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ABSTRACT: In this study, the sulfhydryl (SH) contents of unheated and heated (90 °C, 5 min) soy protein were detected
under different conditions (pH, reagent addition order, SDS/GuHCl concentration, EDTA) using two aromatic disulfide
reagents: 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) and 4,4′-dithiodipyridine (DPS). Two fluorescent alkylating reagents,
monobromobimane (mBBr) and N-(1-pyrenyl)maleimide (NPM), were chosen due to their high sensitivity and were also used.
Amino acid analysis was used to detect the SH (cysteine) contents of unheated (7.51 ± 0.45 μmol SH/g protein) and heated
(1.47 ± 0.10 μmol SH/g protein) soy protein, and similar results were obtained using enzymatic hydrolysis-assisted DPS. The
SH content detected by DTNB was affected by pH, denaturant species, and denaturant concentration, and the best results were
obtained at pH 7.0 when 6 M GuHCl was added after DTNB. These results were lower than that of the amino acid analysis,
however. The SH detected by DPS was not as affected as that of DTNB by pH, denaturant species, and denaturant
concentration. Additionally, the results of the amino acid analysis were similar to that of DPS at pH 7.0 in 2% SDS and 4−6 M
GuHCl when SDS and GuHCl were added after DPS. EDTA did not have a significant effect on SH detection when DTNB and
DPS were added before SDS and GuHCl. Finally, although mBBr and NPM can detect SH in low protein concentrations (1/10 of
that required for DTNB and DPS), mBBr and NPM overestimated the SH content of soy protein. Therefore, using DPS at pH
7.0 when it is added before SDS and GuHCl is the most reliable method for detecting the SH content of soy protein.
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■ INTRODUCTION

Sulfhydryl (SH) groups and disulfide bonds (SS) are two
important functional groups of soy protein due to their
influence on protein aggregation,1,2 gel strength,3,4 surface
functional properties,5 protein digestibility,6 and soy allergy.7

Consequently, it is important to detect SH groups and SS in
soy protein under both nonreducing and reducing conditions.
In this study, we measured SH in soy protein under
nonreducing conditions.
Traditionally, 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) is

used to detect the SH content of soy protein. DTNB is reacted
with thiolate anion (S−) to form 2-nitro-5-thiobenzoic acid
(NTB) (Figure 1), which is detected at an absorbance of 412
nm.8 Studies have previously reported a wide range for the SH
content of unheated soy protein (2−8 μmol SH/g
protein).1,2,9−13 This variation is likely explained by the use
of different soybean varieties and different methods of soy
protein preparation. The different conditions used for detecting
SH may also be a contributing factor, however. In this study, we
examined the effects of pH, DTNB, and denaturant (SDS/
GuHCl) addition order, denaturant concentration, and EDTA
on the measured SH content of soy protein. The studies above
used different denaturants (1% SDS, 9 M urea, 8 M urea, a
mixture of 8 M urea and 0.5% SDS, and a mixture of 6 M urea
and 0.5% SDS), different DTNB and denaturant addition
orders,13 and different EDTA concentrations (1−6 mM). Urea
has been shown to contain varying amounts of cyanate, which
can react with SH to form thiocarbamates, thereby decreasing
the amount of SH detected.15 Additionally, because the thiolate

anion (S−) is intrinsically one of the strongest biological
nucleophiles, the SH group of cysteine is one of the most
reactive functional groups found in proteins. Therefore, adding
a denaturant before DTNB can unfold the soy protein, and this
can result in unexpected SH oxidation before DTNB is added.
A low concentration of EDTA (0.2 mM), which inhibits SH
oxidation by chelating metal ions, may also be the ideal
concentration for SH detection.16 Finally, the studies above
used a single alkaline pH of 8.0. Thurlkill reported that the pKa
of cysteine residues is 8.55 ± 0.03,17 and high pH has been
closely correlated with high DTNB hydrolysis16 and increased
SH to SS oxidation.18

