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ABSTRACT

The SH group represented by cysteine in proteins is fundamental to the redox regulation of protein structure
and function. Albumin is the most abundant serum protein whose redox modification modulates its physio-
logic function, as well as serves as a biomarker of oxidative stress. Measurement of selective Cys modification
(S-oxidation/nitrosation, electrophilic substitution) on specific proteins, however, is problematic within com-
plex biological mixtures such as plasma. We have utilized a maleimide fluorogenic SH reagent, ThioGlo™-1,
to develop a fluorescence-based quantitative assay of SH modification of human serum albumin (hSA) using
SDS-PAGE. Fully reduced native albumin containing one free SH (Cys,,) per molecule was utilized as a
model protein to characterize the kinetics of ThioGlo™-1 reaction using a solution-based spectrofluorometric
assay. Optimum labeling of hSA Cys,, was achieved within 10 min at 60°C using a threefold molar excess of
ThioGlo™-1 relative to hSA and required SDS. Comparison of the solution spectrofluorometric assay to fluo-
rescent image analysis of hSA bands localized by SDS-PAGE revealed that SH groups in hSA could be quanti-
fied after gel electrophoresis. The solution- and gel-based methods were in excellent concordance in their abil-
ity to quantify SH modification of hSA following exposure to phenoxyl radicals and nitric oxide. The
application of ThioGlo™-1 staining and SDS-PAGE quantified the degree of hSA modification in complex
human plasma exposed to oxidative or nitrosative stress and revealed that hSA is more sensitive to S modifi-
cation than other SH-containing plasma proteins. Antioxid. Redox Signal. 4: 855-865.

INTRODUCTION cause of their reactive chemical nature, thiols are frequent
sites of modification by electrophilic xenobiotics (2), as well
as oxidative or nitrosative stress (3, 5).

ONE OF THE MOST IMPORTANT FUNCTIONAL GROUPS in vari-
The studies above confirm the need to develop quantita-

ous proteins is the free sulfhydryl (SH) group con-

tained in the amino acid cysteine. Many enzymes contain spe-
cific cysteine residues within their active sites where the
bimodal proton-donating and proton-withdrawing properties
of free SH or thiolate anion, respectively, play essential roles
in catalysis (22, 30). In addition, protein SH groups can serve
to bind and coordinate various metal ligands as in the case
of metallothionein (12). More recently, important thiol-
dependent redox-sensing mechanisms have been implicated
in the signal transduction properties of fos, jun (1), and Oxy
R (37) transcription factors in mammals and bacteria. Be-

tive methods that permit the precise experimental determina-
tion of thiol modification on specific proteins in complex
mixtures in vivo and in vitro. The utilization of Ellman’s
reagent [5,5'-dithio-2-nitrobenzoic acid (DTNB)] (7) or
dithiodipyridine (24) are often applied to quantify thiols in bi-
ological samples by absorption measurements. The relatively
low sensitivity and other factors, however, limit their useful-
ness in analyzing small amounts of material, and it is diffi-
cult to obtain any information concerning thiol status of in-
dividual components in complex mixtures. Recent advances
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in fluorescence technology have led to the creation of nu-
merous SH-reactive chemicals tagged with a variety of fluo-
rophores with improved sensitivity. Several methods have
been used to identify thiol-dependent modification of spe-
cific proteins following polyacrylamide gel electrophoresis
(PAGE) (4, 9, 19). These technical approaches, however, are
limited by several factors, including their lack of quantifica-
tion, as well as reliance on the use of radioactivity and their
specificity for only particular types of SH modification,
such as S-thiolation with glutathione (GSH). Kim et al. have
described a novel approach to resolve hydrogen peroxide
(H,0,)-sensitive cysteines on PAGE-resolved proteins based
on differential pH sensitivity and biotin-conjugated iodoac-
etamide labeling (15). Strict quantification, however, was
not applied, and this method appears specific for labeling
those cysteine residues that display a relatively low pK,. La-
beling proteins with thiol reagents such as bimanes (16)
or maleimide coumarins (35) is complicated by the low
aqueous solubility, high intrinsic fluorescence of unreacted
reagent, as well as rapid hydrolysis of the protein thiol-
probe adduct (18, 34).

Albumin is the major protein found in plasma and repre-
sents an important target for oxidation during systemic oxida-
tive stress. Human serum albumin (hSA) contains 34 cys-
teines linked to form 17 disulfude bonds and an additional
solitary free SH group contained at the Cys,, position. It has
been suggested that albumin constitutes a major extracellular
antioxidant (10, 26). As such, its oxidation state may serve as
a useful biomarker for monitoring oxidative stress in human
populations. Oxidative modification of Cys,, can alter the af-
finity of this protein for Cu2+ and other ligands, such as
phenolsulfophthalein and free fatty acids (13, 28). Cys,,-
nitrosoadduct of hSA represents a major carrier of releasable
nitric oxide (NO) in human plasma (27). The aim of the pres-
ent work was, therefore, to develop a quantitative method for
determination of protein thiols in hSA following resolution
by sodium dodecyl sulfate (SDS)-PAGE using the fluores-
cent maleimide-based reagent, ThioGlo™-1, which shows
enhanced fluorescence upon derivatization to free thiols (18).

