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Abstract Hen lysozyme single-disulfide variants were con-
structed to characterize the structures associated with the
formation of individual native disulfide bonds. Circular dichroism
spectra and the effective concentration of protein thiol groups
showed that the propensity for structure formation was relatively
high for Cys-6^Cys-127 and Cys-30^Cys-115 disulfides. The
urea concentration dependence of individual effective concentra-
tions showed that the apparent sizes of the structures were 14^
50% of the whole molecule. The intrinsic stability of each
submolecular structure in a reduced form of protein, obtained by
subtracting the entropic contribution of cross-linking, was
highest for Cys-64^Cys-80 and lowest for Cys-76^Cys-94
disulfide bonds. ß 2000 Federation of European Biochemical
Societies. Published by Elsevier Science B.V. All rights re-
served.
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1. Introduction

The formation of disul¢de bonds in a protein is generally
coupled with the formation of higher order structures. Certain
proteins attain completely folded and global structures in the
reduced form [1^3]. The folding reaction is cooperative over
the entire polypeptide chain, and disul¢de bonds add extra
thermodynamic stability. Other proteins do not have substan-
tial structures in a reduced form as well as in disul¢de-inter-
mediates. Here, in one case, if the cooperativity is high, the
protein structure may be globally formed, but the population
of the folded state is low; in the other case, the cooperativity
is low, and each disul¢de-bond formation is associated with
the formation of local structures [4^7].

Hen lysozyme contains four disul¢de bonds. Its four three-
disul¢de (3SS) derivatives all have secondary and tertiary
structures as well as enzymatic activity comparable to those

of authentic lysozyme, and show cooperative unfolding tran-
sitions [8^10]. On the other hand, its reduced form retains
only a residual amount of secondary structure, and lacks ter-
tiary structure and enzymatic activity [11,12]. We have con-
structed here four species of hen lysozyme 1SS variants (Fig.
1), and characterized the structures that are associated with
the formation of individual native disul¢de bonds with circu-
lar dichroism (CD) spectroscopy and the measurement of the
e¡ective concentration (Ceff ) of protein thiol groups [13]. The
urea concentration dependence of individual Ceff s was ana-
lyzed to obtain submolecular size and intrinsic stability of
the structures.

2. Materials and methods

2.1. Hen lysozyme single-disul¢de variants
Each gene for the 1SS variants was constructed by recombining one

of the 3SS variant genes [8,9] with one of the 2SS variant genes syn-
thesized for the present study, at two restriction sites (Csp45I and
MluI) within a coding region. For instance, the gene for 1SS-3 was
constructed by the ligation of the 3SS-v4Ala-derived fragment that
covers amino acid residues 31^107 and contains the replacements Cys-
76CAla and Cys-94CAla with the 2SS-v(1+2)-derived fragment that
covers amino acid residues 1^30 as well as 108^129 (and a vector
region) and contains the replacement Cys-6CSer, Cys-30CAla,
Cys-115CAla and Cys-127CAla, resulting in a gene that retains
Cys residues 64 and 80. The gene for a 0SS variant, which retains
no cysteinyl residues, was constructed by recombining the 2SS-v(1+2)
gene with the 2SS-v(3+4) gene. The nucleotide sequences were con-
¢rmed by dideoxy sequencing. The expression of the genes and puri-
¢cation of polypeptides were carried out as described [9]. the N-ter-
minal methionine residue is attached unexcised in each variant.

2.2. CD spectroscopy
Several mg of the reduced 1SS variant was air-oxidized in 100 mM

Tris^acetate, 2 WM CuCl2, pH 7.85, at 25³C for 15 h at the protein
concentration of 3.3 WM; concentrated with ultra¢ltration; and puri-
¢ed with reverse-phase HPLC on a Waters WBondasphere C4 column
(19U150 mm). CD spectra were taken in 20 mM sodium acetate, pH
4.0, by using a J-720 spectropolarimeter (Japan Spectroscopic Co.).
Far-UV thermal unfolding curves were obtained by using a Peltier-
type temperature controller.