Heat treatment is an important process for soy products. It
induces protein aggregation,1,19 resulting in heated soy protein
possessing a different structure from that of unheated soy
protein. Additionally, SH/SS exchange,2 SH oxidation,6 and SS
β-elimination20 may also all occur when heated. Woodward et
al. indicated that N-(1-pyrenyl)maleimide (NPM) was better
than DTNB for SH detection in reduced cellobiohydrolase,21

and Riener et al. showed that the SH of many proteins had
incomplete reactions with DTNB.16 Therefore, it is doubtful
whether DTNB is suitable for detecting SH of both unheated
and heated soy protein. An alternative to DTNB is 4,4′-
dithiodipyridine (DPS). DPS reacts with SH to form 4-
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thiopyridone (4-TP), which has an absorbance of 324 nm
(Figure 1).22 Because of its amphiphilic nature, small size, and
lack of charge, DPS is preferable to DTNB.16 DPS is rarely used
with soy protein, however. Therefore, we also compared the SH
detected by DPS to that of DTNB while testing the different
factors above.
We used two fluorescent reagents with high sensitivity to

detect the SH of soy protein. Fluorescent labeling of SH,
combined with chromatographic or electrophoretic separation,
is now a sensitive method for identifying SH-containing
proteins or polypeptides.26,27 Monobromobimane (mBBr) is
a lipophilic fluorescent reagent that reacts with protein SH in a
nucleophilic substitution reaction (Figure 1).23 The resulting
mBBr-protein derivative can be detected and quantified using
fluorescence spectroscopy.24 We also used NPM, which can
spectrophotometrically detect SH in monoclonal antibodies.25

Few studies have been reported using these fluorescent
reagents with food proteins, however.
An accurate SH content is crucial to understanding and

controlling functional properties of soy protein in food systems.
In this study, we examined the effects of pH, DTNB/DPS, and
denaturant (SDS/GuHCl) addition order, denaturant concen-
tration, and EDTA on SH detection. mBBr and NPM were also
used to detect SH content using fluorescence spectroscopy.
These results were compared with the cysteine residues of soy
protein, as determined by amino acid analysis, to identify the
best reagent for detecting SH as well as the best conditions for
detection.

■ MATERIALS AND METHODS
Materials. The following chemicals were purchased from Sigma-

Aldrich Trading Co., Ltd. (Shanghai, China): 5,5′-dithiobis(2-
nitrobenzoic acid) (DTNB); 4,4′-dithiodipyridine (DPS); N-(1-
pyrenyl)maleimide (NPM); sodium dodecyl sulfate (SDS); mono-
bromobimane (mBBr); and N-ethylmaleimide (NEM) All other
chemicals were of analytical reagent grade.

Soy Protein Preparation. Dehulled and milled soybean flour was
treated five times with n-hexane to remove any oil. The defatted flour
was then mixed with hexane/ethanol (1:2, v/v) for 1 h at 4 °C. The
slurry was vacuum filtered, and the filter cake was mixed with 95% (v/
v) ethanol for 1.0 h at 4 °C. After drying, the meal was dispersed in
distilled water (1/10, w/v) and adjusted to pH 7.0 by 2 M NaOH. The
suspension was stirred for 1 h at 20 °C and then centrifuged (15800g,
30 min) at 4 °C. The resulting supernatant was adjusted to pH 4.5 by
2 M HCl and centrifuged (6000g, 30 min) at 4 °C. The pellet was
washed twice with distilled water, resuspended in 5 times (w/w) the
distilled water, and then adjusted to pH 7.0 by 2 M NaOH. This
mixture was centrifuged (15000g, 30 min) at 4 °C, and the supernatant
was then freeze-dried and stored at 4 °C. Protein content of the
prepared soy protein was 90% (w/w) as determined by the micro-
Kjeldahl method.

Heat Treatment of Soy Protein. Soy protein was dispersed in
0.01 M sodium phosphate buffer (PBS buffer, pH 7.0) at 30 g/L and
magnetically stirred. The suspensions were centrifuged (40000g, 30
min), and the supernatant was then transferred into screw-capped test
tubes. The tubes were heated in a 90 °C water bath for 5 min and
immediately cooled in an ice water bath. Protein content was
determined according to the Bradford method.

