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Roles of sulfhydryl groups on thermal aggregation of â-lactoglobulin A (âLG A) at pH 7.5 were
investigated. It is known that âLG A modified at Cys121 with N-ethylmaleimide (NEM-âLG A) does
not form an aggregate by heating and that dithiothreitol (DTT) reduces cystine residues and induces
the intermolecular sulfhydryl/disulfide interchange reaction and/or oxidation. NEM-âLG A was
heated in the presence of DTT. The molecules were linked together with an intermolecular disulfide
bridge, and the polymer formed increased with increase in DTT concentration. The largest portion
of polymer was formed when DTT was added at around the same molar concentration as that of
NEM-âLG A. Then, polymer formation decreased with further increase in DTT concentration. The
results suggest that sulfhydryl/disulfide residues other than Cys121, generated from cysteine residues,
can induce intermolecular sulfhydryl/disulfide interchange reactions to polymer and that thiol
compounds, for example, added DTT, are capable of starting such reactions.
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INTRODUCTION

Bovine â-lactoglobulin (âLG) is one of the major
proteins in whey and contains ∼68% whey protein
isolate (1). âLG is globular protein, and the molecular
weight is ∼18350; it has one free sulfhydryl residue at
position Cys121 and two disulfide bonds at Cys106-Cys119

and Cys66-Cys160 (2). Heating of âLG induces inter-
change reactions of sulfhydryl and disulfide residues,
and it appears to play an important role in the molec-
ular aggregation and gelation of âLG (3-10), whey
protein (11-13), and mixtures of R-lactalbumin and âLG
(14, 15). Particularly âLG devoid of a free cysteine
residue, such as porcine âLG, was unable to form a
thermal gel (16), indicating the importance of the
cysteine residue for thermal gelation.

We have already shown that âLG A (pH 7.5) was
denatured irreversibly after heating at 80 °C for 1 h and
that the conformational change caused by heating was
due to the molecular aggregation through intermolecu-
lar disulfide bond (17). On the other hand, âLG A, which
was modified at the free sulfhydryl residue of Cys121

with N-ethylmaleimide (NEM-âLG A), showed ther-
mally reversible conformational change and no ag-
gregates were formed. These results mean that one free
cysteine residue in the âLG A molecule, that is Cys121,
was essential for the intermolecular sulfhydryl/disulfide
interchange reaction. However, it is not clear that
having a free sulfhydryl residue is the most important
thing or that Cys121 is essential for causing the inter-
molecular disulfide reaction. Dithiothreitol (DTT) is one
of the reducing reagents and is capable of maintaining
monothiols completely in the reduced state and of

reducing disulfides quantitatively because of its low
redox potential, that is, -0.33 V at pH 7. If the other
disulfide linkage(s) of NEM-âLG A at Cys106-Cys119

and/or Cys66-Cys160 was (were) reduced, newly pro-
duced sulfhydryl residues from Cys106, Cys109, Cys66, or
Cys160 might cause the sulfhydryl/disulfide interchange
reaction. This seems to indicate that cysteine residues
other than Cys121 have the ability to induce intermo-
lecular sulfhydryl/disulfide interchange as does Cys121.

We intended to cleave intramolecular disulfide bonds
of NEM-âLG A, Cys106-Cys119 and/or Cys66-Cys160, to
make free cysteine residues by the addition of DTT and
examined if such newly formed cysteine residues could
induce the sulfhydryl/disulfide intermolecular inter-
change reaction and yield polymerized NEM-âLG A
molecules.

MATERIALS AND METHODS

Materials. âLG A (variant A; L-7880) was obtained from
Sigma Chemical Co. (St. Louis, MO). Porcine stomach pepsin
(activity ) 2500-3500 units/mg of protein; P-7012) was also
obtained from Sigma. NEM, DTT, and 2-mercaptoethanol
(2ME) were specially prepared reagent grade and purchased
from Nacalai Tesque (Kyoto, Japan). Molecular weight marker
(low molecular weight calibration kit) and Sephadex G-75
superfine were purchased from Amersham Pharmacia Biotech
(Uppsala, Sweden). DEAE-Cellulofine A-500-m was purchased
from Seikagaku Kogyo Co. Ltd. (Tokyo, Japan). Other chemi-
cals were of guaranteed reagent grade and obtained from
Nacalai Tesque and Wako Pure Chemical Industries Ltd.
(Osaka, Japan).

