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ABSTRACT: Twenty-eight hen lysozyme variants that contained a pair of cysteines were constructed to
examine the formation of the individual native and nonnative disulfide bonds. We analyzed the extent of
the formation of a disulfide bond in each lysozyme variant using a redox buffer (pH 8) containing 1.0
mM reduced and 0.1 mM oxidized glutathione in the absence or presence of 6 M guanidine hydrochloride.
In the presence of 6 M guanidine hydrochloride, the extent of the formation of the disulfide bond in each
lysozyme variant was proportional to the distance between cysteine residues, indicating that reduced hen
lysozyme under a highly denaturing condition adopted a randomly coiled structure. In aqueous solution,
the formations of all disulfide bonds occurred much more easily than under a denatured condition. This
finding indicated that reduced lysozyme had a somewhat compact structure. Moreover, the scattering
data for the extents of the formation of the disulfide bonds among all lysozyme variants were observed.
These results suggested that the nonrandom folding occurred in the early stage of the folding of reduced
lysozyme, which should provide new insight into the early-stage events in the folding process of reduced
lysozyme.

An improved understanding of protein folding is one of
the most important goals in the field of post-genome-period
life science, both because such understanding is indispensable
to the de novo design of proteins (1, 2) and because
misfolding of proteins is associated with a wide range of
diseases (3). Numerous experimental and theoretical ad-
vances have already led to considerable progress in our
understanding of protein folding. However, the underlying
factors that control the process of protein folding remain
unknown. One of the most effective approaches for elucidat-
ing the factors involved in protein folding is to identify the
folding intermediates (4). That is, we can determine the
interactions in the folding process of a protein by elucidating
the structure of the folding intermediates. Generally, the
folding intermediates are difficult to study because they are
transient and often present only at low concentrations.
However, it is possible to trap such intermediates in the
course of protein folding by analyzing the disulfide bond
formations. The folding processes of a few proteins [e.g.,
bovine pancreatic trypsin inhibitor (5, 6), ribonuclease T1
(7, 8), ribonuclease A (9, 10, 11), andR-lactalbumin (12,
13)] have been analyzed in detail as an indicator of the
passage of folding by the formation of disulfide bonds.

Hen egg-white lysozyme is one of the proteins of which
the folding processes from the reduced form have been

investigated. More than 20 years ago, Anderson and Wet-
laufer (14) suggested that the two disulfide bonds involving
Cys64-Cys80 and Cys76-Cys94 formed earlier than those
involving Cys6-Cys127 and Cys30-Cys115 in the folding
of reduced hen lysozyme. This finding indicated that there
was an order in the formation of disulfide bonds in the early
stage of the folding of reduced lysozyme. Recently, van den
Berg et al. (15) performed a detailed biophysical study of
the folding of reduced lysozyme and provided new insight
into the underlying determinants of the folding reaction,
including the role of the disulfide bonds. They demonstrated
that the folding process from the reduced form was hetero-
geneous and complex before the formation of the folding
intermediate with three disulfide bonds. Namely, they
suggested that no prominent disulfide bonds were formed
in the early stage of the folding of reduced lysozyme.
Therefore, the events in the early stage of the folding process
of reduced hen lysozyme are now controversial.

Tachibana (16) constructed four species of hen lysozyme
variants, each containing one intact disulfide bond, and
evaluated how the individual disulfide bonds were formed.
Their method can be used to clarify the interactions involved
in the formation of disulfide bonds. However, since the native
disulfide bond does not always form in the early stage of
folding of reduced lysozyme, we should also pay attention
to nonnative disulfide bonds. Therefore, to elucidate whether
prominent formation of some disulfide bonds occurs in the
early stage of the folding of reduced lysozyme, we prepared
all possible species of hen lysozyme variants containing a
single pair of cysteines (4 native species and 24 nonnative
species) and evaluated the extent of individual disulfide bond
formation. The results indicated that reduced hen lysozyme
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had a somewhat compact structure and that the nonrandom
folding occurred in the early stage of the folding of reduced
lysozyme.