Preparation of Denaturant Buffers. Guanidine hydrochloride
(GuHCl) was dissolved in 0.1 M PBS buffer, equilibrated at 25 °C, and
adjusted to different pH values (6.0, 7.0, 7.5, and 8.0) by HCl or
NaOH as needed. The final GuHCl concentration was 6.8 M
(designated 6.8 M GuHCl buffer). GuHCl buffers with different
concentrations (1.13, 2.26, 2.83, 3.4, 4.52, and 5.66 M) and pH 7.0
were also prepared as described above.

SDS was dissolved in 0.1 M PBS buffer and adjusted to different pH
values (6.0, 7.0, 7.5, and 8.0) by HCl or NaOH as needed. The final
SDS concentration was 12% (w/v) (designated 12% SDS buffer). SDS
buffers with different concentrations (1.5 and 3%) and pH 8.0 were
also prepared in 0.1 M PBS buffer.

Molar Extinction Coefficients of NTB or 4-TP under Different
Conditions. The molar extinction coefficients of NTB or 4-TP under
different conditions were determined according to the method of
Riener.13 About 50 mL of water and 0.42 mL of concentrated HCl
were added to 181.1 mg of cysteine and stirred until the cysteine
dissolved. The solution was then diluted to 500 mL with water (3 mM
cysteine) and used within 0.5−1 h. For the DTNB and DPS methods,

Figure 1. Molecular structures of four SH-detecting reagents and their reactions with SH.
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3 mL of buffers was mixed with 0, 10, 20, 30, or 40 μL of 3 mM
cysteine, and DTNB or DPS (125 μL, 4 mM in 12 mM HCl) was
added. Absorbances were recorded at 412 nm (DTNB) or 324 nm
(DPS) and plotted against cysteine concentration of the final assay
volumes to obtain molar extinction coefficients of NTB or 4-TP. The
molar extinction coefficients of NTB and 4-TP under different
conditions are shown in Table 1.

SH Determination Using DTNB. Aliquots of soy protein solution
were diluted using the following three procedures. Procedure A: a 0.14
mL volume of soy protein solution was diluted to 1.2 mL with 0.1 M
PBS buffer (pH 7.0). Procedure B: soy protein solutions were diluted
to 1.2 mL with different concentrations of GuHCl buffer; final GuHCl
concentrations were 1, 2, 2.5, 3, 4, 5, and 6 M. Procedure C, soy
protein solutions were diluted to 1.2 mL with different concentrations
of SDS buffer; final SDS concentrations were 0.245, 0.49, and 2% (w/
v). The soy protein was diluted to a concentration of 3.5 g/L, and 50
μL of 4 mM DTNB was added to react with the SH. The samples were
vortexed, and their absorbances were immediately measured against a
buffer blank at 412 nm by a UV-2450 UV−vis spectrophotometer
(Shimadzu, Kyoto, Japan) until a maximum absorbance was reached.
For the parallel reagent blank, soy protein solution was replaced with
0.01 M PBS buffer (pH 7.0), mixed with 50 μL of DTNB, and
incubated for the same amount of time. For the parallel protein blank,
1.2 mL of diluted soy protein solution was mixed with 50 μL of water.
SH content was expressed as micromoles SH per gram protein.
SH Determination Using DPS. The same method used for

DTNB was used with DPS except that DTNB was replaced by DPS,
and the absorbance was detected at 324 nm.
SH Determination Using Enzymatic Hydrolysis-Assisted

DPS. A 0.28 mL volume of soy protein solution was diluted to 2.4
mL (3.5 mg protein/mL) with 0.1 M PBS buffer (pH 7.0). A 100 μL
volume of 4 mM DPS and then 3% (enzyme/substrate w/w) Neutrase
(EC 3.4.24.28, Novozymes, Bagsvaerd, Denmark) were added, and the
solution was incubated in a 25 °C water bath for 1 h. Then, SDS was
added to a SDS concentration of 2%. Absorbance was measured
against a buffer blank at 324 nm by a UV-2450 UV−vis

spectrophotometer (Shimadzu). The parallel reagent blank was
prepared without the addition of protein, and the soy protein
hydrolysate without DPS was used for the parallel protein blank. SDS-
PAGE was used to examine the enzymatic hydrolysis result.

