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Analysis of Protein Carbonyls with 2,4-Dinitrophenyl Hydrazine
and Its Antibodies by Immunoblot in Two-Dimensional Gel
Electrophoresis
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Protein carbonyls are reported to increase in aging and in pathologies such as Alzheimer's
disease and ischemic injury. Detailed study of this important issue has, however, been
hampered by lack of an appropriate method to identify individual carbonylated proteins.
We describe here an immunoblot method to investigate protein carbonyls reactive to 2,4-
dinitrophenyl hydrazine. Rabbit polyclonal antibodies against 2,4-dinitrophenyl hydra-
zine were used to study the proteins derivatized by the reagent in one- or two-dimensional
polyacrylamide gel electrophoresis followed by immunoblotting. More than 25 proteins
with high carbonyl contents were clearly demonstrated in two-dimensional immunoblot of
rat tissue soluble proteins. The method could detect concentrations as low as 1 pmol of
carbonyls. The signals were mostly abolished by prior treatment of tissue proteins with
sodium borohydride to reduce carbonyls. Fragments generated by V8 protease digestion of
a single protein exhibited signal intensities of varying degrees, indicating that carbonyla-
tion is not uniform in different amino acid sequences. Proteins treated with glucose or
aldehydes gave rise to positive signals, suggesting that the finding of carbonyls in tissue
proteins is not necessarily an indication of direct oxidation of side chains of amino acid
residues.
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Oxidative modifications of proteins have recently attracted
considerable interest in aging (1-3) and in age-associated
diseases such as Alzheimer's disease (4), arteriosclerosis
(5), cataract (6), and rheumatoid arthritis (7). Reactive
oxygen species give rise to a variety of modifications in
amino acid residues like cysteine, methionine, tryptophan,
arginine, lysine, proline, and histidine (8-11). Among
these, carbonyls formed by oxidation of arginine, lysine,
threonine or proline residues are often employed as a
marker of major forms of the modification because they are
readily measured by the reaction with 2,4-dinitrophenyl
hydrazine (DNPH) to form hydrazones (12, 13) or labeling
via reduction with tritiated sodium borohydride (14, 15).
In most investigations so far reported, however, carbonyls
are determined as a mixture of tissue proteins and hence
little information is available on what protein species are
carbonylated in vivo. In view of possible changes in the
extent of oxidation of tissue proteins in nging and pathol-
ogy, it is of great interest to know the specificity of proteins
that might be more susceptible or resistant to oxidation
than others.

In this communication we report an indirect immuno-
logical method to detect protein carbonyls by immunoblot
using monospecific antibodies against 2,4-dinitrophenyl
hydrazones of oxidized bovine serum albumin (BSA).
While it is generally believed that carbonyls are generated

1 To whom correspondence should be addressed.
Abbreviations: DNPH, 2,4-dinitrophenyl hydrazine; TCA, trichloro
acetic acid; SDS-PAGE, SDS polyacrylamide gel electrophoresis.

by direct oxidation of amino acid residues, they can also be
generated by either nonenzymatic glycation (16) or reac-
tion with aldehydes derived from lipid peroxides (17). We
therefore evaluated protein carbonyls generated by reac-
tions with glucose or aldehydes in vitro by the present
method. During preparation of this manuscript, Levine and
his collaborators reported an approach similar to the one
described here (18, 19). Preliminary results of our investi-
gations have been reported elsewhere (20-22).

MATERIALS AND METHODS

Chemicals—2,4-Dinitrophenyl hydrazine (DNPH), Sta-
phylococcal Protease V8, urea, glucose, acetaldehyde, and
sodium borohydride were purchased from Wako Pure
Chemicals, Tokyo. Chicken lysozyme, BSA, ovalbumin,
and catalase were from Sigma Chemical, USA. Endoglyco-
sidase F was from New England Bio Labs. 126I-Protein A
was from ICN Biomedicals, USA. Cyanogen bromide
activated Sepharose 4B was from Pharmacia LKB. PVDF
and nitrocellulose membranes were obtained from Mil-
lipore, USA, and Schleicher and Schull, Germany, respec-
tively. Other reagents used were of analytical grade.

