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ABSTRACT

Protein sulfhydryl groups can undergo reversible oxidation reactions in response to reactive oxygen and reactive
nitrogen species. Sensitive detection of sulfhydryl group oxidation in specific proteins is required to further our
understanding of protein redox changes in biological systems. In general, to detect reversible oxidation reactions
the oxidized sulfur atom is reduced to a sulfhydryl group followed by a reaction with a quantifiable agent. Our
aim was to develop a sensitive method to detect reversibly oxidized protein sulfhydryl groups in a Western blot
format. Conjugation of methoxypolyethylene glycol-maleimide (MAL-PEG) to protein sulfhydryl groups was op-
timized. Once MAL-PEG forms a covalent bond with the protein, the MAL-PEG–protein conjugate can be detected
as a band shift by western analysis. The efficiency of MAL-PEG conjugation to protein was determined with cre-
atine kinase. MAL-PEG conjugated to , 100% of the available sulfhydryl groups on creatine kinase within 30 min.
Band shift detection sensitivity was measured using the redox-regulated protein p53. MAL-PEG conjugation cou-
pled to western analysis detected a minimum of 0.23 pmol of oxidized p53. The MAL-PEG conjugation method
described in this communication can be used to assess the reversible sulfhydryl oxidation status of proteins for
which antibodies suitable for western analysis are available. Antioxid. Redox Signal. 3, 1105–1118.

1105

INTRODUCTION

IT has been nearly fifty years since Harman
first suggested that endogenous oxygen rad-

icals generated in cells could result in cumula-
tive damage (8). Subsequently, it was deter-
mined that a number of small molecules that
centered on oxygen and nitrogen, known col-
lectively as reactive oxygen species and reac-
tive nitrogen species, could damage biological
tissues (26). Although a substantial amount of
evidence indicates that this is true, we now
know that these small molecules can also me-
diate biological responses through oxidation of
appropriate protein targets (3, 26).

One amino acid residue susceptible to oxi-
dation is cysteine. Recent evidence has indi-
cated that epidermal growth factor (EGF)-
mediated and some nitric oxide-mediated sig-
naling pathways depend on protein sulfhydryl
group oxidation reactions to effect biological
responses (15, 16, 19, 20). Oxidation of the
sulfhydryl group of protein cysteine residues
can be either irreversible or reversible. Irre-
versible oxidation reactions result in sulfinic
acid or sulfonic acid. To date, enzymes that re-
duce such oxidized sulfur atoms within cys-
teine residues have not been isolated. Re-
versible cysteine sulfhydryl oxidation reactions
include S-nitrosylation, S-glutathiolation, S-
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cysteylation, sulfenic acid formation, and protein
cystine residue disulfide bond formation (25). A
number of enzymes that can reduce these oxi-
dized sulfhydryl groups to the thiol have been
characterized (19). Efforts to understand the
emerging field of reversible protein oxidation
have been hampered by the fact that current de-
tection methods are often too insensitive to per-
mit direct measurement of protein oxidation re-
actions in cells and tissues. Recently, we
introduced a sensitive method for measuring re-
versible sulfhydryl group oxidation reactions in
specific proteins (30). A major question raised
from our previous work was whether this new
method was efficient and sensitive.

Methods designed to assess reversible oxi-
dation reactions at protein sulfhydryl groups
typically require that other nonoxidized
sulfhydryl groups on the protein first be
capped with a reagent such as maleimide. Af-
ter capping, oxidized sulfhydryl groups are re-
duced with an agent such as dithiothreitol
(DTT). Reduced sulfhydryl groups are then re-
acted with a compound that can be quantified.
Quantification commonly relies on spectro-
scopic and fluoroscopic techniques that have
detection limits within the 10–300 pmol range
(27), necessitating purification of a significant
amount of protein for analysis. In theory, sen-
sitivity of thiol detection can be increased sig-
nificantly if it can be coupled to western anal-
ysis (12, 30, 31), a technique that does not
require purification of the protein prior to anal-
ysis. In the coupled assay introduced here, the
free sulfhydryl group is covalently linked to a
maleimide moiety that is part of a large-
molecular-weight molecule. The compound in-
creases the molecular mass of the protein upon
adduct formation. The large protein–conjugate
complex is then detected as a band shift by
western analysis. However, it is not clear if
such large maleimide compounds can effi-
ciently react with protein sulfhydryl groups.

To address this critical issue, a maleimide
moiety linked to polyethylene glycol (MAL-
PEG) was conjugated to creatine kinase (CK),
a protein with a single thiol group exposed on
the surface of the protein (18). MAL-PEG has a
molecular mass of 5,000 Da, and thus adduct
formation with a target polypeptide of average
molecular mass should significantly retard its

mobility on standard protein gels. We com-
pared the number of CK thiol groups that con-
jugated to MAL-PEG to the total number of CK
thiol groups that were available for conjuga-
tion, as determined by isoelectric focusing (IEF)
analysis. We found that MAL-PEG was able to
conjugate to 100% of the available thiol groups
on CK. Western analysis of reversibly oxidized
p53 protein indicated that the MAL-PEG
method allows direct detection of as little as
0.23 pmol of oxidized protein. This constitutes
a 20–50-fold increase in sensitivity compared
with other direct detection techniques.