SH Determination Using mBBr. Soy protein solutions were
diluted to 0.9 mL (0.3 g protein/L) with 6.8 M GuHCl buffer (pH
7.0). The final GuHCl concentration was 6 M. The SH of the soy
protein solutions was labeled by incubating overnight with a 10 times
molar excess of mBBr in the dark at 4 °C. A 0.5 mL volume of
dichloromethane was then added, and the solutions were vortexed.
The organic phase containing excess mBBr was discarded after
centrifugation (15000g, 15 min) at room temperature. These steps
were conducted under dim lighting because mBBr is light sensitive.
The fluorescence emission spectra of the supernatants were measured
between 400 and 600 nm with excitation at 390 nm. The spectra were
measured using a quartz microcuvette (internal dimensions 4 mm × 4
mm × 45 mm) and an F-7000 spectrofluorometer (Hitachi, Tokyo,
Japan) set at 5 nm slit width (excitation/emission) with high
sensitivity. The fluorescence intensities of the reagent and protein
blanks were subtracted for each sample. Fluorescence intensity was
converted to SH concentration using standard curves from pure L-
cysteine.

SH Determination Using NPM. Soy protein solutions were
diluted to 0.9 mL (0.3 mg protein/mL) with PBS or 12% SDS buffer
(pH 7.0). The final SDS concentrations were 2% (w/v). The SH of
the soy protein solutions was labeled by incubating overnight with a 10
times molar excess of NPM at 4 °C. The fluorescence emission spectra
of the solutions were measured between 350 and 500 nm with
excitation at 330 nm using an F-7000 spectrofluorometer (Hitachi).
The fluorescence intensities of the reagent and protein blanks were
subtracted for each sample. Fluorescence intensity was converted to
SH concentration using standard curves from pure L-cysteine.

Cysteine Determination Using Amino Acid Analysis. The SH
of soy protein was blocked by a procedure modified from that of
Rogers et al.28 Briefly, 2.4 mL of soy protein (30 g/L), containing
∼0.58 μmol of SH (as measured by DPS with 2% SDS), was incubated
in 2% SDS with a 125 times molar excess of NEM for 4 h. The SDS
and excess NEM were removed using gel filtration on a 5 mL
Sephadex G-25 (coarse) column (GE, HiTrap).

Then, 36 mg of soy protein and SH-blocked soy protein were
vacuum-dried, and performic acid was added. The resulting mixture
was incubated at 0 °C for 20 h. Both cysteine and cystine can be
converted into cysteic acid by performic acid oxidation.29 The NEM−
cysteine thioether derivative cannot be converted into cysteic acid,
however. Cysteic acid was separated from the other amino acids using
a Hitachi L-8900 amino acid analyzer after digestion in 6 M HCl at
110 °C for 22−24 h. The total cysteine and cystine content of soy
protein (C1) and SH-blocked soy protein (C2) were determined by the
form of cysteic acid. The cysteine content of soy protein was calculated
by subtracting C2 from C1.

Statistical Analysis. Three separate soy samples were used, and
each sample was run in triplicate. Data were subjected to an analysis of
variance (ANOVA) with SAS 9.1 package (SAS 2005). Significant
differences among variables were determined by LSD all-pairwise
multiple comparisons (p < 0.05). Data were expressed as the mean ±
SD (n = 3).

■ RESULTS AND DISCUSSION

SH Detection by the Two Aromatic Disulfide
Reagents DTNB and DPS. Effect of pH on SH Detection.
A pH of 8.0 is usually selected for detecting the SH content of
soy protein when using DTNB.1,2,9−13 This pH is used because
DTNB is reacted with thiolate anion (S−).15 However, DPS has
the advantage of reacting with SH at acidic pH values because
the decrease in thiolate anion (S−) concentration is partially
compensated for by an increase in the protonation of the
pyridine ring nitrogen.15 Therefore, we tested four pH values
(6.0, 7.0, 7.5, and 8.0) for SH detection. GuHCl and SDS were

Table 1. Molar Extinction Coefficients of NTB and 4-TP in
the Absence of Denaturants, in the Presence of SDS, and in
the Presence of GuHCla

