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It is known that several naturally occurring substances known as osmolytes increase
the conformational stability of proteins. Bolen and co-worker proposed the osmopho-
bic theory, which asserts the osmolyte effect occurs because of an unfavorable inter-
action of osmolytes mainly with the protein backbone, based on the results on the
transfer Gibbs energy of amino acids (∆g) [Bolen and Baskakov (2001) J. Mol. Biol. 310,
955–963]. In this paper, we report the effect of sarcosine on the conformational stabil-
ity (∆G) of RNase Sa (96 residues and one disulfide bond) and four mutant proteins.
The thermal denaturation curves for RNase Sa in sarcosine fitted a two-state model
on nonlinear least-squares analysis. All the RNase Sa proteins were stabilized by sar-
cosine. For example, the increase in stability of the wild-type protein in 4 M sarcosine
due to the osmolyte effect (∆o∆G) is 3.2 kcal/mol. Mutational analysis of the osmolyte
effect indicated that the changed ∆o∆G values upon mutation (∆m∆o∆G), as estimated
from the ∆g values, are similar to the experimental values. Structural-based analysis
of the osmolyte effect was also performed using model denatured structures: (a) a
fully extended model (single chain) with no disulfide bond, (b) two-part, unfolded
models (two chains) with a disulfide bond constructed through molecular dynamic
(MD) simulation, and (c) a two-part, folded model (two chains). The two-part,
unfolded models were expected to be more suitable as denatured structures. The
∆o∆G values calculated using the two-part, unfolded models were more consistent
with experimental values than those calculated using the fully extended and two-
part, folded models. This suggests that MD simulation is useful for testing denatured
structures. These results indicate that the osmophobic theory can explain the osmo-
lyte effect on protein stability.

Key words: accessible surface area, denatured state, mutant, Osmolyte, protein stabil-
ity, RNase Sa, sarcosine.

Osmolytes, which are a class of small molecules used in
nature by organisms to protect themselves from the
stress of high osmotic pressure (1, 2), have been found to
stabilize the conformations of proteins. This stabilizing
ability is known as the osmolyte effect (3, 4). Osmolytes
are divided into several types: sugars, methyl ammonium
derivatives, amino acids and their derivatives, and poly-
hydric alcohols. The mechanism by which a protein is sta-
bilized in the presence of an osmolyte, however, is not
completely understood (2, 5, 6) and remains the subject of
controversy (4, 7–10).

Bolen and co-worker proposed the osmophobic theory
(11), which asserts that the osmolyte effect on protein
stability is due to a solvophobic thermodynamic force.
The thermodynamic cycle of the osmolyte effect on pro-
tein stability is described in Scheme 1. ∆GW and ∆GO are
the denaturation Gibbs energy changes in water (W) and

the presence of an osmolyte (O), respectively. The osmo-
lyte effects in both the denatured (D) and native (N)
states (∆oGD and ∆oGN, respectively) can be estimated
from the transfer Gibbs energies of proteins, from water
to an osmolyte, based on solubility measurements. They
measured the transfer Gibbs energies values of amino
acids (∆g) in several osmolytes (12, 13). In the presence of
an osmolyte, the backbone of a protein is highly exposed

Scheme 1.
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to the osmolyte in the denatured state; therefore, the
destabilization of the denatured state due to unfavorable
interaction between the osmolyte and the backbone is
much greater than the destabilization of the native state.
This results in enhancement of the protein stability, as
shown in Fig. 1. Thus, the energy transfer data indicate
that the osmophobic theory explains protein stabiliza-
tion. There are, however, few reports in which the trans-
fer Gibbs energy values estimated from the ∆g values
were used for the analysis of protein stability measure-
ments in osmolytes. In such analysis, both denatured
structure information and native structure information
are needed. The transfer Gibbs energy values, from water
to an osmolyte, of the denatured and native states were
calculated using Eq. 1.

∆oGD or ∆oGN = Σ α ∆g (1)

Here, α represents the fractional exposure of an amino
acid residue in the native or denatured state against each
amino acid, and ∆g represents the transfer Gibbs energy
of the amino acid. The α value for the native state (αN) is
obtained from the accessible surface areas (ASAs) of the
amino acid residues in the native structure and the
amino acids. In the case of the denatured state, we have
to prepare a denatured structure for such analysis.

