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Two Different Regimes in Alcohol-Induced Coil-Helix Transition: 
Effects of 2,2,2-Trifluoroethanol on Proteins Being Either 
Independent of or Enhanced by Solvent Structural Fluctuations 
Hiroyo Ohgi,†a Hiroshi Imamura,†b Tomonari Sumi,*c Keiko Nishikawa,a,d Yoshikata Koga,e Peter 
Westh,f and Takeshi Morita*a

Inhomogeneous distribution of constituent molecules in mixed solvent has been known to give remarkable effects on the 
solute; e.g. conformational changes of biomolecules in alcohol-water mixture. We investigated general effects of 2,2,2-
trifluoroethanol (TFE) on protein/peptide in a mixture of water and TFE using melittin as a model protein. Fluctuations and 
Kirkwood-Buff integrals (KBIs) in TFE–H2O mixtures, quantitative descriptions of the inhomogeneity, were determined by 
small-angle X-ray scattering investigation and compared with those in aqueous solutions of other alcohols. The 
concentration fluctuation for the mixtures ranks as methanol < ethanol << TFE < tert-butanol < 1-propanol, indicating that 
the inhomogeneity of molecular distribution in TFE–H2O mixtures is unexpectedly comparable to those of the series of 
mono-ols. On the basis of the concentration dependence of KBI between TFE molecules, it was found that strong attraction 
between TFE molecules is not necessarily important to induce the helix conformation, which is inconsistent with the 
previously proposed mechanism. To address this issue, by combining the KBIs and the helix contents reported by 
experimental spectroscopic studies, we quantitatively evaluated the change in preferential binding parameter of TFE to 
melittin attributed to the coil-helix transition. As a result, we found two different regimes on TFE-induced helix formation. 
In the dilute concentration region of TFE below ~2 M, where the TFE molecules are not aggregated among themselves, the 
excess preferential binding of TFE to the helix occurs due to the direct interaction between them, namely independent of 
the solvent fluctuation. In higher concentrations than ~2 M, in addition to the former effect, the excess preferential binding 
is significantly enhanced by the solvent fluctuation. This scheme should be held as general cosolvent effects of TFE on 
protein/peptide.

1. Introduction
2,2,2-Trifluoroethanol (TFE) has a marked ability to induce

structural changes in various proteins and peptides in an 
aqueous solution. For instance,1 although TFE–H2O and 
ethanol–H2O mixtures have almost the same dielectric 
constant, the necessary volume fraction of TFE at which the 
solution induces α-helix in bovine β-lactoglobulin and melittin is 
less than half of that of ethanol. 