MATERIALS AND METHODS

Materials.CM-Toyopearl 650 M and Cosmosil C18 were
purchased from Tosoh Co., Ltd. (Tokyo) and Nacalai Tesque
(Kyoto, Japan), respectively. Theµ-BONDASPHERE C4
column (150 mm× 3.9 mm) was obtained from Waters
Associates (Milford, MA). Oxidized and reduced glutathione
were purchased from Nacalai Tesque (Kyoto). Guanidine
hydrochloride was purchased from Kanto Chemical Co., Inc.
(Tokyo). 3-Trimethylammoniopropylmethanethiosulfonate
Bromide (TAPS) was purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). All other chemicals used were
of the highest quality commercially available.

Construction of a Lysozyme Variant Containing a Pair of
Cysteines. Site-directed mutagenesis was performed by PCR
according to the method described in our previous work (17).
Namely, to improve physicochemical properties of protein,
we expressed proteins as Ser-1 proteins instead of Met-1

proteins (17). The genes for lysozyme variants containing a
pair of cysteines were constructed by using synthetic
oligonucleotides that contained the codons for alanine
residues in place of the respective cysteine residues. For
example, the gene for the Cys64-Cys80 lysozyme variant
was constructed by the replacements Cys6fAla, Cys30fAla,
Cys76fAla, Cys94fAla, Cys115fAla, and Cys127fAla,
resulting in a gene that retained only Cys64 and Cys80.NdeI
andBamHI restriction sites were introduced at the 5′- and
3′-end of the lysozyme variant gene, respectively. The
digested fragment (NdeI/BamHI) was inserted between the
NdeI and BamHI sites of the pET22b(+) vector (Novagen,
Madison, WI) just downstream of the T7 promoter. The
nucleotide sequencing was carried out by the dideoxy chain
termination method.

Expression of a Lysozyme Variant Containing a Pair of
Cysteines in Escherichia coli.An expression plasmid con-
taining a gene for a lysozyme variant that contained a pair
of cysteines was introduced intoE. coli BL21(DE3) cells
(Novagen). The resulting transformant was grown at 37°C
in LB medium. When the absorbance of the culture medium
at 660 nm reached 0.8, isopropyl-â-D(-)-thiogalactopyra-
noside (IPTG) was added to a final concentration of 1.0 mM,
and the transformant expressing a lysozyme variant contain-
ing a pair of cysteines was cultured for 4 h.

Purification of a Lysozyme Variant Containing a Pair of
Cysteines.Purification of a lysozyme variant containing a
pair of cysteines was carried out according to the method
described in our previous work (17) with a slight modifica-
tion. Namely, cells were harvested by centrifugation for 15
min at 8500 rpm. Pellets were suspended in 30 mL of 50
mM MOPS (Nacalai Tesque), pH 7, and then sonicated 5
times for 5 min each time in an ice-water bath. The mixture
was centrifuged for 15 min at 8500 rpm. The precipitates
were suspended in 50 mM MOPS. After addition of DNase
I (5 µg /ml) and RNase A (20µg /ml), the solution was
incubated at 37°C for 30 min to decompose DNA and RNA.
Then sodium chloride was added to the solution to a final
concentration of 1 M, and the mixture was again centrifuged
for 10 min at 8500 rpm. The precipitates were suspended in

