular
system exceeds the buffering capacity of endogenous antioxidant
defenses [1], leading to oxidative damage involving lipids, DNA,
and proteins [2]. Given the multitude of sources involved in the
generation of ROS and the variety of enzymatic and non-enzymatic
oxidant defenses, the condition of oxidative stress is most often an
inference based upon the presence of an excess of oxidative dam-
age to macromolecules. Among the numerous oxidation products,
carbonylation of proteins may be the most widely used type of
damage used to infer oxidative stress [3-5], in part based on the
fact that carbonyl modifications can be produced by wide variety
of ROS as well as by-products of lipid oxidation. However, specific
protein carbonylations are thought to be of additional significance,
beyond their use as a biomarker, because they can function as
biological signals [6,7] or confer irreversible loss of protein func-
tion in connection with disease [4,5,8,9]. Generally, there are three
types of amino acid oxidative modifications that can give rise to
protein carbonyls: (1) direct attack by reactive oxygen species on
certain amino acid side chains (Glu, Thr, Asp, Lys, Arg, and Pro)
[10]; (2) modification of histidine, cysteine, and lysine residues
by lipid peroxidation products such as malondialdehyde and 4-
hydroxynonenal [11-13]; and (3) reaction with reducing sugars,
forming advanced glycation end products adducts [14,15]. The exis-
tence of all three mechanisms of protein carbonylation have been
well documented in aging and in age-related degenerative diseases
[4,15].

2. Analysis of carbonylated proteins relies on the use of
chemical probes

Because protein carbonyls have no distinguishing UV or visible
spectrophotometric absorbance/fluorescence properties, they can-
not be directly determined. Instead, detection and quantification
of protein carbonyls require the use of specific chemical probes
that serve as handles for determination. In this review, we will dis-
cuss several probes that have been in use for the analysis of protein
carbonyls, including 2,4-dinitrophenylhydrazine (DNPH)[16], triti-
ated sodium borohydride [17,18], biotin-containing probes[19,20],
and fluorescence probes [21,22]. Except for tritiated sodium boro-
hydride, a common feature of all probes is a hydrazine-like moiety
that can react with carbonyl groups.

2.1. 2,4-Dinitrophenylhydrazine (DNPH)

2.1.1. Spectrophotometric measurements

DNPH was first introduced to the measurement of protein car-
bonyls by Levine et al. [16] and is still widely used. The unique
feature of this probe is a peak absorbance around 360 nm that
remains after its conjugation to proteins, allowing protein carbonyl
content to be measured spectrophotometrically. The labeling pro-
cess usually takes place under acidic conditions, whereby DNPH is
dissolved in a 2N HCI solution. As an excess of DNPH is always
added during the labeling, the samples usually undergo further
processing involving precipitation of protein by TCA (10%, final con-

centration) and extensive washing with an organic solvent that is
usually comprised of ethanol/ethyl acetate (1:1, v/v). An important
caveat to be considered when DNPH is used for spectrophotometric
determination of protein carbonyl content, is that proteins such as
cytochrome c and hemoglobin have absorbance wavelengths sim-
ilar to DNPH and may interfere with its measurement [23], leading
to inaccurate estimation of protein carbonyls. If this is the case,
other probes, such as tritiated sodium borohydride (Section 2.2)
[18], may be used.

2.1.2. Gel-based analysis

Protein samples treated with DNPH can be resolved by SDS-
PAGE, and carbonylation associated with specific bands can be
detected on Western blots using commercially available anti-DNPH
antibodies [24,25]. Initial studies adopting this 1D approach led to
the unexpected observation that not all proteins in a given pro-
teome were subject to equivalent oxidative attacks, supporting
the current view that protein oxidation during aging and disease
is a selective rather than a random process [26,27]. A multitude
of more recent studies have successfully analyzed DNPH-treated
samples using 2D IEF/SDS-PAGE, in a variety of experimental sys-
tems [28-31]. Fig. 1 shows a very good example of anti-DNP 2D
immunoblot detection of carbonylated proteins during aging in
yeast, as reported by Reverter-Branchat et al. [32]. In this study,
many yeast proteins were found to exhibit an age-related increase
in protein carbonyl content (panels A and B) and the increase could
be remarkably attenuated by caloric restriction (Fig. 1, panel C),
a regimen that is known to increase cellular redox potential and
decrease age-related oxidative stress [33-36].

