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Denaturant-induced helix–coil transition of
oligopeptides: theoretical and equilibrium studies
of short oligopeptides C17 and AK16

Fumiaki Kanô1,5, Masaji Shinjo2,5, Zhi-jie Qin2,6, Jinsong Li2, Yoshitaka Matsumura2, Akio Shimizu3,
Akio Teramoto4,{ and Hiroshi Kihara2

A statistical mechanical theory on the effects of denaturant on the helix–coil transition of polypeptides was developed. In

the proposed theory, unfolding agents were assumed to interact with the polypeptide backbone. The theoretical results were

compared with the findings of guanidine-induced helix–coil transition experiments, which were conducted on short peptides

(C17 and AK16). Specifically, the helix fraction and average number of helices in C17 and AK16 were estimated. Under

unfolding conditions (high denaturant concentration), the number of helices in a given sequence was close to zero. The radius

of gyration was measured, and the results were related to those of the proposed theory.
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INTRODUCTION

The a-helix is an important structural unit that is commonly found in
proteins. a-Helices can transform into the coiled state based on the
temperature, pH and the concentration of denaturants, such as urea
and guanidium salts. Helix–coil transitions of polypeptides have been
extensively studied by Zimm and Bragg,1 Nagai2 and Lifson and Roig3

(see for reviews4,5).
In this study, we developed a denaturant-induced helix–coil transition

theory based on statistical physics. Denaturant-induced protein unfolding
was initially studied by Tanford et al. (see for reviews ref.6,7) and has been
extensively investigated by many other researchers (see for reviews ref.8,9).
However, the mechanism of unfolding has not yet been elucidated. One
possible mechanism of denaturant-induced protein unfolding involves a
change in the solvent properties of water. These effects could alter the
packing interactions of a-helices and b-sheets. Another possible mechan-
ism may include specific interactions with functional groups on the
protein. In fact, the interaction of denaturants with nonpolar and polar
surfaces is more favorable than that of water. Interactions between the
denaturant and the peptide backbone disturb hydrogen bonds in water
and the interior of the protein. Thus, to understand the unfolding of
a-helices in proteins by denaturants, interactions between the denaturant
and the peptide backbone must be understood.

Schellman10,11 developed a protein unfolding theory based on
the selective solvation of denaturants thermodynamically. Using

Schellman’s theory, the effects of denaturants on helix–coil transitions
have been studied by Scholtz et al.,12 who connected the thermo-
dynamic solvation model derived by Schellman10,11 to the Zimm and
Bragg model for the analysis of the unfolding of peptide helices by
urea. However, the method was phenomenological and was not
consistently based on statistical physics.

For the helix–coil transition, two types of theory based on the
transfer-matrix method have been used to explain the molecular
mechanism of these phenomena. Hydrogen bonds were evaluated in
one theory,1 and the other theory considered residue conformations.3

Nagai2 developed these treatments into a new theory based on the
spatial conformation of the helix.

In this study, we developed a new denaturant-induced helix–coil
transition theory through a propagator method. The proposed theory
is easy to handle, and the physical averaged quantities are simple to
calculate.13–15 Moreover, the effect of denaturants on the statistical
weight was considered. The grand partition function was calculated,
and averaged quantities, such as the helix fraction, number of helices
and end-to-end distance of the polypeptide, were derived as a function
of the denaturant concentration.

We analyzed the guanidine hydrochloride (GuHCl)-induced
helix–coil transition of short peptides (C17 and AK16) according to
the proposed theory. C17 consists of DLTDDIMCVKKILDKVG,
corresponding to a-helical region of the 84th to 100th amino acid
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of bovine a-lactalbumin. Alternatively, AK16 consists of Ac-YGAA-
KAAAAKAAAAKA-NH2.

THEORY

Statistical analysis of helix–coil transitions induced by denaturant
Treatment by Doi14 can be extended to include the effects of
denaturation by denaturants. We assumed that the denaturant mole-
cules only bind to the coil of the polypeptide and that the surface of
the helix becomes unavailable for binding.

