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Abstract

Reactive oxygen species are produced by metabolism over time, but can also be produced in more acute conditions of cell stress
such as treatment with cytotoxic drugs. Treatment of HL-60 cells with peroxide results in cell death and protein carbonylation, a
non-enzymatic protein modification that typically results from oxidative stress within cells. It has recently become clear that protein
carbonylation during ageing is confined to specific proteins. It is therefore of interest to be able to identify which proteins are
susceptible to protein carbonylation. Here we demonstrate immunoprecipitation of carbonylated proteins coupled with 2D-gel
electrophoresis to identify carbonylated proteins by MALDI-TOF m/s fingerprinting. The results show that some ER proteins are
readily carbonylated in response to peroxide treatment of HL-60 cells. This is likely to have implications for the induction of cell

death in such cells.
© 2004 Elsevier Inc. All rights reserved.
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Reactive oxygen species (ROS) are constantly being
generated within cells by metabolic processes [1-3]. ROS
can also occur as the result of more acute cell stresses
and may result in cell death via apoptosis or necrosis
[4,5]. ROS include free radicals such as the superoxide
anion (O5*), hydroxyl radicals’ (OH), and hydrogen
peroxide (H,0,), which are produced within the cell by
the reduction of molecular oxygen by NADPH oxidase
and superoxide dismutase. ROS can react with, and so
damage, proteins, as well as lipids and carbohydrates.
The resulting protein oxidation has been shown to be
increased as cells age and reach senescence and so the
study of protein oxidation has become an essential area
in ageing research [6,7]. ROS have also been shown to be
generated during treatment of cells with cytotoxic drugs
such as VP16 [8] used in the treatment of cancer. It is as
yet unclear how important the production of ROS by
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cytotoxic drugs is in the induction of cell death, but it is
clear that ROS alone can induce cell death, possibly
through the protein damage by post-translational
modifications such as carbonylation.

Carbonylation is a non-reversible non-enzymatic
modification of proteins that is typically the result of
oxidative stress. ROS that can cause carbonylation of
proteins include H,O,. Although just one of a number
of possible oxidative modifications (oxidative stress can
also cause direct modifications of protein side chains
such as o-tyrosine, chloro-, nitrotyrosine, and dityro-
sine) carbonylation can be used as a marker for the
identification of oxidised proteins [9]. Carbonylation is
primarily associated with oxidative stress, however, it
can also be caused by glycation or alkylating stress.
Carbonyl groups can be formed by direct oxidation of
amino acids (including histidine, lysine, arginine, thre-
onine, and proline) [10] through Fenton Chemistry [11].
Amino acids can also be carbonylated through their
reaction with the products of lipid peroxidation, such as
4-hydoxyl-2-nonenal [12-14], or through interaction
with reducing sugars or their oxidation products. Until
recently it was believed that protein carbonylation was
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random and ubiquitous, based on the understanding
that the free radical attacks on proteins were uncataly-
sed. However, recent evidence has shown that this may
not be the case and that in ageing, protein carbonylation
occurs on only a few specific proteins. In the case of
drosophilae, only aconitase and adenine nucleotide
translocase showed any increase in carbonylation with
age [15]. Cytochrome ¢, which is localised on the outer
surface of the inner mitochondria where it is exposed to
H,0, and so may be expected to show evidence of
oxidation, was shown not to be carbonylated [16].
Therefore, either cytochrome c is resistant to oxidation
or any oxidised protein is rapidly degraded. In mouse
plasma, ageing associated carbonylation was only seen
in two proteins, albumin and transferrin [17], although
different proteins were found in different species. In sit-
uations where protein carbonylation is due to more
acute oxidative stresses there is evidence that actin is the
most sensitive part of the cytoskeleton again supporting
the idea that protein carbonylation is not a non-specific
event [18,19]. It is therefore important that methods be
established to identify which proteins are carbonylated.
This is especially true if we are to understand the role of
ROS mediated protein modifications such as protein
carbonylation both by chronic cell stresses such as
ageing and in situations of more acute cell stress such as
during cytotoxic drug mediated cell death.