2.1.3. Immunofluorescent imaging of carbonylated proteins

With the use of anti-DNP antibodies and fluorescent-secondary
antibodies, protein carbonyls labeled with DNPH can also be
visualized via in situ immunofluorescent imaging [37-41]. This
detection method can provide further insights into the mecha-
nisms of cellular oxidative stress that occurs under physiological
and pathophysiological conditions [42,43]. Fig. 2 shows an excel-
lent example of in situ immunofluorescent imaging of carbonylated
proteins, as reported by Desnues et al. [39]. In this study,
level of protein carbonylation in whole Escherichia coli cells was
shown to be greatly elevated by H,0, treatment (Fig. 2, E vs.
D).

2.1.4. ELISA measurement of protein carbonyls

Protein carbonyl content can also be measured using enzyme-
linked immunosorbent assay (ELISA). The method was originally
developed [44,45] by Dr. Christien Winterbourn’s group at
Christchurch School of Medicine, New Zealand, and has since
received wide applications. The assay involves the use of biotin-
linked anti-DNP antibodies that not only bind to the coated
DNP-derivatized proteins, but also facilitate detection with strep-
tavidin [44,45]. The assay was later modified by Alamdari et al., in
which proteins were first coated onto plates and then labeled with
DNPH [46]. This modification makes it unnecessary to concentrate,
otherwise, DNP-derivatized proteins for samples containing low
amount of proteins [46]. The advantage of these ELISA methods is
that the assay only requires microgram amounts of proteins and is
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Fig. 1. Anti-DNP 2D immunoblot detection of carbonylated proteins during yeast replicative aging and the effects of caloric restriction. Numbered spots (panel B) indicate
identification of major targets that showed age-related increase in protein carbonylation. The increase in each target’s protein carbonyl content was markedly attenuated by
caloric restriction that was achieved by growing yeast cells in the presence of 0.5% glucose (panel C), as opposed to normal growth conditions whereby the concentration of

glucose was 2%. Young: 2-generation-old; old: 16-18-generation-old.

Figure reproduced with permission from American Society for Biochemistry and Molecular Biology, Ref. [32].

capable of measuring many samples simultaneously. It should be
noted that the obtained carbonyl values depend very much on the
oxidized protein standard that is used for each assay. Additionally,
it is known that ELISA results do not correlate well with those from
DNPH measurements, but the reasons for this discrepancy have not
been investigated. The biotin/hydrazide-streptavidin system, with-
out the involvement of any antibodies, has also been adapted in the
ELISA assay of protein carbonyls [47].
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2.1.5. Potential problems associated with DNPH measurement
using commercial kit