For each coiled portion of n peptide units (residues), the
statistical weight between the start point r and the end point r¢ can
be expressed as

Gcðr � r 0; n;mÞ ¼ pn
m

� �
qmHcðr � r 0; nÞ ð1Þ

with

Hcðr; nÞ ¼ exp

�
� Dg

kBT
n

��
2pnb2

3

��3=2

expð� 3r2

2nb2
Þ ð2Þ

where m is the number of residues that are attached to denaturant
molecules, p is the maximum number of attached denaturant mole-
cules per residue, q is the partition function, which is dependent on
the internal degree of freedom of denaturant molecules attached to
a residue, b is the effective bond length of the residue, Dg is the
difference in the free energy of the coiled and helical portion
of the residue (which implies that all free energies are measured
from the complete helix state), kB is the Boltzmann constant and T is
the absolute temperature.

For the helical portion of n peptide units, the statistical weight
between point r and point r¢ can be expressed as

Ghðr � r 0; nÞ ¼ dðjr � r 0j � naÞ
4pn2a2

ð3Þ

where a is the length of the bond projected onto the helical axis.
We assumed that both ends of the peptide were in the coiled state;

thus, the statistical weight of the system, which consists of N peptide
units and end-to-end vector R, can be written as

QðR;N; lÞ ¼
Z

d3r1dn1

Xn1

m1¼0

pn1

m1

� �
ðqlÞm1 Hcðr1; n1Þ

+n2

ZZ
d3r1dn1d3r2dn2

Xn1

m1¼0

pn1

m1

� �
ðqlÞm1 Hcðr1; n1Þ

�Ghðr2; n2Þ�
Xn3

m3¼0

pn3

m3

� �
qlð Þm3 Hcðr3; n3Þ

+ � � � ¼
X1
i¼0

n2i

Z
d3r1dn1 � � �

Z
d3r2idn2ið1+qlÞpðn1+n3+��+n2i+1ÞQ1

ð4Þ
with

Q1 ¼ Hcðr1; n1ÞGhðr2; n2Þ � �Hcðr2i+1; n2i+1Þ ð5Þ
where v is the statistical weight of the boundary between the random
coil sequences and the helix, at which there is a lack of hydrogen
bonding, and l is the absolute activity of the denaturant molecule.
The value of the parameter n was identical to that assigned to the helix
termini by Lifson and Roig.3 Because N is a large number, ni is
considered as a continuous number and can be integrated. All possible
compositions must be counted under the conditions that the total
number of peptide units is equal to N and that the length of the end-
to-end vector is equal to R. To avoid this complication, Laplace
transforms and Fourier transforms were conducted on N and R,

respectively.

Q̂ðk;o; lÞ ¼
Z1

0

dSe�oS

Z
QðR; S; lÞe�ikRd3R

¼ Gcðk;o; lÞ
1� n2Gcðk;o; lÞGhðk;oÞ

ð6Þ

with

Gcðk;o; lÞ ¼ ðo+E+
b2k2

6
Þ�1 ð7Þ

Ghðk;oÞ ¼ �
1

2ika
ln

io+ka

io� ka
ð8Þ

E ¼ E0 � p lnð1+qlÞ ð9Þ

E0 ¼
Dg

kBT
ð10Þ

l ¼ b
qs

C 0; b ¼ Mw

103gMs
ð11Þ

E is the reduced free energy difference between the coiled and helix
portion of the residue, and E0 is the E-value of the residue in the
absence of the denaturant. qs is the partition function originating from
the internal degree of freedom of the denaturant molecule in solution,
Mw and Ms are the molecular weight of water and the denaturant,
respectively, and g (g l�1) and C¢ (mg l�1) are the density of the
solution and the concentration of solute, respectively.16

Thus, the statistical weight of a system composed of N peptide units
can be obtained by reverse transforming Equation (6).

^̂Qðk;N; lÞ ¼ 1

2pi

Zd+i1

d�i1

eoN Q̂ðk;o; lÞdo

¼
Z

QðR;N; lÞe�ikRd3R

¼ XðN; lÞð1� k2

6
oR2ðN; lÞ4+ � �Þ

ð12Þ

where d is a real number that is larger than the real part in any pole of
Q̂(k, o, l) in the o plane. The grand partition function X(N, l) of a
system composed of N units can be expressed as

XðN; lÞ ¼ ^̂Qðk ¼ 0;N; lÞ

¼ 1

2pi

I
C

eoN Q̂ðk ¼ 0;o; lÞdo
ð13Þ

The integral in Equation (12) transforms into the contour integral,
including the poles. The contour of the integral of C is shown in
Figure 1:

XðN; lÞ ¼ o+eo+N � o�eo�N

o+ � o�
ð14Þ

with

o� ¼
�E�

ffiffiffiffiffiffiffiffiffiffiffiffiffi
E2+4n2
p

2
ð15Þ

Our parameters correspond approximately to the Zimm–Bragg para-
meters and the Lifson–Roig parameters:1,3,4

eE ¼ s ¼ w

1+n
ð16Þ
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s ¼ n2

ð1+nÞ4
ð17Þ

where s and s are the helix propagation parameter and the helix
nucleation parameter, respectively, and w is a parameter of the Lifson–
Roig model and is a weight assigned to helical residues in the interior
of the helix.