Although protein carbonylation has been known
about and understood for some time research into
identification of which proteins are carbonylated has
been limited by technical difficulties [20]. These technical
difficulties can be overcome through the use of proteo-
mics to identify which proteins have been carbonylated
[20,21]. Two dimensional gel electrophoresis followed by
Western blotting is now being employed to look at
protein carbonylation during ageing [20]. We show evi-
dence here for a modification of this method such that
the carbonylated proteins are immunoprecipitated and
resolved by 2D gel electrophoresis. The resulting gel can
then be stained with mass spectrometry compatible
staining methods and carbonylated proteins excised and
identified through techniques such as MALDI-TOF
mass spectrometry.

Materials and methods

Chemicals and antibodies. All chemicals were from Sigma (Dublin
Ireland) unless otherwise indicated. The anti-caspase 3 antibody (Cell
Signalling, Beverley, MA, USA) was used at 1/1000. The anti-actin
antibody (Sigma) used for equal loading controls was used at 1/5000.
The anti-DNP antibody (Dako, UK) was used at 1/5000. The phos-
pho-elF 2o antibody (Cell Signalling Technology, Beverley, MA,
USA) was used at 1/1000. The anti-triose phosphate isomerase and
phosphoglycerate mutase antibodies (Accurate Chemical and Scien-
tific, NY, USA) were used at 1/1000. HRP-conjugated secondary
antibodies were from Sigma.

Tissue culture and induction of ROS. HL-60 cells were maintained in
RPMI 1640 supplemented with 10% foetal calf serum, 1% penicillin—
streptomycin, and 2 mM L-glutamine (Gibco-BRL, Paisley, UK). Cells
were maintained at 37°C in a humidified 5% CO, atmosphere. For
induction of apoptosis 5.0 x 10° cells/ml were incubated with peroxide
at times and concentrations indicated.

Detection of apoptosis. Cell death was measured by incorporation
of 50 pg/ml propidium iodide on a FACScan (Becton and Dickenson,
UK) and on CellQuest software.

Cell death was qualified by morphological analysis of stained cy-
tospin preparations. Rapi-diff (Diachem International, Lancashire,
UK) stained centrifuged cell preparations were examined for the
morphological characteristics of apoptosis. Apoptosis was quantified
by counting three independent microscopic fields with at least 100 cells
per field.

DNPH modification of carbonylated proteins. Cells (5 x 10°) were
washed in 0.25 M sucrose and harvested in 100 pl of 40 mM Tris. This
mix was sonicated and protein quantified using the Bio-Rad protein
assay (Bio-Rad, UK) to obtain 100 pug of protein in 100 pul. Twenty
microlitres of DNPH was added and the sample was incubated at
room temperature for 30 min. Protein was then precipitated by the
addition of an equal volume of ice cold 10% TCA on ice for 30 min.
The protein pellet was then spun at top speed in a bench top centrifuge
at 4°C for 15min. The sample was washed twice with acetone before
resuspending in either IEF buffer (1 M thiourea, 8 M urea, 4% Chaps,
and 2mM tributylphosphine) for isoelectric focussing or 500 pl
immunoprecipitation buffer (IP) (50 mM Tris—-HCl, 0.5mM EDTA,
2mM EGTA, pH 7.5, 0.5% NP40, 10 pg/pl aprotinin, 10 pg/ml leu-
peptin, 2mM AEBSF, 50mM NaF, 5SmM Na pyrophosphate, and
10uM Na orthovanadate). A probe sonicator was used to ensure
complete resuspension.