DTNB (±100 M−1 cm−1) DPS (±100 M−1 cm−1)

none 14300 21500

2% SDS, pH 6.0 13200 21300
2% SDS, pH 7.0 13900 21000
2% SDS, pH 7.5 14200 19800
2% SDS, pH 8.0 14000 18800

6 M GuHCl, pH 6.0 12300 20200
6 M GuHCl, pH 7.0 12400 20200
6 M GuHCl, pH 7.5 13300 20900
6 M GuHCl, pH 8.0 13100 20800

0.245% SDS, pH 7.0 21400
0.49% SDS, pH 7.0 21300
0.245% SDS, pH 8.0 14200
0.49% SDS, pH 8.0 14200

1 M GuHCl, pH 7.0 13200 20900
2 M GuHCl, pH 7.0 12900 20900
2.5 M GuHCl, pH 7.0 13300 20600
3 M GuHCl, pH 7.0 13200 20700
4 M GuHCl, pH 7.0 13000 20500
5 M GuHCl, pH 7.0 12200 20400
aStandard deviations were all ≤100 M−1 cm−1.
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added after DTNB and DPS were mixed with the soy protein to
weaken any unexpected SH oxidation caused by SH exposure
to GuHCl and SDS.
One principal advantage of DTNB and DPS is their high

specificity for SH.15 The more SH detected by DTNB and
DPS, the closer the value was to a reliable protein SH content.
On this reasoning, the pH at which the highest SH content is
detected should be considered the best pH for SH detection.
Panels a and b of Figure 2 show that, for unheated soy protein,
the highest SH content detected in 2% SDS was at pH 8.0 and
pH 7.0 for DTNB and DPS, respectively, and at pH 7.0 in 6 M
GuHCl for both DTNB and DPS. Panels c and d of Figure 2
show the SH content detected in heated soy protein follows the
same trend as in unheated soy protein, although the detected
SH is much lower than that of unheated soy protein. Thus, pH
7.0 was used for SDS and GuHCl with DPS, and pH 7.0 was
used for GuHCl and pH 8.0 for SDS with DTNB.
Effect of Reagent Addition Order and Denaturant

Incubation Time on SH Detection. After proteins are unfolded
by denaturants, buried SH groups are exposed to the exterior,
and unexpected SH oxidation may occur.15 Therefore, we used
the addition of SDS and GuHCl after DTNB and DPS as
controls. When SDS and GuHCl were added before DTNB and
DPS with no incubation time, the detected SH contents were

similar to their corresponding controls. The SH detected
decreased with incubation time, however, for every condition
(Figure 3). A previous study reported that DTNB addition
before GuHCl was important for SH detection,14 and these
data clearly indicated that DTNB and DPS should be added
before SDS and GuHCl for the detection of SH content.

Effect of Denaturant Concentration and EDTA on SH
Detection. Adding 1.4 g of SDS can bind, at most, 1 g of
protein, and 6 M GuHCl is the typical concentration used for
unfolding protein.3031 Consequently, we tested three ratios
(0.5:1, 1.4:1, and 5:1, w/w) of SDS/protein and a
concentration range of 1−6 M GuHCl for SH detection.
With SDS, the SH detected by DTNB increased with SDS

concentration for unheated soy protein. The SH detected by
DPS increased between no SDS and 0.245% SDS, and higher
SDS concentrations did not significantly affect SH detection
(Figure 4a). In heated soy protein, the SH detected by DTNB
also increased with SDS concentration, whereas the concen-
tration of SDS did not significantly affect SH detection by DPS
(Figure 4b). These results can be closely correlated with the
increased extent of soy protein unfolding that occurs with
increased SDS concentration.30 Additionally, we found that
DPS detected more SH than DTNB under all conditions. The
highest SH contents detected for unheated (7.60 ± 0.26 μmol/

Figure 2. Effect of pH on the SH content determined using two aromatic disulfide reagents (DTNB and DPS). The SH contents of unheated and
heated (90 °C, 5 min) soy protein were determined while using 2% SDS and 6 M GuHCl. Four different pH values (6.0, 7.0, 7.5, 8.0) were used.
Means (n = 3) with different letters were significantly different (p < 0.05).
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g protein) and heated (1.53 ± 0.04 μmol/g protein) soy
protein were both detected using 2% SDS and DPS. These
results agree with those reported by Hansen et al.15 and Riener
et al.16 and are also closely correlated with the different

properties of DTNB and DPS. DPS reacts with the SH in
proteins by weakening the steric hindrance and avoiding
electrostatic repulsion due to its smaller size, amphiphilic
nature, and lack of charge.15 Together, these data showed that