We refer to the quantity ql as the denaturant molarity. According
to its definition, we can transform Equation (11) into the following
expression:

ql ¼ ZC ð18Þ
where C is the denaturant molarity and Z is the coefficient of C, which
can be expressed as

C ¼ C 0

103Ms
ð19Þ

Z ¼ MW

g
q

qs
ð20Þ

The dependence of the helical structure on the molarity of the
denaturant can be used to quantify the effects of the denaturant
on the unfolding of the helix. The reduced free energy, E, was
calculated according to Equation (9) and is plotted in Figure 2 as a
function of the denaturant molarity at various values of p. The value
of E in the transition range decreased almost linearly as the value of C
increased.

Average quantities
Ratio of peptides in the helix state: fH. Based on Equation (14), fH was
obtained from the following equation:

fH ¼1+
1

N

q lnX
qE

¼ 1

2
ð1+

Effiffiffiffiffiffiffiffiffiffiffiffiffi
E2+4n2
p Þ +

1

2NA
�½�1+e�ðo+�o�ÞN

+ 1+ 1+2No�ð Þe�ðo+�o�ÞN
n o
� Effiffiffiffiffiffiffiffiffiffiffiffiffi

E2+4n2
p � � E

NðE2+4n2Þ

ð21Þ

with

A ¼ o+ � o��e�ðo+�o�ÞN ð22Þ

Average number of units in the helix state: iH. Based on Equation
(14), iH was obtained from the following equation:

iH ¼
q lnX
q ln n2

¼ n2ffiffiffiffiffiffiffiffiffiffiffiffiffi
E2+4n2
p

�
�

N+
1

A
f1+ð1+2No�Þe�ðo+�o�ÞNg � 2ffiffiffiffiffiffiffiffiffiffiffiffiffi

E2+4n2
p

� ð23Þ

Mean square end-to-end distance of a peptide: /R2S. Based on
Equation (14), /R2S was obtained from the following equation:

/RðNÞ2S ¼ � 6

XðN; lÞ lim
k!0

qQðk;N; lÞ
qk2

¼ � 6
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where
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�G+4o� o+ � o�ð ÞD
2o+ o2
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Figure 1 Graphical representation of the contour of integral C of Equation

(13).

Figure 2 Dependence of the reduced free energy, E, on the denaturant

molarity. The numerical values were E0¼1.0 and Z¼0.27. For a and b, p¼2

and 1, respectively.
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In Figures 3–5, the following quantities are shown as a function of the
solvent molarity (C): the ratio of peptide in the helix state (Figure 3),
the average number of helix (Figure 4) and the root mean square

end-to-end distance divided by
ffiffiffiffiffiffiffiffi
Nb2
p

, x¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/RðNÞ2S/Nb2

q
(Figure 5).

The results shown in the figures clearly demonstrate that the helix
content and the average number of helix change near the transition
point, EB0. The transition becomes sharper as the number of
residues increases. This property is closely related to the fact that a
minimum is observed when the radius of gyration is plotted as a
function of solution condition.17 In a short peptide, there is zero or one
helix through out the transition process, as shown in Figure 4. The
helix moves forward or backward due to the winding and unwinding
process at both ends of the chain18 and is attacked by denaturant
molecules.

Degree of denaturant binding: /. The ratio of the number of
denaturant molecules bound to a residue can be expressed as

f ¼ 1

N

q lnX
q ln l

¼ pql
1+ql

ð1� fHÞ ð30Þ

The fraction 1–fH is the degree of residues in the random coiled state.
Although the formation of intramolecular hydrogen bonds is a
cooperative phenomena, the degree of denaturant binding is given
as the product of the coil fraction (1–fH) and the coverage of the
Langmuir isotherm. The characteristics of f in Equation (30) were
nearly identical to the results obtained by Bixon and Lifson.19 In
Figure 6, notable features of the system are revealed. For instance,
when the initial state of the peptide is helical (E040), the degree of
denaturant binding (f) produces a sigmoidal curve. Under these
conditions, f can be attributed to the coil fraction, 1–fH. Alternatively,

Figure 3 The fraction of the helix state, fH, as a function of the denaturant
molarity, C. The curves were drawn according to Equation (21). The

numerical values were n¼0.05, E0¼1.0, Z¼0.27 and p¼2. N¼20 for a,

N¼100 for b and N¼200 for c.