2.3. E¡ective concentration measurements
The equilibrium disul¢de formation reaction was carried out in

100 mM Tris-acetate, 0.1 mM EDTA, pH 7.85, in the presence of
0.1 mM oxidized glutathione (GSSG) and 1 mM reduced glutathione
(GSH) with a protein concentration of 3.3 WM. The solution condi-
tions with no denaturant are called `native solution conditions'.
GuHCl or urea (biochemical grade, Wako Pure Chemical Industries,
Ltd.) was included when indicated, and the solution conditions con-
taining 6 M GuHCl are called `denaturing solution conditions'. The
reaction was stopped by adding acetic acid to 1 M, and the product
was subjected to reverse-phase HPLC on Waters WBondasphere C4
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columns (two columns, each 3.9U150 mm, connected in tandem) at
40³C, in 0.05% TFA with a gradient of acetonitrile from 32.0 to 36.0%
in 50 min. Ceff was calculated from the peak areas for the reduced
(Red) and oxidized (Oxi) form of the protein as described [14,15]:
Ceff = [Oxi][GSH]2/[Red][GSSG].

3. Results and discussion

3.1. Overall structure and stability of the oxidized form of
1SS variants

The amount of secondary structure in the reduced form of
hen lysozyme is signi¢cantly lower than that of authentic ly-
sozyme [12,16]. This was equally true for the 0SS variant,
whose far-UV CD spectrum (Fig. 2A) was nearly identical
to the spectrum reported for the reduced form [16]. The in-
crease in secondary structure accompanying the formation of
each single disul¢de bond, i.e. in excess of that of the 0SS
variant, was less than half as much as that observed for au-
thentic lysozyme, and relatively large for 1SS-1 and 1SS-2 in
this order, while not signi¢cant in 1SS-3 or 1SS-4. No 1SS
variants showed near-UV CD bands or bacteriolytic activity,
indicating that an all-or-nothing type, globally cooperative
structure formation did not occur. The highly gradual thermal
unfolding curves (Fig. 2B) showed that the locally folded
states were not stable even at low temperatures at pH 4.
Urea-unfolding curves for these 1SS variants monitored with
optical spectroscopy were also too di¡use to permit reliable
quantitative analyses.

3.2. E¡ective concentration of cysteinyl thiol groups
participating in each disul¢de bond

To probe such local structures in sensitive and speci¢c
ways, the Ceff of cysteinyl thiol groups in each variant was
measured (Fig. 3 and Table 1). It was highest for SS3, sub-
stantially lower for SS4, and a little lower for SS2 and SS1.
The result is in accordance with the previous observation that
the two disul¢des involving Cys-64, Cys-76, Cys-80, and Cys-
94 form faster than those involving Cys-6, Cys-30, Cys-115,
and Cys-127 do [17]. As expected, the Ceff under denaturing
solution conditions (CD

eff ) was smaller for disul¢de bonds that
form larger polypeptide loops. According to a regression anal-
ysis, CD

eff values depended on the loop size with an exponent of 31.59 þ 0.11, close to the value 31.5 expected for a ran-
dom coil chain.

Remarkably, the Ceff values for SS1 and SS2 showed a
large relative increase accompanying the change from dena-
turing to native solution conditions. This is in accordance
with the relatively large amount of secondary structure ob-
served for them. In authentic lysozyme, SS1 and SS2 are con-
tained in the K-domain, which contains a hydrophobic core.
Peptide fragments that constitute this domain have high pro-
pensity for structure formation [18,19]. However, the Ceff for
SS2 is not so high as the corresponding disul¢de bond Cys-
28^Cys-111 of human K-lactalbumin (1070 mM [20]), which is
closely homologous with lysozyme [21]. This appears to be
related with the considerably high propensity for secondary
structure formation in K-lactalbumin [20,22,23]. The ratio
Ceff /CD

eff was much lower for SS3 and SS4.