Protein Concentration. Protein concentration was deter-
mined by spectrophotometry using values of E1cm

1% at 280 nm
of 9.7 for âLG A (18).

Purification of âLG A. âLG A (100 mg) was dissolved in
2 mL of ice-cold 20 mM sodium phosphate buffer, pH 7.5,
containing 0.1 mM EDTA‚2Na, 0.1 M NaCl, and 0.02% sodium
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azide. Contaminating proteins in âLG A sample were removed
by chromatography using a Sephadex G-75 superfine column
(2 cm diameter × 100 cm length) and the same buffer as above
at 4 °C at a flow rate of 0.1 mL/min. The eluate was
fractionated into 3 mL/tube. âLG A fractions that showed a
single band on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) were collected and ammonium
sulfate was added to yield 75% saturated solutions and kept
at 4 °C until use.

Preparation and Purification of âLG A Modified with
NEM (NEM-âLG A). NEM-âLG A was purified as follows.
Purified âLG A was incubated with NEM (1.0 mM) in 5 mM
sodium phosphate buffer (pH 7.5) at 37 °C for 4 h in the dark
to make a final concentration of 1.0 mg/mL (0.055 mM). After
incubation, ammonium sulfate was added in the reaction
mixture to be 75%. NEM-âLG A was purified with the DEAE
chromatography to separate the unmodified âLG A. The
precipitate collected by centrifugation at 8000g and 4 °C for
30 min was dissolved in 10 mM Tris-HCl buffer (pH 8.0) and
dialyzed against 10 mM Tris-HCl buffer (pH 8.0). The dialysate
was applied onto DEAE-Cellulofine A-500-m, which was
previously equilibrated with 125 mM Tris-HCl buffer (pH 8.0).
Elution was carried out by linear pH gradient from pH 8.0
(125 mM Tris-HCl buffer) to pH 7.2 (125 mM Tris-HCl buffer).
NEM-âLG A fractions that showed a single band on native
PAGE were collected, and the purity was also checked by
counting the number of sulfhydryl residues of NEM-âLG A
according to the 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB)
method (17, 19) and time-of-flight mass spectrometry (TOF-
MS) (17). Purified NEM-âLG A (0.25-0.63 mg/mL) was mixed
with DTNB (0.2 mM), SDS (0.5%), EDTA‚2Na (1 mM), and
sodium phosphate buffer (40 mM, pH 8.0) and heated at 50
°C for 3 min. Absorbance at 412 nm was continuously
measured using a spectrophotometer (UV-160A, Shimadzu Co.,
Kyoto, Japan) for a duration of 10 min, and the value at 3
min was used for calculation. The molar extinction of DTNB
at 412 nm used was 13.6 (19, 20). The number of sulfhydryl
residues was zero (17), and it showed the purity of NEM-âLG
A. The molecular size of âLG A and NEM-âLG A was
determined by matrix-assisted laser desorption ionization
(MALDI) TOF-MS (Voyager RP, Biospectrometry Workstation,
Perseptive Biosystems Vestec Mass Spectrometry Products,
Boston, MA). Protein solution (0.25 mg/mL) was mixed with
matrix solution (saturated sinapinic acid in 30% acetonitrile
containing 0.1% TFA) and analyzed and checked that only 1
mol of NEM was introduced into 1 mol of âLG A. This purified
NEM-âLG A was stored in 75% ammonium sulfate at 4 °C
until use.