EXPERIMENTAL PROCEDURES

Reagents

Rabbit muscle creatine phosphokinase (CK)
was purchased from CalBiochem–Nova-
Biochem (San Diego, CA, U.S.A.) or Sigma–
Aldrich (St. Louis, MO, U.S.A.). CK monomer
concentration was determined using a calcu-
lated extinction coefficient of 40,152 M21cm21

at 280 nm. Methoxypolyethylene glycol-malei-
mide, MW 5,000 (MAL-PEG), and methoxy-
polyethylene glycol-maleimide, MW 2,000
(MAL-PEG-2000), were purchased from Shear-
water Polymers, Inc. (Huntsville, AL, U.S.A.).
5,5-Dithiobis(2-nitrobenzoic acid) (DTNB),
guanidine hydrochloride (Gu-HCl), N-ethyl-
maleimide (NEM), 2-hydroxyethyldisulfide
(HED), b-glycerophosphate, horse cytochrome
c, iodoacetamide (IAM), DTT, and Coomassie
Brilliant Blue were purchased from Sigma–
Aldrich. All other common reagents were pur-
chased from Fisher Scientific (Tustin, CA,
U.S.A.). Dialyses were performed in Slide-A-
Lyzer Mini Dialysis Units, 10,000 molecular
weight cutoff (Pierce, Rockford, IL, U.S.A.).

MAL-PEG conjugation to CK

CK was dissolved to a final concentration of
25 mM in 0.1 M sodium phosphate, pH 7.4, 5
mM EDTA, 5 mM EGTA, 0.1% Nonidet P-40
(SEEN) buffer or 20 mM b-glycerophosphate
buffer, pH 7.4. To denature CK, Gu-HCl was
added to a final concentration of 6 M as a solid,
which lowered the pH of the solution to 6.2.
MAL-PEG was added to an appropriate final
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concentration, and the sample was allowed to in-
cubate for 15 min. Five percent of the total vol-
ume was quenched by the addition of excess hot
sodium dodecyl sulfate (SDS) sample buffer (14),
incubated at , 95°C for 1–3 min, and stored at
0–4°C until analysis. For SDS–polyacrylamide gel
electrophoresis (PAGE) analysis, the sample was
reheated to 95°C and immediately loaded onto a
discontinuous denaturing gel. In some cases, one-
fourth volume of SEEN was added just prior to
gel loading to reduce the viscosity of the solution.
Gels were stained with Coomassie Brilliant Blue
R and destained according to standard protocols.
Stained gels were equilibrated in water, dried in
a 5% glycerol/95% water solution, and electron-
ically scanned. Densitometry was performed on
the scanned images with UN-SCAN-IT gel soft-
ware (Version 5.1, Silk Scientific Corp., Orem, UT,
U.S.A.) set at the logarithm setting. Data were
compiled onto a spreadsheet with Excel software
(Microsoft Corp., Redman, WA, U.S.A.), and
graphs were created with Microsoft Excel and
ProStat software (Poly Software International,
Salt Lake City, UT, U.S.A.).

Isolation of the reduced form of CK

CK was dissolved to 8 mg/ml in 20 mM Tris,
10 mM DTT, pH 7.6, and the solution was in-
cubated at 37°C for 30 min to remove possible
DTT-reversible modifications. DTT was re-
moved by dialysis against 20 mM Tris, pH 7.6,
and the extent of DTT removal was assessed by
testing the dialysate with DTNB (6). CK was
treated with 20 mM HED at 37°C for 30 min 
to block reactive cysteine residues with the 
uncharged adduct-mercaptoethanol group
(MEOH). Any cysteine residues irreversibly
oxidized to sulfinic or sulfonic acid are nega-
tively charged and do not react with HED (data
not shown). HED-treated CK was centrifuged
at 15,000 g for 5 min and filtered by centrifu-
gation through a 0.22-mm cellulose acetate fil-
ter (Spin-X column, Costar, Acton, MA, U.S.A.).
CK-MEOH was separated from irreversibly ox-
idized CK on a 10 3 64 mm Bioscale DEAE-5
anion–exchange column (Bio-Rad, Hercules,
CA, U.S.A.). Proteins were eluted with an iso-
cratic gradient of 20 mM Tris, pH 7.6, at a flow
rate of 1.5 ml/min. The column was washed
for 5 min with 20 mM Tris, pH 7.6, 100 mM

NaCl and reequilibrated with 20 mM Tris, pH
7.6, for 10 min between each injection. Col-
lected fractions containing CK-MEOH were
pooled, concentrated to 2–3 mg/ml, and stored
at 280°C. Reduced CK was prepared by incu-
bation in 10 mM DTT, 20 mM b-glycerophos-
phate, pH 7.4, for 30 min at 37°C followed by
overnight dialysis against 20 mM b-glycero-
phosphate.

IEF was also used to separate oxidized CK
from CK alkylated with either IAM or NEM
(17). The pI of each IEF-separated CK protein
was determined by excising protein-containing
gel slices from the gel. The gel slices were in-
cubated in water to allow the ampholytes to
diffuse out of the gel, and the pH of the wa-
ter/ampholyte mixture was measured.