MATERIALS AND METHODS

Materials

Dithiothreitol (DTT), DTNB, etoposide, deferoxamine,
H,0,, acetaminophen, S-nitrosoglutathione (GS-NO), and
myeloperoxidase (from human leukocytes; EC 1.11.1.7) were
purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.).
The fluorescent maleimide-based reagent, ThioGlo™-1 [N-
(2-carbomethoxy-9-methoxy-3-oxo-3H-naphthol[2,1-b]pyran-
10-yl)maleimide], was from Covalent Associates, Inc.
(Woburn, MA, U.S.A.). The NO-donor compound, (Z)-[N-(3-
ammoniopropyl)-V-(n-propyl)amino]diazen-1-ium-1,2-diolate
(NOC-15), was purchased from Alexis Biochemicals (San
Diego, CA, U.S.A.). Normal human plasma was the kind gift
from Dr. James Roberts at Magee Women’s Hospital and col-
lected with IRB approval as part of a large ongoing multicenter
program project on preeclampsia.

FABISIAK ET AL.

Preparation of reduced hSA

hSA (fatty acid-free) was obtained from Sigma Chemical
Co. Preliminary studies indicated that this batch of hSA con-
tained a significant amount of oxidized Cys,, (60%). It was
therefore necessary to prepare fully reduced hSA prior to ex-
periments. hSA was dissolvedin 50 mM phosphate buffer, pH
7.4 (15 mg/ml), and treated with DTT (2 mM, final concen-
tration) for 1 h at room temperature essentially as described
by Katchalski et al. (14). Reduced hSA was then extensively
dialyzed against 50 mM phosphate buffer, pH 7.4, for 24 h at
room temperature. Contents of the dialysis bag were col-
lected, and the thiol content was measured by reacting with
dithionitrobenzene and recording absorbance at 412 nm (ex-
tinction coefficient, 13,600 M~-! cm~!). Protein content was
measured by a Bradford assay using bovine serum albumin as
a standard.

Exposure of hSA and human plasma to
oxidative and nitrosative conditions

Stock solutions of purified reduced hSA were prepared in
50 mM phosphate buffer, pH 7.4, to a final concentration of
10 mg/ml. Human plasma samples were similarly diluted in
50 mM phosphate buffer, pH 7.4, with 30 uM SDS to contain
a final protein concentration of 8 mg/ml. hSA or plasma
protein samples were subjected to oxidation by addition of
myeloperoxidase/H,0, alone (1 unit/ml myeloperoxidase,
100 uM H,0,, final concentration) or in combination with
substrates capable of stimulating enzyme-dependent phe-
noxyl radical-generating peroxidase activity such as aceta-
minophen, phenol, or etoposide (500 uM, final concentra-
tion). Deferoxamine (100 uM) was also added to chelate any
adventitious iron. Samples were then incubated at 37°C for
20 min. Protein samples were subjected to nitrosative condi-
tions by addition of the NO donors NOC-15 (0.5 or 2 mM,
final concentration) or 0.5 mM GS-NO and incubation for 1 h
at 37°C at room atmosphere. Following incubations, aliquots
of these samples were taken for reaction with ThioGlo™-1
and SH group determination by standard fluorescence spec-
troscopy or SDS-PAGE and fluorescent image analysis.

Labeling of free SH groups with ThioGlo™-]

Purified reduced hSA was utilized in the initial experi-
ments designed to characterize and validate our quantitative
assay. hSA stock solutions or plasma samples were diluted in
50 mM phosphate buffer, pH 7.4, containing 30 mM SDS
to yield protein concentrations ranging from 0.05 to
0.75 mg/ml. ThioGlo™-1 (10 uM, final concentration unless
indicated) was added to 2.5 ml of this protein solution (typi-
cally containing <3 uM protein SH groups unless indicated),
and the mixture was incubated at 60°C for 40 min followed
by 20 min of cooling at room temperature. Following reaction
of protein solutions with ThioGlo™-1, 2.5-ml samples were
subjected to standard solution spectrofluorometry. Fluores-
cent content of the sample was determined using a Shimadzu
spectrofluorometer RF-5301PC using excitation and emis-
sion wavelengths 388 and 500 nm, respectively. Data were
analyzed using RF-5301PC Personal Fluorescence Software



Cys,, MODIFICATION OF ALBUMIN BY SDS-PAGE

(Shimadzu). For analysis of the specific protein thiols in
plasma, samples were pretreated with 10 uM ThioGlo™-1
prior to the addition of SDS in order to derivatize any GSH or
other low-molecular-weight thiols present in plasma. The
protein thiol component was then measured as the difference
in the fluorescent responses obtained before and after addi-
tion of SDS.

Fluorescence determination following SDS-PAGE

The electrophoretic patterns of ThioGlo™-1-labeled pro-
teins were determined using slight modifications of the SDS-
PAGE method described by Laemmli (17). Samples of
ThioGlo™-1-labeled proteins (20 ul) prepared as described
above were combined with 5 upl of 5Xloading buffer and
placed onto 1.5-mm-thick 10% acrylamide gels. Electro-
phoresis was carried out under standard conditions with the ex-
ception that loading buffer did not contain bromophenol blue,
which was found to have fluorescent properties similar to
ThioGlo™-SH adducts. In addition, the samples were applied
to the gel without additional heating in order to preserve
the stability of the ThioGlo™-SH products. Fluorescence of
ThioGlo™-1 derivatized to protein thiols was then visualized
with a Bio-Rad Fluor-S Multilmager equipped with a scanning
ultraviolet (UV)-light source (290-365 nm) and built-in CCD
camera with the emission filter at 530 nm (broad range). Image
capture and subsequent densitometric analysis of the intensity
of the fluorescentbands were performed using Bio-Rad Multi-
Analyst Software according to the manufacturery directions.