Heat Treatment of NEM-âLG A in the Presence of
DTT. Ammonium sulfate suspension of purified NEM-âLG A
was dialyzed against 5 mM sodium phosphate buffer (pH 7.5)
to remove ammonium sulfate and the protein concentration
adjusted [10 mg/mL (0.55 mM) or 40 mg/mL (2.2 mM)] in the
various concentrations of DTT (0-20 mM). After heating at
80 °C for 1 h, the sample was rapidly cooled to 25 °C and
electrophoresed.

Incubation of Heated NEM-âLG A in the Presence of
NaCl. Heated NEM-âLG A in the presence of 0.55 mM DTT
was incubated with NaCl to provide final protein and NaCl
concentrations of 0.2 and 0.2 M, respectively.

PAGE. SDS-PAGE was performed according to the method
of Laemmli (21), and acrylamide running gel (13.5%) and
acrylamide stacking gel (3.0%) were prepared [90 mm (W) ×
80 mm (H), 1 mm thickness]. A protein sample (0.25 mg/mL)
with or without reducing agent 2ME (+2ME or -2ME) was
mixed with an equal volume of sample buffer (2% SDS, 20%
glycerol, 0.125 M Tris-HCl, pH 7.0), heated at 100 °C for 5
min, and rapidly cooled. The same volume of sample solution
(20 µL, 2.5 µg of protein) was loaded in each lane and
electrophoresed at 20 mA/plate for ∼70 min by using ATTO
RAPIDAS rectangle electrophoresis apparatus AE-6050A and
Crosspower 1000 (ATTO, Tokyo, Japan). Native (nondenatur-
ing) PAGE was carried out according to the method of Davis
(22) with acrylamide running gel (10%) and acrylamide stack-
ing gel (4.5%). An aliquot of the sample solution was mixed
with glycerol. Protein and glycerol concentrations were ad-
justed to 0.125 mg/mL and 20% (v/v), respectively. To each
lane was loaded 20 µL of sample (protein; 2.5 µg), and
electrophoresis at 20 mA/plate was carried out for ∼60 min
by using the same apparatus as for SDS-PAGE. The bands
were stained with 0.1% (w/v) Coomassie brilliant blue R250
in 50% methanol. The results were scanned with a CCD video
camera module (ATTO) connected to image freezer AE-6905
(ATTO) and analyzed by using the densitograph software
library lane and spot analyzer for Macintosh, version 5.0
(ATTO).

RESULTS AND DISCUSSION

Heating of NEM-âLG A in the Presence of DTT.
NEM-âLG A, the sulfhydryl residue of which was
blocked by NEM, did not polymerize through intermo-
lecular disulfide linkage by heating and remained a
clear solution (17). NEM-âLG A (10 mg/mL; 0.55 mM)
was heated with DTT and electrophoresed (Figure 1).

Figure 1. Nonreducing (A) and reducing (B) SDS-PAGE of NEM-âLG A after heating with DTT. âLG A modified with NEM
(NEM-âLG A, 10 mg/mL; 0.55 mM, pH 7.5) was heated at 80 °C for 1 h with DTT (0, 0.1, 0.2, 0.55, 0.8, 1.0, 2.0, 2.2, 3.0, 5.0, or
10 mM) and electrophoresed. Molecular marker kit contained â-lactalbumin (14.4 kDa), soybean trypsin inhibitor (20.1 kDa),
carbonic anhydrase (30 kDa), ovalbumin (43 kDa), bovine serum albumin (67 kDa), and phosphorylase B (94 kDa).
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When the concentration of DTT was increased, the color
intensity of band A decreased. On the contrary, the
intensity of the band at position B was increased. There
were several bands of lower mobility than monomer
NEM-âLG A in SDS-PAGE without 2ME (Figure 1A):
two bands at monomer (bands A and B) and dimer
(bands C and D) positions and one band at trimer (band
E) position estimated by molecular size marker. The
intensity of the bands for dimer, trimer, and higher
polymerized NEM-âLG A molecules increased gradually
at ∼0.55 mM DTT, which was the same concentration
of NEM-âLG A, and above this concentration, they were
reduced gradually. At 10 mM DTT, a single band was
observed at position B, and it had the same mobility as
âLG A on SDS-PAGE with 2ME (Figure 1B). In this
PAGE, disulfide bridges were completely reduced by
2ME; hence, it could be said that band B shows a
completely reduced âLG A dimer. In the SDS-PAGE
with 2ME (Figure 1B), only a single band was observed
in any case. These results suggest that addition of DTT
to NEM-âLG A induced the polymerization of NEM-âLG
A through intermolecular disulfide linkages and that
polymerization effectively occurred when the stoichio-
metric relation was about 1/1 between DTT and NEM-
âLG A. The newly formed cysteine residues induce the
sulfhydryl/disulfide interchange reaction and/or were
oxidized to result in intramolecular and/or intermolecu-
lar disulfide linkages giving dimer, trimer, and polymer
of NEM-âLG A molecules. Densitographic analysis
revealed that the color intensity of the band A at 0.55
mM DTT was 47% of the total color intensity. This
means about half of the NEM-âLG A molecule was
reduced by DTT, indicating that the intermolecular
sulfhydryl/disulfide interchange reaction and/or oxida-
tion reaction occurred effectively at 0.55 mM.