Calculation of the average number of MAL-PEG
adducts per polypeptide

The following calculation was used to deter-
mine the average number of MAL-PEG mole-
cules covalently bound to each polypeptide
from gel densitometry measurements:

n(Dn) 1 (n 2 1)(Dn2 1) 1 (n 2 2)
(Dn22) 1 . . . 1 (0)(D0)

100

where n is the total number of thiol groups
available for adduct formation on the CK
polypeptide and Dn is the percentage of pro-
tein band density within a single gel lane
bound to n MAL-PEG molecules.

Spectrophotometric analysis of 
MAL-PEG breakdown

MAL-PEG was dissolved to 2 mM in ice-cold
SEEN buffer without Nonidet P-40. The solu-
tion was placed at the appropriate temperature
using a water bath, and its 400 nm–200 nm ab-
sorbance spectrum was measured on a UV-
1201 spectrophotometer (Shimadzu, Kyoto,
Japan). The absorbance at 305 nm was read
from each graph.

Purification of recombinant human p53

A slight modification of the recombinant p53
purification protocol of Delphin et al. was used
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(2). In brief, at 72 h after infection with recom-
binant human p53-expressing baculovirus (re-
ceived as a gift from G. Zambetti, St. Jude’s Hos-
pital, Memphis, TN, U.S.A.), 20 75-mm2 flasks
with confluent Sf9 cells were harvested. Cells
were washed twice with ice-cold 10 mM
Na2HPO4, pH 7.2, 130 mM NaCl buffer and re-
suspended in 100 ml of 10 mM Tris-Cl, pH 7.6,
12% sucrose, 2 mM EGTA, 2 mM phenyl-
methylsulfonyl fluoride, 5 mM DTT (buffer A).
Triton X-100 was added to a final concentration
of 0.2% (vol/vol), and cells were centrifuged at
1,000 g for 3 min. The pellet was resuspended in
100 ml of buffer A supplemented with 0.1% Tri-
ton X-100. The resuspended nuclei were cen-
trifuged again at 1,000 g for 3 min. Nuclei were
lysed in 30 ml of 20 mM Tris-Cl, pH 7.6, 2 mM
EGTA, 10 mM DTT, 2 mM phenylmethylsul-
fonyl fluoride (buffer B) supplemented with 0.5
MNaCl on ice for 15 min. Nuclear extracts were
centrifuged at 100,000 g for 60 min. The super-
natant was diluted fivefold with buffer B to a fi-
nal concentration of 0.1 M NaCl. After centrifu-
gation at 20,000 g for 30 min, the supernatant
was applied to a 3-ml Q-Sepharose column
(Amersham Pharmacia Biotech, Uppsala, Swe-
den). The column was washed with 40 mM Tris-
HCl, pH 7.6 (buffer C) supplemented with 0.2
M NaCl. The p53 protein was eluted from the
column with buffer C supplemented with 0.3 M
NaCl and was .90% pure as judged by SDS-
PAGE analysis and Coomassie Blue staining.
The data indicated that the p53 obtained from
this procedure was mildly oxidized due to the
lack of reducing agent in the elution buffer. Pro-
tein was quantified by comparison with known
amounts of bovine serum albumin protein on
Coomassie-stained SDS-PAGE gels.

MAL-PEG conjugation method to detect 
oxidized p53

The purified p53 protein, at 0.2 mg/ml, was
incubated with 10–500 mM hydrogen peroxide
(H2O2) in SEEN buffer for 1 h at 0°C. The re-
action was quenched with 10 mM NEM to cap
remaining free thiol groups on p53. After 2 h,
the mixture was dialyzed against SEEN. DTT
was then added to each sample to a final con-
centration of 20 mM to create free thiol groups
on p53. After exhaustive dialysis, 300 mM

MAL-PEG-2000 was added to p53, and the mix-
ture was allowed to incubate for 1 h at 0°C. The
reaction was quenched by the addition of SDS
sample buffer, and p53-MAL-PEG-2000 protein
was separated by SDS-PAGE and detected by
Coomassie staining.

For western analysis, a solution containing
0.8 mg/ml oxidized p53, 1.0 mg/ml cyto-
chrome c (as carrier), 1 mM NEM, and 6 M Gu-
HCl in SEEN, pH 7.4, was incubated for 15 min
at 37°C to cap all reactive sulfhydryl groups.
The solution was dialyzed against a 400-fold
excess of 6 M Gu-HCl in SEEN, pH 7.4, for a
minimum of 4 h at room temperature. DTT 
was added to a final concentration of 1 mM
and incubated for 15 min at 37°C. The sample
was dialyzed against 6 M Gu-HCl in SEEN, 
pH 7.4, overnight at 4°C and then incubated
with 2 mM MAL-PEG for 15 min at 37°C. The
MAL-PEG tagging reaction was quenched by
the addition of an equal volume of hot SDS
sample buffer. The sample containing p53 was
boiled for 3 min, diluted into sample buffer to
achieve the indicated amount of protein, and
separated by SDS-PAGE. Western analysis 
using DO-1 antibody (CalBiochem–Nova-
Biochem) was performed as previously de-
scribed (30).