Animals and Preparation of Tissue Extracts—Male
Fischer 344 rats were maintained under specific pathogen-
free conditions in our nnim«l facility and used for experi-
ments. Tissue samples were homogenized in 10 to 20
volumes of 50 mM Tris-HCl buffer (pH 7.4) containing 1
mM EDTA using a Polytron-type Nition homogenizer at
speed control 100 for 2 x l 5 s . The homogenates were
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centrifuged at 15,000 Xg for lOmin at 4'C. The super-
natants were saved for analysis of protein carbonyls.

Determination of Carbonyl Contents—Carbonyl content
of proteins was determined by the DNPH method as
described by Ref. 12 with some modifications to improve
reproducibility in our laboratory (Nakamoto, H. and S.G,
unpublished results). Briefly, proteins in two equal portions
of the supernatant were precipitated with 1096 TCA. The
precipitates were treated with either 2 N HC1 alone (con-
trol) or 2 N HC1 containing 10 mM DNPH at 15'C for 1 h.
After the reaction, the mixture was centrifuged, the
precipitates were washed with an ethanol-ethyl acetate (1 :
1) mixture three times and the final precipitates were
dissolved in 6 M guanidine chloride or 8 M urea. The
absorbancy was measured at 360 nm and the carbonyl
content was obtained as nmole per mg protein using a molar
extinction coefficient of 22,000"'. Samples processed simi-
larly but without DNPH treatment were used as controls.
Concentrations of protein were measured with a BioRad
assay kit using bovine serum albumin as a standard.

Preparation of Antibodies—BSA (1 mg/ml) was oxidized
by incubation in 50 mM sodium phosphate buffer (pH 7.4)
containing0.155% (v/v) H2O2,1.2 mMFeS04, and 1.2 mM
EDTA 2Na for 5 min at 37*C. The oxidized BSA was
precipitated with 10% TCA and then treated with 10 mM
DNPH in 2 N HC1 at 37"C for 1 h. The resulting hydrazones
were precipitated with TCA, washed with ethanol/ethyl
acetate, then with acetone, then dissolved in 8 M urea and
emulsified with the same volume of Freund's complete or
incomplete adjuvant. The emulsion containing 1 mg of the
derivatized BSA was injected subcutaneously into Japan
White rabbits every 2 weeks. Antibody activity was
monitored by specific reaction with oxidized and DNPH-
treated BSA using oxidized but DNPH-untreated BSA as a
negative control. After 3 injections, the antiserum was
obtained. The antibodies in 5 ml of the antiserum were
partially purified by ammonium sulfate precipitation at
33% saturation followed by affinity chromatography on a
column containing 2 ml of DNPH-coupled Sepharose 4B,
and the bound antibodies were eluted with 0.1 M glycine-
HC1 buffer (pH 2.5) containing 0.1% (v/v) Tween 20. The
eluate was neutralized, supplemented with 0.05% NaN3,
and stored at +4'C.

Immunoblot on SDS-PAGE—Proteins precipitated with
TCA were suspended and incubated in a solution containing
10 mM DNPH and 2 N HC1 for 1 h at 15'C. The resulting
protein hydrazones were pelleted in a centrifuge at
11,000 X g for 5 min. The pellets were washed twice with 1
ml of ethanol-ethyl acetate (1 : 1) and then once with
acetone. The final precipitates (1 mg protein) were dis-
solved in 1 ml of Laemmli's buffer (23) containing 8 M urea
and 5% 2-mercaptoethanol using a sonicator Silentsonic
(Sharp, Tokyo) for 10 min. Duplicate SDS-PAGE of the
derivatized proteins was carried out in 12% polyacrylamide
gels containing 0.1% SDS, first at 90 V and then at 250 V
for about 3 h. One gel was stained with Coomassie Brilliant
Blue R-250 (CBB) and the other was processed for im-
munoblot as follows. The proteins were transferred to
PVDF membranes or, in some experiments, to nitrocel-
lulose membranes. The membranes were soaked in PBS
containing 3% skim milk, 0.05% Tween 20, and 0.05%
sodium azide, then treated with anti-DNPH antibodies in
the same buffer. After washing with the buffer without the