     Effects of alcohols on biomolecules have been investigated 
since the 1950s.2,3 In the 1950s, α-helical structures were 
assumed to be present naturally.2 Hence, Doty et al.2 tried to 
reproduce the α-helical configuration of proteins in a peptide 
using copoly-L-lysine-L-glutamic acid as a model peptide. They 
found 2-chloroethanol to be effective in inducing α-helix in the 
peptide. Later, Weber and Tanford4 measured structural 
transition of a protein, ribonuclease by addition of 2-
chloroethanol. It was also found that other alcohols such as 
methanol, ethanol, 1-propanol, and 1-butanol have the 
function of the α-helix induction, and the same is true for other 
organic cosolvents.5 TFE was effective in inducing α-helical 
structure in ribonuclease S-peptide, as the S-peptide undergoes 
the coil-helix transition in its binding process.6 
     The trend has changed from mimicking α-helix to 
investigating the mechanisms of proteins’ folding since the late 
1960s. To see the effect of the solvent perturbation on protein 
folding, cosolvents or cosolutes, not only TFE but also Na2SO4, 
guanidine hydrochloride, and dimethyl sulfoxide and so on were 
utilized.7,8 
     Since the 1980s, the marked ability of TFE to stabilize the α-
helix has attracted much attention. The effects of TFE on 
biomolecules were extensively investigated using a variation of 
concentration of TFE and temperature.9,10 Debates on the 
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molecular mechanisms for this effect started in the 1990s. 
Although TFE has a low dielectric constant, Hong et al. 1 pointed 
out a limitation of the explanation using such a macroscopic 
feature of TFE–H2O mixture. In the literature, the suggestion to 
explain the effect of TFE is cluster formation of TFE molecules, 
which provides a locally low polarity region to proteins and 
peptides.1 Small-angle X-ray scattering from TFE–H2O mixture 
has been interpreted in support of the clustering.1,11 Another 
proposal is based on the concept of preferential binding of TFE 
to proteins or peptides.10 Such discussion has been progressed 
further by theoretical studies.12,13 Westh and Koga have 
suggested that the effect of TFE on H2O in the lower TFE 
concentration, where TFE molecules would not form so-called 
clustering or aggregated structure, is could be responsible: H2O 
mediated enthalpic lysozyme-alcohol interaction was clarified 
to be unfavorable.14,15 Dependence of helix induction on the 
solution structure of TFE–H2O mixture at different TFE 
concentrations is still unclear because of lack of detailed 
information on solvent fluctuations, e.g., molecular aggregation 
of TFE in water. 
     Some applications of TFE–H2O mixtures have been reported. 
The effects of TFE on the formation of amyloid fibrils have been 
investigated.16,17 Intermolecular potential between protein 
molecules in aqueous TFE solution was measured using 
scattering methods.18,19 TFE was used as a model of the 
hydrophobic membrane.20,21 Understanding the characteristics 
of TFE–H2O mixtures, which provides such functional 
environment to biomolecules, is fundamentally important. In 
addition, the conformation of proteins in TFE–H2O resembles an 
intermediate prone to aggregate.19 Therefore, the study of TFE–
H2O mixtures has the potential to elucidate the mechanisms of 
aggregation. 
     Investigations focusing on TFE–H2O mixtures using molecular 
dynamics (MD) simulation,22-25 Fourier transform infrared (FTIR) 
spectroscopy and nuclear magnetic resonance (NMR)26 were 
employed to understand the structure of the mixture. It is 
reported from MD simulation that the ratio of the number of 
molecules of TFE and H2O in a sphere of 3 nm radius in 40%(v/v) 
(0.14 mole fraction of TFE, xTFE) TFE at 25 ˚C fluctuates in the 
order of nanoseconds.22 From the FTIR and NMR studies, it was 
found that hydrogen bond probability between H2O molecules 
is decreased in the concentration region of xTFE ³ 0.3, while the 
strength of the hydrogen bond appears not to change compared 
to that for the more dilute composition region at 25 ˚C.26  
     The present research attempts at investigating the effect of 
TFE as a typical example of the effect of alcohols on 
biomolecules from the viewpoint of the characteristics of TFE–
H2O mixture as a solvent. Here, we determined the 
inhomogeneity of molecular distribution of the TFE–H2O 
mixture using the small-angle scattering method. On the basis 
of the determined structural fluctuations, preferential binding 
of TFE molecules induced by the large inhomogeneity of the 
mixing state was quantitatively evaluated as the difference 
between the coil and the helix conformations of protein in the 
TFE–H2O system toward understanding TFE-induced helix 
formation of proteins and peptides. 

     Small-angle scattering method of X-rays and neutron is a 
powerful tool for evaluation of mixing state and inhomogeneity 
of molecular distribution in solution systems. The method 
provides structural information in nano and mesoscopic length 
scales complementarily to large-angle scattering,27 which gives 
microscopic information such as radial distribution function. 
Kuprin et al.11 and Hong et al.1 observed sharply increased 
scattering at TFE concentrations of 30‒40%(v/v) (xTFE = ca. 
0.096‒0.14). They interpreted the result as the existence of 
micelle-like clusters in TFE-H2O mixture in this concentration 
region. An approach to give more decisive information on the 
structural fluctuations in molecular distribution and 
aggregation has been derived using the small-angle scattering 
method.28-30 The fluctuation parameters are defined as particle 
number fluctuations,28 the Kirkwood-Buff integrals (KBIs),31 and 
density fluctuations for each component.32,33 Previously, we 
have determined the fluctuations of two-component 
systems30,33-39 and supercritical fluids.40-42 In the present 
research, to clarify the effect of TFE on biomolecules, we 
applied the small-angle scattering method to TFE–H2O mixture 
and precisely determined the KBIs. 