RESULTS

Analysis of CK-MAL-PEG reaction kinetics

CK is a homodimer in which each polypep-
tide subunit has one cysteine residue at its ac-
tive site on the surface of the protein (18). Three
other cysteine sulfhydryl groups within the
subunit are solvent-inaccessible. To assess the
ability of MAL-PEG to form a conjugate with
the single exposed cysteine residue (Cys283),
CK was incubated at 0°C with a 10-fold molar
excess of MAL-PEG, relative to the four CK
thiol groups. Within 60 min, the majority of CK
formed a single adduct with MAL-PEG (Fig.
1A, lanes 7 and 8). Densitometry measurements
of the protein bands indicated that 70% of CK
was bound to at least one MAL-PEG adduct
and that the average number of MAL-PEG
adducts per CK monomer was 0.90 after 24 h
(Fig. 1B). This average was calculated based on
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the amount of each CK-MAL-PEG conjugate
and unconjugated CK (see Experimental Pro-
cedures). The majority of CK (56%) was bound
to one MAL-PEG adduct. Thirty percent of the
CK did not react with MAL-PEG, and 14% of
the CK formed covalent linkages with two or
more MAL-PEG molecules. Presumably, one of
these latter linkages occurred at Cys283, sug-

gesting that the efficiency of conjugation at that
site was 70%.

To assess the ability of MAL-PEG to react
with the three other cysteine sulfhydryl groups
in the CK monomer, the reaction mixture was
incubated in the presence of the denaturant,
Gu-HCl, at 37°C (Fig. 1A, lanes 14 and 15). In
the presence of Gu-HCl, 42% of CK formed a

PROTEIN OXIDATION DETECTION 1109

FIG. 1. Time-course study of CK reaction with MAL-PEG. CK was incubated with a 10:1 ratio of MAL-PEG to pro-
tein sulfhydryl groups for the indicated time periods. The reaction, carried out in SEEN buffer, was quenched by the
addition of SDS-PAGE sample buffer, and the CK-MAL-PEG protein adducts were separated by SDS-PAGE on an 8%
gel. Proteins were visualized by staining with Coomassie Blue. (A) Lane 1, protein molecular mass standards (in kDa);
lanes 2–12, time-course reaction incubated at 0°C; lane 13, CK incubated in the absence of MAL-PEG and in the pres-
ence of 6 M Gu-HCl for 15 min; lanes 14 and 15, CK incubated in the presence of MAL-PEG and 6 M Gu-HCl for 15
min. For lanes 13–15, the reaction was carried out at 37°C. (B) Quantification of time-course reaction by densitometry.
y-axis, calculated number of MAL-PEG adducts bound per CK polypeptide; x-axis, time of reaction (in min).
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conjugate with four MAL-PEG molecules, 35%
formed a conjugate with three MAL-PEG mol-
ecules, and the remaining 22% of CK formed
conjugates with two MAL-PEG molecules or
fewer. The average number of MAL-PEG
adducts conjugated to denatured CK was 3.2.
Thus, MAL-PEG is capable of forming a cova-
lent linkage with all four cysteine thiol groups
in denatured CK, albeit at ,100% efficiency.

Effect of MAL-PEG:sulfhydryl group ratio on
MAL-PEG conjugation to CK

To determine if the efficiency of MAL-PEG
conjugation to sulfhydryl groups could be im-
proved, CK was incubated with increasing lev-
els of MAL-PEG in the presence of Gu-HCl. At
27°C, when the input ratio of MAL-PEG to CK
sulfhydryl groups was 1:5, the average number
of MAL-PEG molecules covalently bound to
each CK subunit was , 1.0 (Fig. 2A). The max-
imum number of MAL-PEG molecules that can
theoretically bind to CK at the 1:5 input ratio
is 0.80 because MAL-PEG is limiting. This in-
dicates that MAL-PEG binding to sulfhydryl
groups is extremely efficient at 27°C and is sta-
ble to postreaction procedures. Furthermore,
the high efficiency demonstrates that the amino
group of the guanidine in the buffer does not
compete, to a significant extent, with protein
thiol groups for the maleimide moiety of MAL-

PEG. When the input ratio of MAL-PEG to CK
sulfhydryl groups was increased to 1:1, the av-
erage number of MAL-PEG molecules bound
to CK increased to an average of 3.2. When the
input ratio of MAL-PEG to CK sulfhydryl
groups was increased to 50:1, there was no fur-
ther increase in the number of MAL-PEG mol-
ecules bound to CK. The relative percentages
of one-, two-, three-, or four-adducted protein
also did not change significantly. The overall
efficiency of MAL-PEG conjugation was 80% in
the presence of the denaturant. The data sug-
gest that all of the MAL-PEG is capable of re-
acting with CK, but that a subpopulation of CK
cannot react completely with MAL-PEG.

Effect of temperature and pH on MAL-PEG
conjugation to CK

To test further if the efficiency of MAL-PEG
conjugation to CK could be improved, the re-
action was performed for 15 min at 0°C, 37°C,
and 45°C (Fig. 2B–D). At 0°C, the reaction was
inefficient except at the highest concentration
of MAL-PEG. When the ratio of MAL-PEG to
sulfhydryl groups was 1:1, the reaction at 27°C
was slightly more efficient than at 37°C. How-
ever, when MAL-PEG was at 10-fold molar ex-
cess or more, the average number of MAL-PEG
molecules bound to CK was nearly identical at
these two temperatures. Interestingly, at 45°C,

FIG. 3. Temperature dependence of conversion of MAL-PEG to maleamic acid. MAL-PEG was incubated at pH
7.4 for 0, 15, 30, 60, and 120 min. At the indicated time and temperature, absorbance at 305 nm was obtained. Ab-
sorbance at 305 nm is a measure of the integrity of the carbon–carbon double bond in MAL-PEG.

http://www.liebertonline.com/action/showImage?doi=10.1089/152308601317203611&iName=master.img-016.png&w=311&h=198


MAL-PEG conjugation to CK was significantly
inhibited except at the highest concentration of
MAL-PEG. It is possible that the reaction be-
comes less efficient at 45°C because the car-
bon–carbon double bond in MAL-PEG hydro-
lyzes prior to nucleophilic attack by the thiol
group.