αN = Σ ASAN/ASAamino (2)

αD = Σ ASAD/ASAamino (3)

Here, ASAamino, ASAN, and ASAD are the ASAs of an
amino acid, the native state, and the denatured state,
respectively.

Mutational analysis has often been used to elucidate
the mechanism of stabilization of the conformations of
proteins (14–16). One reason is that with this analysis
one does not need to take the denatured state into
account because of neutralization of the effect of the
denatured structure. However, few studies involving
mutant proteins to analyze the osmolyte effect have been
reported. With mutational analysis of the osmolyte effect
one is also able to cancel out the effect of the denatured
state.

In this study, we measured the thermal denaturation
of RNase Sa and four mutant proteins in the presence of
sarcosine using circular dichroism (CD) in order to verify
the osmophobic theory. RNase Sa has 96 residues and one
disulfide bond. The stability of RNase Sa has been well
examined. The ∆g values of amino acids, from water to
sarcosine, have been determined from solubility meas-
urements (12). The four mutant proteins we used were
V2T, L19K, I22K and A23K. Val 2, Leu 19 and Ile 22 are
buried residues but Ala 23 is exposed to the solvent in the
native structure. Figure 2 shows the structure of RNase
Sa and the mutation sites. The stability of L19K and
I22K is lower than that of the wild-type protein, but V2T
and A23K exhibit similar stability to the wild-type. The
difference in ∆g value between Leu/Ile and Lys is bigger
than that between Val and Thr, or between Ala and Lys.
All the mutant proteins were stabilized by sarcosine. We
analyzed the osmolyte effect on the stability of RNase Sa
by means of transfer Gibbs energy using two different
sets of information; the mutant data and model dena-
tured structures. The model denatured structures were
obtained by molecular dynamics (MD) simulation and
used to roughly estimate the accessible surface area of
the denatured state. We found that the osmophobic inter-
action clarifies the experimental observation of protein
stability in the presence of osmolytes.

MATERIALS AND METHODS

Proteins—RNase Sa was expressed and purified as
previously described (17, 18). Protein concentrations
were determined using a molar absorption coefficient at
278 nm of 12,300 M–1 cm–1. The protein solutions were
buffered at pH 7.0 with 30 mM MOPS buffer in the pres-
ence of various concentrations of sarcosine.

Fig. 1. Relative Gibbs energy (∆G) diagram for native (N) and
denatured (D) states, from water (W) to osmolyte (O) solu-
tion.

Fig. 2. Stereo-structure of RNase Sa
and the residues that have been
substituted. Part A (red) comprises
residues 1–9 and 51–96, and Part B
(blue) residues 10–50 (see text).
J. Biochem.
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Thermal Denaturation Determined by CD Measure-
ment—CD measurements of the thermal denaturation of
RNase Sa and the mutant proteins were performed on a
Jasco J-725 spectropolarimeter (19). The thermal transi-
tion curves for RNase Sa proteins in the presence of vari-
ous concentrations of sarcosine were monitored at 234
nm with a 2-mm path-length cell. The protein concentra-
tion was about 0.1 mg/ml. The heating rate was 1°C/min.

Nonlinear least-squares analysis was performed to fit
the thermal denaturation data to Eq. 4 (20).

y = ((yf + mf [T]) 
+ exp((∆Hm/RT) ((T – Tm)/Tm)) (yu + mu [T]))/
(1 + exp((∆Hm/RT) ((T – Tm)/Tm))) (4)

Here, yf + mf [T], and yu + mu [T] describe the linear
dependence of the pre- and post-transitional baselines on
temperature, respectively, ∆Hm is the enthalpy of dena-
turation at Tm, and Tm is the midpoint of the thermal
denaturation curve. Curve fitting was performed using
MicroCal Origin curve-fitting software (MicroCal, North-
ampton, MA).

MD Simulation for the Model Denatured Structures of
RNase Sa—RNase Sa was divided in to two parts, A and
B. Part A (residues 1–9 and 51–96 with a disulfide bond)
consists mainly of a β-sheet, and part B (residues 10–50)
of an α-helix with a long arm. These parts were
immersed in water spheres of 34-Å radius. Cut sections of
the two parts (residues 9–10 and 50–51) were capped
with an acetyl group (ACE) for the N-terminal side and
with N-methylamide (NME) for the C-terminal side. The
total numbers of solute atoms were 852 for part A and
613 for part B. The total numbers of water molecules
were 5180 for part A and 5239 for part B. The force fields
used were AMBER/all atom type (parm96) for the solute
atoms (21, 22) and SPC for the water molecules (23). To
equilibrate whole systems in solution at 300 K, MD simu-
lations were performed at 300 K initially for 10 ps with