3.3. Urea concentration dependence of Ceff and apparent size of
the protein submolecular structure associated with each
disul¢de bond formation

The dependence of Ceff on [urea] is shown in Fig. 4. At 8 M

Fig. 1. Primary structure of the four 1SS variants. C, A, and S de-
note cysteinyl, alanyl, and seryl residues, respectively. The numbers
beneath them denote the residue positions.

Fig. 2. A: Far-UV CD spectra of the oxidized form of 1SS variants
measured at 4³C: 1SS-1 (thick full line), 1SS-2 (thick broken line),
1SS-3 (thin full line), and 1SS-4 (thin broken line). The spectra for
authentic lysozyme (thick dotted line) and the 0SS variant (thin dot-
ted line) are also shown. B: Thermal unfolding of the oxidized form
of 1SS variants at pH 4.0: 1SS-1 (circle), 1SS-2 (up triangle), 1SS-3
(down triangle), and 1SS-4 (square).
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urea, the Ceff s for individual disul¢de bonds were nearly
equal, respectively, to those obtained at 6 M GuHCl. With
decreasing urea concentrations Ceff values increased, but did
not reach saturation at 0 M urea, indicating that the folded
states are not populated 100%. Thus, the Ceff values under
native solution conditions do not represent those for com-
pletely folded states. Assuming that individual disul¢de-asso-
ciated local folding reactions occur in two-state mechanisms,
we exploit the linkage relationship between reduction^oxida-
tion and unfolding^folding equilibria:

Here, folded^reduced (FSH
SH), folded^oxidized (FS

S), unfolded^
reduced (USH

SH), and unfolded^oxidized (US
S) states are consid-

ered. K1 and K2 represent the pseudo equilibrium constants
for the half reactions of disul¢de formation in the 100%
folded and 100% unfolded states, respectively [14]. K3 and
K4 represent the equilibrium constants for the unfolding re-
action of reduced and oxidized proteins, respectively.

When F- and U-states coexist with each other,

Ceff � CF
eff �1=�1� K3�� � CU

eff �K3=�1� K3�� �1�

where CF
eff = K1/([GSSG]/[GSH]2) and CU

eff = K2/([GSSG]/

[GSH]2) [24]. In the present case, CU
eff can be equated with

the CD
eff described above. However, CF

eff cannot be determined
experimentally, leaving K3 undetermined. If a reduced^folded
state is highly unstable under native solution conditions, i.e.
K3E1, and if we substitute exp(3(vGo3m[urea])/RT) for K3

as in conventional treatment of urea-unfolding curves [25],
then:

CeffWCF
eff=K3 � CD

eff � CF
eff exp�vGo=RT�

U exp�3m�urea��=RT� � CD
eff �2�

Here, vGo refers to the intrinsic stability in a reduced form
(and therefore free from the entropic stabilizing e¡ect by a
disul¢de cross-link) of a submolecular structure that will be
coupled with the formation of a disul¢de bond under oxidiz-
ing conditions; and m represents the amount of di¡erential
interaction of protein submolecular structure between its
folded and unfolded states with the denaturant, and is a rough
measure of cooperativity or the size of submolecular structure.
The Ceff versus [urea] data were regressed to Eq. 2, and ob-
tained m values were shown in Table 1.

The apparent size of the structure is largest for SS1, small-
est for SS3, and considerably smaller than that for the urea-
unfolding of disul¢de-intact authentic lysozyme [26,27]. In
authentic lysozyme, SS1 and SS2 link the regions that are
rich in secondary structures, while SS3 links regions that are
poor [28], suggesting that the size may correlate with the
amount of secondary structures that can occur at or near
the two participating Cys residues. An m value similar to
that for SS3 has been reported for the disul¢de bond Cys-
14^Cys-38 of bovine pancreatic trypsin inhibitor [29].

3.4. Estimation of the intrinsic stability of submolecular
structures in a reduced form

CF
eff and vGo could not be independently determined above.