Heating of Higher Concentrations of NEM-âLG
A in DTT. Intramolecular sulfhydryl/disulfide inter-
change and oxidation reactions of sulfhydryl residues
do not depend on protein concentration, whereas those
of the intermolecular reaction must depend on the
protein concentration. Thus, a similar experiment was

performed using a higher protein concentration, 2.2 mM
instead of 0.55 mM, to confirm whether the intermo-
lecular reaction occurred. DTT concentration varied
from 0 to 20 mM. Figure 2A shows that 2.2 mM DTT
was the most effective concentration to induce polymer
formation through intermolecular disulfide bridges,
which was the same concentration as for âLG A. This
indicates that the DTT added reduced one cystine
residue in NEM-âLG A molecules and that then the
cysteine residues react to form molecular aggregates
through disulfide bridges. Only 50% of cystine residues
per one NEM-âLG A molecule could be reduced by
oxidation to give two cysteine residues at 2.2 mM DTT
if no sulfhydryl/disulfide interchange reaction occurred.
However, densitographic analysis of the band at position
A, which is considered to be a monomer of NEM-âLG
A, at 2.2 mM DTT was 18% of the total color intensity
of the bands on the lane. This implies that 82% of the
NEM-âLG A molecule was actually reduced. This result
provides evidence that the free sulfhydryl residues in
NEM-âLG A, which were newly formed after NEM-âLG
A reduction with DTT, induced the reduction of cystine
residues of other NEM-âLG A monomers and caused
the sulfhydryl/disulfide interchange reaction leading to
polymerization of NEM-âLG A molecules. The newly
formed cysteine residues other than Cys121 could have
behaved in the same way as the cysteine residue (Cys121)
of native âLG A. At higher concentrations of DTT, inter-
and intramolecular disulfide bonds were completely
reduced; hence, no polymers were formed and NEM-âLG
A maintained the monomer form. DTT can reduce a
disulfide bridge in NEM-âLG A; free sulfhydryl residues
in NEM-âLG A newly arose, and intermolecular disul-
fide linkages between NEM-âLG A molecules by sulf-
hydryl/disulfide interchange reaction and/or oxidation
reaction were formed.

Reheating of the Heated-âLG A Treated with
NEM (NEM-Heated âLG A) in the Presence of DTT.
From the results described above, it follows that free
sulfhydryl residues other than Cys121 were also available
for sulfhydryl/disulfide intermolecular interchange reac-