10 mL of 8 M urea solution [0.1 M Tris-HCl buffer (pH
8.6) containing 1 mM EDTA and 8 M urea], degassed by
aspiration, purged with nitrogen, and reduced with 50µL of
mercaptoethanol at 40°C for 1.5 h. TAPS (225 mg) was
then added, and the reduction solution was incubated at 40
°C for 90 min to increase the solubility of the denatured
lysozyme variants. The reaction mixture was dialyzed against
distilled water. The dialysate was applied to a CM-Toyopearl
650M column (70 cm× 1.6 cm) equilibrated with 20 mM
acetate buffer (pH 5) containing 4 M urea. The column was
eluted with a gradient of 500 mL of 20 mM acetate buffer
(pH 5) containing 4 M urea and 500 mL of the same buffer
containing both 4 M urea and 1 M NaCl. Then the collected
protein fraction was directly applied to a Cosmosil C18
column (1.2 cm× 1.6 cm) equipped for HPLC, which was
equilibrated with 10% acetonitrile containing 0.1% TFA. The
column was eluted with 40% acetonitrile containing 0.1%
TFA, and the protein was collected. Lyophilized protein (0.5
mg) was dissolved in 2 mL of 6 M guanidine solution [0.1
M Tris-acetate buffer (pH 8.0) containing 6 M guanidine
hydrochloride]. Mercaptoethanol (5µL) was then added, and
the solution was incubated at 40°C for 1.5 h. The reduction
mixture was applied to aµ-BONDASPHERE C4 column
(150 mm × 3.9 mm) equilibrated with 20% acetonitrile
containing 0.05% TFA. The column was eluted with a
gradient of 50 mL of 30% acetonitrile containing 0.05% TFA
and 50 mL of 40% acetonitrile containing 0.05% TFA at a
flow rate of 0.1 mL/min. Each protein purified as described
above was determined to be homogeneous by matrix-assisted
laser desorption ionization (MALDI) time of flight (TOF)-
mass spectrometry (MS) and SDS-PAGE analyses.

EValuation of the Formation of Disulfide Bonds in
Lysozyme Variants.The equilibrium disulfide formation
reaction was carried out in 100 mM Tris-acetate, 0.1 mM
EDTA, pH 8.0, at 22°C in the presence of 0.1 mM GSSG1

and 1.0 mM GSH with a protein concentration of 0.5µM.
The reaction was stopped at 240 min by adding acetic acid
to 1 M, and the product was subjected to reversed phase
HPLC onµ-BONDASPHERE C4 columns (150 mm× 3.9
mm, Waters Associates) at 40°C in 0.05% TFA with a
gradient of acetonitrile from 30% to 40%. The extent of the
formation of disulfide bonds was expressed as the ratio of
[Oxi] to [Red], which is obtained from the peak area on the
chromatographic pattern of each lysozyme variant.

Calculation of the Decrease in Entropy in a Lysozyme
Variant Containing a Pair of Cysteines.The decrease in
entropy in each lysozyme variant by formation of a disulfide
bond is calculated as 0.75υR[ln(N/υ + 3)], whereN andυ
correspond to the number of amino acid residues surrounded
by a disulfide bond and twice the number of disulfide bonds,
respectively (18).

RESULTS AND DISCUSSION

Preparation of 28 Lysozyme Variants Possessing a Pair
of Cysteines.Hen lysozyme contains four disulfide bonds:

1 Abbreviations: GSH, reduced glutathione; GSSG, oxidized glu-
tathione; MD, mixed disulfide; Oxi, the oxidized variant in which one
disulfide bond is formed in the lysozyme variant; [Oxi], the concentra-
tion of the oxidized form; Red, the reduced variant in which the pair
of cysteines remained reduced; [Red], the concentration of the reduced
form.
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Cys6-Cys127, Cys30-Cys115, Cys64-Cys80, and Cys76-
Cys94. In the early stage of the folding of reduced lysozyme,
it is possible that not only native disulfide bonds but also
nonnative disulfide bonds form. Therefore, to examine the
propensities for the formation of individual disulfide bonds
in hen lysozyme, we prepared 28 lysozyme variants contain-
ing a pair of cysteines, in which the other cysteine residues
are replaced by alanine residues.

EValuation of the Extent of Disulfide Bond Formations in
Lysozyme Variants Containing a Pair of Cysteines in the
Presence of 6 M Guanidine Hydrochloride.A typical
chromatogram for the Cys64-Cys80 lysozyme variant after
oxidation of reduced lysozyme in the presence of 6 M
guanidine hydrochloride is shown in Figure 1. The oxidized
variant (denoted Oxi) and the reduced variant (denoted Red)
were separated from each other. The pattern was highly
reproducible. Red or Oxi peaks from each lysozyme variant
were well separated from each other, and mixed disulfide
peaks, which were derived from a lysozyme variant linked
to one or two glutathione molecule(s) through a disulfide
bond, were also separated from the Red or Oxi peaks in all
other lysozyme variants (data not shown).