position constraints (harmonic potential of 10 kcal/mol/
Å2) for heavy atoms of the solutes and finally for 90 ps
without any constraints. After the 300 K simulations, the
temperatures of these systems were increased from 300
to 500 K to accelerate the unfolding process. Associated
with the increase in temperature, the water spheres
slightly expanded (from 34- to 36-Å radius) to compen-
sate for the increase in pressure. The 500-K simulations
were performed during 800 ps (from 100 to 900 ps). All
MD simulations were performed with a VPP5000 with 8
processors and a COSMOS90 with the PPPC (Particle-
Particle and Particle-Cell) method (24). Long-range Cou-
lomb interactions were calculated using the PPPC
method without truncation (25).

Calculation of ASA Values—The ASA values for each
atom were calculated by the procedure previously
described by Connolly (26) with probes of 1.4 Å (27–29).
For calculation of the ASA values for the two-part
unfolded and folded models of the denatured structures,
the two parts (A: residues 1–9 and 51–96 with disulfide
bond, B: residues 10–50) were separately calculated.

RESULTS

Thermal Denaturation of the Wild-Type RNase Sa in
the Presence of Sarcosine—We examined the thermal
denaturation of RNase Sa by means of CD in the pres-
ence of sarcosine. The CD measurements were carried
out at pH 7.0, where the thermal denaturation of RNase

Fig. 3. Typical thermal denaturation curves for I22K RNase
Sa in the absence (open squares) and presence (filled
squares) of 4 M sarcosine monitored by measuring the circu-
lar dichroism at 234 nm. The continuous lines are theoretical
curves based on Eq. 4. The dashed lines are the theoretical curves
for wild-type RNase Sa.

Fig. 4. Tm (a) and ∆o∆G (b) values as a function of the sarco-
sine concentration for wild-type and mutant RNase Sa; wild-
type (crosses), V2T (inverted triangles), L19K (right trian-
gles), I22K (circles), and A23K (squares).
Vol. 135, No. 6, 2004



704 K. Takano et al.
Sa is very reversible. Figure 3 shows the thermal dena-
turation curves for RNase Sa in the absence and presence
of 4 M sarcosine. In a previous study, RNase Sa was
found to unfold reversibly through a two-state mecha-
nism (19). We confirmed by checking reheated samples
that, in the presence of sarcosine, the thermal denatura-
tion of RNase Sa is reversible. The denaturation curves
fitted to Eq. 4. It was assumed that the thermal transi-
tion curves for RNase Sa in sarcosine can be approxi-
mated by a two-state model. The thermodynamic param-
eters of wild-type RNase Sa with various concentrations
of sarcosine at pH 7.0 are presented in Table 1, and the
equations used to calculate these values are given in the
footnotes to Table 1 (16). Here, we use the ∆o∆G value to
evaluate the relative stabilizing effect of sarcosine (30).
Figures 4(a) and (b) show the Tm and ∆o∆G values as a
function of the sarcosine concentration. The Tm and ∆o∆G
values of wild-type RNase Sa increased to 13.4°C and 3.7
kcal/mol, respectively, as the concentration of sarcosine
was increased from 0 to 6 M.

Thermal Denaturation of the Mutant RNase Sa in the
Presence of Sarcosine—Figure 3 shows the thermal dena-

turation curves for I22K RNase Sa in the absence and
presence of 4 M sarcosine. The thermal denaturation
curves were obtained in the same way as for the wild-
type protein. Figures 4(a) and (b) show the Tm and ∆o∆G
values as a function of the sarcosine concentration for the
mutant proteins. The thermodynamic parameters of
RNase Sa with 0 and 4 M sarcosine at pH 7.0 are summa-
rized in Table 2. The effect of 4 M sarcosine on stability
(∆o∆G), which ranges from 2.6 to 3.3 kcal/mol, depends on
the mutant proteins. The ∆m∆G values show a difference
in stability between the wild-type and mutant proteins.

