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ABSTRACT: Equilibrium unfolding of hen egg white lysozyme as a function of GdnCl concentration at pH
0.9 was studied over a temperature range 268.2-303.2 K by means of CD spectroscopy. As monitored
by far- and near-UV CD at 222 and 289 nm, the lack of coincidence between two unfolding transition
curves was observed, which suggests the existence of a third conformational species in addition to native
and unfolded states. The three-state model, in which a stable intermediate is populated, was employed to
estimate the thermodynamic parameters for the GdnCl-induced unfolding. It was found that the transition
from the native to intermediate states proceeds with significant changes in enthalpy and entropy due to
an extremely cooperative process, while the transition from the intermediate to unfolded states shows a
low cooperativity with small enthalpy and entropy changes. These results indicate that the highest energy
barrier for the GdnCl-induced unfolding of hen lysozyme is located in the process from the native state
to the intermediate state, and this process is largely responsible for the cooperativity of protein unfolding.

The thermodynamic aspects of partially unfolded inter-
mediate species are important in the understanding of the
mechanisms of protein folding/unfolding process (1-3).
Much effort has focused upon the structural and dynamic
characterization of the intermediates of protein folding or
unfolding, and then molten globules states have been
observed under equilibrium conditions and as a kinetic
intermediate of refolding in some proteins (4-8). Although
there is much experimental evidence for intermediates, there
has been considerable debate about the role of such species.
In particular, whether they assist in directing folding ef-
ficiently or whether they result from the existence of kinetic
traps in the folding reaction has recently emerged as a major
question (9-13). Thus, the elucidation of the role of
intermediate states has been a major focus in the study of
protein folding/unfolding process.

Kinetic and equilibrium aspects for folding or unfolding
of hen egg white lysozyme have been under extensive
investigations (14, 15). The GdnCl-induced1 equilibrium
unfolding of hen lysozyme has been regarded as a highly
cooperative two-state reaction, which has led to an assump-
tion of the absence of any intermediate states between the
native and the unfolded states (16, 17). This behavior of
hen lysozyme has been contrasted to that of homologous
R-lactalbumin, which forms stable equilibrium intermediates
under mildly denaturing conditions (18). The intermediate
state ofR-lactalbumin, commonly called a molten globule
state, is characterized by the presence of nativelike secondary
structure, a compact shape, the formation of a hydrophobic
core exposed to solvent, and the absence of rigid side-chain
packing (18). The equilibrium molten globule state ofR-
lactalbumin has been shown to be similar to or identical with

a kinetic intermediate transiently accumulated at an early
stage of refolding from the unfolded state (19, 20). It has
been shown that hen lysozyme also folds via a similar
structural intermediate by a stopped-flow CD and by NMR
studies on hydrogen-exchange protection (19-22).

Recently, some stable intermediates have been reported
for lysozymes from other species, such as equine and human,
and structures of these intermediate states show molten
globule features (23-25). Furthermore, the experimental
evidences for intermediates of hen lysozyme have been
recently documented in the literature. For example, Haeze-
brouck et al. (24) have suggested the existence of partially
unfolded state, which has some characteristics of the molten
globule state of homologousR-lactoalbumin, in the thermal
unfolding process of lysozyme at lower pH. The small-angle
X-ray scattering study reported by Chen et al. (26) has
suggested the existence of an equilibrium intermediate in
the urea-induced unfolding of hen lysozyme at pH 2.9. These
results prompted us to look for the partially unfolded states
of hen lysozyme in GdnCl-induced equilibrium unfolding.
In this study, we investigated the GdnCl-induced unfolding
of hen lysozyme to characterize its intermediate over a
temperature range 268.2-303.2 K by CD spectroscopy.

MATERIALS AND METHODS

Hen egg white lysozyme (crystallized six times) was
purchased from Seikagaku Corporation, Ltd., Tokyo, Japan,
and used without further purification. Biochemical-grade
GdnCl was purchased from Wako Pure Chemical Industries.,
Ltd., Osaka, Japan. GdnCl stock solution and buffer stock
solution (0.2M HCl) were prepared. The concentration of
GdnCl was determined by the diffrence between the refrac-
tive index of GdnCl solution and that of water (27).
Lysozyme was dissolved into both stock solutions. Both stock
solutions were adjusted to pH 0.9 by adding HCl with
HORIBA pH meter M-8s. The concentration of lysozyme
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1 Abbreviation: GdnCl, guanidinium chloride; CD, circular dichro-
ism; N, native; I, intermediate; U, unfolded.
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in both solutions was about 28µM and determined by using
an extinction coefficient (37 600 mol-1 cm-1) at 280 nm.
The distilled and deionized water was used for preparing
solutions. For GdnCl-induced unfolding experiment, 30
sample solutions with different GdnCl concentrations were
prepared volumetrically from buffer and GdnCl stock solu-
tions. These sample solutions were incubated at room
temperature for 15 h.