For immunochemical detection of carbonylated proteins sep-
arated by 1D or 2D gel electrophoresis, many investigators use
commercial Western blot kit such as OxyBlot (Chemicon/Millipore,
USA). However, two groups have recently pointed out problems
associated with the use of these commercial kits [48,49]. These
include overestimation of protein carbonyl content due to the rec-
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Fig. 2. Immunofluorescent visualization of in situ carbonylated proteins in single Escherichia coli cells. Cells were grown in Luria-Bertani medium at 37 °C in the absence (A,
D, G) or presence of 200 mM H,0, (B, E, H). Transmission images of cells (A-C) and the fluorescence emission from fluorescently labeled antibodies (D-F) are shown. Cell
samples from H,0,-stressed cells were treated with proteinase K (C, F, I). Slot-blot analysis of carbonyl levels in protein extracts (G-I) was carried out in parallel with carbonyl
imaging to ensure that the carbonyl signal intensities agreed with the expected signal from the total-protein extracts. The inset graph shows the results of a statistical analysis
of the carbonyl-intensity signal in 200 control (green line) and 200 H,O,-treated (purple line) cells. Protein carbonyls were derivatized with DNPH and probed with anti-DNP
antibodies followed by visualization with TexasRed-conjugated secondary antibodies [38,41]. “Cell no.” = number of cells. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of the article.)
Figure reproduced with permission from Ref. [39].
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ommended use of a high concentration of 3-mercaptoethanol in
the homogenizing buffer that presumably induces protein auto-
oxidation [48], a diminished DNPH labeling efficiency upon storage
of the kit due to a decrease in acidity of the DNPH solution [49], and
instability of certain DNPH-derivatized protein samples upon stor-
age either under reducing conditions at 4 °C[48] or at low pH values
[50]. Therefore, cautions should be exercised when the commercial
kit is used. Additionally, for spectrophotometric quantification of
protein carbonyl content in crude bacterial homogenates, nucleic
acids should be removed with streptomycin sulfate (usually 1%,
final concentration) to avoid overestimation of protein carbonyl
content [48,51]. For spectrophotometric quantification of protein
carbonyl content in eukaryotic cells, however, contamination from
nucleic acids is usually negligible, but may need to be evaluated
depending on the method of homogenization [48]. For gel-based
analysis of protein carbonyls, no contamination from nucleic acids
is expected as nucleic acids separate from proteins during gel elec-
trophoresis. Relevantly, it has been recently reported that DNPH is
also reactive toward protein sulfenic acids in the absence of reduc-
ing reagents such as [3-mercaptoethanol [52]. However, whether
this reaction leads to overestimation of protein carbonyl content
has not been determined.

2.1.6. Unit expression of protein carbonyl content

Protein carbonyl content is usually expressed as nmol car-
bonyl/mg protein [16]. As such, both protein levels and carbonyl
levels need to be determined. For crude homogenates, carbonyl
content is determined spectrophotometrically at 360 nm by the
quantities of DNPH incorporated, while protein amount is deter-
mined by protein assay. For gel-based analysis, both the carbonyl
levels and the protein levels, with the latter often being reflected
by Coomassie blue staining, can be densitometrically determined
for given gel bands or spots. The ratio between the carbonyl signal
intensity and the protein signal intensity would then give specific
carbonyl content of the protein that is of interest. It should be noted
that such a ratio is as expected unitless, but can be expressed as
nmol carbonyl/mg protein provided that an oxidized protein stan-
dard is used [53-56].

2.2. Tritiated sodium borohydride ([?H]NaBH;)

Protein carbonyls can be reduced by sodium borohydride
(NaBHy4) to corresponding ethanol groups. When tritiated NaBHy4
is used in the reduction, tritium is incorporated selectively into
the carbonylated proteins [17] and, after TCA precipitation and
extensive washing, the radioactivity can be measured using a scin-
tillation counter. Additionally, the radio-labeled proteins can also
be separated by SDS-PAGE and the protein band of interest can
be excised [18]; the amount of tritium associated with the band
can be released by incubating the gel band in a 30% hydrogen per-
oxide solution and the radioactivity can then be measured [18].
This probe offers a method of choice when target proteins have
absorbance around 360 nm that would otherwise interfere with
DNPH measurement [23].

2.3. Biotin probes

Biotin probes take advantage of the affinity binding between
biotin and avidin (or streptavidin), among the strongest known
non-covalent interactions [57]. Two such probes have been applied
for the analysis of protein carbonyls, biotin-hydrazide [19] and N'-
aminooxymethylcarbonylhydrazino-p-biotin (ARP) [58]. Proteins
that are biotinylated using these probes can be affinity captured
using avidin or streptavidin beads [59], or analyzed using 2D gel-
based approaches. No secondary antibodies are involved when
biotin-containing probes are used for Western blot detection of

carbonyls, rendering the detection process more efficient and less
subject to error.