Model Denatured Structures of RNase Sa—For con-
venience, when generating the model structures of the
denatured state, RNase Sa was treated as the combina-
tion of the two components, i.e., part A consisting of a β-
sheet, and part B consisting of an α-helix with a long
arm. These parts are tightly combined with each other
through two hydrophobic clusters, like two snap fasten-
ers. We produced models of the denatured-state struc-
tures between the native structure and the completely
extended structure by means of MD simulations, as
shown in Fig. 5. The model structure at the first stage

Table 1. Thermodynamic parameters for thermal denaturation of wild-type RNase Sa in the presence
of sarcosine.

aTm = T where ∆G = 0. The error is ± 0.3°C. b∆oTm = Tm (xM) – Tm (0M). c∆Hm = enthalpy of denaturation at Tm. The error
is ± 4 kcal/mol. d∆Sm = ∆Hm/Tm. ∆Sm is the entropy of denaturation at Tm. The error is ± 12 cal/mol K. e∆o∆G = ∆oTm
∆Sm (0M) = ∆G(xM) – ∆G(0M) = ∆GO – ∆GW. The error is ± 0.1 kcal/mol. See Becktel and Schellman (41) or Pace and
Scholtz (42) for a discussion of this method.

Sarcosine (M) Tm
a (°C) ∆oTm

b (°C) ∆Hm
c (kcal/mol) ∆Sm

d (cal/mol K) ∆o∆Ge (kcal/mol)
0 47.4 89 278
0.25 48.1 0.7 90 280 0.2
0.5 49.0 1.6 92 286 0.4
0.75 49.8 2.4 88 272 0.7
1.0 50.6 3.2 88 272 0.9
1.25 51.0 3.6 88 271 1.0
1.5 52.2 4.8 91 280 1.3
1.75 53.2 5.8 89 273 1.6
2.0 53.8 6.4 86 263 1.8
2.25 54.6 7.2 88 268 2.0
2.5 55.2 7.8 89 271 2.2
3.0 56.8 9.4 85 258 2.6
4.0 59.0 11.6 83 250 3.2
5.0 60.4 13.0 85 255 3.6
6.0 60.8 13.4 70 210 3.7

Table 2. Thermodynamic parameters for yhermal denaturation of wild-type and mutant RNase Sa in
the absence and presence (4 M) of sarcosine.

a∆oTm = Tm (4M) – Tm (0M). b∆mTm = Tm (mutant) – Tm (wt). c∆o∆G = ∆oTm ∆Sm (0M) = ∆G(4M) – ∆G(0M). The error is ± 0.1 kcal/mol.
d∆m∆G = ∆mTm ∆Sm (wt) = ∆G(mutant) – ∆G(wt). The error is ± 0.1 kcal/mol. eData in the absence of sarcosine are from
Takano et al. (43).

Sarcosine (M) Tm  (°C) ∆oTm
a (°C) ∆mTm b (°C) ∆o∆Gc (kcal/mol) ∆m∆Gd (kcal/mol)

Wild-type 0 47.4
4.0 59.0 11.6 3.2

V2T e 0 43.9 –3.5 –1.0
4.0 55.7 11.8 –3.3 3.0 –0.8

L19K 0 35.1 –12.3 –3.4
4.0 47.2 12.1 –11.8 2.6 –3.0

I22K 0 35.1 –12.3 –3.4
4.0 47.1 12.0 –11.9 2.7 –3.0

A23K 0 48.6 1.2 0.3
4.0 60.5 11.9 1.5 3.3 0.4
J. Biochem.



Osmolyte Effect on Protein Stability 705
comprises both parts A and B, equilibrated by MD means
of simulations in solution at 300 K. This structure was
supposed to mimic the situation in which the two hydro-
phobic clusters are broken due to water penetration, but
the secondary structure is maintained. Model structures
at the second and third stages are those obtained on 500
K simulations for 800 ps. We adopted the structures after
the initial 400 ps simulation at 500 K as model structures
of the second stage, and the last structures of the 500 K
simulation as model structures of the third stage. The β-
sheet in part A was almost broken at the second and
third stages. The α-helix in part B remained at the sec-
ond stage but had disappeared at the third stage. We
adopted the completely extended structure without the
disulfide bond as the model structure at the last stage.