Recently, it has been reported that there is some structure
in the denatured state of a protein (19). Specifically, we have
demonstrated the presence of some hydrophobic clusters in
the reduced and denatured state of hen lysozyme in the
presence of 8 M urea at pH 2, which creates an extremely
denatured condition (20). Therefore, to determine whether
there is some structure in lysozyme in the presence of 6 M
guanidine hydrochloride, which creates highly denatured
condition, we used a series of lysozyme variants as a probe
and measured the extent of disulfide bond formation in
lysozyme variants in the presence of 6 M guanidine
hydrochloride. With the exception of the Cys76/Cys80
lysozyme variant, the extent of disulfide bond formation in
a lysozyme variant containing a pair of cysteines was
proportional to the distance between cysteine residues. We
can calculate the decrease in entropy of the polypeptide chain

by introduction of disulfide bonds in lysozyme variants
according to the equation of Flory (18), as described above
in the Material and Methods section. Then we plotted the
free energy change for the formation of disulfide bonds in a
lysozyme variant containing a pair of cysteines, with the
exception of the Cys76/Cys80 lysozyme variant, in the
presence of 6 M guanidine hydrochloride against the
theoretical free energy change derived from the decrease in
entropy of the polypeptide chain (open diamonds in Figure
2). There was a good correlation between them. This showed
that the denatured state of hen lysozyme in the presence of
6 M guanidine hydrochloride adopts a randomly coiled
structure. This might be a most beautiful expression of chain
entropy, and at the same time, this showed the reliability of
this analysis. On the other hand, as for the Cys76/Cys80
lysozyme variant, the extent of disulfide bond formation ran
off the correlation between the extent of disulfide bond
formation and distance of cysteine residues (Figure 2). It is
known that the formation of the disulfide bond is restricted
due to the steric hindrance when the distance between
cysteine residues is too short (22). This may be the case with
the Cys76/Cys80 lysozyme variant. Thus, we exclude this
SS bond from present discussions. Anyway, we were able
to demonstrate that no residual structure was present in
reduced hen lysozyme in the presence of 6 M guanidine
hydrochloride.

R-Lactalbumin is known to have primary and tertiary
structures similar to hen lysozyme. In their study using
R-lactalbumin variants containing two native disulfide bonds,
Wu et al. suggested that the formations of disulfide bonds
in R-lactalbumin in the presence of 6 M guanidine hydro-
chloride were controlled by the random polypeptide chain
entropy (21). This agrees with the present results. However,
the information on theR-lactalbumin is limited by the use
of two native disulfide bond formations. In the present study,
we could obtain detailed information on the denatured state
of hen lysozyme using 28 lysozyme variants containing a
pair of cysteines. In this way, we were able to conclusively
demonstrate that reduced hen lysozyme adopted a randomly
coiled structure in the presence of 6 M guanidine hydro-
chloride.

EValuation of the Extent of Disulfide Bond Formations in
Lysozyme Variants Containing a Pair of Cysteines in
Aqueous Solution.Figure 2 shows a plot of the free energy
changes (∆G’s shown in Figure 2) in the formations of the
disulfide bonds in lysozyme variants in aqueous solution
against the theoretical free energy changes derived from the
decreases in entropies of the polypeptide chain of lysozyme
(open circles). Even in aqueous solution, the formations of
disulfide bonds are governed by the chain entropies to some
extent. However, all the disulfide bonds in aqueous solution
formed more efficiently than those in the presence of 6 M
guanidine hydrochloride. The exchange rate constant between
a cysteine residue and a GSSG in aqueous solution was
reported to be almost identical to that in the solution
containing concentrated denaturant (23). Therefore, we
concluded that the denatured lysozyme in aqueous solution
had a compact cluster due to the interactions between
hydrophobic residues within the core of the protein in accord
with the evidence of the previous NMR experiment (20),
and we presumed that compact clusters of this type allow
each disulfide bond to be formed easily.