Figure 2. Nonreducing (A) and reducing (B) SDS-PAGE of NEM-âLG A after heating with DTT. NEM-âLG A (40 mg/mL; 2.2
mM, pH 7.5) was heated at 80 °C for 1 h with DTT (0, 0.1, 0.5, 1.0, 2.2, 4.0, 6.0, 8.8, 10, or 20 mM) and electrophoresed. Marker
proteins are the same as in Figure 1.
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tion and making aggregates through intermolecular
disulfide bridge. Newly formed sulfhydryl residues may
contribute to enlargement of the aggregate by prolonged
reaction. In the following experiments âLG A (10 mg/
mL) was heated at 80 °C for 1 h, and the obtained
heated âLG A was treated with NEM to block the
remaining sulfhydryl residues including newly formed
sulfhydryl residues as well as Cys121. After treatment
with NEM, excess NEM was removed by Sephadex G-25
and the heated âLG A treated with NEM (NEM-heated
âLG A) was heated again in the presence of DTT (0-10
mM) to examine whether DTT can further enlarge the
aggregates of the NEM-heated âLG A by sulfhydryl/
disulfide interchange reaction similar to that in the case
of heating of NEM-âLG A with DTT. SDS-PAGE with-
out 2ME (Figure 3A) showed that there was an increase
in the amount of aggregates of âLG A through inter-
molecular disulfide bridges up to 0.55 mM DTT and a
decrease in the amount of polymerized âLG A for
concentrations of DTT >0.55 mM. Similar to the results
in Figures 1 and 2, there appeared double bands at the
position of monomer by the incubation with DTT. The
intensity of the band corresponding to monomer of
nonreduced âLG A decreased as the concentration of
DTT increased, a reduced monomer with a slightly lower
mobility appeared (upper side of the double bands), and
the intensity increased with increase in DTT concentra-
tion (Figure 3A). A dimer and other polymers also
appeared, and the band intensity increased with in-
crease in DTT concentration. However, on the SDS-
PAGE (+2ME), only single bands were observed in all
cases (Figure 3B).

Effects of Incubation with NaCl (0.2 M) on the
NEM-âLG A Preheated with DTT (0.55 mM). Salt
strongly affects the aggregation of heat-denatured pro-
tein (23-27). When protein is heated, amino acid
residues that were once buried inside the molecule are
exposed to the surface of the protein molecule. Most of
these regions consist of hydrophobic amino acid resi-
dues, interacting to form aggregates by hydrophobic
effects. High concentrations of salt can induce the
aggregation of heat-denatured protein molecules. This
is because salts tend to shield the charges on the surface

of protein molecules, hence repressing a repulsive force
among denatured molecules. Salt also disturbs the
formation of tetrahedral structure constructed by water
molecules. Therefore, the addition of salts accelerates
the aggregation of the denatured protein. The effects of
NaCl on aggregation of NEM-âLG A after heating with
the same molar concentration of DTT were investigated.

NEM-âLG A (10 mg/mL; 0.55 mM) was heated with
DTT (0.55 mM) at 80 °C for 1 h. After cooling, DTT was
removed and the product incubated with 0.2 M NaCl
at 37 °C for 0-120 min. Figure 4 shows native PAGE
and SDS-PAGE patterns. Addition of salt to the NEM-
âLG A treated with DTT showed no change regardless
of incubation time. This observation suggests that the
DTT-treated NEM-âLG A could not form aggregates or
polymers by addition of NaCl, as there were no available
hydrophobic areas on the surface of the NEM-âLG A
molecule to allow intermolecular interaction. In this
experiment DTT was removed from the sample after
heating, and then the remaining NEM-âLG A was
incubated with NaCl. It is possible that DTT promoted
the conformational change of DTT-treated NEM-âLG A
incubated with NaCl. To elucidate this, NEM-âLG A
after heating in the presence of DTT was incubated with
both NaCl and DTT and with only DTT.