antibodies, the membranes were treated with 125I-Protein
A (0.02 jx Ci/ml) in the same buffer for 2 h at room temper-
ature, washed with PBS(-) containing 0.05% Tween 20
and exposed to an Imaging Plate (Fuji Film, Tokyo)
overnight. Radioactive signals were visualized in a BAS
2000 Bioimaging Analyzer (Fuji Film). Molecular weight
markers used were BSA (Mr 66,300), hen egg albumin (Mr

42,700), rabbit glyceraldehyde-3-phosphate dehydrogen-
ase (Mr 36,000), bovine carbonic anhydrase (Afr 29,000),
trypsinogen (Mr 24,000), soybean trypsin inhibitor (MT

20,100), and bovine lactoalbumin (Mr 14,200). Some of
these proteins were carbonylated when they were pur-
chased and therefore also served as molecular weight
markers in immunoblot.

Immunoblot on 2-D PAGE—This was performed essen-
tially as described with some modifications (24). Protein
samples were treated with DNPH in the same way as for
SDS-PAGE described above, and the final precipitates
were dissolved in 8.5 M urea solution containing 2% (w/v)
NP40, 5% (v/v) 2-mercaptoethanol, and 2% (v/v) carrier
Ampholine-Pharmalite mixture ( 8 : 1 : 1 mixture of Am-
pholine pH 3-10.5, Ampholine pH 4-6, and Pharmalite pH
8-10.5). Thirty microliters of sample solution was applied
on 4.5% (w/v) polyacrylamide gel (120x 2 mm) containing
8.5 M urea, 20% (w/v) sucrose, 2% (w/v) NP40, and 2%
(w/v) carrier Ampholine-Pharmalite mixture. To protect
proteins against possible damage due to the extreme pH of
the electrode solution, a solution containing 5 M urea, 2%
NP40, 2% Ampholine, and 0.8% (w/v) glutamate was
overlaid on the samples. The anode and cathode solutions
were 0.02 M phosphoric acid and 1 M NaOH, respectively.
The electrophoresis was conducted for 3 h at 150 V, then
for 20 h at 300 V and finally for 1.5 h at 450 V. After
electrophoresis in the first dimension, the gels were soaked
in Laemmli's buffer containing 5% (v/v) 2-mercaptoeth-
anol for 30 min, then subjected to SDS-PAGE for immuno-
blot as described above.

Sodium Borohydride Reduction—Proteins precipitated
with 10% (w/v) TCA were suspended and incubated in 86
mM Tris-HCl buffer (pH 8.5) containing 40 mM sodium
borohydride and 0.86 mM EDTA at 37'C for 1 h essentially
as described (14). The reaction was terminated with 10%
(w/v) TCA, and the precipitates were subjected to dupli-
cate SDS-PAGE for immunoblot and CBB staining.

Limited Protease Digestion of DNPH- Treated Proteins—
DNPH-derivatized ovalbumin precipitates (0.25 mg) were
dissolved in 0.25 ml of 125 mM Tris-HCl buffer (pH 6.8)
containing 0.5% (w/v) SDS and 10% (v/v) glycerol in a
boiling bath for 2 min. Staphylococcal protease V8 (15 or 25
fig) dissolved in 25 //I of the buffer was added to the
solution, and the mixtures were incubated at 37'C for 1 h.
The reaction was terminated by the addition of SDS and
2-mercaptoethanol to final concentrations of 2% and 5%,
respectively. The resulting digests were examined by SDS-
PAGE followed by CBB staining and immunoblot.