FIGURE 1: A typical pattern of the Oxi and Red forms of the
Cys64-Cys80 lysozyme variant in the presence of 6 M guanidine
hydrochloride on the reversed phase HPLC. The label MD indicates
the glutathione-linked lysozyme variants.
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As for the four native disulfide bonds (Cys6-Cys127,
Cys30-Cys115, Cys64-Cys80, and Cys76-Cys94), they
did not always form preferentially. To compare∆G for the
formation of the disulfide bond against all the variants, we
calculated the difference in the∆G value for the formation
of the disulfide bond from the best fit line (dotted line) at
the particular points (open circles). The∆G for the formation

of the disulfide bond in the Cys64/Cys76 lysozyme variant
was the highest in all variants. The difference from the best
fit line was about 0.4 kcal/mol, indicating that the Cys64-
Cys76 bond formed most preferentially in the early stage of
the folding of reduced lysozyme than other disulfide bonds.
The Cys6/Cys94 lysozyme variant, in contrast, was the
lowest in the free energy difference and the difference was

FIGURE 2: The free energy changes for the formations of disulfide bonds in lysozyme variants in the presence of 6 M guanidine hydrochloride
(]) and those in aqueous solution (O) against the theoretical free energy changes derived from the decrease in entropy of the polypeptide
chain of lysozyme at pH 8 and 22°C. The lysozyme variants underlined indicate pairs of cysteines for native disulfide bonds. Points for
Cys76/Cys127 and Cys64/Cys76 are denoted by filled marks to clarify the figure. Data points with parentheses are not included due to
steric hindrance when we draw lines.
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about 0.6 kcal/mol, indicating that the Cys6-Cys94 bond
formed much more rarely in the early stage of the folding
of reduced lysozyme than the other disulfide bonds.

Here, we furthermore note that in native lysozyme, the
eight cysteine residues geographically fall into two sets,
according to whether they lie in one lobe or the other located
on either side of the active site cleft shown as Figure 3.
Cysteine residues 64, 76, 80, and 94 lie in one lobe, and the
other four cysteine residues lie in the other lobe. We consider
10 data points at the top of Figure 2 where cysteine residues
are further than 50 residues apart in the primary sequence.
These cysteine pairs were least likely to come close by
random motions. Among these pairs of cysteines, 3 out of 4
cases that generated higher values than the best fit line lay
in the same lobe, and 5 out of 6 cases that generated lower
values than the best fit line lay in two different lobes. These
results imply that nativelike folding in the reduced protein
might enhance formation of intralobe disulfide bonds be-
tween two cysteine residues in the same lobe, while interlobe
disulfide bond formations between two cysteine residues in
different lobes might be suppressed. Two pairs of cysteines,
Cys64-Cys76 and Cys6-Cys94, which were most apart
from the best fit line might be representative examples for
these cases. Thus, the scattering of the∆G’s for the
formations of the disulfide bonds among all lysozyme
variants suggested that the nonrandom folding occurred in
the early stage of the folding of reduced lysozyme.

Van den Berg et al. (15) suggested that no prominent
disulfide bonds formed before the formation of the folding
intermediate with three disulfide bonds. On the other hand,
in the present paper, we showed that nonrandom folding
occurred in the early stage of the folding of reduced
lysozyme. Especially formation of Cys64-Cys76 should
easily occur in the early stage of folding of the reduced
lysozyme because the∆G for the formation of the disulfide
bond of the Cys64/Cys76 lysozyme variant was the largest
in the free energy changes among all the variants. Thus, the
preferential formation of Cys64-Cys76 might facilitate the
formations of Cys64-Cys80 and Cys76-Cys94 by ex-
changes, which might form earlier than the other disulfide
bonds (24,25), indicating that there is a folding pathway
involving the formations of the cysteines in the early stage
of the folding of reduced lysozyme.

CONCLUDING REMARKS

We prepared 28 species of lysozyme variants containing
a pair of cysteines and examined the interaction of the
residues in the presence or absence of concentrated denatur-
ant. We showed that there was no prominent interaction
between amino acid residues in the presence of 6 M
guanidine hydrochloride. Even in aqueous solution, the
formations of disulfide bonds were governed by the chain
entropies to some extent. However, all the disulfide bonds
in aqueous solution formed more efficiently than those in
the presence of 6 M guanidine hydrochloride. This means
that the reduced lysozyme has a somewhat compact structure
and that nonrandom folding occurred in the early stage of
the folding of reduced lysozyme.
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