Effects of Incubation with both DTT and NaCl
on NEM-âLG A Preheated with DTT (0.55 mM). The
NEM-âLG A preheated at 0.55 mM DTT was incubated
in the presence of both NaCl and DTT. In Figure 5, SDS-
PAGE without 2ME (-2ME) did not show any increase
in further intermolecular aggregation, and the intensi-
ties of dimer and polymer bands were weakened. Double
bands at the position of the monomer indicated that the
inter- and/or intramolecular disulfide bridge in DTT-
treated NEM-âLG A molecule was reduced by DTT (0.55
mM) even in the presence of NaCl. The DTT-treated
NEM-âLG A molecules were already aggregated through
intermolecular disulfide bridges. Further addition of
DTT could not alter the form of aggregate and mol-
ecules. However, addition of DTT to NEM-âLG A in the
presence of NaCl reduced the intermolecular disulfide
bridge, indicating that disulfide bridges were available
for reduction with DTT in the presence of NaCl, which

Figure 3. Nonreducing (A) and reducing (B) SDS-PAGE of NEM-heated âLG A after heating with DTT. âLG A (10 mg/mL; 0.55
mM, pH 7.5) was heated at 80 °C for 1 h, then incubated with NEM at 37 °C for 4 h, purified with Sephadex G-25, and then
heated with DTT (0, 0.1, 0.2, 0.55, 0.8, 1.0, 2.0, 2.2, 3.0, 5.0, or 10 mM) at 80 °C for 1 h. After removal of unreacted DTT with
Sephadex G-25, samples were electrophoresed. Marker proteins are the same as in Figure 1.
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altered the conformation of the NEM-âLG A molecule
and its aggregate. This suggests that ionic interaction
in and between NEM-âLG A molecules led to a tight
structure that could not be attacked by DTT. Addition
of NaCl released the ionic force, and disulfide linkages
were reduced by DTT. Hoffmann and Van Mil (8)
reported that the addition of NEM to âLG solution
repressed the polymerization of âLG by heat through
intermolecular disulfide bridge. Although they did not
purify the NEM-modified âLG from the mixture, the
importance of the free sulfhydryl residue for heat-
induced polymerization was strongly suggested and is
consistent with the result obtained in the present study.

Liu et al. (28) investigated the effects of DTT on the
heat-induced gelation time of âLG. They observed the
delay of gelation by the addition of DTT, suggesting that
blockage of disulfide formation inhibits the gelation.
These findings also show the importance of intermo-
lecular disulfide bridge formation during the gelation
of âLG.

In this study, it was shown that the purified NEM-
âLG A without a free sulfhydryl residue polymerized
on heating in the presence of low concentrations of DTT.
This result suggests that the newly formed sulfhydryl
residue, probably from the intramolecular disulfide bond
at Cys66-Cys160 or Cys106-Cys119, induced the sulfhy-

Figure 4. Non-denaturing (native) PAGE and nonreducing and reducing SDS-PAGE of DTT-treated NEM-âLG A after incubation
with 0.2 M NaCl. NEM-âLG A (10 mg/mL; 0.55 mM, pH 7.5) was heated at 80 °C for 1 h with DTT (0.55 mM), and NEM-âLG A
was purified with Sephadex G-25 and then incubated with 0.2 M NaCl at 37 °C for 0, 10, 60, or 120 min. After removal of NaCl
with Sephadex G-25, samples were electrophoresed. Marker proteins are the same as in Figure 1.

Figure 5. Non-denaturing (native) PAGE and nonreducing and reducing SDS-PAGE of DTT-treated NEM-âLG A after incubation
with 0.2 M NaCl and 0.55 mM DTT. NEM-âLG A (10 mg/mL; 0.55 mM, pH 7.5) was heated at 80 °C for 1 h with DTT (0.55 mM),
and NEM-âLG A was purified with Sephadex G-25 and then incubated with 0.2 M NaCl and 0.55 mM DTT at 37 °C for 0, 10, 60,
or 120 min. After removal of NaCl and DTT with Sephadex G-25, samples were electrophoresed. Marker proteins are the same
as in Figure 1.
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dryl/disulfide interchange reaction resulting in inter-
molecular disulfide bridges (15, 29-31).

ABBREVIATIONS USED

âLG A, â-lactoglobulin A; NEM, N-ethylmaleimide;
DTT, dithiothreitol; SDS, sodium dodecyl sulfate; PAGE,
polyacrylamide gel electrophoresis; 2ME, 2-mercapto-
ethanol.
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