Water can compete with thiolate ions to add
to the carbon–carbon double bond in malei-
mides, resulting in conversion of maleimide to
maleamic acid (9). This reaction can be moni-
tored spectrophotometrically by measuring the
absorbance of the double bond at 305 nm (21).
To determine if MAL-PEG is susceptible to wa-
ter addition at the reaction temperatures used in
this study, MAL-PEG conversion to maleamic

acid was monitored spectrophotometrically in
aqueous buffer at 0°C, 27°C, 37°C, and 45°C. The
data show that an increase in temperature sig-
nificantly increased the rate of maleamic acid
production (Fig. 3). This result partially explains
why, at 45°C, MAL-PEG failed to conjugate CK
efficiently (see Fig. 2D). However, it is likely that
there are other reasons for the lack of reactivity
as well. In summary, MAL-PEG conjugated CK
at 27°C and 37°C at 80% efficiency, but not at
45°C. At 0°C, the MAL-PEG did not form sig-
nificant amounts of maleamic acid. However, the
decreased reaction kinetics of MAL-PEG at 0°C
(Fig. 2B) indicates that a reaction time of 60 min
is required for high conjugation efficiency (see
Fig. 1).
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FIG. 4. IEF analysis of commercial and purified CK. (A) Two micrograms of CK was applied to IEF gels and an-
alyzed for the presence of irreversibly oxidized CK. Samples were treated with 10 mM DTT for 30 min at room tem-
perature in 20 mM b-glycerophosphate, pH 7.4, to remove potential trace reversible oxidation reactions. Samples were
then alkylated with 40 mM IAM for 20 min at room temperature shielded from light. Lane 1, CK received from Cal-
Biochem–Novabiochem; lane 2, CK received from Sigma–Aldrich; lane 3, CK-MEOH isolated by anion–exchange chro-
matography. (B) Purification of CK-MEOH from irreversibly oxidized forms of CK. Approximately 2–3 mg of HED-
treated CK was separated by anion–exchange chromatography. Elution positions of unreacted HED, CK-MEOH, and
irreversibly oxidized CK (CK-OX) are shown. Indicated column fractions were analyzed by IEF immediately after
chromatographic separation. The IEF gels were stained with Coomassie Blue. Note that CK-MEOH and CK conju-
gated to IAM both have a pI of 6.4.

http://www.liebertonline.com/action/showImage?doi=10.1089/152308601317203611&iName=master.img-017.jpg&w=432&h=323
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The ability of the thiol group to attack the
maleimide moiety of MAL-PEG depends on its
ability to form a thiolate anion. Amino acid
residues in close proximity to the thiol groups
within CK can influence the pKa of the
sulfhydryl group (25). Thus, the pH of the re-
action solution can influence the efficiency of
MAL-PEG conjugation. In general, optimal re-
action conditions for maleimides range from
pH 6.5 to pH 7.5 (9). At pH . 8.0, some
maleimides can react with primary amines. 
Another consideration is the conversion of
maleimide to maleamic acid via water attack,
which can occur at appreciable rates in aque-
ous solution at higher pH (9). We tested
whether CK reactivity toward MAL-PEG was
influenced by pH over a range of 6.2–8.0 in the
presence of Gu-HCl, but observed no signifi-
cant difference in the level of conjugation of
MAL-PEG conjugation to CK in this pH range
(data not shown). Thus, MAL-PEG coupling to
CK was not altered within the pH range of
6.2–8.0.

Analysis of CK oxidation status

We next attempted to explore the possible
reasons why 100% of the CK did not react with
MAL-PEG. It is possible that some of the CK is
oxidized to sulfenic acid or disulfide and there-
fore incapable of reacting with MAL-PEG. To
determine if this was the case, CK was incu-
bated with an equimolar ratio of DTT to pro-
tein sulfhydryl groups in the presence of excess
MAL-PEG. This failed to increase the MAL-
PEG conjugation efficiency (data not shown).
However, this did not rule out the possibility
that a subpopulation of CK is irreversibly oxi-
dized to sulfinic or sulfonic acid.
To test if a subpopulation of CK is irre-

versibly oxidized, we treated the CK with an
alkylating agent. The alkylating agent cova-
lently modifies the reduced form of CK, but not
the irreversibly oxidized form of CK. The alky-
lated CK can be separated from irreversibly ox-
idized CK by nondenaturing IEF (17). The alky-
lated CK homodimer has a pI of 6.4. When 
one  subunit within the dimer contains an ir-
reversibly oxidized cysteine residue and the
other subunit is alkylated, the pI is lowered to
6.3. When both subunits are irreversibly oxi-

dized, the pI is lowered further to 6.2. IEF anal-
ysis indicated that , 30% of the CK subunits
from two commercial sources are irreversibly
oxidized (Fig. 4A). This irreversibly oxidized
CK likely accounts for the 70% efficiency of
MAL-PEG tagging detected previously (see
Fig. 1).