Figure 1. SAXS profiles (black dots) and the Ornstein-Zernike 
plots (red lines) of TFE-H2O mixtures at 25.0 ˚C in the absolute 
scale for typical TFE mole fractions at (a) xTFE = 0.09994, (b) xTFE 
= 0.1372, and (c) xTFE = 0.1857, around which concentration 
dependence of the SAXS intensities takes maximum. 
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Figure 1. SAXS profiles (black dots) and the Ornstein-Zernike plots (red lines) of TFE-H2O 

mixtures at 25.0 ˚C in the absolute scale for typical TFE mole fractions at (a) xTFE = 0.09994, (b) 

xTFE = 0.1372, and (c) xTFE = 0.1857, around which concentration dependence of the SAXS 

intensities takes maximum.
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The concept “fluctuation” is fruitful for representing an 
inhomogeneity of molecular distribution and mixing state of 
solution systems. We also use the terms “aggregation” and 
“cluster” for describing a large structural fluctuation in TFE 
solution; the fluctuation is a quantitative representation of the 
molecular distribution of solvent, cosolvent, and their 
correlations. 
     Goto and colleagues proposed the following principal 
molecular mechanism on the remarkable ability of TFE-induced 
helix formation of proteins and peptides: (1) a direct interaction 
between TFE and proteins should be stronger than that 
between the other mono-ols and the proteins,43,44 and (2) low 
polar region locally created by a larger solvent structural 
fluctuation of TFE–H2O mixtures is favorable for formation of 
the helix.1 However, it remains unclear that these mechanisms 
work collaboratively or independently. To address this issue, we 
presented a general thermodynamic description on 
conformational transition of proteins and peptides in terms of 
the excess preferential binding of TFE to the helix (versus the 
coil). The excess preferential binding is incorporated with the 
evaluated KBIs, the helix content reported by circular dichroism 
(CD) studies,43,44 and a preferential binding theory proposed by
Smith et al.45,46 The effects include the solvent fluctuation and
molecular distribution in each component. The present results
show that two different regimes are both relevant, but their
importance depends on the TFE concentration. We also
demonstrate that the molecular mechanism proposed here
represents the general cosolvent effects of TFE on peptides and
proteins.

2. Experimental
TFE (Fluorochem Ltd, UK, 99%) was used as supplied. The

sample solutions were gravimetrically prepared by mixing the 
ultrapure water of Milli-Q system (EMD Millipore, MA). 
2.1 SAXS. 

SAXS measurements were carried out using laboratory X-
ray source and synchrotron radiation to carefully check the 
repeatability and traceability of the scattering measurements. 
The results of SAXS data were reproduced with each other in 
the error of less than 5%.47 The scattering profiles were 
converted to the absolute scale on the basis of the zero-angle 
scattering intensity of liquid water.34,48 

The laboratory SAXS apparatus was equipped with a Kratky 
camera, SAXSess (Anton Paar, Graz, Austria), under 40 kV tube 
voltage and 50 mA tube current. The line collimated X-rays of 
Cu Kα radiation (1.542 Å in wavelength) were used as the probe. 
An imaging plate (IP) (FUJIFILM, 100 μm × 100 μm per pixel) 
was used for the scattering detector. The distance from the 
sample to the detector was set at 264.5 mm. The sample 
solutions were set in a quartz capillary with an inner diameter 
of 0.98 mm. The X-ray path was evacuated to minimize parasitic 
scattering from the air. The temperature of the sample was 
controlled at 25.0 ± 0.1 ˚C. The exposure time was set at 15 min. 
The IP recording the scattering signals was scanned using an IP 
reader, Cyclone scanner (PerkinElmer, Inc.), at 3 min after the 

end of each exposure. The image data was integrated to create 
a 1-dimensional profile using ImageJ49 (Wayne Rasband at 
National, Institute of Health, Bethesda, MD) with the macros in 
Utah SAXS Tools50 (developed by David P. Goldenberg at 
University of Utah, UT). The absorption of the sample solutions 
was calculated and corrected by the theoretical mass-
absorption coefficients;51,52 the protocol was detailed in 
reference 47. The profile was desmeared using Utah SAXS Tools, 
by which Lake’s method for desmearing the profiles was 
applied.53 

Figure 2. Zero-angle scattering intensity, I(0)/V of TFE–H2O at 25 
˚C (this work). For comparison between TFE and other mono-ols 
studied previously, the concentration dependences of I(0)/V for 
aqueous solutions of five alcohols are also shown: methanol–
H2O at 25 ˚C,39 ethanol–H2O at 20 ˚C,36 2-propanol–H2O at 20 
˚C,35 1-propanol–H2O at 20 ˚C,35 and TBA–H2O at 20 ˚C.34 xalcohol 
represents the mole fraction of alcohols. 
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Figure 2. Zero-angle scattering intensity, I(0)/V of TFE-H2O at 25 ˚C (this work). For 

comparison between TFE and other mono-ols studied previously, the concentration dependences

of I(0)/V for aqueous solutions of five alcohols are also shown: methanol-H2O at 25 ˚C,39

ethanol-H2O at 20 ˚C,36 2-propanol-H2O at 20 ˚C,35 1-propanol-H2O at 20 ˚C,35 and TBA-H2O at 