Oxidative Modification of Lysozyme—Chicken lysozyme
(1 mg/ml) dissolved in 50 mM phosphate buffer (pH 7.5)
containing 25 mM ascorbate, 0.1 mM FeCl3, 1 mM EDTA,
and 90 mM KC1 was incubated at 37"C for 1 to 6 h. The
oxidized lysozymes were precipitated with 10% (w/v)
TCA, treated with 10 mM DNPH and analyzed by im-
munoblot. To monitor the extent of oxidation, the carbonyl
content of each sample was determined as described above.
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Treatment of Catalase with Glucose—Catalase was
dissolved in 1 ml of PBS (1 mg/ml, pH 7.4) containing 0,
0.8, 1.6, or 160 mg per ml of glucose and 0.05% (w/v)
NaN3, and the mixture was incubated either in the presence
or absence of 5 mM EDTA at 37"C for 9 days. The catalase
thus treated was precipitated and washed with 10% (w/v)
TCA twice and processed for immunoblot after derivatiza-
tion with DNPH.

Modification of Lysozyme with Acetaldehyde—Five
milligrams of chicken lysozyme was dissolved in 10 ml of
PBS (pH 7.4) containing 240 mM acetaldehyde as de-
scribed (25), and the solution was incubated at 20'C for 5 s,
20, 60, or 120 min. The resulting modified lysozymes were
precipitated with TCA, treated with DNPH, then subjected
to immunoblot.

RESULTS

Specificity of the Antibodies—The reaction of the purified
antibodies with rat brain soluble proteins treated with
DNPH yielded multiple positive signals in immunoblot but
none at all in proteins untreated with DNPH (Fig. 1). The
signals were completely abolished when the immune reac-
tion was performed in the presence of an excess amount of
free DNPH. These results demonstrate the specificity of
the antibodies for 2,4-dinitrophenyl hydrazones of pro-
teins. It was noted that although some free DNPH was
strongly absorbed by the nitrocellulose membranes in the
competition experiment, no background signals were de-
tected, while significant signals were observed when PVDF
membranes were used.

The above results, however, do not prove that DNPH
reacted specifically with carbonyls in proteins under our
experimental conditions. Because of the high sensitivity of
the immunological detection used here it was conceivable
that the reagent reacted, albeit weakly, with other moieties
m proteins, and hence the method might not have detected
carbonyls exclusively. We therefore examined the effect of
prior treatment of proteins with reducing reagent on the
signal intensity. After sodium borohydride treatment, the
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Fig. 1. Specificity of anti-DNPH monospeciflc antibodies.
Panels A and B represent CBB staining of SDS-PAGE and its
immunoblot, respectively. Proteins with (lane 1) and without (lane 2)
prior treatment with DNPH were appbed. The sample for lane 3 was
incubated with the antibodies in the presence of large excess of free
DNPH.

intensity was reduced to less than 30% of the untreated
preparation without any detectable changes in the staining
pattern (Fig. 2, A and B). Incubation at higher concentra-
tions of sodium borohydride completely abolished the
signals with apparent fragmentation of proteins (data not
shown). Thus, it is unlikely that DNPH reacted with
moieties other than carbonyls in tissue proteins under our
experimental conditions.

Detection of Carbonyls in Fragments of Proteins—To
further verify the specificity of the reaction of DNPH with
proteins, we attempted to see if specific proteolytic frag-
ments of a carbonylated protein react more strongly than
others. Commercially available ovalbumin which apparent-

M r. (X10 3)

36-

20.1- -20.1

14.2- -14.2

1 2 1 2

(A) CBB stain (B) Western Blot

Fig. 2 Effect of treatment with sodium borohydride on im-
munoblot of rat kidney soluble proteins. The proteins were
treated with sodium borohydride before the reaction with DNPH as
described in "MATERIALS AND METHODS" and analyzed by
immunoblot Proteins treated with sodium borohydride and untreat-
ed control proteins were run on lanes 1 and 2, respectively. Lane 3 is
for molecular weight markers, some of which are obviously carbony-
lated and served as markers for both staining and immunoblot (A)
CBB staining and (B) immunoblot.