DISCUSSION

Effect of Sarcosine on the Stability of RNase Sa—The
present study showed that sarcosine stabilizes the con-
formations of RNase Sa and its mutant proteins. How are
osmolytes such as sarcosine able to stabilize proteins?
Based on an elegant series of experiments, Timasheff
showed that osmolytes are preferentially excluded from
the vicinity of a protein (31, 32). Because the thermody-
namic stability of proteins is determined by the delicate
balance between the Gibbs energies of the native and
denatured states, Bolen and co-worker proposed a ther-
modynamic cycle for the osmolyte effect on protein stabil-

ity, as shown in Scheme 1 (11). This mechanism is identi-
cal to the approach by Nozaki and Tanford to
understanding the effects of urea and guanidine hydro-
chloride on protein denaturation (33). With this
approach, it is possible to predict the osmolyte stabiliza-
tion of proteins from the transfer Gibbs energy, from
water to an osmolyte, based on solubility measurements.
The present findings regarding RNase Sa stability with
osmolytes will lead to a better understanding of the role
of osmolytes in protein stability. In the following sections,
we will clarify the validity of the osmophobic theory by
means of mutational- and structural-based analyses
independently.

Mutational Analysis of the Osmolyte Effect on RNase
Sa Stability in 4 M Sarcosine—Scheme 2 shows the ther-
modynamic cycle for mutational analysis of the osmolyte
effect on the conformational stability of proteins. This
scheme is based on Scheme 1, and is similar to the idea of
a double-mutant cycle (34). The thermodynamic cycle of
the osmolyte effect on protein stability in mutant pro-
teins and the mutational effect are represented by the
signs ’ and ∆m, respectively, in Scheme 2. According to the
cycle, the changes in the ∆o∆G value upon mutation
(∆m∆o∆G) can be represented by the following equation,
which is based on Eq. 1.

∆m∆o∆G = ∆o∆G′ – ∆o∆G 
= (∆oG′D – ∆oG′N) – (∆oGD – ∆oGN) 
= (Σ α′D ∆g – Σ α′N ∆g) – (Σ αD ∆g – Σ αN ∆g) (5)

Then, the effects of residues other than the mutated
residue (X → Y) are cancelled out between the wild-type
and mutant parameters.

∆m∆o∆G = ∆gY (αD – αN)Y – ∆gX (αD – αN)X (6)

Here, (αN)Y is nearly equal to (αN)X, and we also assume
that (αD)X and (αD)Y are almost 1 because the residue in
the denatured state would be completely exposed.

∆m∆o∆G ≈ (1 – αN)X (∆gY – ∆gX) (7)

Table 3 summarizes the ∆m∆o∆G values of the four
mutant RNase Sa proteins in 4 M sarcosine determined
in the experiments and by calculation with Eq. 7. There
is good agreement in the ∆m∆o∆G values between the

Fig. 5. Model denatured structures of RNase
Sa (Cα trace): (a) two-part, folded model;
two-part, unfolded models with a disulfide
bond constructed on MD simulation, (b) first
stage, (c) second stage, (d) third stage; and
(e) extended model with no disulfide bond.
Part A (red) comprises residues 1–9 and 51–96
with a disulfide bond (Cys 7–Cys 96) (green). Part
B (blue) comprises residues 10–50. The disposi-
tion of parts A and B in (a) to (d) has no meaning.

Scheme 2.
Vol. 135, No. 6, 2004
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experiments and calculation. The results indicate that
the observation of osmolyte stabilization of proteins is in
qualitative accord with the prediction based on the osmo-
phobic theory.

For L19K, the ∆m∆o∆G value was slightly different
between the experiments and calculation, compared with
the other mutants. This might be because of the struc-
tural change in the native state upon mutation. Because
the side chain of Leu 19 points toward the core in the
native structure (35), the longer side chain of Lys 19 in
the mutant structure would cause some structural
changes. On the other hand, Val 2 and Ile 22 are buried
residues, but their side chains are located near the sur-
face of the protein, resulting in subtle structural changes
upon mutation.

Structure-Based Analysis of the Osmolyte Effect on
RNase Sa Stability in 4 M Sarcosine—The ∆o∆G value,
which reflects the relative stabilizing effect of an osmo-
lyte, is obtained using Scheme 1 and Eqs. 1–3 as follows.