The GdnCl-induced unfolding of lysozyme was detected
by CD measurement with a Jasco J-725 spectropolarimeter.
Ellipticities at 289 nm and at 222 nm were measured in
quartz cells with 10 and 1 mm path lengths, respectively.
The temperature surrounding the cell was maintained within
0.1 K by circulating an ethylene glycol-water mixture from
a constant-temperature bath. After measurements have been
made, the pH values of the solutions in the transition region
were measured to ensure that a constant pH had been
maintained.

RESULTS

Figure 1 shows the dependence of mean molar ellipticities
of hen lysozyme on wavelength in the low pH region at 298.2
K. The addition of acid (HCl) to the protein solution has
little significant effect on aromatic CD at 289 nm, while the
intensity of ellipticity monitored at 222 nm is decreased by
8.8% from pH 2.8 to 0.64. Thus, hen lysozyme retains its
nativelike near- and far-UV CD spectra up to pH as low as
0.64 and requires high concentration of denaturant for
unfolding. It is known that T4 lysozyme, chicken lysozyme,
chymotrypsinogen, ubiquitin, and concanavalin A are resis-
tant to high concentrations of acid, and they maintain
nativelike far- and near-UV CD spectra over the range pH
7-1 or in some cases lower pH (28). We examined the

GdnCl-induced equilibrium unfolding of hen lysozyme by
CD measurements under the experimental condition pH 0.9,
where native lysozyme molecules are destabilized due to
electrostatic repulsion, etc. (29).

The ellipticities at 289 and 222 nm were measured in the
presence of 30 different concentrations of GdnCl. The former
reflects the tertiary structure, and the latter reflects mainly
the helical content. Sixteen isothermal equilibrium unfolding
curves of hen lysozyme were collected over a temperature
range 268.2-303.2 K to estimate the thermodynamic pa-
rameters for the GdnCl-induced unfolding. The transition
curves above 303.2 K and below 268.2 K were not collected
because the baseline of the native protein (pretransition
region) became too short for accurate analysis due to the
thermal denaturation and the solution freezing, respectively.

Figure 2 shows the equilibrium unfolding curves of hen
lysozyme at several temperatures. Data are plotted as an
apparent fraction of unfolded protein,fapp, versus the
concentration of GdnCl. Thefapp values were calculated
according to eq 1:

whereθN, θU, andθ are the ellipticities of the protein for
the native state (pretransition), for the unfolded state (post-
transition region), and in the transition region. TheθN and
θU in the transition region were obtained by extrapolation
of the linear dependence of the ellipticity on the denaturant
concentration in the regions before and after the transition,
respectively. The lack of coincidence of the two transition
curves by the CD ellipticities at 222 and 289 nm was
observed over the temperature range studied, which suggests
the existence of the intermediate state during the GdnCl-
induced unfolding. We assumed a three-state transition where
three state, the native (N), the intermediate (I), and the
unfolded (U) states are required for interpreting the transition
curves.

The observed ellipticity of the protein [Aobs(c)] at any
denaturant concentration is given by the sum of the contribu-
tions from the three states as

where fN(c), fI(c), and fU(c ) are the fractions of the three
states at a GdnCl concentration ofc (fN + fI + fU ) 1), and
AN, AI, andAU are the ellipticity values of the N, I, and U
states, respectively. The 16 isothermal GdnCl-induced un-
folding data over the temperature range 268.2-303.2 K were
fitted by the method of nonlinear least-squares to a three-
state transition model as follows. The equilibrium constants,
KNI, KNU, andKIU, of the GdnCl-induced unfolding transitions
from N to I, from N to U, and from I to U are related to the
corresponding free-energy differences,∆GNI, ∆GNU, and
∆GIU:

where R and T are the gas constant and the absolute
temperature, respectively. The free-energy differences of the