Figure 3. Effect of reagent addition order and denaturant incubation time on the SH content determined using DTNB and DPS. The SH contents of
unheated and heated (90 °C, 5 min) soy protein were determined while using 2% SDS and 6 M GuHCl. Control, reagent added before SDS and
GuHCl; 0 h, reagent added after SDS and GuHCl with no incubation time; 0.5 h, reagent added after the soy protein was incubated with SDS and
GuHCl for 0.5 h; 1 h, reagent added after the soy protein was incubated with SDS and GuHCl for 1 h. Means (n = 3) with different letters were
significantly different (p < 0.05).

Figure 4. Effect of SDS concentration on the SH content determined using DTNB and DPS. Final SDS concentrations were 0.245, 0.49, and 2%.
DTNB was used at pH 8.0, and DPS was used at pH 7.0. Means (n = 3) with different letters were significantly different (p < 0.05).
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SDS was not a suitable denaturant for SH detection with
DTNB, whereas 2% SDS was suitable for SH detection with
DPS.
The SH detected by DTNB increased with GuHCl

concentration. The SH detected by DPS decreased between
no GuHCl and 2.5 M GuHCl and increased between 2.5 and 6
M GuHCl for unheated soy protein. A similar trend was
observed in heated soy protein (Figure 5). The DTNB results

can be explained by the increased extent of soy protein
unfolding that occurs with increased GuHCl concentration.30

For DPS, the reason for the initial decrease and subsequent
increase was unclear. We did not find any other studies
examining the effect of GuHCl concentration on SH detection
with DPS. The SH detected by DTNB was lower than that by
DPS for all GuHCl concentrations. Again, this difference can be
correlated to the different properties of DTNB and DPS as
stated above. These data showed that GuHCl was also not a
suitable denaturant for SH detection with DTNB, whereas a
concentration between 4 and 6 M GuHCl was suitable for SH
detection with DPS.
EDTA is generally used in SH detection to chelate metal ions

and suppress SH oxidation.15 Additionally, it was reported that
0.2 mM EDTA was ideal for SH detection,16 although a wide
concentration range of 1−6 mM EDTA has been used for SH

detection in soy protein.9−13 We found that 0.2 mM EDTA
does not have a significant effect on SH detection for all
conditions (Figure 6). This was likely due to the addition of
DTNB and DPS before SDS and GuHCl. Because DTNB and
especially DPS react quickly with the SH in protein after SDS
and GuHCl unfold it, very few SH groups can be oxidized.
Together, the results above revealed that it was better to

detect the SH content of soy protein by using DPS at pH 7.0 in
either 2% SDS or 4−6 M GuHCl and that DPS should be
added before SDS and GuHCl.

SH Detection Using the Two Fluorescent Reagents
mBBr and NPM. The fluorescent reagents mBBr and NPM
were used in an attempt to improve the sensitivity of protein
SH detection. mBBr reacts with SH to yield a fluorescent
product with a maximal fluorescence emission spectra at 480
nm with excitation at 390 nm. The fluorescence intensities
produced at 480 nm by the reactions of 1−5 μmol/L L-cysteine
and mBBr were used to establish a standard curve of
fluorescence intensity versus SH content (R2 = 0.99). Because
light exposure causes bromobimane photolysis and conversion
of mBBr to a fluorescent bimane, unreacted mBBr must be
extracted by dichloromethane. Consequently, if SDS were used,
it would simultaneously be removed by dichloromethane, and
the existing protein state would change. Therefore, we detected
SH content using only GuHCl with mBBr.
NPM also fluoresces after reacting with SH, and unreacted