2.3.1. Biotin-hydrazide

Dr. Fred Regnier’s group at Purdue University has used biotin-
hydrazide quite extensively and in a variety of experimental
systems [19,59-61]. During labeling with this probe, the initial
reaction between a carbonyl group and the hydrazide forms a
Schiff-base that is unstable and must be reduced to a stable
hydrazine bond [19]. The additional reduction step necessitates fur-
ther procedures involving either buffer exchanges via filtration or
TCA precipitation/washing prior to further analysis of the biotiny-
lated proteins. An excellent application of this probe is the profiling
of carbonylated proteins in human plasma [59]. In this study, the
use of biotin-hydrazide, in conjunction with affinity purification
by avidin columns, allowed accurate estimation of total carbony-
lated proteins in plasma of healthy humans (0.2%), in addition to
establishing identity of the proteins and their tissue sources. Addi-
tionally, in this and other studies, in conjunction with the use of
mass spectrometry techniques, the biotin-hydrazide approach has
been instrumental in identifying the sites and types of oxidation
involved in carbonylation of specific proteins [59,62].

2.3.2. N'-aminooxymethylcarbonylhydrazino-p-biotin (ARP)

ARP was introduced to the analysis of carbonylated proteins by
Dr. Claudia Maier’s group at Oregon State University [20,58,63,64].
The advantage of this probe is that removal of excess ARP is not
needed if the biotinylated samples are to be subjected to gel-
based analysis [20], because the bond formed between ARP and
the carbonyl group is stable. However, when ARP-treated proteins
are to be purified by affinity capture, further steps such as buffer
exchange using centrifugal filters or TCA precipitation/washing are
indeed required to completely remove excess ARP [58,63]. Using
the ARP probe, Dr. Maier’s group identified 7 mitochondrial pro-
teins that showed an age-dependent increase in protein carbonyls
[20], including a confirmation of aconitase and adenine nucleotide
translocase identified previously as targets of oxidative damage
using other methods [26,27,65,66]. Similar to biotin-hydrazide
[59], ARP was also successfully used in mass spectrometric iden-
tification of specific sites that had been modified [63].

2.3.3. Quantification of incorporated biotin

In addition to Western blot detection and affinity capture
of carbonylated proteins or peptides, another application of the
biotin-containing probes is the quantification of carbonyls in tar-
get proteins, based onincorporated biotin. This approach makes use
of 4'-hydroxyazobenzene-2-carboxylic acid (HABA) and avidin that
are pre-mixed at a proper ratio [67,68]. The HABA, when complexed
with avidin, has a strong absorbance at 500 nm, whereas free HABA
has an absorbance peak at 348 nm. Because of the relatively weak
affinity binding between HABA and avidin (K4 =5.8 x 10~6) and the
strong affinity binding between avidin and biotin (Kg=1 x 10~15),
HABA bound to avidin can be easily displaced by biotin, leading to
a decrease in absorbance of the reaction mixture at 500 nm (or an
increase at 348 nm). Thus the amount of HABA released from the
HABA/avidin complex is highly proportional to the biotin in the
biotinylated (carbonylated) proteins. A fluorescence version of this
assay is also available [69].

2.3.4. Application of biotin probes

Based on the apparent advantages discussed above, our labora-
tories have recently applied biotin probes in lieu of our previous
approach involving DNPH. In particular, we were interested in
2D profiling of aging-related protein carbonylation using biotin-
hydrazide. In this study, rat liver mitochondria were used and were
prepared as previously described [70] from animals aged either