Figure 4 The number of helices as a function of C. The curves were drawn

according to Equation (23). The numerical values of the parameters are

identical to those in Figure 3.

Figure 5 The value of x, the root mean square end-to-end distance divided

by
ffiffiffiffiffiffiffiffiffi
Nb2
p

as a function of C, according to Equation (24). The numerical

value of b/a¼10. The values of the other parameters are identical to those

shown in Figure 3.

Figure 6 Dependence of f on the denaturant molarity. The curves were

drawn according to Equation (30). The numerical values for the parameters

are identical to those shown in Figure 3. The other numerical values for d

are n¼0.05, E0 ¼�0.10, Z¼0.27, p¼2 and N¼20.
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when the initial state of the peptide is coiled (E0o0), f demonstrates
Langmuir-type binding.

Helix fraction and number of the Lifson–Roig model
If n2 is small, Equation (17) can be approximated as

n2¼s ð31Þ
In this case, fH and iH can be approximated as

fH¼

f 1� 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f ð1� f Þ

p
Ns1=2

+ 1+
2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f ð1� f Þ

p
Ns1=2

" #(

� exp � Ns1=2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f ð1� f Þ

p
" #)

� 1+
f

1� f

� �
exp � Ns1=2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

f ð1� f Þ
p

" #( )�1

¼f 1� fð Þ 1� 2

NP
+ 1+

2

NP

� �
e�NP

� 

� 1� f +fe�NP
� 	�1

ð32Þ

and

iH¼f 1� fð Þ Ns1=2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 1� fð Þ

p � 2

 !

+f 1+ 1� 2Nf s1=2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 1� fð Þ

p
 !

exp � Ns1=2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 1� fð Þ

p
" #( )

� 1+
f

1� f

� �
exp � Ns1=2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

f ð1� f Þ
p

" #( )�1

¼f ð1� f Þ NP � 2+ 1+ 1� 2fNPð Þe�NP
� ��

� 1� f +fe�NP
� 	�1

i

ð33Þ

where

f ¼ 1

2
1+

Effiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2+4v2
p

� �
¼ 1

2
1+

ln sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln sð Þ2+4s

p
" #

ð34Þ

and

P ¼ s1=2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 1� fð Þ

p ð35Þ

Equation (32) is equal to the equation obtained by Teramoto.20

EXPERIMENTAL PROCEDURE
Circular dichroism (CD) was conducted on an UNISOKU (Unisoku Inc.,

Hirakata, Osaka, Japan) spectropolarimeter, and the C17 and AK16 peptides

were synthesized according to standard procedure (AS).

For the CD measurements, C17 and AK16 peptides were dissolved in a

mixture of 0.01 M phosphate buffer (30%) and methanol (70%). For C17 and

AK16, the pH of the buffer was set to 2.0 and 7.0, respectively, and the

measurements were conducted at –40 1C.

X-ray scattering experiments were performed on C17 at the beam line 15A

small angle installation (BL-15A) of the Photon Factory at High Energy

Acceleration Research Organization (KEK), Tsukuba, Japan. A stable beam of

photons with a wavelength of 1.50 Å was provided by a horizontally focusing

bent-crystal monochromator and a vertically focusing mirror.21 Scattering data

were obtained with a CCD-based X-ray detector (Hamamatsu Photonics K.K.,

Hamamatsu, Japan)22 and corrected for image distortion, nonuniform sensitivity

and contrast reduction with an X-ray image intensifier before the analysis.23,24

The detector was set at a distance of 1000±10 mm from the sample. The

concentration of peptides was set to 1 mg ml�1, and the temperature was

maintained at 25 1C. A 0.01 M phosphate buffer in 70% methanol at pH 2.0

was used.