Immunoprecipitation. Samples were pre-cleared by addition of
40 ul of protein A-Sepharose (PAS) slurry on an up and end stirrer
at 4°C for 2h. After centrifugation to remove the PAS, the super-
natant was transferred to a new tube and 10 pul of anti-DNP antibody
was added. After mixing on an up-and-end stirrer overnight at 4 °C,
40 pl PAS slurry was added and the sample was mixed for a further
2h. The sample was centrifuged at 8000g for 5min in a bench-top
centrifuge was washed twice in IP buffer before resuspending in IEF
buffer.

2D gel electrophoresis. For whole cell analysis 50 g protein was
used, or for IPs the pellet was resuspended in 1M thiourea, 8 M
urea, 4% Chaps and 2mM tributylphosphine with the addition of
the appropriate carrier ampholytes (pH 3-10; Amersham Bio-
sciences, UK). PAS was removed by centrifugation. Isoelectric
focusing was carried out on an IPG Phor using 7cm, pH 3-10,
Immoboline Dry Strip Gels (Amersham Biosciences) using a gradient
from 500 to 5000V to give a total of 8750 Vh. After isoelectric
focusing gel strips were incubated for 14 min in 50mM Tris, pH 8.8,
6 M urea, 30% (v/v) glycerol, 2% SDS, 2% DTT, then for 4min in
50mM Tris, pH 8.8, 6 M urea, 30% (v/v) glycerol, 2% SDS, and
2.5% iodoacetamide prior to resolving by SDS-PAGE on 10%
acrylamide gel.

Western blotting. Protein was transferred to nitrocellulose using
standard procedures. The blot was blocked in 2% BSA in TBS/0.2%
Tween. The blot was incubated in anti-DNP antibody in 2% BSA/
TBST overnight, or other antibodies as appropriate, washed 4 times in
TBST, and incubated for 30 min in anti-rabbit HRP antibody. Protein
was detected using ECL (Amersham Biosciences).

Gel staining and analysis. For Coomassie staining gels were stained
with colloidal blue Coomassie (Sigma, UK) according to manufac-
turer’s instructions. Gels and 2D Western blots were scanned on a
Epson Expression 1600 pro scanner and analysed using Phoretix 2D-
gel analysis programme (NonLinear Dynamics). At least four dupli-
cate gels were matched and analysed for each time point.

Peptide mass fingerprinting. For mass spectrometric analysis Spots
were homogenised and destained by washing in 25mM ammonium



K. England, T. Cotter | Biochemical and Biophysical Research Communications 320 (2004) 123-130

bicarbonate/50% acetonitrile (ACN), dried in a vacuum centrifuge, and
resuspended in 0.05 pg/pl Trypsin (Roche, UK) in 25 mM ammonium
bicarbonate/SmM CaCl. Spots were digested at 37°C overnight.
Peptides were eluted in 50% ACN/5% TFA and concentrated in a
vacuum centrifuge. Salt was removed using ZipTips (Millipore, UK).

MALDI-TOF mass spectrometry. Mass spectrometry was carried
out using a Voyager-DePro Biospectrometry workstation and Voyager
Software (Applied Biosystems, UK). MALDI-TOF mass/spectrometry
was performed in reflector mode and a multipoint calibration was
carried out. Spectra obtained were matched through ExPasy Peptldent
(http://www.expasy.ch) and Protein Prospector MS-Fit (http://
www.prospector.ucsf.edu).
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Results
Peroxide induced cell death in HL-60 cells

HL-60 cells were treated with 8 uM to 80 pM peroxide
for 12h, and cell death was measured using propidium
iodide analysis (Fig. 1A). Eight hundred micromolar
peroxide killed approximately 50% of cells in 7h and
this concentration was selected for further studies. To
confirm that cell death induced by peroxide was due to
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Fig. 1. H,O, treatment of HL-60 cells results in induction of apoptosis. (A) HL-60 cells were treated with varying concentrations of peroxide and cell
death was measured using propidium iodide staining over time. (B) Cytospin analysis was carried out on cells after 4 h treatment with (i) untreated
control, (ii)) 8 mM peroxide, (iii) 800 uM peroxide, and (iv) 80 uM peroxide, to demonstrate morphology was typical of an apoptotic and not necrotic
induction of cell death. Scale bar represents 50 pm. (C) Western blots demonstrating cleavage of pro-caspase-3 and 9 after 3h with various con-