We proceeded to isolate the reduced form of
CK to test for MAL-PEG conjugation efficiency.
CK was treated with the sulfhydryl exchange
reagent HED to modify the thiol group on 
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FIG. 5. Comparison of products of H2O2 treatment of
CK by IEF and MAL-PEG conjugation. Purified reduced
CK at 25 mM was treated with 0, 0.2, or 0.6 mM H2O2 in
20 mM b-glycerophosphate buffer, pH 7.4, for 10 min at
37°C. The reactions were quenched with 2 mM DTT and
incubated for an additional 15 min to remove any re-
versible modifications. The reactions were treated with 4
mMMAL-PEG and analyzed by SDS-PAGE on a 10% gel
(A) or 4 mMNEM and analyzed by IEF (B). Samples were
diluted fourfold with buffer prior to alkylation reactions
in order to decrease the DTT concentration. Reactions
with MAL-PEG and NEM were carried out at room tem-
perature for 30 min. Lane 1 of A represents purified re-
duced CK that was not modified with MAL-PEG. Gels
were stained with Coomassie Blue.
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CK. HED-modified CK (CK-MEOH) was sepa-
rated from irreversibly oxidized CK by anion-
exchange chromatography (Fig. 4B). This iso-
lation procedure resulted in the purification of
CK that was 95% CK-MEOH and 5% irre-
versibly oxidized CK (Fig. 4A, lane 3). CK-
MEOH was treated with DTT and alkylated
with MAL-PEG. Approximately 94% (61) of
the purified CK reacted with MAL-PEG (Fig.
5A, lane 2; Table 1). NEM treatment of purified
CK followed by IEF showed that 94% (61) of
the CK was in the reduced state and therefore
available for conjugation (Fig. 5B, lane 1; Table
1). This indicates that MAL-PEG forms a cova-
lent linkage with 100% of the available thiol
groups in CK.

If irreversible oxidation prevents MAL-PEG
reactivity to thiol groups, then treatment of CK
with H2O2 should decrease the efficiency of
MAL-PEG reactivity. H2O2 oxidizes the thiol
groups to sulfenic acid, sulfinic acid, and sul-
fonic acid. The latter two acids are irreversibly
oxidized forms and, therefore, after DTT treat-
ment CK should be recalcitrant to MAL-PEG
conjugation. After treatment with 0.2 mMH2O2
followed by DTT treatment, only 62% of the CK
reacted with MAL-PEG (Fig. 5A, lane 3; Table
1). Treatment with 0.6 mM H2O2 resulted in
only 39% of the CK remaining reactive with
MAL-PEG (Fig. 5A, lane 4; Table 1). IEF anal-
ysis appeared to detect 10–20% higher levels of
oxidized CK than the MAL-PEG conjugation
method after H2O2 treatment. As CK contains
three other thiols, the higher level of oxidized

CK detected by IEF analysis may be due to a
low level of irreversible oxidation reactions at
these sites. The data strongly suggest that the
MAL-PEG can be a useful tool to detect re-
versible oxidation reactions and that MAL-PEG
fails to react with irreversibly oxidized thiols.

Determination of the sensitivity of MAL-PEG
conjugation method in the detection of oxidized
protein sulfhydryl groups

The benefit of using MAL-PEG to tag re-
versibly oxidized sulfhydryl groups is the in-
creased sensitivity of detection. To determine
the limit of sensitivity, we used a protein that
is susceptible to oxidation and, in addition, has
a commercially available antibody that can be
used to perform western analysis. The p53 pro-
tein contains 10 cysteine residues, some of
which are known to be sensitive to oxidation
(7, 28). The p53 protein was treated with in-
creasing concentrations of H2O2 to increase the
level of sulfenic acid, sulfinic acid, and sulfonic
acid. In this experiment, the relative level of
sulfenic acid produced on p53 was measured.
After H2O2 treatment, residual nonoxidized
thiol groups on the p53 protein were capped
with NEM. The protein was treated with DTT
to reduce the reversibly oxidized thiol groups,
and then the protein was reacted with MAL-
PEG. It is expected that H2O2 treatment should
increase the number of thiols oxidized to
sulfenic acid.

MAL-PEG conjugation revealed a significant
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TABLE 1. COMPARISON OF IEF AND MAL-PEG CONJUGATION DETECTION METHODS OF OXIDIZED CK

Percentage of CK monomer

Method 0 mM H2O2 0.2 mM H2O2 0.6 mM H2O2

MAL-PEG Adducted CK 94 6 1 62 6 2 40 6 4
Unadducted CK 6 6 1 38 6 2 60 6 4

IEF Alkylated CK 94 6 1 55 6 3 27 6 4
Oxidized CK 6 6 1 45 6 3 73 6 4

Duplicate samples used in Fig. 5 were separated by SDS-PAGE or IEF and stained with Coomassie. Average band
densitometry measurements were used to calculate percentage of adducted and unadducted CK for the MAL-PEG
conjugation method. To obtain the percentage of alkylated and oxidized CK from IEF analysis, band densities corre-
sponding to CK dimers focusing at pI 6.3 (one subunit alkylated and one subunit oxidized) were divided by two. To
obtain the percentage of alkylated CK, this value was added to the measured band densities focusing at pI 6.4 (both
subunits alkylated). The halved pI 6.3 density value was also added to the measured band density focusing at pI 6.2
(both subunits oxidized) to obtain the percentage of oxidized CK.