ANALYSIS

According to the proposed theory, fH can be expressed as Equation
(21). The parameter E was converted into s by Equation (16), and s
was related to the denaturant concentration C:

1

s
¼ 1+ZCð Þp

s0
ð36Þ

where

s0 ¼ exp
Dg

kBT

� �
ð37Þ

Thus, E and C are directly related through s, and fH can be expressed
as a function of C.

fH can be obtained from CD observations by using the following
expression:

fH ¼
y� yC

yH � yC
ð38Þ

where y is the mean residue ellipticity at 222 nm as a function of C,
and yC and yH are the y-values of the coiled and helix state,
respectively. yC and yH are also dependent on the denaturant
concentration:25

yC ¼yC0+dcC

yH ¼yH0+dhC
ð39Þ

where yC0 and yH0 are the values of yC and yH at a denaturant
concentration of 0 M, respectively. dc and dh are constants.

The y-values were fitted to the CD data by parameter fitting.
In the fitting analysis, yC0 was set to 640 (deg cm�2 dmol�1)26 for

both peptides. yH0 was estimated from the fitting calculation, along
with s0 and Z. dc and dh were estimated from the experimental data
presented in the Results section.

A two-state equilibrium was also considered:

½N�+m0½D�!½U�m0D�K ¼ ½U�m0D�
½N�½D�m 0

ð40Þ

where [N] is the concentration of the peptide in the native state, [D] is
the concentration of the denaturant, m¢ is the number of bound
denaturant molecules to an unfolded oligopeptide, [U–m¢D] is the
concentration of unfolded denaturant-bound oligopeptide and K is
the equilibrium constant.

For this reaction, Ly was expressed according to the following
equation:

Ly ¼
LH+K½D�m

0
LU

1+K½D�m 0
ð41Þ

where LH and LU are the CD values of the native and denatured states,
respectively.

RESULTS

The CD experiments were conducted on C17 and AK16 peptides, and
the results are shown in Figures 7a and b. As shown in the figures, C17
and AK16 are present in the random coil form at high GuHCl
concentrations. The y222 values of the native and coiled states were
linearly proportional to the GuHCl concentration. The transition
curve was fitted to Equation (41), as shown in Figures 7a and b.
For C17, K¼0.04 and m¢¼5.3. Alternatively, for AK16, K¼0.0004 and
m¢¼7.6. The experimental data shown in Figures 7a and b were also
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simulated according to statistical theory (Equations 16, 21, 36 and 38).
According to Equation (38), y is considered a function of fH, and fH is
a function of C through E and s, as described in the Analysis section.
For C17, we adopted dc¼dh¼0 because the data were nearly constant
at high and low concentrations of denaturant. For AK16, we used
dc¼dh¼0.354; dc was estimated from two data points, yC0 and y value
at a denaturant concentration of 5 M, and the same value was also used
for dh. The results shown in Figures 8a and b were obtained from the
fitting curves and were calculated at various n2 and p-values. For all of
the p- and n2-values, the model provided a satisfactory fit to the
experimental data. p is the number of denaturant-attachable sites per
coiled residue and was assumed to be equal to 1 or 2, based on the
chemical structure of the peptide residue. Subsequently, the experi-
mental and theoretical values of 1/s were compared. Figure 9 shows
a plot of 1/s versus the GuHCl concentration at n2¼10�4. To estimate
the optimal n2-value, the standard deviation (D) was calculated at
various n2-values:

D ¼

ffiffiffiffiffiffiffiffiffiffiffiP
D2

i

n0

s
ð42Þ

where Di is the difference between the fitted line and the experimental
data at each concentration, and n¢ is the number of data points. In
Figure 9 (inset), D is shown as a function of n2. For AK16, D decreased
and became nearly constant when n2 was o10�3. Moreover, for C17,
D decreased when n2¼10�4. On the basis of the results described in
the literature, 10�3 to 10�4 are reasonable values for n2;20,26,27 thus,
n2¼10�4 was used in subsequent analyses. The difference between

p¼1 and p¼2 was not significant; thus, because similar results were
obtained when n2¼10�3, the data shown hereafter were obtained at
n2¼10�4. For C17, s0 was 2.4–2.6, Z was 0.14–0.34 and yH0 was
�29 000 (deg cm�2 dmol�1) when p¼1 and p¼2. For AK16, s0 was
2.6–2.8, Z was 0.09–0.26 and yH0 was �22 000 (deg cm�2 dmol�1)
when p¼1 and p¼2. In both cases, these s0 values were greater than
that (s0¼1.39) reported by Scholtz et al.12