centrations of peroxide.
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apoptosis and necrosis, samples were analysed for the
morphological characteristics of apoptosis such as nu-
clear fragmentation, membrane blebbing, and cell
shrinkage (Fig. 1B) and for caspase cleavage (Fig. 1C).
Both methods demonstrate that all concentrations of
peroxide used kill cells through apoptosis as indicated
by both morphology and cleavage of pro-caspase 3 and
9 (as shown by a reductions in the pro-caspase form
of the enzyme). Peroxide induced cell death can be
inhibited by pre-treatment of cells with 0.5mM of the
anti-oxidant N-acetylcysteine (data not shown).

Detection of protein carbonylation

Carbonylation of a protein may be readily detected by
the reaction of carbonyl groups with 2,4-dinitrophenyl
hydrazine (DNPH) to form hydrazones which are de-
tected by the use of antibodies against DNP (2,4-dinitro
hydrazones) or quantitated spectrophotometrically
[20,22]. Induction of protein carbonylation in HL-60 cells
following 800 uM peroxide treatment is shown in Fig. 2A.
Carbonylation is induced rapidly and can be shown to be
above control levels 2h after treatment. The use of
antibodies generated to DNP to detect protein carbonyls
has already been demonstrated [20]. Fig. 2B shows
Western blot analysis of protein carbonylation in re-
sponse to peroxide treatment in HL-60 cells. However,
this approach does not allow sufficient resolution of
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carbonylated proteins to allow for their identification. We
therefore resolved proteins by 2D gel electrophoresis
prior to immunoblotting with an anti-DNP antibody,
Fig. 2C. This result demonstrates carbonylation of indi-
vidual proteins in response to peroxide treatment. Nak-
amua and Goto [20] used 2D gel electrophoresis to detect
protein carbonylation in tissue samples and found over 25
proteins showed positive DNP reactions. Although 2D
gel electrophoresis gives good resolution of carbonylated
proteins problems remain with identifying the carbony-
lated proteins as spots that reacted with the anti-DNPH
antibody did not always correspond to Coomassie stained
spots suggesting that protein carbonylation may in some
way alter the resolution of protein by 2D gel electropho-
resis [20]. We encountered similar problems using this
approach. However, using gel matching we were able to
identify some major carbonylated proteins, including
actin, which has previously been reported to be a target
of protein carbonylation. In order to identify some of
the remaining carbonylated proteins we developed an
immunoprecipitation method for DNPH modified pro-
teins. This method is shown schematically in Fig. 3A.
Controls for this reaction are shown in Fig. 3B, including
a non-specific antibody control and a mock DNP treat-
ment control. Once DNPH modified proteins from
800 uM H,0, treated HL-60 cells were immunoprecipi-
tated they were resolved by 2D-gel electrophoresis. These
gels were then Coomassie stained for MALDI-TOF m/s
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Fig. 2. H,0, treatment of HL-60 cells results in increased protein carbonylation. (A) Induction of protein carbonylation over time after treatment of
cells with 800 uM peroxide. Protein carbonylation was measured spectrophotometrically as micromolar DNPH per gram of protein. Protein car-
bonylation can be reduced by pre-treatment with 0.5 mM NAC. (B) Western blot showing induction of protein carbonylation in response to 800 uM
peroxide treatment of HL-60 cells after 4 h. Total cell protein was extracted, modified with DNPH, and resolved by SDS-PAGE. After transfer to
nitrocellulose the blot was probed with an anti-DNP antibody. (C) HL-60 cells were treated +£800 uM peroxide for 4 h, protein was DNPH treated,
and protein homogenates were resolved by 2D-gel electrophoresis. After transferring to nitrocellulose, blots were probed with an anti-DNP antibody.
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Fig. 3. Immunoprecipitation of DNP modified carbonylated proteins. (A) Schematic diagram showing method to immunoprecipitate DNPH
modified carbonylated proteins for identification by MALDI-TOF m/s peptide mass fingerprinting, or other methods. (B) Controls for immuno-
precipitation of DNPH modified carbonylated proteins; (i) show a Coomassie stained gel of immunoprecipitates of proteins from mock DNP treated,
DNP treated and pulled down with anti-DNP antibody, and DNP treated and pulled down with irrelevant antibody, (ii) show Western blot with an