1312 L.-J. Yan, MJ. Forster / J. Chromatogr. B 879 (2011) 1308-1315

pl (3-10)
—_—

5 month-old

30 month-old

Fig. 3. Representative 2D Western blot detection of carbonylated proteins derivatized with biotin-hydrazide. Shown are profiles of age-related carbonylated proteins in rat
liver mitochondria prepared as previously described [70]. Protein carbonyl labeling with biotin-hydrazide was performed also as previously described [19]. Two dimensional
polyacrylamide gel electrophoresis and Western blot transfer were performed using Bio-Rad PROTEAN IEF cell and Mini-PROTEAN III cell according to standard procedures
[23]. The second dimension was 7.5% Laemmli SDS-PAGE [71]. Protein amount loaded on each IPG strip in the first dimension was 40 ug. Rats aged 5 or 30 months were used
in this study. Arrows indicate the selected gel spots showing age-related increases in protein carbonyls; gel spots inside the circled area in panel B indicate carbonylated

proteins that were not detected in the young animals.

5 or 30 months. The first dimensional isoelectric focusing was
performed according to standard procedures using Bio-Rad PRO-
TEAN IEF cell [23] while the second dimension was 7.5% Laemmli
SDS-PAGE [71]. Results in Fig. 3 show clearly an age-dependent
increase in protein carbonyls (Fig. 3, arrow indicated). Moreover,
many carbonylated proteins detected in the old animals could not
be detected in those aged 5 months (the circled area in Fig. 3), indi-
cating that more proteins were carbonylated in the old than in the
young.

2.4. Fluorescence probes

2.4.1. Fluorescein-5-thiosemicarbazide (FTC) and fluorescence
hydroxylamine (FHA)

Two visible-wavelength fluorescence probes have been
reported in the literature for the analysis of protein carbonyls:
fluorescein-5-thiosemicarbazide (FTC) [21,72,73] and Alexa 488
fluorescence hydroxylamine (FHA, Invitrogen) [22]. Both probes
are commercially available and have been successfully used in
2D gel-based proteomic analysis of carbonylated proteins. Appli-
cation of these probes to quantify carbonyl content in protein
mixtures has been limited, presumably because of the fact that
it is difficult to completely remove the excess probes following
TCA precipitation or gel filtration [21]. However, this difficulty is
not encountered when fluorescence probes are used in gel-based
analysis, as the unbound probes are separated from proteins
during gel electrophoresis. As shown in Fig. 4 (comparing panels A
and B), Chaudhuri and co-workers used an FTC probe to identify a
number of proteins in the mouse liver that showed an oxidation-
dependent increase in their carbonyl content [21]. Similarly, Poon
et al. [22] used an FHA probe to identify 9 proteins that underwent
carbonylation in mouse brains (Fig. 5).

2.4.2. N-aminoperylene-3,4,9,10-tetracarboxylic-bismides
(APTB)

APTB is unique in that the probe itself is not fluorescent but
becomes fluorescent upon reaction with carbonyl groups. While
applications of this chemical have been explored by chemists [74],
it has not as yet been used by biologists for the detection of pro-
tein carbonyls. However, if APTB were used instead of FTC or FHA,

protein carbonyl content could then be read directly from protein
mixtures with a fluorometer, because the unconjugated, excess
APTB is non-fluorescent. This probe should be equally applicable
in 2D gel-based proteomic analysis of carbonylated proteins.

2.4.3. Near infrared (IR) fluorescence probes

Besides the visible-wavelength fluorescence probes described
above, near infrared (IR, 670-1000nm) fluorescence dyes or
probes have also found increasing applications in measurements
of protein carbonyls [75-79]. Both carbonyl-reactive near IR flu-
orescence probes and antibody- or streptavidin-linked near IR
fluorescence dyes are now commercially available (Molecular
Probes/Invitrogen). The use of near IR fluorescence probes offers
the following advantages. First, as cellular macromolecules lack
near IR fluorescence due to reduced light scattering, there is virtu-
ally no auto-fluorescence background in the near IR region [55,80].
Hence, the IR detection method is highly sensitive and accurate.
Second, near IR fluorescence signal is quite stable when protected
from light, which makes quantification flexible and reproducible
[55]. This is in contrast to the conventional Western blot measure-
ment whereby substrate is used for a time sensitive development
of chemiluminescence signals. For quantitative measurement, the
near IR fluorescence signal is simply quantified by a near IR fluores-
cence scanner such as the Odyssey infrared imaging system made
by Li-Cor Biosciences (Lincoln, NE).