As shown in Figure 10, fH was calculated from the fitted curve, and
the experimental data shown in Figure 8 were plotted against C for
C17 and AK16. At a GuHCl concentration of 0 M, the proportion of
the helix form of the peptide was 485%, which indicates that all of
the residues in the peptide formed a helix, except for the residues
located at the ends of the peptide. The average number of helices in
one sequence was calculated according to Equation (23), and the
results are shown in Figure 11. On the basis of the results shown in this
figure, short peptides such as C17 and AK16 do not contain plural
helices in the helix–coil transition region. Moreover, the average
number of helices was nearly zero at higher GuHCl concentrations.
With C17, the average number of helices was equal to 0.08 at a GuHCl
concentration of 3.5 M. Thus, 92% of C17 molecules were not in the
helix form under these conditions.

Radius of gyration of C17
X-ray solution scattering was performed on C17, and the radius
of gyration (Rg) was plotted against the GuHCl concentration
(Figure 12). Rg¼9.5 Å (RH) at low GuHCl concentrations, and Rg
¼12.8 Å (RU) at high GuHCl concentrations.
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Figure 7 The experimental circular dichroism results. y222 versus the guanidine hydrochloride (GuHCl) concentration. The solid line represents the fit of

Equation (41). The measurements were conducted at �40 1C in the presence of 70% methanol at pH 2.0 and 7.0 for C17 and AK16, respectively. (a) C17

and (b) AK16.
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Rg of the complete helix can be expressed by the following equation:

Rg ¼
1

N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

xi � xg

� 	2

s

¼ a

N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

i� 1

2
� N

2

� �2

vuut ¼ a

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 � 1

3

r ð43Þ

where xi is the coordinate of the i-th residue, xg is the coordinate of
the center of gyration and a is the projection length along the axis

of the residue. The results indicated that a¼1.9 Å, which is greater
than the theoretical value of the a-helix (1.5 Å).28 The calculation was
conducted at N¼17, and we assumed that all of the residues were
present in the helical form.

Rg of the coiled state (Gaussian chain) can be expressed as29

Rg ¼
ffiffiffiffi
N

6

r
b; ð44Þ

where b is the effective length per residue. These results indicated that
b¼7.6 Å. However, if the excluded volume effect is considered, the
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Figure 10 Calculated helix fractions (fH) versus the guanidine hydrochloride (GuHCl) concentration with experimentally obtained data. The fitted curves were

obtained at n2¼10�4 and p¼1 and 2. (a) C17 and (b) AK16. n (p¼1) and } (p¼2) are the fH values, which were calculated from the experimental data
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described in the Results section.
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value of b decreases. The transition from helix to coil was observed at
denaturant concentrations of 1–2 mol l�1, which coincides well with
the CD results.

DISCUSSION

The effects of the denaturant concentration on the helix–coil transition
have been treated thermodynamically by Schellman.10,11 However, in the
aforementioned derivation, intuitive treatment was implied. As shown
in this study, statistical mechanics provide a satisfactory interpreta-
tion of the dependence of the helix–coil transition on the denaturant
concentration, and detailed information was obtained.

As described in the Results section, the theoretical value of yH0

for C17 and AK16 was �29 000 (deg cm�2 dmol�1) and �22 000
(deg cm�2 dmol�1), respectively. According to Scholtz et al.,12

the value of yH0 for peptides is approximately �42 500
(deg cm�2 dmol�1). Initially, we attempted to fit the data to a yH0

value of �40 000 (deg cm�2 dmol�1); however, the simulation did not
provide satisfactory results. Indeed, the value of y for C17 is equal to
�36 000 (deg cm�2 dmol�1) in excess trifluoroethanol (unpublished
data). In this study, the experimental value of y in the absence of
GuHCl was �25 000 (deg cm�2 dmol�1) for C17 and �20 000
(deg cm�2 dmol�1) for AK16. These values remained unchanged as
the proportion of methanol increased. The saturated CD value was
solvent dependent, which suggests that the a-helix conformation may
be dependent on the solvent.

The s0 values reported by Scholtz et al.12 are lower than those
obtained in this study. Nevertheless, when the value of yH0 was set to
�42 500 (deg cm�2 dmol�1), the s0 values were nearly identical to
those obtained by Scholtz et al.;12 however, the fitting was poor.
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