level of reversibly oxidized cysteine residues in
p53. Even in the absence of H2O2 treatment, p53
was observed to contain a low level of re-
versibly oxidized sulfhydryl groups. Delphin et
al. previously reported that purified recombi-
nant human p53 was readily susceptible to in-
tersubunit disulfide bond formation (2). The
percentage of p53 shifted indicated that 33% of
the total was reversibly oxidized prior to H2O2
addition (Fig. 6A and B). Of the total p53, 24%
contained one reversibly oxidized cysteine
residue per p53 molecule and 9% contained

two reversibly oxidized cysteine residues per
p53 molecule. The percentage of reversibly ox-
idized p53 molecules increased from 33% to
50% upon addition of 500 mM H2O2. Impor-
tantly, MAL-PEG conjugation to p53 is specific
for DTT-reducible sulfhydryl groups because
in the absence of DTT, p53 could not be tagged
(Fig. 6A, lane 6). Although we have stated that
MAL-PEG is likely to conjugate to cysteine
residues that have been converted to H2O2-
induced sulfenic acid, it is also possible that
MAL-PEG conjugates to p53 after H2O2-
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FIG. 6. Analysis of protein products of H2O2-treated p53. p53 was incubated with the indicated concentrations of
H2O2 for 1 h. The reaction was quenched with NEM to cap nonoxidized p53 sulfhydryl groups. The protein was re-
duced, treated with MAL-PEG-2000, and separated by SDS-PAGE on a 8% gel. (A) Lane 1, protein molecular mass
markers (measured in kDa); lanes 2–5, p53 treated with 0–500 mM H2O2; lane 6, p53 oxidized with 500 mM H2O2 and
processed for MAL-PEG-2000 tagging in the absence of the DTT reducing step. The gel was stained with Coomassie
Blue. (B) Band densities from A were quantified, and the total amount of protein in each lane was set to 100%. In
each three-column set, the left column represents unconjugated p53, the middle column represents the single-MAL-
PEG-2000-conjugated protein, and the right column represents the double-conjugated protein. The percentage of each
p53 protein subpopulation was plotted. The apparent percentage of unconjugated p53 protein in the “control” ex-
periment is .100 because the gel background in that particular lane is less dense than the average background den-
sity. (C) Recombinant human p53 (no H2O2 treatment) was capped with NEM, treated with DTT, and then incubated
with MAL-PEG for 15 min. The indicated amounts of p53 were loaded onto an 8% gel and separated by SDS-PAGE.
Western analysis was performed as described in Experimental Procedures.



induced disulfide bond formation. There are
two interesting points to be derived from this
experiment. First, p53 appears to contain two
cysteine residues per p53 molecule that are ca-
pable of undergoing reversible oxidation. Sec-
ond, our simple conjugation procedure appears
capable of tagging the oxidized protein in a
fashion that is amenable to western blot anal-
ysis. To determine the sensitivity of the oxida-
tion detection procedure, MAL-PEG-conju-
gated p53 was serially diluted and processed
for western analysis (Fig. 6C). The minimum
detection limit was , 0.23 pmol of reversibly
oxidized p53.

DISCUSSION

Our results indicate that MAL-PEG is an ef-
ficient method to assess the reversible oxida-
tion status of cysteine thiol groups in proteins.
First, reduced protein sulfhydryl groups are
capped with either IAM or NEM. Second, the
remaining oxidized sulfhydryl groups are re-
duced with DTT. Third, MAL-PEG is conju-
gated to the newly reduced sulfhydryl groups.
Fourth, western analysis is used to detect the
band shift of low-abundance proteins with an
antibody directed to the protein of interest.
MAL-PEG was capable of reacting with 100%
of the available thiol groups at Cys283 of rabbit
muscle CK. At 10-fold molar excess, conjuga-
tion was complete within 15 min at either 27°C
or 37°C. At 0°C, the conjugation reaction re-
quires 60 min to complete. MAL-PEG effi-
ciently conjugated to CK within the pH range
of 6.2–8.0. Furthermore, MAL-PEG can be used
in the presence of Gu-HCl to conjugate buried
sulfhydryl groups.

When used in combination with western
analysis, as little as 0.23 pmol of reversibly ox-
idized p53 was detected. The sensitivity of the
detection method will likely vary from protein
to protein, depending in large part on the affin-
ity of the antibody for the protein and the effi-
ciency of the enzymatic detection reaction cou-
pled to the secondary antibody. MAL-PEG,
however, is incapable of detecting irreversibly
oxidized thiol groups and, therefore, other
methods must be developed to assess these
products. MAL-PEG (with a molecular size of

5,000 Da) is an ideal reagent for conventional
SDS-PAGE band shift analysis because, upon
adduct formation, it shifts the apparent molec-
ular mass of the polypeptide by 22 (63) kDa
on the gel. The large molecular mass shift is
due to the fact that polyethylene glycol is ex-
tensively hydrated (5, 13). The size of the shift
in our study is consistent with size exclusion
chromatography experiments indicating that
each MAL-PEG increases the effective molecu-
lar mass of the protein by , 25 kDa (5, 13). On
the other hand, the smaller MAL-PEG, MAL-
PEG-2000, only shifted the apparent molecular
mass by , 5 kDa. This small band shift limits
the use of MAL-PEG-2000 to the detection of
reversible oxidation on proteins that are ,60
kDa. A method to use protein band shifts to de-
tect reversible protein oxidation reactions was
also developed by Jakob et al. (11), who used
4-acetamido-49-maleimidylstilbene-2,29-disul-
fonate (AMS) to conjugate to protein thiol
groups. AMS has a molecular mass of only 536
Da and, therefore, is likely to be most useful in
the analysis of very small molecular mass pro-
teins.