anti-DNP antibody of the same samples.

(Fig. 4A) to allow identification of immunoprecipitated
proteins. Other gels were transferred to nitrocellulose and
the blot was probed for protein carbonyls using an anti-
DNP antibody. This allowed us to identify any spots that
were immunoprecipitated in this reaction but not car-
bonylated (Fig. 4B). This would include any proteins that
associated with carbonylated proteins.

Endoplasmic reticulum and glycolytic proteins are readily
carbonylated in peroxide treated HL-60 cells

Table 1 shows a list of proteins identified to have
undergone protein carbonylation in HL-60 cells fol-
lowing treatment with 800 uM peroxide for 4h. These
include a number of glycolytic and ER proteins. To
confirm the identities of these proteins where possible
specific antibodies were used to probe DNP immuno-
precipitates, as shown for actin, triose phosphate isom-
erase, and phosphoglycerate mutase (Fig. 4C).

Peroxide treatment of HL-60 cells results in induction of

the unfolded protein response pathway

Protein carbonylation typically results in misfolding
of the proteins. The detection of misfolded proteins
within the ER results in the activation of the unfolded
protein response pathway, including phosphorylation of

the translation factor elF 2a. As shown in Fig. 5 all
concentrations of peroxide treatment resulted in phos-
phorylation of elF 2o after 3 h, demonstrating that this
response has been activated. Normally this response
results in selective translation of chaperone proteins for
cell survival, however, we have demonstrated that
several of these chaperone proteins are themselves
carbonylated. This is likely to result in the induction of
apoptosis.

Discussion

Advances in the study of protein carbonylation have
been limited through technology. With recent advances
in 2D gel electrophoresis and mass spectrometry it is
now possible to use proteomics to analyse 2D gels to
identify proteins that are carbonylated. Our immuno-
precipitation method coupled with 2D gel electropho-
resis has several advantages over conventional methods
used to study protein carbonylation. First, the immu-
noprecipitation of DNPH modified proteins means that
we are working predominantly with carbonylated pro-
teins. This means that it is easier to identify proteins as it
has been previously shown that protein bound DNPH
leads to changes in the charge of a protein, although it
has minimal effects on the molecular weight as seen by
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Fig. 4. Identification of carbonylated proteins in peroxide treated HL-60 cells. (A) Proteins from DNP immunoprecipitates from cells treated with
800 uM peroxide for 4h were resolved by 2D-gel electrophoresis and Coomassie stained. Protein spots of interest, as indicated, were excised and
processed for MALDI-TOF m/s fingerprinting. (B) Proteins from DNP immunoprecipitate from cells treated with 800 uM peroxide for 4 h were
resolved by 2D-gel electrophoresis and immunoblotted with an anti-DNP antibody. (C) 2D Western blots of DNP immunoprecipitates from control
and peroxide treated samples were probed using anti-phosphoglycerate mutase antibody (i) and anti-triose phosphate isomerase antibody (ii). DNP
immunoprecipitates from control and peroxide treated samples were resolved by SDS-PAGE and probed with anti-actin, triose phosphate isom-
erase, and phosphoglycerate mutase antibodies to confirm m/s identifications of these protein.