FIGURE 1: Effect of HCl on the conformation of hen lysozyme at
298.2 K, as monitored by near-UV CD (A) and by far-UV CD
(B). Circles, pH 2.85; squares, pH 0.9; triangles, pH 0.64; dashed
line, pH 0.9 in 6 M GdnCl.

fapp) (θN - θ)/(θN - θU) (1)

Aobs(c) ) ANfN(c) + AIfI(c) + AUfU(c) (2)

KNI ) exp(-∆GNI/RT)

KNU ) exp(-∆GNU/RT)

KIU ) exp(-∆GIU/RT) (3)
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respective transitions,∆GNI, ∆GNU, and ∆GIU, are known
to vary approximately linearly with GdnCl concentrationc
(30):

wheremNI, mNU, andmIU represent the cooperativity indexes
of the respective transitions, and∆GNI

0 , ∆GNU
0 , and ∆GIU

0

are∆GNI, ∆GNU, and∆GIU at 0 M GdnCl, respectively. The
fractions of the N, I, and U states are given by

Figure 3 shows the theoretical curves of the three fractions,
fN, fI, and fU, derived from the three-state transition model
based on eqs 2-5.

FIGURE 2: Apparent unfolded fraction,fapp, of hen lysozyme at pH 0.9 estimated from the ellipticities at 289 nm (open circles) and at 222
nm (filled circles) as a function of GdnCl concentration. (A) 303.2 K, (B) 300.7 K, (C) 298.2 K, (D) 290.7 K, (E) 283.2 K, (F) 278.2 K,
(G) 273.2 K, (H) 268.2 K.

∆GNI ) ∆GNI
0 - mNIc

∆GNU ) ∆GNU
0 - mNUc

∆GIU ) ∆GIU
0 - mIUc (4)

fN ) 1/(1 + KNI + KNU)

fI ) KNI/(1 + KNI + KNU)

fU ) KNU/(1 + KNI + KNU) (5)
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For the evaluation of fitting errors, an apparent effect due
to baselines tracing (θN and θU, respectively) should be
included in eq 1 used to fit the spectroscopic data (31). We
have performed the three-state and the two-state analyses of
the unfolding profiles to see whether there are significant
deviations from the two-state behavior or not. Figure 4
provides the difference between the two-state versus three-
state fit for the representative data at 298.2 K. A small but
significant difference is seen in the two analyses, which

indicates that the GdnCl-induced unfolding of hen lysozyme
at pH 0.9 is well represented by the three-state mechanism
in which only N, I, and U states are populated. The mean
molar ellipticities of the intermediate state,AI, in the
transition region at 298.2 K are shown in Figure 5, which
were calculated by eq 2 from the observed ellipticities, the
fractions derived from the three-state transition model, and
the native and unfolded baselines of the transition curves.
The intermediate state monitored by two CD ellipticities of

FIGURE 3: Population of the N, I, and U states as a function of GdnCl concentration. (A) 303.2 K, (B) 300.7 K, (C) 298.2 K, (D) 290.7
K, (E) 283.2 K, (F) 278.2 K, (G) 273.2 K, (H) 268.2 K. Circles,fN; squares,fI; triangles,fU. Continuous lines represent the theoretical
curves derived from the three-state transition model on the basis of equations 3-5. Marks represent the population derived from the
experimental data in Figure 2, assumingfN ) 1 - fapp,289, fI ) fapp,289- f app,222, andfU ) fapp,222, wherefapp,289and fapp,222are the apparent
fractions of unfolded protein monitored by near- and far-UV CD at 289 and 222 nm, respectively.
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hen lysozyme is characterized by the presence of nativelike
secondary structure and the absence of detectable tertiary
structure. These results support that the lack of coincidence
between two transition curves cannot be explained in terms
of a baseline effect alone, and the two transition curves
provide reliable evidence for the presence of a populated

equilibrium intermediate in the GdnCl-induced unfolding of
hen lysozyme at pH 0.9.