Mr

1 2 3 4 1 2 3 4
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Incubation (h) 0 2 2 2

(A) CBB Stain
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Fig 3. Distribution of carbonyls in proteolytic fragments of
DNPH-ovalbumin. Ovalbumin (0.25 mg) was denvatized with
DNPH and subjected to limited digestion with (lane 3) or without
(lane 2) 25 ftg of V8 protease for 2 h in 125 mM Tris-HCl buffer
containing 0.5% SDS and 10% glycerol After mactivation of the
enzyme by boiling the reaction mixture in 2% SDS and 5% 2-
mercaptoethanol, the protein fragments were subjected to SDS-
PAGE followed by CBB staining and immunoblot The V8 protease
only was similarly processed and run in lane 4 Ovalbumin not
incubated with the protease was run in lane 1.
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ly had undergone some oxidative modifications was treated
with DNPH and then digested with V8 protease. The
resulting fragments were analyzed by SDS-PAGE followed
by CBB staining and immunoblot (Fig. 3). The derivatized
ovalbumin was cleaved to generate two major fragments
with molecular masses of 40 and 23 kDa, the signal inten-
sities of which were significantly different from each other,
that of the lower molecular weight component being stron-
ger (Fig. 3). Thus, moieties reactive with DNPH do not
appear to be distributed evenly but localized in a protein.
Similar observations were made with bovine catalase (data
not shown). This finding provides further support for the
interpretation that DNPH reacts with specific sequences of
a polypeptide that contain carbonyls.

Detection of Carbonyls on 2-D PAGE—For two-dimen-
sional PAGE, the derivatized proteins had to be solubilized

with nonionic solvent because proteins treated with DNPH
were precipitated with acid to remove the free reagent. The
acid precipitates were washed with acetone, then dissolved
in the sample solution for isoelectric focusing containing 8.5
M urea, usually with no sedimentable remnants appearing
after centrifugation at 8,000 X g for 5 min. More than 25
signals were detected on 2-D PAGE followed by immuno-
blot of soluble proteins from rat kidney and liver (Fig. 4).
It was noted that much fewer signals were found in the
brain. Interestingly, apart from a protein of Mr 67,000 in
the kidney, which is probably serum albumin, the proteins
showing prominent signals were minor components in the
staining. It should also be pointed out that while spots on
CBB staining tended to locate in more alkaline regions, the
majority of immunoblot signals are found in more acidic
regions.

Kidney

8 9

-66

-45

-36

-29
-24

-20.1

-14.2

-66

(A) CBB Stain (B) Western Blot

Fig 4. 2-D PAGE followed by
Immunoblot of rat tissue sol-
uble proteins. Soluble proteins of
rat liver, kidney, and brain were
derivatized with DNPH as de-
scribed in "MATERIALS AND
METHODS." The final precipi-
tates were washed with cold ace-
tone and dissolved in the sample
buffer for isoelectric focusing sup-
plemented with 2% NP40, 5% 2-
mercaptoethanol, and 8 5 M urea.
Fifty micrograms of protein was
run on the first dimensional disc gel
electrophoresis in the range of pH
3.5 and 10.5. The second dimen-
sional gel electrophoresis was per-
formed in 12% SDS-PAGE. (A)
CBB staining and (B) immunoblot.
Upper panel, liver; middle panel,
kidney, lower panel, brain.
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Carbonyls in Oxidatwely Modified Chicken Lysozymes—
While negligible signals were detected in immunoblot of
the commercial lysozyme, the signal intensity increased
linearly with time in parallel with the spectrophotometri-
cally determined carbonyl content upon incubation with
FeCl3 and ascorbate (Fig. 5). In immunoblot the lowest
limit of detection was at least 1 pmol.