MAL-PEG conjugation has already been
shown to be capable of detecting reversible ox-
idations of endogenous protein in cultured
cells (30). MAL-PEG conjugation would be pre-
dicted to be useful in mapping sites of protein
oxidation in cultured cells. It is now standard
practice to map sites of oxidation by substitut-
ing amino acids at predicted oxidized cysteine
residues and measure the biological effect after
treatment with the oxidizing agent. However,
this method does not directly measure oxida-
tion. If the redox-sensitive cysteine residue is
substituted, then, after treatment with the oxi-
dizing agent, the protein should fail to show a
band shift after MAL-PEG treatment.

The fact that CK and p53 are readily suscep-
tible to oxidation in the absence of added oxi-
dizing agent indicates that certain precautions
must be taken when assessing the efficiency of
oxidation detection methods. Our results indi-
cate that MAL-PEG conjugation is prevented if
thiols are irreversibly oxidized. In a previous
study, only 70% conjugation efficiency was ob-
served when large polyethylene glycol-
maleimides were reacted with IgG cysteine
residue sulfhydryl groups (22). This likely in-
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dicates that a portion of the sulfhydryl groups
on IgG was oxidized prior to conjugation.
There are other caveats to consider regarding
the use of MAL-PEG conjugation to detect re-
versibly oxidized proteins: (a) the method does
not detect the chemical composition of the ox-
idizing adduct; (b) care must be taken to choose
an antibody/epitope combination that is distal
to the MAL-PEG adduct site to maximize the
potential for efficient western analysis; (c) Two
sulfhydryl groups in close spatial proximity
may not both efficiently bind MAL-PEG be-
cause a single MAL-PEG adduct may occlude
MAL-PEG access to a neighboring thiol.

Regarding this last point, MAL-PEG conju-
gated all four sulfhydryl groups on CK when
the reaction was performed in the presence of
denaturant. However, the cysteine residues on
CK are spaced far apart with the nearest two
cysteine residues 29 residues apart in the lin-
ear sequence. Further tests must be performed
to determine the minimum spacing of sulf-
hydryl groups that maintains efficient MAL-
PEG conjugation. This method opens the pos-
sibility of detecting endogenous reversible
oxidation reactions on low-abundance proteins
in tissues and biological fluids.

Perspective

Proteins can undergo reversible oxidation
reactions at cysteine residues that alter their
function. An early example of this scenario was
shown to occur on heart muscle creatine kinase
where it was demonstrated that the kinase was
partially inhibited by diamide-mediated oxi-
dation in cultured bovine and rodent heart cells
(1). Recently, it was demonstrated that EGF
treatment of cultured fibroblasts leads to re-
versible oxidation of the active-site cysteine
residue in the enzyme phosphatase 1B (15). Ox-
idation of the phosphatase inhibits its activity,
which, in turn, leads to hyperphosphorylation
of the EGF receptor, strengthening signaling
through this pathway. Oxidation can activate
proteins as well. Two stress response proteins
in E. coli, Hsp33 and OxyR, require oxidation
to increase their activity (11, 23, 32). Although
only a few examples of reversibly oxidized pro-
teins are discussed here, the list of proteins that
become reversibly oxidized at cysteine residues

in cells is increasing (29). After oxidative stress,
oxidized protein cysteine residues likely return
back to the reduced state. Enzymatic reduction
is catalyzed by glutaredoxin (10), thioredoxin
(24), and redox factor 1 (4). These reducing pro-
teins are predicted to become transiently oxi-
dized as they reduce their substrates. However,
the substrate specificity of these proteins is not
clear. The method described in this communi-
cation should aid in determining the conditions
required for specific proteins to undergo tran-
sient oxidation in cells and tissues.
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ABBREVIATIONS

AMS, 4-acetamido-49-maleimidylstilbene-
2,29-disulfonate; CK, rabbit skeletal muscle cre-
atine kinase (EC 2.7.3.2); DTNB, 5,5-dithiobis(2-
nitrobenzoic acid); DTT, dithiothreitol; EGF,
epidermal growth factor; Gu-HCl, guanidine
hydrochloride; HED, hydroxyethyldisulfide;
H2O2, hydrogen peroxide; IAM, iodoacet-
amide; IEF, isoelectric focusing; MAL-PEG,
methoxypolyethylene glycol-maleimide (5,000
Da); MEOH, b-mercaptoethanol; NEM, N-eth-
ylmaleimide; PAGE, polyacrylamide gel elec-
trophoresis; SDS, sodium dodecyl sulfate;
SEEN, sodium phosphate/EDTA/EGTA/
Nonidet P-40 buffer.
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