∆o∆G = ∆GO – ∆GW 
= ∆oGD – ∆oGN 
= Σ αD ∆g – Σ αN ∆g 
= Σ ∆g (αD – αN) 
= Σ ∆g ((ASAD – ASAN)/ASAamino) (8)

With this analysis, the ∆o∆G value calculated with Eq.
8 is highly dependent on the denatured structure. The
largest number of the residues would be exposed to the
solvent in the denatured state, although not all residues
would be exposed, because RNase Sa has one disulfide
bond which restricts the conformation of the denatured
state. The effect of each residue might be small, but the
accumulated effect of all residues will be large. In this
work, we constructed several types of denatured models
to roughly estimate the accessible surface area of the
denatured state: (a) a fully extended model with no
disulfide bond, (b) two-part, unfolded models with the
disulfide bond at varying stages of MD simulation, and
(c) a two-part, folded model. The two-part, unfolded mod-
els were expected to be more suitable denatured struc-
tures. The ∆o∆G values calculated with Eq. 8 using sev-
eral model denatured structures are summarized in
Table 4.

The order of the ASAs is the extended model; the two-
part, unfolded model at the third, second and first stages;
and the two-part, folded model. The order of the calcu-
lated ∆o∆G values is the same as that of the ASAs,
depending on the calculated ∆o∆G value for the ASA
value of the denatured structure. The actual denatured

structure is expected to lie between the two-part folded
and extended models, such as the two-part, unfolded
model. The experimental ∆o∆G value, 3.2 kcal/mol, lies
between the calculated ∆o∆G values for the two-part
folded and extended models, 1.8 and 5.9 kcal/mol, respec-
tively. This suggests that the osmophobic theory suitably
explains the osmolyte effect on protein stability.

The experimental ∆o∆G value, 3.2 kcal/mol, is more
similar to the calculated ∆o∆G value, 3.2 kJ/mol, with the
two-part, unfolded model at the second stage. This means
that there is consistency between the experiments and
MD simulations. The model structures at the other
stages gave very different ∆o∆G values: 2.5 for the first
stage, 5.4 for the third stage, and 5.9 kcal/mol for the last
stage. The second stage has a larger ∆o∆G than the first
stage, because of destruction of the β-sheet, and has a
smaller ∆o∆G than the third stage, because the α-helix
remained. Therefore, our results suggest that the α-helix
might be maintained in the denatured state (36, 37).
However, our present study does not rule out the possibil-
ity that a non-native hydrophobic cluster is formed in the
denatured state. It is also possible to obtain other dena-
tured structures with similar ASA values. Our model
structures have been used to obtain a rough structure for
the denatured state.

A denatured structure is important for analyzing pro-
tein stability and folding (38–40). However, it is quite dif-
ficult to determine denatured structures. Furthermore,
we are not able to predict or even imagine a rough struc-
ture of a denatured state. If the osmophobic theory is cor-
rect, structural-based analysis of the osmolyte effect on
protein stability, as shown in this paper, will provide an
image of a denatured structure, such as the two-part,
unfolded model of RNase Sa.

CONCLUSION

In this paper, we examined the osmophobic theory using
the thermodynamic data on RNase Sa and its mutants in
the presence of sarcosine, and we also examined model
denatured structures. The results show that the osmolyte
effect on protein stability can be explained by the osmo-
phobic theory. Furthermore, information on a denatured
structure became available on the structural-based anal-
ysis of the osmolyte effect on protein stability.

Table 3. ∆m∆o∆G values (kcal/mol) of RNase Sa mutants in 4 M
sarcosine.

aEq. 5. (∆m∆o∆G = ∆o∆G′ – ∆o∆G = ∆o∆G(mutant) – ∆o∆G(WT)). The error is
± 0.1 kcal/mol. bEq. 7. [∆m∆o∆G ≈ (1 – αN)X (∆gY – ∆gX)].

∆m∆o∆G
Experimenta Calculationb

V2T –0.2 –0.2
L19K –0.6 –0.3
I22K –0.5 –0.4
A23K 0.1 0

Table 4. ∆o∆G nvalues (kcal/mol) of RNase Sa mutants in 4 M
sarcosine.

a∆o∆G = ∆G(4M) – ∆G(0M). The error is ± 0.1 kcal/mol. b∆o∆G = Σ ∆g
[(ASAD – ASAN)/ASAamino)]. For the two-part unfolded and folded
models, the ASA values of the two parts (A, residues 1–9 and 51–96
with disulfide bond; B, residues 10–50) were separately calculated.

Stage ∆o∆G
Part A Part B Whole

Experimenta 3.2
Calculationb

Two-Part folded model 0.8 1.0 1.8
Two-Part unfolded model First 1.0 1.5 2.5

Second 1.7 1.5 3.2
Third 2.2 3.2 5.4

Extend model (no disulfide 
bond) 5.9
J. Biochem.
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