DNPH-Reactivity of Catalase Treated with Glucose—
The catalase incubated with 0.8 mg/ml (physiological
concentration) or 1.6 mg/ml (a mild diabetic concentration)
of glucose showed no detectable increase of immunoreac-
tivity to the antibodies. At glucose concentration of 160
mg/ml, however, signal intensity for the immunoreactivity
increased 2.5- and 1.5-fold of the control (without glucose)
in the presence and absence of EDTA, respectively (Fig.
6B). These results suggest that half of the carbonylation of
catalase in the presence of glucose may involve metal-
catalyzed oxidation of the protein (see "DISCUSSION").

DNPH-Reactivity of Acetaldehyde-Modified Lysozymes—
It is reported that not only bifunctional but also monofunc-
tional aldehydes can generate carbonyl groups by reaction
with proteins (26). We therefore examined whether chick-
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Fig. 5. Immunoblot of lysozyme oxidatlvely modified with
FeJ+/ascorbate for the indicated times and derivatized with
DNPH. Three micrograms of the protein was loaded on SDS-PAGE
and blotted to a PVDF membrane for the immune reaction. Signals
intensified in an imaging plate were determined with a Bas 2000
analyzer (Fuji Film). The protein carbonyls were determined as
described m "MATERIALS AND METHODS."

en lysozyme treated with acetaldehyde is modified to give
rise to carbonyls reactive to DNPH. Upon reaction with
acetaldehyde, the dimer and trimer of the protein were
clearly visible within half a minute but their amounts did
not increase significantly on further incubation up to 2 h as
shown in Fig. 7A. The results of immunoblot demonstrate
the appearance of remarkable DNPH-reactivity in high
molecular weight aggregates with time when the incubation
was carried out with the aldehyde (Fig. 7B). The signals in
monomer and dimer/oligomers were lower but exhibited
significant increase with time. It is interesting to note that
the signal intensity did not appear to increase in parallel
with the amount of each form of the protein as seen from
the comparison between CBB staining and the signals,
suggesting that lysozyme-aldehyde adducts undergo trans-
formation of structures with time and giving rise to
carbonyls.

DISCUSSION

Carbonyl moieties in tissue proteins are believed to be
formed primarily by oxidative modifications of amino acid
side chains (2-4, 10, 12). In most of these studies the
carbonyls were measured spectrophotometrically using
DNPH, or in fewer cases by incorporation of tritium into
proteins upon reaction with [3H] sodium borohydride (1,
15). In these studies, however, no attempt was made to
identify individual proteins with carbonyls or the chemical
structures of the carbonyl moieties.

1 2 3 4 5 6 8

EDTA

(A) CBB Stain (B) Western Blot

Fig. 6. Immunoblot analysis of glycated catalase. Bovine cata-
lase was incubated in 0 (lanes 2, 6), 0.8 (lanes 3, 7), 1.6 (lanes 4, 8),
or 160 mg/ml (lanes 5, 9) glucose in the presence or absence of EDTA
at pH 7 4, 37*C for 9 days. 0.5 fig of each DNPH-denvatized protein
was subjected to SDS-PAGE for CBB staining (A) and immunoblot
(B). Lane 1, catalase without DNPH treatment.