2.4.4. Overall advantages of fluorescence probes

Regardless of the fluorescent wavelength region (be it visible or
infrared), a fluorescence probe offers at least two advantages when
used in conjunction with gel-based analysis of carbonylated pro-
teins. First, there are no Western blot experiments to be carried
out, so the whole process, from gel running to image document-
ing, can be completed in a much shorter time. Second, the same
2D (or 1D) gel can be used for both protein staining and protein
carbonyl imaging [21,22], which reduces error associated with gel
spot identification and excision for subsequent mass spectrometric
analysis. This is in contrast to that of DNPH- or biotin-based 2D gel
analysis of carbonylated proteins, whereby gels are used for total
protein staining and Western blot membranes are used for imag-
ing of the carbonylated proteins [28,29]. Additionally, it is worth
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Fig. 4. Two-dimensional polyacrylamide gel electrophoresis of FTC-labeled control and oxidized liver cytosolic protein. Proteins (1 mg/ml) were oxidized with or without
FeSO4 (12 wM) in the presence of ascorbic acid (3 mM) One hundred microgram proteins were applied in the first dimension. Panels A and B show the fluorescence of FTC
binding to the unoxidized (A) and oxidized protein extracts (B), respectively. Panels C and D show the Sypro Ruby fluorescence of the identical gels shown in A and B.

Figure reproduced with permission from Ref. [21].

noting that with the use of near infrared fluorescence probes/dyes
and the finding that Coomassie blue-stained proteins fluoresce in
the near infrared region, both protein content and carbonyl content
can also be measured on a same membrane blot after gel transfer
[55].
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Fig. 5. (A) Representative 2D gel image of protein carbonyl groups detected by FHA
labeling. (B) Coomassie blue staining of the identical gel. Numbered spots indicate
corresponding spots between fluorescence imaging and Coomassie blue staining.
Figure reproduced with permission from Ref. [22].

3. Potential applications of 2D blue native-PAGE/SDS-PAGE
in the analysis of carbonylated proteins

In conventional 2D IEF/SDS-PAGE approach, the use of immobi-
lized pH gradient (IPG) strips in the first IEF dimension has greatly
improved the resolution of 2D gel spots. Nevertheless, the inherent
limitations of 2D IEF/SDS-PAGE have largely remained, including
the difficulty in focusing highly basic proteins and certain mem-
brane proteins that precipitate at the basic end of the IPG strips
[81].

The development of BN-PAGE [82], in particular, nongradient
BN-PAGE [83], may offer a better approach to 2D gel-based analy-
sis of carbonylated proteins. On a 12% nongradient blue native gel,
proteins ranging from 50 to 1000 kDa, including very basic proteins
and highly hydrophobic membrane proteins, can be resolved [83].
Hence, this technique should cover more proteins. Fluorescence-
based probes, as well as the biotin-containing probe ARP, can be
used because labeling with these probes does not involve removal
of the excess probes and the reaction mixtures can be directly
loaded onto blue native gels.