RESULTS

Kinetics and characteristics
of ThioGlo™-[/hSA reaction

We and others have previously reported on the use of the
maleimide-based ThioGlo™ reagents to quantify both low-
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molecular-weight (primarily GSH) and protein thiols in
model systems and cellular homogenates (8, 11, 18, 34). The
ability to discriminate between these two separate pools de-
pends on the initial titration of low-molecular-weight thiols
in the absence of SDS followed by a second titration in the
presence of SDS. SDS is required to fully denature tertiary
protein structure and thus permit reaction between the SH
groups on proteins and the maleimide-based ThiolGlo™-1
reagent. Our goal here was to extend this methodology to en-
able us to quantify the amount of free SH groups on specific
proteins resolved from complex mixtures by SDS-PAGE.
Such methodology would thus permit the evaluation of the
degree of S modification on specific proteins contained in
heterogeneous samples such as human plasma.

We first chose to characterize the kinetics of the reaction of
ThioGlo™-1 with purified hSA, which under fully reduced
physiological conditions contains a single SH group (Cys,,)
and represents the major constituent of the complex protein
mixture of human plasma. We first determined the reaction
kinetics of ThioGlo™-1 with purified hSA. Figure 1A shows
that, at room temperature in the absence of SDS, the combi-
nation of ThioGlo™-1 and hSA produced a very slow and
minimal increase in fluorescence intensity over the time pe-
riod measured. In contrast, the addition of SDS to this reac-
tion mixture (Fig. 1B) resulted in a dramatic instantaneous in-
crease in fluorescence intensity that then increased at a rate
more rapid than that observed in control. Figure 1C repre-
sents an identical incubation as 1B except in the absence of
any added protein and demonstrates that SDS has essentially
a minimal effect on the fluorescence of unreacted ThioGlo™-1
and cannot itself account for any time-dependent increases in
fluorescence intensity. Therefore, it appears that SDS greatly
facilitates the reaction of ThioGlo™-1 with the single free
SH group of Cys,, in hSA.

It was noted, however, that even with the addition of SDS a
plateau in hSA/ThioGlo™-1 fluorescence was not achieved
over the time period observed in these samples. For this rea-
son, we examined whether increases in temperature would
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FIG. 1.

Time-dependent titration of protein sulfhydryls on hSA by ThioGlo™-1 in the presence and absence of SDS. hSA

(1.1 uM) was placed in 2.5 ml of 50 mM phosphate buffer, pH 7.4, containing 10 pM ThioGlo™-1. Following the addition of hSA,
the fluorescence was recorded continuously in a spectrofluorometer at room temperature with constant mixing at 500 nm emis-
sion wavelength and 388 nm excitation wavelength. A shows the reaction of hSA thiols in the absence of SDS. B shows the
rapidly enhanced accessibility of hSA thiols to ThioGlo™-1 upon the addition of SDS (30 mM, final concentration). C shows the
nonspecific fluorescenceresponse of ThioGlo™-1 alone in the absence of added hSA.
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hasten the reaction. Figure 2 compares the rate of ThioGlo™-
1 reaction with the available thiols on fully reduced hSA
when incubations were performed at two temperatures (25°C
and 60°C). As observed in Fig. 1, there was a slow progres-
sive increase in ThioGlo™-1 labeling that continued over the
first 60 min of the incubation at 25°C and appeared to plateau
between 75 and 125 min. In contrast, ThioGlo™-1 reaction
proceeded very rapidly at 60°C such that saturation was es-
sentially achieved by the earliest time point tested (5 min). In
this experiment, the maximal degree of labeling at both tem-
peratures corresponded to >80% of the total SH groups theo-
retically available for labeling. The failure to achieve 100%
efficiency of labeling may result from incomplete reduction
of initial hSA stock by DTT or low spontaneous level of SH
modification/oxidation occurring during the aerobic incuba-
tion conditions. The rapid kinetics of ThioGlo™-1 reaction
with SH groups on hSA led us to adopt the 60°C incubation
temperature for further experiments.

The optimum concentration of ThioGlo™-1 was then de-
termined by incubating a single protein concentration over a
range of ThioGlo™-1 concentrations in order to ascertain the
optimum protein-to-ThioGlo™-1 ratios to achieve maximal
labeling of SH groups. Figure 3 shows the results of incubat-
ing hSA corresponding to 3 uM free cysteines with various
concentrations of ThioGlo™-1 (1-50 uM) for 20 min at 60°C.
Prior to reading the resultant fluorescence, it was necessary
to dilute the various samples to correspond to a uniform
ThioGlo™-1 concentration during each reading (in this case,
1 pM) in order to minimize any contribution of low level of
fluorescence from unreacted ThioGlo™-1. Intensity of the in-
creased fluorescence above background (that measured in
the absence of added protein) was then normalized back ac-
cording to the specific dilution factor for each sample.
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FIG. 2. Comparison of ThioGlo™-1 labeling of hSA pro-
tein thiols at 25°C and 60°C. Incubations of hSA and
ThioGlo™-1 in the presence of 30 mM SDS were set up as de-
scribedin Fig. 1 and incubated at either 25°C or 60°C. Aliquots
were taken at the various times and fluorescence recorded as
described in Fig. 1. Percentage of available thiols was calcu-
lated based on the fact that fully reduced hSA contains only a
single free reduced cysteine (Cys,,) theoretically available to
ThioGlo™-1 and comparison with a standard curve of
ThioGlo™-1 response constructed with various concentrations
of GSH.
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FIG. 3. Saturable titration of hSA thiols with ThioGlo™-1.
Reduced hSA containing 1 mol of free SH/mol of protein (3 uM,
final concentraton) was incubated at 60°C in 2.5 ml of 50 mM
phosphate buffer, pH 7.4, 30 mM SDS with a range of concen-
trations of ThioGlo™-1 (1-50 uM). After incubation, samples
were equilibrated to room temperature for 20 min and then di-
luted in phosphate buffer to yield a final ThioGlo™-1 concen-
tration of 1 uM. This was done to avoid the contribution of dif-
ferent levels of unreacted ThioGlo™-1 to the fluorescence
reading of the undiluted reaction mixture. Fluorescence reading
was then back normalized by the dilution factor in order to yield
the protein-thiol-specific ThioGlo™-1 fluorescence.