20 ˚C.34 xalcohol represents the mole fraction of alcohols.
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Synchrotron SAXS measurements were performed using 
the synchrotron radiation at the BL-10C station54 of the Photon 
Factory (PF) at the High Energy Accelerator Research 
Organization (KEK), Tsukuba. Point collimated X-rays were 
focused and monochromated using a bent mirror and a bent 
monochromator. The wavelength of X-rays was set at 1.488 Å. 
The SAXS signals were acquired using a two-dimensional 
semiconductor-type detector, PILATUS 300KW or 2M, (DECTRIS 
Ltd.). The intensity of the incident and transmitted X-rays was 
monitored using an ionization chamber placed before and after 
the sample holder. The distance from the sample to the 
detector was dually set at 1050 or 2010 mm, which was 
determined using the diffraction pattern of silver behenate, 
AgBh, for checking the traceability of the data. The sample 
solutions were set in a standard cell at the beamline station with 
quartz windows. The sample temperature was controlled at 
25.0 ± 0.1˚C. The exposure time was set at 1, 2, 4, or 15 min, 
depending on the scattering intensity of the sample solutions 
with various concentrations. 
2.2 Density and Partial Molar Volume. 

The density of the mixture, ρm (in unit of g cm–3), was 
determined by DMA4500 density/specific 
gravity/concentration meter (Anton Paar), with an oscillating U-
tube. The calibration was performed using the density of air and 
water every day before the measurements. The temperature 
was kept at 25.00 ± 0.03 ˚C. The uncertainty in density is 
estimated as ± 0.00005 g cm-3 according to the specification of 
the instrument. Partial molar volumes of TFE, vTFE, and water, 
vW, in the mixtures were evaluated from the derivatives of the 
determined molar volume. The values of vTFE and vW were used 
for calculation of the particle fluctuation parameters according 
to the Bhatia-Thornton theory.28 All the data including the SAXS 
and the densities are available in references 47 and 55. 

3. Results and discussion
3.1 Fluctuation parameters. 

3.1.1 Zero-angle scattering intensity 

Figures 1 (a-1), (b-1), and (c-1) show scattering profiles in 
the absolute scale of TFE–H2O mixtures for xTFE = 0.09994, 
0.1372, and 0.1857, around which sharp increases of the SAXS 
profiles were observed as s decreases. The intense SAXS 
qualitatively shows the large structural fluctuation of the 
molecular distribution of the mixtures. Extrapolation to zero-
angle of the SAXS profiles was performed to obtain the zero-
angle scattering intensity, I(0), using the Lorentz-type function, 
considering the inhomogeneous structure in molecular 
distribution and corresponding to large forward scattering. 
Therefore, we applied the Ornstein-Zernike equation to analyze 
the present data. The Ornstein-Zernike equation is represented 
as follows:56 

𝐼(𝑠) = &(')
()*+,+

 ,                                   (1) 

Figure 3. Concentration dependences of the concentration 
fluctuations for TFE–H2O mixtures at 25 ˚C. The fluctuation 
parameter for aqueous solutions of mono-ols is also shown for 
methanol-H2O at 25 ˚C (obtained with vapor pressure 
measurement),38 ethanol–H2O at 20 ˚C,36 1-propanol–H2O at 20 
˚C,35 and TBA–H2O at 20 ˚C.34 Horizontal axis, xalcohol, represents 
the mole fraction of alcohols. For methanol, SCC(0) obtained by 
vapor pressure measurement were shown due to the extremely 
small fluctuation, namely derivative of chemical potential 
obtained by vapor pressure measurements, which takes great 
advantage compared to the SAXS method.57 xalcohol represents 
the mole fraction of alcohols. 
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where ξ is the Ornstein-Zernike correlation length and s is the 
scattering parameter defined as 4πsinθ/λ (2θ: scattering angle, 
l: the wavelength of the X-rays). Eq.(1) can be rewritten as: 

(
&	(,)

= (
&(')

+ *+

&(')
𝑠/. (2) 

Eq.(2), the Ornstein-Zernike plot, was applied to examine the 
extrapolation by fitting procedure. The s range for the fitting is 
0.03 < s < 0.2 Å-1 for xTFE = 0.09994 and 0.1372, and 0.04 < s < 
0.2 Å-1 for xTFE = 0.1857. The validity of the extrapolation was 
confirmed in reference 47. As represented by Eq.(2), the plot of 
I (s)-1 against s2 gives I(0). Figures 1 (a-2), (b-2), and (c-2) show 
the Ornstein-Zernike plot for the same samples as indicated in 
Figures 1 (a-1), (b-1), and (c-1) in the absolute scale. 