Acetaldehyde W

120 60 20 5 0.5 120 60 20 S

Incubation Time (min)

(A) CBB Stain

- 20.1

-14.2

120 60 20 S 0.5 120 60 20 5 0.5

Incubation Time (min)

(B) Western Blot

Fig. 7. Immunoblot analysis of lysozyme
modified with acetaldehyde. Chicken lysozyme
was incubated with or without 240 mM of acetalde-
hyde at 20*C for 5 s, 20, 60, and 120 min. The
modified and control lysozymes were denvatized
with DNPH and 2 //g of each protein was subjected
to SDS-PAGE for CBB staining (A) and immunoblot
analysis (B).
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In the present work we developed and characterized an
indirect immunological method to investigate protein
carbonyls by immunoblot on either one- or two-dimension-
al polyacrylamide gel electrophoresis. Since DNPH is a
potent immunogen, monospecific antibodies against the
reagent bound to BSA could readily be prepared. The
specificity of affinity-purified antibodies for carbonyls was
demonstrated by the experiment in which positive signals
on immunoblot were totally abolished by an excess of free
DNPH (Fig. 1). The specificity of the method was further
verified by the findings that reduction of carbonyls with
sodium borohydride greatly diminished the intensity of the
signals (Fig. 2). Since the immunological detection is highly
sensitive, we explored whether even a minor reaction with
DNPH of groups such as one in a peptide bond, if it occurs,
could give positive signals. This possibility was excluded,
however, because the reactive groups were found to be
localized unevenly in different peptide fragments generated
by protease digestion of a protein containing carbonyl
groups (Fig. 3). This result would not be expected if DNPH
had reacted with chemical structures commonly found in
protein sequences in general. Other possible sites of reac-
tion of DNPH with proteins are polysaccharide moieties in
glycoproteins. This possibility was examined using ovalbu-
min, a glycoprotein with a single polysaccharide chain,
which contained some carbonyls when purchased (see Fig.
3). No significant change in the signal intensity of immuno-
blot was observed after endoglycosidase F digestion, which
resulted in apparent reduction of molecular mass on SDS-
PAGE, proving that the carbohydrate chain had been
removed (data not shown). Thus, carbohydrate moieties do
not appear to contribute to the hydrazone formation upon
reaction with DNPH. This is consistent with a recent report
that fibrinogen subunits containing no glycosylated residues
were more associated with carbonyl groups than glycosylat-
ed subunits {27). Recently, Levine and his collaborators
reported that carbonyl groups in human plasma proteins
oxidized in vitro and rat liver proteins can be examined by
SDS-PAGE followed by immunoblot using an approach
similar to that described here (18, 19). They found that
plasma fibrinogen is more susceptible to oxidative modi-
fications in iron/ascorbate system than other plasma
proteins (18) and carbonic anhydrase III is one of the most
highly oxidized hepatic proteins (19). To better character-
ize or identify individual carbonylated proteins it is desir-
able to separate derivatized proteins on 2-D PAGE. Since
they derivatized the proteins with DNPH in the presence of
SDS and trifluoroacetic acid followed by neutralization with
Tris, it would not be possible to study those proteins in 2-D
PAGE since that involves isoelectric focusing. In the
present work, we developed a method for 2-D PAGE
followed by immunoblot of carbonylated proteins deriva-
tized with DNPH. Since we failed in our attempt at post-
blotting derivatization of separated proteins with DNPH
for immune staining, proteins were treated with the re-
agent in 2 N HC1 prior to the electrophoresis. To asure good
separation of proteins, precipitates formed after DNPH
treatment in the acid were dissolved in the sample solution
for isoelectric focusing containing 8.5 M urea. More than 70
separate spots were detected in CBB staining without
significant difference of the patterns between samples
treated and untreated with DNPH (data not shown). As
described in the "RESULTS," while a few immunoblot

signals coincided with stained spots, some signals did not
appear to correspond to major visible spots in CBB staining
and were found to be localized in more acidic regions than
the stained spots. These results suggest that the proteins
with positive signals are skewed from the positions of
noncarbonylated original forms, which are probably more
positively charged, and hence tend to be localized in more
alkaline regions, due to the presence of unmodified amino
groups. Without specific probes such as antibodies for a
protein in question, however, it would not be possible to
prove this. It should be mentioned here that the pi of a
carbonylated protein should not change after the reaction
with DNPH since neither carbonyls nor dinitrophenyl
hydrazones carry charges, although carbonylation itself
could change the charge of a protein if it is generated at the
expense of an amino group.