ThioGlo™-1 fluorescence reflecting reaction with SH groups
steadily increased over 1-5 uM ThioGlo™-1 and leveled off
at ~10 M, after which the normalized fluorescence re-
mained constant. Therefore, it appears that under these reac-
tion conditions the addition of an approximately threefold
molar excess of ThioGlo™-1 was sufficient to achieve maxi-
mal labeling of the available reduced SH groups on hSA.
Subsequent experiments were then conducted to ensure that
ThioGlo-to-SH ratios were in the range of 3—10.

SH modification of purified hSA by SDS-PAGE

Once the incubation conditions for labeling were deter-
mined as described above, the ability of ThioGlo™-1-labeled
hSA to be resolved and detected following SDS-PAGE was
assessed. hSA (0.05-1.0 mg/ml, 0.7-15 uM) was first labeled
with ThioGlo™-1 in 50 mM phosphate buffer, pH 7.4, con-
taining 30 mM SDS and 30 uM ThioGlo™-1 for 1 h at 60°C.
Aliquots containing 1-20 ug were then subjected to SDS-
PAGE. Figure 4B shows the fluorescent protein bands corre-
sponding to hSA detected after exposure to a scanning UV
light source using the Bio-Rad Fluor-S Multilmager. A fluo-
rescent band could be detected with as little as 1 pg of hSA
loaded per well and increased over the range of protein
amounts applied to the gel. To determine if the intensity of
this fluorescence was linear over the range of hSA amounts
used, the fluorescence intensity of each hSA band was quanti-
fied using the Bio-Rad Multi-Analyst Software. Figure 4A
shows a plot of fluorescent signal amplitude versus the
amount of hSA thiols applied to each well. A strict linear re-
sponse (r2 = 0.9925) was achieved over this 20-fold range of
protein amounts and indicates that this assay can indeed be
applied for quantitative purposes using protein amounts
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FIG. 4. Linearity of ThioGlo™-1 reaction with varying
protein concentrations. Various concentrations of hSA
(0.05-1.0 mg/ml) were incubated with 30 uM ThioGlo™-1 in
50 mM phosphate buffer, pH 7.4, containing 30 mM SDS for 1
h at 60°C. Twenty-microliter aliquots of these mixtures corre-
sponding to varying amounts of protein (1-20 ug) were then
mixed 4:1 with 5 X loading buffer and subjected to SDS-PAGE
as described in Materials and Methods. B shows the typical flu-
orescent labeling pattern after visualization of gel under UV
light. Quantification was performed using Bio-Rad Multi-
Analyst Software after image acquisition with a Bio-Rad
Fluor-S Multilmager equipped with UV light source (290—
365 nm) and a CCD camera with 530 nm broad range emission
filter. A shows the linear relationship between the intensity of
the signal and amount of protein contained in the reaction mix-
ture over this range of hSA concentrations.

within this assay range. The goodness-of-fit of this response
observed over these amounts of fully reduced native hSA
containing a single thiol per protein molecule was further
exploited to construct a standard curve that would enable the
quantification of ThioGlo™-1-reactive SH groups under a
variety of experimental conditions.