The thermodynamic parameters (∆GNI, ∆GNU, ∆GIU) of
hen lysozyme for the N, I, and U states at GdnCl concentra-
tion of 2.2 M, where the I state can be accumulated at a
level sufficient for characterization, were calculated in the
temperature range 268.2-303.2 K. The temperature depen-
dence of these parameters is shown in Figure 6 A. The plots
of ∆GNI and ∆GNU versus temperature show a perceptible
curvature, while the stabilization energy,∆GIU, of the I state
appears to increase without a salient curvature as temperature
decreases.

If the heat capacity change,∆CP, is assumed to be
independent of temperature, the Gibbs’ free energy change,
∆G, can be expressed in terms of three unknown parameters
(A, B, andC), and these parameters can be estimated from
experimental data by using the least-squares method (32):

whereT0 ) 285.65 K. The continuous curves in Figures 6A
were drawn according to eq 6 with the least-squares best fit

FIGURE 4: Difference between the two-state versus three-state
analyses for the GdnCl-induced unfolding data at 298.2 K. Filled
circles,∆GNU from N to U of the two-state transition monitored
by CD ellipticity at 289 nm; filled squares,∆GNU from N to U of
the two-state transition monitored by CD ellipticity at 222 nm. The
dotted lines through∆GNU data represent the nonlinear least-squares
fit to the experimental data. The linear solid lines represent∆GNU,
∆GNI, and∆GIU derived from the three-state transition model, which
yielded values for∆GNU

0 , ∆GNI
0 , ∆GIU

0 , mNU, mNI, andmIU of 20.1
kJ mol-1, 14.1 kJ mol-1, 6.0 kJ mol-1, 10.4 kJ mol-1 M-1, 5.5 kJ
mol-1 M-1, and 4.9 kJ mol-1 M-1, respectively.

FIGURE 5: Mean molar ellipticities (filled circles) of the intermedi-
ate state in the transition region,AI, monitored by 289 nm (A) and
by 222 nm (B) at 298.2 K. TheAI values were calculated by eq 2
from the observed ellipticities, the fractions derived from the three-
state model, and the native and unfolded baselines of the transition
curves. The dotted and long dashed lines represent the native and
unfolded baselines,AN andAU, respectively, which were obtained
by extrapolation of the linear dependence of the ellipticity on the
denaturant concentration in the region before and after the transition.

FIGURE 6: (A) Temperature dependence of free-energy changes
derived from three-state transition model. Open circles,∆GNU at
2.2M GdnCl; open squares,∆GNI at 2.2M GdnCl; open triangles,
∆GIU at 2.2M GdnCl; filled circles,∆GNU

0 at 0 M GdnCl. The
continuous lines through the∆G data represent the fitting curves
based on eq 6, whereA ) -967 ( 41, B ) -270 000( 12 000
K, C ) 0.53( 0.04 for∆GNU, A ) -954 ( 114,B ) -268 000
( 32 000 K,C ) 2.6( 0.1 for∆GNI, A ) -13( 110,B ) -2000
( 31 000 K,C ) -2.1 ( 0.1 for ∆GIU, A ) -902 ( 108, B )
-247 000( 31 000 K,C ) 10.1( 0.1 for ∆GNU

0 . (B) Tempera-
ture dependence of enthalpy change for the GdnCl-induced unfold-
ing of hen lysozyme. Continuous line,∆HNU

0 at 0 M GdnCl; long
dashed line,∆HNU at 2.2 M GdnCl; dashed line,∆HNI at 2.2 M
GdnCl; thick dashed line,∆HIU at 2.2 M GdnCl. Enthalpy changes
were calculated from the fitting curves of∆G in Figure 6A
according to the eq 7.

∆G/RT) A ln(T/T0) + B(1/T - 1/T0) + C (6)
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values ofA, B, andC. These curves of∆G for the entire
temperature range (268.2-303.2 K) were then applied to eqs
7-9 to determine the enthalpy change,∆H, the entropy
change,∆S, and the heat capacity change,∆CP:

Figure 6B shows the temperature dependence of the∆H
values between the N, I, and U states. The transition from
the N to the I states for the GdnCl-induced unfolding is
accompanied by extensive heat absorption, i.e., it is an
extremely cooperative process. On the other hand, the
transition between the I and U states shows a low cooper-
ativity with small enthalpy change. The thermodynamic
quantities of each transition evaluated at 298.2 K are
summarized in Table 1. The transition from the N to the U
states in the absence of GdnCl provides∆HNU

0 value of 181
((10) kJ mol-1 and∆SNU

0 value of 547 ((40) J K-1 mol-1

at 298.2 K, which are almost consistent with the literature
values (33, 34) obtained with differential scanning calorim-
etry, taking into account the experimental uncertainty and
the different experimental conditions.