NPM does not need to be removed after labeling. The
fluorescence emission spectra were measured from 350 to 500
nm with excitation at 330 nm. The fluorescence emission
spectra of NPM had two peaks, one at 378 nm and one at 395
nm. The first peak was used as an indicator for fluorescent
protein−NPM.26 The standard curve of fluorescent L-cysteine−
NPM was linear between 1 and 10 μmol/L (R2 = 0.99). The
fluorescence emission spectra of L-cysteine−NPM in GuHCl
showed a single peak at 389 nm, which was different from that
of protein−NPM. Therefore, it appeared that the SH content
of soy protein in GuHCl could not be quantified by the
standard curve above. As a result, we detected SH content using
only SDS with NPM.
The SH contents detected by mBBr in 6 M GuHCl were

8.33 ± 0.31 and 1.68 ± 0.07 μmol SH/g protein for unheated
soy protein and heated soy protein, respectively. The
corresponding contents detected by NPM in 2% SDS value
were 9.48 ± 0.40 and 2.00 ± 0.10 μmol SH/g protein (Table
2). These results were higher than the highest value detected by
DPS. The SH contents detected by mBBr and NPM may be
overestimated, however. Therefore, we validated these results
below.

SH Detection Using Enzymatic Hydrolysis-Assisted
DPS and Amino Acid Analysis. To examine whether DPS
reacted with SH completely, unheated and heated soy proteins
were treated with proteolytic enzymes to eliminate any possible
steric hindrances of the reaction between DPS and SH. Soy
protein was hydrolyzed with Neutrase (EC 3.4.24.28,
Novozymes) at neutral pH, and the enzymolysis was performed
in the presence of DPS to prevent SH loss induced by SH
oxidation during the enzymolysis process. SDS-PAGE (result
not shown) showed that large protein molecules were
hydrolyzed into small peptides. Table 2 shows that the SH
detected by enzymatic proteolysis-assisted DPS is identical with
that detected by DPS alone.
The cysteine content of unheated and heated (90 °C, 5 min)

soy protein was determined by amino acid analysis. The

Figure 5. Effect of GuHCl concentration on the SH content
determined using DTNB and DPS. Final GuHCl concentrations
were 1, 2, 2.5, 3, 4, 5, and 6 M. Both DTNB and DPS were used at pH
7.0. Means (n = 3) with different letters were significantly different (p
< 0.05).
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cysteine content of unheated soy protein was 7.51 ± 0.45
μmol/g protein, which agreed with the SH detected by DPS in
2% SDS and 6 M GuHCl. The cysteine content of heated soy
protein (90 °C, 5 min) was 1.47 ± 0.10 μmol/g protein (Table
2). This result also agreed with the SH detected by DPS.
Therefore, the SH content detected by DPS was reliable,
whereas those by mBBr and NPM overestimated the actual
content in the presence of denaturants. This may be explained
by the following reasons. First, in addition to the main reaction
between mBBr/NPM and the SH in soy protein, mBBr may
also react with the hydroxyl group of tyrosine, the e-amino
group of lysine, the imidazole group of histidine, and the N-
terminus of proteins, thereby increasing fluorescence inten-
sity.23 Similarly, Hansen and Winther reported that NPM could
also react with protein amines to produce fluorescence.15 The
fluorescent chromophore of mBBr and NPM is also hydro-
phobic. This may be easily disturbed by the residual coiled
protein structures in SDS and GuHCl, which would enhance
fluorescence intensity.32

In summary, four reagents (DTNB, DPS, mBBr, and NPM)
were used to detect the SH content of unheated and heated soy
protein. Their results were compared to the SH detected by
enzymatic hydrolysis-assisted DPS method, and the cysteine
content as measured by amino acid analysis. The SH detected
by DTNB was affected by pH, denaturant species, and

denaturation concentration, and DTNB was not considered
to be suitable to reliably detect SH in soy protein. Compared
with DTNB, DPS was more suitable for reliably detecting the
SH content of soy protein using SDS and GuHCl at pH 7.0.
We also showed that DPS should be added before SDS and
GuHCl. Finally, although mBBr and NPM could detect SH at
low protein concentrations (0.35 g/L), both mBBr and NPM
overestimated the SH content. This study identified a more
reliable method of detecting the SH content of soy protein. We
found that using DPS at pH 7.0 and adding it before SDS and
GuHCl was the most reliable method.
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