We next sought to determine if this method could be ap-
plied to measure the degree of SH group modification follow-
ing exposure of hSA to oxidative and nitrosative conditions.
Phenoxyl radicals are well known for their potency to pro-
duce selective SH oxidation. A cell-free model system
containing myeloperoxidase and H,0, was used to generate
phenoxyl radicals derived from the following phenolic sub-
strates: phenol, acetaminophen, and etoposide. hSA was first
exposed to these myeloperoxidase/H,0,-derived phenoxyl
radicals and then subjected to analysis of reduced SH groups
with ThioGlo™-1 using both conventional solution fluo-
rospectroscopy and our SDS-PAGE fluorescent image analy-
sis. Figure 5A shows that using the conventional spectrofluo-
rometric assay, ThioGlo™-1 could be used to detect a loss of
free SH groups following exposure of hSA to various phe-
noxyl radicals. Radicals derived from phenol produced the
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most significant modification of free SH groups with ~70%
reduction in ThioGlo™-1 reactivity. More modest, but signif-
icant, reductions were observed after exposure to phenoxyl
radicals derived from acetaminophen and etoposide (49% and
19%, respectively). A small, but statistically significant, re-
duction could also be observed after hSA was exposed to
myeloperoxidase/H,0, alone. Similarly, decrements in the
fluorescence intensity of hSA bands detected after SDS-
PAGE appeared to follow the same pattern as those seen with
the solution-based spectrofluorometic assay (Fig. 5B).
Marked decrease in fluorescence intensity in the hSA band
could be observed after exposure to phenol/myeloperoxi-
dase/H,0, with smaller decrements observed when aceta-
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FIG. 5. Comparison of conventional fluorescence spec-
troscopy with SDS-PAGE with fluorescent image analysis to
measure SH group content of hSA following exposure to
myeloperoxidase/H,0,-derived phenoxyl radicals. hSA
(10 mg/ml) was exposed to myeloperoxidaseH,0, alone
(1 unit/ml myeloperoxidase, 100 uM H,0,) or myeloperoxi-
dase/H,0, in the presence of either 500 uM phenol, ace-
tominophen (ACPH), or etoposide (ETOP). Incubations were
performed in 50 mM phosphate buffer, pH 7.4, in the presence
of 100 uM deferoxamine to chelate any adventitious iron at
37°C for 20 min. Samples were then taken and diluted in phos-
phate buffer, and the amount of ThioGlo™-1 reactive thiols was
determined by both conventional fluorescence spectroscopy and
SDS-PAGE as described. B and C show a typical gel containing
proteins stained with ThioGlo™-1 and Coomasie Blue, respec-
tively. A compares the number of ThioGlo™-1-titratable thiols
on hSA obtained by the two methods after exposure to
myeloperoxidase-generded phenoxyl radicals. Data represent
means + SEM from four experiments. Asterisks denote statisti-
cally significant differences from untreated control (p < 0.05)
by one-way ANOVA with repeated measures and Dunnett’s mul-
tiple comparison test.
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minophen and etoposide were used as substrates for phenoxyl
radicals. Staining of the gels with Coomasie Blue indicated
that these differences were not due to differences in protein
loading (Fig. 5C). When the fluorescence intensity of the in-
dividual hSA bands was quantified and compared with that
obtained by conventional fluorescence spectroscopy, essen-
tially identical measures of thiol content were obtained within
each experimental condition (Fig. 5A).

The ability of our methods to measure SH modification
following exposure to NO was similarly assessed after expo-
sure of hSA to various NO donors. Figure 6 shows the thiol
content of hSA after exposure to two concentrationsof NOC-15
(500 uM and 2 pM), as well as 500 uM GS-NO. It is clear that
exposure of hSA to these nitrosative conditions results in sig-
nificant reduction in free SH groups available for reaction
with ThioGlo™-1. NO-mediated reductions in fluorescence
intensity of the hSA band were clearly observed after SDS-
PAGE analysis of the purified protein (Fig. 6A and B). When
compared on a quantitative basis, essentially identical reduc-
tions in thiol content in hSA were observed when measured
by either conventional fluorescence spectroscopy or fluores-
cence image analysis of samples subjected to SDS-PAGE.
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FIG. 6. Effect of NO donors on SH modification of puri-
fied hSA. hSA (10 mg/ml) dissolved in phosphate buffer was
exposed to 0.5 or 2 mM PAPANONOate or 0.5 mM GS-NO for
1 h at 37°C. Following incubation, free SH groups on albumin
were labeled with ThioGlo™-1. A compares the free SH groups
determined by conventional solution fluorescence spectroscopy
with quantification of fluorescence profiles after SDS-PAGE.
Data represent means + SEM of four experiments. B shows the
ThioGlo™-1-stained hSA observed after SDS-PAGE from a
typical experiment. C shows the same gel after staining with
Coomassie Blue to demonstrate equal protein loading between
lanes. Asterisks denote statistically significant differences from
untreated control (p < 0.05) by one-way ANOVA with repeated
measures and Dunnett’s multiple comparison test.
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SH modification of human plasma
proteins by SDS-PAGE

Although it appears that this method worked well for eval-
uation of purified defined proteins, it was important to deter-
mine the application of this method to analysis for more com-
plex samples that contained a mixture of diverse proteins. For
this we utilized human plasma because it contains a plethora
of proteins that possess potential SH groups for reaction with
ThioGlo™-1, as well as serum albumin that had been used in
our initial studies. Figure 7 shows the fluorescent spectro-
scopic determination and SDS-PAGE fluorescent image
analysis of protein thiol content in proteins contained in nor-
mal human plasma and plasma exposed to phenoxyl radicals
generated as described above. The Coomasie Blue-stained gel
shown in Fig. 7C clearly reveals that multiple proteins could
indeed be resolved by SDS-PAGE and that hSA (approximate
MW, 67,000) represents the major protein species detected
in these samples. Moreover, exposure of human plasma to
the oxidizing conditions provided by the phenoxyl radical-
generating system had no effect on the overall protein profile
of these samples. Fluorescent image analysis for proteins
stained with ThioGlo™-1 showed that several proteins could
also be detected as possessing SH-ThioGlo™ adducts with
hSA being the most prominent (Fig. 7B). It was also clear
that SH groups in hSA contained in plasma were modified in
a manner similar to that seen in purified hSA following expo-
sure to various phenoxyl radicals. However, the ability of this
system to modify SH groups on other proteins was not uni-
form. A significant, but unidentified SH-containing protein,
which we termed Protein X (approximate MW, 200 kDa) was
consistently observed in all plasma samples following fluo-
rescent image analysis of the SDS-PAGE gel. In contrast to
hSA, the SH groups contained in Protein X were essentially
unchanged following exposure to these oxidizing conditions.