DISCUSSION

Our results from CD measurements provide evidence for
a thermodynamically stable intermediate in the GdnCl-
induced equilibrium unfolding of hen lysozyme at pH 0.9.
This intermediate is indicated from the lack of coincidence
between the GdnCl-induced curves measured by far- and
near-UV CD at 222 and 289 nm. It has been shown
experimentally that in many cases urea- or GdnCl-induced
transitions of hen lysozyme can be described in terms of a
two-state transition model, which has led to an assumption
of the absence of any intermediate states between the native
and the unfolded states (16, 17). Analysis of differential
scanning calorimetry for the heat-induced unfolding of this
protein has indicated that no significant deviations from the
equilibrium two-state unfolding mechanism occur (33, 35,
36). It follows then that hen lysozyme represents a single
cooperative macroscopic system in the denaturant-induced
and heat-induced equilibrium unfolding where the constituent
structural domains do not change their states independently.

These results have been attributed to the tight packing at
the interface between theR andâ domains, which, as a result,
behave as a single cooperative unit in hen lysozyme (36).

However, evidence for intermediates in equilibrium un-
folding of this protein has been documented in the literature.
For instance, thermal unfolding curves are not identical as
observed by CD measurements at 222 and 270 nm at pH
1.0, which suggested a population of∼25% of the interme-
diate (24). The small-angle X-ray scattering study reported
by Chen et al. (26) has suggested the existence of an
equilibrium intermediate in the urea-induced unfolding of
hen lysozyme at pH 2.9. Hence, one can say that hen
lysozyme, which has been considered as a protein of
cooperative two-state unfolding behavior, latently reveals a
noncooperative unfolding behavior under an extreme condi-
tion such as lower pH.

As discussed by Tanford (14) and by Robson and Pain
(37), whether the equilibrium intermediate occurs during the
transition is highly sensitive to the stability of the intermedi-
ate against the native and unfolded states. If a protein
possesses a higher stabilizing energy in the native state,
intermediate species detected kinetically are practically
nondetectable by equilibrium methods. That is to say,
although the I state is more stable than the U state at early
stage of unfolding, the N state is much more stable than the
I state, which precludes the population of the I state at
equilibrium. During the transition from N to U, the U state
becomes more stable than the I state, so that there is
eventually no contribution of the I state in the equilibrium
unfolding transition. However, if the stabilizing energy in
the N state decreases, the N state could not completely
preclude the population of the I state at equilibrium. Thus,
the apparent difference in the equilibrium unfolding of hen
lysozyme between two-state and three-state transitions is
probably due to the difference in the relative stability between
the N state and the I state. In fact, as can be seen in Figure
3, the accumulation of the I state, which was monitored by
near- and far-UV CD, appears to become smaller as∆GNU

0

values increase, indicating that the transition curves approach
that of the two-state mechanism.

As cold-induced unfolding, which is well-known phenom-
enon for globular proteins (38), usually occurs below the
freezing point of water, detailed studies of the cold-induced
unfolded states of proteins have been difficult. As a result,
the addition of a denaturant has been often used in order to
shift the transition and depress the freezing point of solution
(39-41). Cold-induced unfolding occurs primarily because
of the decreased entropic cost of solvating hydrophobic side
chains at low temperature (38), and the increased hydration
of nonpolar residues is expected at lower temperatures, which
not only affects the stabilization of I state but in turn also
perturbs unfolding behavior. This may be a principal reason
the plot of∆GIU versus temperature appears to increase with
the decrease in temperature (Figure 6A).