They could be estimated, however, as follows. The thermody-
namic linkage relationship K1UK4� K3UK2 leads into
CF

eff=CU
eff� K1=K2 � K3=K4 = exp(3vvG/RT), where vvG is

a di¡erence, between reduced and oxidized forms of protein,
in the free energy change for the unfolding of protein struc-

Fig. 3. The Oxi and Red forms of each 1SS variant, equilibrated at
25³C for 4 h under native solution conditions, were separated with
reverse-phase HPLC. The labels 1MD and 2MD indicate single-
mixed-disul¢de and double-mixed-disul¢de species, respectively. The
2MD for 1SS-1 elutes just after, and partially overlaps with, the
Oxi-peak.

Fig. 4. Urea-concentration dependence of the Ceff for each of the
four disul¢de bonds, measured at 25³C: SS1 (circle), SS2 (up trian-
gle), SS3 (down triangle), and SS4 (square).
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ture [14]. We assume that vvG stems solely from the di¡er-
ence in the conformational entropy (NS) of unfolded polypep-
tide chain between reduced and oxidized forms. Then, CF

eff /
CU

eff = exp(NS/R). The NS estimated by using equation:
RU(3.47+1.5Uln(loop size)) [30] and exp(NS/R) for each di-
sul¢de bond are shown in Table 1. When CF

eff /C
U
eff = CF

eff /
CD

eff = exp(NS/R)E1 and [urea] = 0, Eq. 2 reduces to:

ln�Ceff=CD
eff31�Wln�CF

eff=CD
eff� � vGo=RT

� N S=R� vGo=RT �3�

Using the experimentally obtained Ceff /CD
eff (Table 1) and the-

oretically calculated NS, we estimated vGo (Table 1).
The negative vGo values indicate the predominance of the

unfolded states in a reduced form. The intrinsic stability of the
SS1-associated submolecular structure is not particularly high.
Thus, the highest amount of secondary structure and the larg-
est value of m for SS1 are primarily due to a high entropic
contribution of cross-linking, which is highest for SS1 since
the loop size is largest. The SS3-associated structure is in-
trinsically least unstable and the SS4-associated one most un-
stable. Overall, the intrinsic stability of submolecular structure
is relatively high for SS3 and SS2. These conclusions were not
altered when a di¡erent parameter value [3] was used in the
estimation of NS. We note that the 2SS derivative obtained as
the only intermediate during reduction of authentic lysozyme
retains SS2 and SS3 [31].

In summary, we have shown that in 0SS-to-1SS stage of
oxidative folding of hen lysozyme the formation of individual
disul¢de bonds is coupled with the formation of submolecular
structures of di¡erent size and intrinsic stability to result in
di¡erent overall propensities.
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Table 1
Propensities for individual disul¢de bond formation and thermodynamic parameters for the submolecular structures associated with individual
disul¢de bonds

Loop size Ceff (mM)a CD
eff (mM)a Ceff /CD

eff m (kJ mol31 M31)
(m/mw, %)b

NS
(J mol31 K31)

exp(NS/R) vGo
(kJ mol31)

SS1 121 21 þ 2 0.66 þ 0.12 32 þ 9 2.72 þ 0.80 (50) 88.7 42 800 317.9 þ 0.9
SS2 85 26 þ 4 0.81 þ 0.07 32 þ 8 2.10 þ 0.29 (39) 84.3 25 200 316.6 þ 0.8
SS3 16 72 þ 6 13.2 þ 1.2 5.5 þ 0.9 0.75 þ 0.25 (14) 63.5 2 060 315.2 þ 0.6
SS4 18 29 þ 3 12.8 þ 1.2 2.3 þ 0.5 1.09 þ 0.13 (20) 64.9 2 460 318.7 þ 1.2
aValues obtained at 25³C. Mean þ S.D. for three to six measurements were shown.
bRatio of m to that for the whole molecule, mw ( = 5.41 kJ mol31 M31 [27]).
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