When plasma samples were exposed to NOC-15 and GS-
NO, similar to conditions used for purified hSA, we again ob-
served significant modification of SH groups. Using conven-
tional fluorescence spectroscopy, exposure to NO resulted in
an ~50% reduction in total SH groups available for reaction
with ThioGlo™ (Fig. 8 A). Similarly, NO produced dramatic
reduction in the fluorescence intensity of the hSA bands after
SDS-PAGE (Fig. 8B), but no change in the overall protein
profile (Fig. 8C). As shown in Fig. 8A, the reduction in hSA
was quantitatively greater (~85%) than that observed for the
total thiol pool measured by conventional fluorescent spec-
troscopy. The ThioGlo™-labeled Protein X was again de-
tected in these experiments and was essentially unchanged
after exposure to NO donors, indicating that not all SH
group-containing proteins in plasma are equally sensitive to
nitrosative stress.

DISCUSSION

We reporthere for the first time on the use of ThioGlo™-1
as a probe that allows the quantitative measurement of SH
modification in hSA resolved by SDS-PAGE following expo-
sure to oxidative and nitrosative stress. ThioGlo™-1, a
maleimide derivative of a naphthopyranone fluorophore, was
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FIG. 7. Phenoxyl radical-dependent modification of pro-
tein SH groups in human plasma. Normal human plasma was
diluted in 50 mM phosphate buffer, pH 7.4, containing 100 uM
deferoxamine to a final protein concentration of 8§ mg/ml.
Plasma samples were then exposed to 1 unit/ml myeloperoxi-
dase and 100 pM H,0, alone (2) or with addition of 500 uM
phenol (3), 500 uM acetaminophen (ACPH; 4), or 500 uM
etoposide (ETOP; 5). Control samples (1) were incubated in
phosphate buffer containing only deferoxamine. Samples were
incubated for 20 min at 37°C. SH group content was then ana-
lyzed by both solution-based fluorescence spectroscopy and
SDS-PAGE using ThioGlo™-1 as described. B represents a
typical gel of plasma proteins labeled with ThioGlo™-1 and vi-
sualized under UV light. hSA was located based on its comi-
gration with purified hSA and location relative to a series of
molecular weight standards. C shows the same gel stained with
Coomassie Blue. A compares the amount of total thiols mea-
sured by solution-based fluorescence spectroscopy (open
columns) with those specifically contained in hSA (black
columns) and another unidentified ThioGlo™-1-labeled pro-
tein termed Protein X (~220 kDa) (hatched columns) after flu-
orescent image analysis of the SDS-PAGE gel. Total thiol con-
tent in the solution-based assay was calculated by comparing
the fluorescence response to a series of GSH standards of
known concentrations. Thiol content of hSA band was deter-
mined by quantitative analysis of the fluorescent image and
compared with the responses observed with a range of hSA
standards run under identical conditions (black columns). Data
represent means = SEM from four experiments. Asterisks de-
note statistically significant difference from untreated control
(p < 0.05) by one-way ANOVA with repeated measures and
Dunnett’s multiple comparison test.
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FIG. 8. Albumin SH modification in human plasma after
exposure to NO donors. Normal human plasma was added to
50 mM phosphate buffer, pH 7.4 (8 mg of protein/ml), and in-
cubated with various NO donors including NOC-15 (500 uM or
2 mM) or GS-NO (500 uM) for 1 h at 37°C. A shows the overall
SH group content of the samples as measured by ThioGlo™:-1
fluorescence determined by conventional fluorescence spec-
troscopy after addition of 30 mM SDS and 10 uM ThioGlo™-1
(open columns). SDS-PAGE was then carried out on these sam-
ples after reaction with ThioGlo™-1 to visualize the pattern of
SH groups in specific proteins contained in human plasma. B
shows a representative gel stained with ThioGlo™-1 and visu-
alized for fluorescence. C shows the same gel stained with
Coomassie Blue. Black columns and hatched columns (A)
show the amount of SH groups contained in hSA and Pro-
tein X, respectively, determined as described in Fig. 7. Data
represent means = SEM from four experiments. Asterisks de-
note statistically significant difference from untreated control
(» < 0.05) by one-way ANOVA with repeated measures and
Dunnett’s multiple comparison test.

chosen because it has several advantages over other available
SH probes (18). These include very low intrinsic fluorescence
of the reagent before reaction with SH groups, but a signifi-
cant, 50-fold increase in quantum yield after reaction. The
hydrolysis rate of the SH-ThioGlo™ adduct is substantially
lower than with other reagents, and the hydrolysis product is
itself nonreactive and essentially nonfluorescent. Further-
more, its excellent water solubility permits its use over a wide
range of concentrations and minimizes exposure of proteins
to potentially denaturing organic solvents.