When BN-PAGE is performed as the first dimension, a poten-
tial problem is that sample preparation requires non-denaturing
conditions that may lead to inefficient labeling of those carbony-
lated amino acid side chains that are not accessible. Indeed, we
have found that when protein samples were labeled with ARP in
a BN-PAGE sample buffer containing 75 mM aminocaproic acid
and 15 mM Bis-Tris (pH 7.0), only a few proteins could be labeled
(unpublished data, the authors’ laboratories), indicating a low
efficiency in labeling of the oxidized proteins. This problem of
inefficient labeling can be solved via in-gel labeling involving incu-
bation of the post-run blue native gel strips (or gel plugs) in a
labeling solution supplemented with 1% SDS [84,85], the presence
of which would denature proteins and facilitate probe access to
the carbonylated sites [84,85]. After incubation for 20-30 min, the
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Table 1
Summary of the carbonyl probes discussed in this review.
Probe Applications and/or advantages Disadvantages Refs.
DNPH Good for colorimetric assay, WB?, and Labeling efficiency affected by pH. Subject to [48,49]
immunofluorescent imaging interference by nucleic acid. DNP-derivatives may
be unstable
NaB3H, Very sensitive Radioactive [17,18]
May replace DNPH colorimetric assay when needed
Good for gel-based assay
Biotin-hydrazide Good for WB, fluorescent imaging, affinity purification, Labeling needs further reduction [19,59,61]
and shotgun proteomics
ARP Same as biotin-hydrazide Possible false positive labeling [20]
No further reduction needed
FTC, FHA Good for gel-based assay Unsuitable for fluorometric assay [21,22]
WB may be obviated
APTB Good for fluorometric assay Not yet commercially available [74]
No need to remove excess probe
NIRP fluorescence probes Excellent for blot-based analysis High-cost equipments needed [55,80]

Sensitive, accurate, and stable
No background fluorescence

2 Western blot.
b Near infrared.

gel strips (or gel plugs) can then be directly placed onto a sec-
ond dimensional SDS-PAGE followed by Western blot detection
of carbonylated proteins. Alternatively, as has been reported [86],
proteins can be first separated by 2D BN-PAGE/SDS-PAGE, and then
derivatized with probes after transfer to immunoblot membranes.

4. Mass spectrometric identification of carbonylated
proteins

All the probes described in this review should be applicable
to mass spectrometric identification of carbonylated proteins. For
gel-based approach, gel bands or spots, whether detected by chemi-
luminescence, radioactivity, or fluorescence, can be processed for
peptide sequencing using liquid chromatography-tandem mass
spectrometry (LC-MS/MS) techniques following trypsin digestion
and HPLC separation of the tryptic peptides. It should be noted that
gel-based approach will only identify protein targets that are puta-
tively carbonylated [29,66] unless peptides bearing carbonylated
amino acid residues happen to be sequenced leading to identi-
fication of the site of modification. Unfortunately, this is usually
not the case for samples that do not receive prior selective enrich-
ment. Therefore, for identification of only the proteins that undergo
carbonylation under given experimental conditions, a bottom-up
shotgun proteomic approach may be performed [87,88]. This is
a gel-free approach, in which protein carbonyls are derivatized
with biotin-containing probes, followed by trypsin digestion, affin-
ity capture of the carbonylated/tryptic peptides using streptavidin
beads, and mass spectrometric identification of the carbonylated
proteins [59,62,63,87]. The use of biotin-containing probes not only
facilitates isolation and enrichment of the carbonylated peptides,
but also tags the carbonylated sites that can be distinguished by
mass spectrometry. If both identification of the carbonylated sites
and quantification of the carbonyl content need to be achieved, a
technique called stable isotope coded affinity tagging (ICAT) [89,90]
may be used. An improved approach of the ICAT technique, iso-
baric Tag for Relative and Absolute Quantification (iTRAQ), is also
available [91,92].

5. Summary

The chemical probes covered in this review are summarized
in Table 1, whereby their applications, advantages, and potential
disadvantages are also given. Based on our discussions, a general

guideline for analyzing protein carbonylation may be formed as the
following. (1) For spectrophotometric measurement of protein car-
bonyls, DNPH is the probe of choice; (2) for gel-based 2D analysis of
carbonylated proteins, either biotin-linked probes or fluorescence
probes can be used. However, fluorescence probes may be preferred
given that a single gel can be used for both protein staining and
fluorescence imaging of carbonylated proteins. In particular, near
IR fluorescence probes may be preferred for blot-based carbonyl
quantification because both protein content and carbonyl content
can be measured on a same blot following gel transfer. Finally, for
capture and enrichment of carbonylated proteins to be analyzed
by either gel-based or gel-free proteomic approaches, biotin-linked
probes should be used.
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