Among signals in the immunoblot of liver proteins which
coincided to stained spots, two with the molecular mass of
27 kDa and pi 6.8 are probably carbonic anhydrase HI,
which has been shown to be one of the prominent proteins
containing carbonyls (19). Another notable spot/signal
with molecular mass of about 60 kDa and pi 5.2 may be a
monoamine oxidase, whose active site is reported to contain
covalently bound carbonyl groups, at least in copper-con-
taining enzymes (28). In the latter case the carbonyl is not
generated as a result of unfavorable modification, but is
rather an essential part of the protein. Thus, the existence
of carbonyl moieties is not necessarily an indication of
damage to proteins. It was noted that the pattern of protein
carbonylation is tissue-specific, e.g., the number of detect-
able carbonylated proteins in the brain being much fewer
and some of the proteins in this tissue being more highly
carbonylated than others. Most significantly, a protein with
approximate molecular mass of 42 kDa and pi 6.5 and
another with the same apparent molecular mass and pi 7.2-
8.2 were markedly carbonylated in the brain, although both
proteins appear to exist in all three tissues examined in
similar amount as judged by the intensity of CBB staining.
These proteins are remarkable examples of the specificity
of the carbonylation, since it is obvious that proteins of the
nearby spots with similar or perhaps the same molecular
masses are only faintly carbonylated. Whether these highly
or barely carbonylated proteins are identical apart from the
modification remains to be examined.

The amount of carbonyls measured by the DNPH method
is generally believed to reflect the degree of oxidation of
proteins (3, 4, 12, 19). In this regard it has been pointed
out, but to our knowledge not definitely proven, that
carbonyl moieties can be introduced into proteins not only
by direct oxidation of amino acid side chains but also by
reaction with aldehydes such as 4-hydroxynonenal and
malonaldehyde formed from oxidation products of polyun-
saturated fatty acids (1, 2). We found that treatment of
proteins with acetaldehyde, a monofunctional aldehyde,
can generate carbonyl moieties detectable by immunoblot
(Fig. 7), suggesting that the reaction with aldehydes can, in
fact, generate protein carbonyls. Glycation, which has been
shown to occur in some proteins in aged tissues, can not only
generate carbonyl moieties directly but also give rise to
reactive oxygen species via formation of a SchifFs base or
its Amadori products which may, in turn, generate car-
bonyls (16, 29, 30). In the present experiment, while
increase in carbonylation of a protein did occur at a high
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concentration of glucose, it was not significant even after 9
days of incubation when the glucose concentration was at a
physiological (0.8mg/ml) or a diabetic (1.6mg/ml) level.
Since an intracellular concentration of glucose is lower than
that in the serum and intracellular proteins with half-lives
longer than 9 days are rare, reaction products with glucose
are not likely to contribute significantly to carbonyls in
intracellular proteins. It should, however, be mentioned
that the suppressive effect of EDTA on carbonylation
suggests that generation of protein carbonyls by metal-
catalyzed direct oxidation of amino acid side chains may be
promoted by glycation, perhaps via generation of active
oxygens (31).

These results suggest that it is important to identify
chemical structures to prove that a carbonyl group reactive
to DNPH is indeed generated by direct oxidation of an
amino acid residue or is formed as a result of amino acid
modification by other mechanisms. The premise that
carbonyls found in tissue proteins are the consequence of
direct oxidation of amino acid residues should be carefully
examined for individual carbonylated proteins.

The authors wish to express their gratitude to Drs. Ryoya Takahashi
and Kiyoto Motojima for their valuable advice throughout this work.
Thanks are also due to Ms. Hideko Nakamoto for her excellent
technical assistance.
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