Several characteristics of the ThioGlo™-hSA interaction
bear noting. First, it appears that the addition of SDS is re-
quired for the rapid and efficient interaction of ThioGlo™-1
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with Cys,, on hSA. This suggests that Cys,, in hSA is located
on a region in the native protein with somewhat restricted ac-
cess to the relatively bulky ThioGlo™-1 molecule. This does
not preclude, however, the ability of Cys,, to participate in
redox reactions in vivo, because these may arise by reactants
of much smaller size (reactive oxygen/nitrogen species) and
could be assisted by specific protein—protein interactions. In-
deed, in these studies, various species of phenoxyl radicals
and NO produced substantial modification of hSA in the ab-
sence of SDS. It is possible that other proteins have SH
groups more readily accessible to ThioGlo™-1 in the absence
of SDS. In contrast, other proteins may have more limited ac-
cessibility to SH groups even after SDS denaturation. These
particular issues would need to be investigated using purified
proteins of interest whenever possible before applying this
approach to analyze their modification in complex biological
mixtures. For example, we were able to observe the Thio-
Glo™-1 reaction with only 1 Cys equivalent/molecule of
metallothionein out of the 21 theoretically available (data not
shown). This relative inefficiency could arise from difficulty
in removing bound metal ions that may competitively inhibit
ThioGlo™-1 interaction with reactive SH groups. Alterna-
tively, as metallothionein SH groups occur as contiguous
(Cys-Cys) or vicinal (Cys-X-Cys) SH pairs, the reaction be-
tween ThioGlo™-1 and one cysteine may limit the accessibil-
ity of neighboring cysteines to the fluorescent probe. Signifi-
cant self-quenching may also be achieved when multiple
fluorescent probe molecules exist in close proximity to each
other, such as within the thiolate clusters of metallothionein.

We also observed that the reaction between ThioGlo™-1
and SH groups was temperature-dependent. The velocity of
the reaction was considerably higher when performed at 60°C
than at room temperature, and 60°C was therefore chosen as
the standard assay condition. We did examine the use of 95°C
as usually applied in SDS-PAGE analysis of proteins in pre-
liminary experiments and observed variable results with fre-
quent reductions in the extent of labeling. Thus, elevated tem-
peratures may favor autooxidation of the protein SH groups
during incubation and render them unreactive to ThioGlo™-1
or alternatively favor the breakdown of the SH-ThioGlo™-1
adduct with subsequent loss of fluorescence. In this regard,
we also did not use the typical SDS-PAGE step of boiling the
samples prior to loading. The absence of this step, however,
did not appear to adversely affect the gel migration of puri-
fied hSA or of the multiple proteins found in human plasma.
At 60°C, a plateau in the response curve was achieved within
5-10 min, a time easily incorporated into the assay scheme.
Moreover, the plateau appeared quantitatively the same as
that achieved with longer times at 25°C, indicating that au-
tooxidation and degradation were minimal under these condi-
tions. We found that equimolar concentrations of reduced
albumin and reduced GSH gave essentially equivalent fluo-
rescence intensities in the solution-based fluorometry assay.
As there is negligible autooxidation of GSH during the nearly
instantaneous reaction with ThioGlo™-1, we similarly sur-
mise that minimal albumin oxidation occurred during this
time despite the addition of SDS, prolonged incubation (up to
2 h at room temperature), or elevated temperature (60°C).

We cannot definitively rule out the possibility that some
thiols on specific proteins may be oxidized during the analyt-
ical procedure and produce detection failures or underestima-
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tions of SH content. As with any assay measuring oxidation
of biomolecules, sample collection and storage should be per-
formed under conditions that minimize autooxidation (re-
duced temperature, rapid analysis, etc.). We avoided the addi-
tion of antioxidants or reducing agents for their obvious
potential to reverse oxidations of interest or interfere with
ThioGlo™-SH reaction. The most critical time to control for
such oxidationis during the sample labeling with ThioGlo™-1,
where conditions after this time are less relevant because all
reduced SH groups have already been consumed during the
labeling reaction. It is possible that certain proteins in human
plasma might be extremely sensitive to thiol loss during incu-
bation and, hence, not detected here. It is more likely, how-
ever, that the failure to detect many other SH-containing
proteins reflects the overwhelming abundance of albumin rel-
ative to other proteins in plasma. hSA represents ~70% of
the total protein content in plasma and therefore is present in
massive abundance compared with any other single protein in
plasma. The gel results were in excellent agreement with
those of solution-based assay where the sum of albumin in-
tensity and Protein X intensity equals the approximate re-
sponse observed with total plasma protein by solution fluo-
rometry. Faintly fluorescent bands corresponding to other
proteins can indeed be observed, but are not of sufficient in-
tensity to quantify. It should also be noted that the SH content
in albumin as measured in the plasma samples (~4 nmol/mg
of protein) is about half of what is theoretically available
based on our experiments with purified hSA and its abun-
dance in serum. This observation likely reflects the extent of
SH modification that exists on hSA in vivo.

Quantitative measurements made in SDS-PAGE gels were
compared with those made using solution-based fluorospec-
troscopy and revealed that measurements of thiol status made
in the fluorescence-based image analysis could be directly
compared with those obtained by conventional solution fluo-
rospectroscopy. Standard curves constructed with known
concentrations of fully reduced GSH and hSA could be ap-
plied to solution- and gel-based assays, respectively, for exact
determination of thiol number. Similarly, O’Keefe has shown
that fluorescence response of five different proteins labeled
with monobromobimane was dependent on the number of
cysteine residues present for each protein and independent of
protein species (23). Most importantly, the degree of SH
modification of hSA following exposure to myeloperoxidase-
derived phenoxylradicals or NO donors was essentially iden-
tical when measured by either conventional fluorospec-
troscopy or SDS-PAGE. Therefore, we are confident that this
assay can be used to accurately quantify the degree of SH
modification in hSA following oxidative and nitrosative
stress.