Table 1
Proteins shown to be carbonylated were identified either through matching to master gels or through immunoprecipitation of DNPH modified
proteins followed by peptide mass fingerprinting

Spot No. Protein Function Identification by
Matching m/s Antibodies
1 HSP 90 ER chaperone V4
2 HSP 70 ER chaperone Vv
3 Grp 78 ER chaperone V4 V4
4 Calreticululin ER calcium binding protein/chaperone v
5 Protein disulphide isomerase ER chaperone Vv V4
6 Actin Cytoskeleton Vv Vv Vv
7 a-Enolase Metabolism 4 V4
8 Phosphoglycerate mutase Metabolism Vv Vv
9 Triose phosphate isomerase Metabolism V4 Vv
10 Fructose 5,6 bis phosphatase Metabolism Vv

Proteins identified as carbonylated in response to H,O, treatment of HL-60 cells are shown, alongside details of how they were identified and

their functions.

SDS-PAGE [23,24]. This has led to the development of
methods to treat proteins with DNPH after isoelectric
focussing and prior to SDS-PAGE [25]. Although this
leads to increased ability to match carbonylated proteins
detected by Western blotting by comparison to master
gels, our method allows direct identification of car-
bonylated proteins. However, one potential advantage
of DNPH treatment post-isoelectric focussing over the

method described here is the possibility that proteins are
lost in the TCA precipitation step. 2D gel electropho-
resis allows good separation of proteins. This is essential
for identification of proteins by peptide mass finger-
printing. We have also demonstrated that MALDI-TOF
m/s peptide mass fingerprinting can be used to identify
carbonylated proteins. This approach will be a powerful
tool to advance our knowledge of protein carbonyla-
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Fig. 5. Peroxide treatment induces elF 2o phosphorylation. HL-60
cells were treated with peroxide for 3h at the concentration shown.
Western blots demonstrate an induction of elF 2a phosphorylation
with all peroxide treatments.

tion, especially given recent reports that carbonylation
of proteins in ageing is not a random event, but instead
is targeted to specific proteins. It is vital that we are able
to determine which proteins are carbonylated in re-
sponse to ageing or other stresses, to search for patterns
to enable us to link protein carbonylation with changes
in cell behaviour.

We have already observed that carbonylation of
glycolytic proteins occurs in VP16 treated HL-60 cells,
and that there is a corresponding decrease in the rate of
glycolysis within those cells [8]. It is interesting to see
that glycolytic proteins are also being carbonylated in
response to peroxide treated cells. Metabolism is a ma-
jor source of ROS production and inhibition of meta-
bolic pathways may downregulate ROS. This would
produce a feedback mechanism such that high levels of
ROS result in a cell decreasing its ROS production. The
cell may therefore benefit from the carbonylation of
glycolytic proteins in response to ROS.

The observation that ER proteins are readily car-
bonylated is interesting given the importance of the ER
in the induction of apoptosis. The ER is a site of ROS
production and in contrast to the mitochondria has few
anti-oxidant defences. It also has a highly redox envi-
ronment and iron is present, both of which are impor-
tant for protein carbonylation. As such the ER is likely
to be especially susceptible to protein carbonylation and
other oxidative stress mediated protein modifications.
Indeed, Rabek et al. [26] recently demonstrated car-
bonylation of ER proteins in aged mouse liver. PDI,
GRP78, and both HSPs are important chaperone pro-
teins, important in detecting the presence of misfolded
proteins in the ER. Carbonylation of these proteins
is likely to inhibit the function of these proteins, and
induce the unfolded protein response, as we have dem-
onstrated through the induction of elF 2o phosphory-
lation. Induction of the unfolded protein response can
result in the induction of apoptosis [27]. ER stress can
modulate apoptosis through a number of mechanisms.
As yet these mechanisms are not well defined but the
inactivation of these key ER proteins by carbonylation
is likely to play a role in apoptosis.
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