A number of globular proteins, includingR-lactalbumin,
are known to show the equilibrium unfolding transition that
does not obey the two-state transition model but exhibits a
compact intermediate (molten globule state) that has an
appreciable amount of secondary structure (8, 42). Structural
characterizations of the equilibrium and kinetic intermediates
of several proteins have been carried out extensively, and

Table 1: Thermodynamic Parameters for GdnCl-Induced Unfolding
of Hen Lysozyme at pH 0.9 and 298.2 Ka

transition process

NfI IfU NfU

∆HNU
0 (kJ mol-1) 181 ((10)

∆SNU
0 (J K-1 mol-1) 547 ((40)

∆Cp,NU
0 (kJ K-1 mol-1) 7.5 ((0.9)

∆H (kJ mol-1) 135 ((17) 16 ((14) 151 ((3)
∆S(J K-1 mol-1) 448 ((58) 73 ((50) 520 ((6)
∆Cp (kJ K-1 mol-10 7.9 ((1.0) 0.1 ((0.8) 8.0 ((0.4)

a ∆HNU
0 , ∆SNU

0 , and∆Cp,NU
0 are values at 0 M GdnCl.∆H, ∆S, and

∆CP are values at 2.2 M GdnCl. Numbers in parentheses denote
standard deviations.

∆H ) ∂(∆G/T)/∂(1/T ) (7)

∆S) (∆H - ∆G)/T (8)

∆CP ) (∂∆H/∂T) (9)
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the results are consistent with a view that the molten globule
state is a major intermediate of protein folding (5, 8, 15,
43-45). According to Kuwajima (46), the GdnCl-induced
unfolding of the molten globule state ofR-lactalbumin shows
a cooperative transition, that is, 63% of the unfolding
enthalpy change occurs in the transition from the N to the I
states and the remaining 37% between the I and U states at
298.2 K. In this study, using the three-state model for GdnCl-
induced unfolding of hen lysozyme, 90% of the unfolding
enthalpy change occurs in the transition between the N and
I states at the same temperature.

Kharakoz and Bychkova (47) studied the molten globule
of human R-lactalbumin by means of densimetric and
ultrasonic techniques. They demonstrated that the hydro-
phobic core in the molten globule state is highly hydrated
and much looser than the core of the native molecule. The
small-angle X-ray scattering study has suggested that the
compactness of the urea-induced intermediate of hen lysozyme
lies halfway between the N and the U conformations,
suggesting a significant decrease in tertiary contacts (26).
Hydrogen-exchange studies on hen lysozyme have revealed
that the intermediate formed at the earlier stage of folding
reaction shows nativelike secondary structure in theR-do-
main, whereas theâ-domain is largely unstructured (22).
Recently, Segel et al. (48) showed that the kinetic intermedi-
ate with helical structure in theR-domain is nearly identical
in size and shape with native lysozyme, and the intermediate
is much less stable than native state. They suggested that
the interconversion between the intermediate and native states
requires major structure change in the hydrophobic core of
the protein resulting in the substantial change in the environ-
ment of some tryptophan residues. As can be seen in Figure
6B, the highest energy barrier for the GdnCl-induced
unfolding of hen lysozyme is located between the N and the
I states. During the transition with the highest energy barrier
between the N and the I states, the exposure of hydrophobic
residues to solvent would occur. This process would be
largely responsible for acquiring the formation of a hydro-
phobic core exposed to solvent and for the absence of rigid
side-chain packing, hence the cooperativity of protein
unfolding. On the other hand, the small∆HIU and∆SIU values
suggest that hen lysozyme in the I state does not contain
substantial region with the tight-packed native structure. This
result is consistent with the characteristics on kinetic
intermediate found in the refolding pathway of hen lysozyme
(48).

The lysozyme andR-lactalbumin family can be divided
into three subfamilies: non-Ca2+-binding lysozyme (con-
ventional lysozyme), Ca2+-binding lysozyme, andR-lactal-
bumin (49). Certain Ca2+-binding lysozyme (e.g., equine and
canine) as well asR-lactalbumin exhibits a stable intermedi-
ate state at equilibrium, while non-Ca2+-binding lysozyme
is generally known to show a two-state unfolding without
accumulation of the I state at equilibrium (50). In this study,
we have shown that the GdnCl-induced unfolding of hen
lysozyme (non-Ca2+-binding lysozyme) at pH 0.9 is well
represented by the three-state mechanism in which only N,
I, and U states are populated. This result suggests that there
is no fundamental distinction in protein unfolding among
the lysozyme andR-lactalbumin family. As the thermo-
dynamics and structural aspects of the intermediate states
observed in some globular proteins have some relationship

with the hierarchical nature of the protein structure (51), our
results support a hierarchical folding model in which the
protein folding/unfolding process proceeds stage by stage,
reflecting the hierarchical three-dimensional structure of the
folded state (50).
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