Itis important to point out that although this assay provides
a sensitive and quantitative measurement of SH loss, it does
not by itself define or describe the molecular nature of the
SH-derived product formed. Therefore, it will be paramount
to use this assay in conjunction with other biochemical assays
to define the molecular species produced. For example, titra-
tion of protein thiols can be combined with the direct mea-
surement of NO liberated from nitrosothiols. Using this ap-
proach, we have shown that exposure of HL-60 cells to NO
results in substantial loss of metallothionein thiols (~30%),
but that only a minor fraction of those modified (~2-3%)
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could actually be recovered as S-nitrosothiols (20). In addi-
tion, the degree of SH oxidation ranging from thiolation with
formation of mixed disulfides to subsequent creation of
sulfinic and/or sulfonic acids may be discriminated based on
their reversibility by a potent reducing agent such as DTT.

Our experiments with human plasma reveal that this ap-
proach can be used to quantitatively examine SH modifica-
tion of hSA present in complex mixtures. As hSA represents
by far the most abundant protein in human plasma, it is not
surprising that most of the ThioGlo™-1 labeling occurs on
this protein after SDS-PAGE. It was noted, however, that the
measurements of fluorescence intensity in plasma made by
conventional fluorospectroscopy were always slightly higher
than those made on the specific hSA band observed in gels.
The contribution of GSH and other low-molecular-weight thi-
ols was subtracted out by pretreatment of plasma samples
with ThioGlo™-1 in the absence of SDS. Therefore, this ad-
ditional fluorescence most likely represents the multiple ad-
ditional SH-containing proteins present in plasma because
this difference was not apparent in experiments using puri-
fied hSA alone. The nature and reactivity of these proteins
can be assessed in future experiments. For example, we ob-
served an as yet undefined protein of approximate molecular
mass 220 kDa (Protein X) that contained sufficient Thio-
Glo™-1 reactivity for reliable quantification. In contrast to
hSA, the SH group(s) on Protein X were relatively resistant to
oxidation/itrosation. It may be that the large excess of SH
groups represented by hSA simply protected other smaller
pools by mass action and may imply an antioxidant role for
albumin by protecting critical SH groups on other less abun-
dant serum proteins. It may also mean that not all SH groups
are equivalent in their sensitivity or accessibility to attack by
reactive oxygen/nitrogen species, and that their susceptibility
to modification depends on protein tertiary structure and
other physicochemical properties, such as pK . It should be
pointed out that we used relatively mild oxidizing conditions
in our studies, and the effect of more severe oxidants, such as
diamide, on ThioGlo™-1 labeling of proteins remains to be
shown.

The ease of redox modification of hSA Cys,, likely has
several physiological implications. For example, the forma-
tion of mixed disulfides with low-molecular-weight thiols,
such as cysteine and GSH, modulates the affinity of hSA for
Cu?* and other ligands, such as phenolsulfophthalein and free
fatty acids (28). Such an observation may challenge the an-
tioxidant role of albumin because modification of Cys,, may
enhance Cu-dependent redox cycling. Similarly, nitrosylation
of hSA Cys,, can influence binding of various ligands to hSA
(13). The free thiolate ion of hSA, in conjunction with Cu!+,
may catalyze the liberation of NO for various S-nitrosothiols,
including hSA itself (6). As the Cys,,-nitrosoadduct of albu-
min is thought to represent a major physiologic carrier of re-
leasable NO in human plasma (27), the redox status of Cys,,
in hSA may have great potential to regulate various NO-
dependent activities, including modulation of vascular tone.

Several serum- or plasma-based biomarkers, including al-
bumin, have been utilized to study oxidative stress in various
clinical situations. Toyokuni et al. have shown that 4-hydroxy-
2-nonenal-modified albumin is elevated during type 2 dia-
betes mellitus (29). Similarly, advanced glycation end prod-
uct and acrolein adducts of albumin have been proposed as
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novel markers of oxidative stress (32, 33). These approaches,
however, shed little light on the specific site of modification
within the albumin protein molecule. In addition, they rely on
immunological detection of specific protein adducts and,
thus, may report on only specific insults. The free Cys,, is a
likely target for both covalent modification and simple oxida-
tion, and, therefore, its loss may more globally reflect oxida-
tive challenges in plasma. Many studies measuring the con-
tent or depletion of traditional antioxidants like vitamins C
and/or E yield conflicting results, and often neglect to con-
sider the large contribution of albumin Cys,, to the overall
antioxidant potential of human serum whose oxidation may
spare other less abundant antioxidants (21, 25, 36). In addi-
tion, the ability of Cys,, to transportand release NO points to
the site-selective redox-dependent dynamic regulation of va-
somotor tone. We have previously observed elevated levels of
S-nitrosylated albumin in the plasma of preeclamptic preg-
nancy compared with normal pregnant women (31). Thus, the
application of this assay to specifically quantify Cys,, modi-
fication of albumin will have great utility in assessing oxida-
tive stress in various disease states, as well as during thera-
peutic/prevention clinical trials.

The data provided here indicate that we have developed
a fully quantitative assay using the fluorescent probe Thio-
Glo™-1 that is amenable to measuring the degree of SH mod-
ification of hSA resolved by SDS-PAGE. Such an assay can be
applied to analyzing the redox state of SH groups contained in
specific proteins after exposure of complex mixtures such as
cells or biological fluids to various challenges. This approach
will provide a specific means to assess Cys,,-selective modifi-
cation of hSA during in vitro and in vivo investigations. Fur-
thermore, its application to other protein targets will assist in
the molecular analysis of the cellular events associated with
exposure to environmental chemicals, oxidativeitrosative
stress, and redox-mediated signal transduction.
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olate; PAGE, polyacrylamide gel electrophoresis; SDS, so-
dium dodecyl sulfate; SH, sulthydryl; UV, ultraviolet.
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