I(0) in units of cm-1 was converted into I(0)/V in e.u. cm-3, 
according to I(0)/V = I(0)/be2, where be is the electron scattering 
length (2.81794´10-13 cm); e.u. indicates electron unit. Figure 2 
shows the I(0)/V at 25 ̊ C against a mole fraction of TFE, xTFE. The 
I(0)/V values are listed in reference 47. The concentration 
dependence gives the maximum around at xTFE = 0.14 
(40%(v/v)). These results for the maxima were consistent with 
the previous SAXS analyses with the use of the averaged 
intensities at s = 0.1–0.3 Å-1 in the literature.1 The I(0)/V values 
for aqueous solutions of mono-ols studied previously34-36,39 are 
also shown in Figure 2. The SAXS measurements for aqueous 
solutions of ethanol, 1-propanol (1P), 2-propanol, and tert-
butanol (TBA) were performed at 20 ̊ C.34-36 To take into account 
the difference in the temperature, we have measured the SAXS 
of the TFE aqueous solutions with xTFE = 0.20 at 25.0 and 20.0 ˚C 
in the same experimental condition. The I(0)/V measured at 
25.0 ˚C was 12.81 × 1023 e.u. cm-3 compatible with 13.35 × 1023 
e.u. cm-3 at 20.0 ˚C. The difference was estimated to be 0.54 × 
1023 e.u. cm-3, which is 4.2% of 12.81 × 1023 e.u. cm-3. As 
mentioned in the literature,1 SAXS intensity of TFE is much 
higher than that of ethanol and slightly higher than that of 1-
propanol. As shown in Figure 2, it was clearly observed that the 
hydrophobicity of alcohol molecules shifts the alcohol 
concentrations taking the maximum of I(0)/V toward the dilute 
concentration region. This tendency has also been reported in 
the data of concentration fluctuation.36 We note that, by 1-
propanol (1P)-probing methodology, TFE is more hydrophobic 
than 1P and is hydrophobic nearly similar to TBA;55,57 the 1P-
probing methodology determines the hydrophobicity of a 
solute in its aqueous solutions in dilute region, defined as 
Mixing Scheme I, where the solute does not form aggregation 
structure with each other and parameters such as the hydration 
number of water molecules around the solute are evaluated.57 

On the other hand, in the previous SAXS study, the 
hydrophobicity is characterized as the low-concentration shift 
of the maximum of I(0)/V. As discussed later, the I(0)/V in the 
SAXS method includes the difference and the contrast in 
electron density of the system and thus more detailed 
investigations, i.e., concentration fluctuation and Kirkwood and 
Buff integrals (KBIs), are required (see below).
3.1.2 Particle number fluctuations.

 

We determined the concentration fluctuation, SCC(0) = 
𝑁1<(∆xalcohol)2>, density fluctuation, SNN(0) = <(∆N)2>/𝑁1, and their 
cross term, SNC(0) = <(∆N)(∆xalcohol)>, where 𝑁1, ∆N, and ∆xalcohol 
are the mean value of the number of particles, local deviation 
from the mean value of the number of particles and that of mole 
fraction of alcohol, respectively, by combining I(0)/V, ρm, vTFE, 
vW, and isothermal compressibility, κT. < > indicates averaging. 
The procedure was carried out using the structure factors, 
SCC(s), SNN(s), and SNC(s), on the basis of the Bhatia and Thornton 
theory:28 

𝐼(𝑠) = 𝑁1𝐼e2∆𝑓/𝑆CC(𝑠) + 𝑓̅/𝑆NN(𝑠) + 2𝑓∆̅𝑓𝑆NC(𝑠)8,                (3) 

where f is the atomic scattering factor in the case of X-ray 
scattering. The expression ∆  of ∆𝑓  and 999  of 𝑓̅  indicate the 
difference in f between the components and the mean value of 
f in the system, respectively. For the X-ray scattering in s → 
0,28,58  f is approximated to be Z, the total number of electrons: 

𝐼(0) = 𝑁1𝐼;[∆𝑍/𝑆CC(0) + 𝑍̅/𝑆NN(0) + 2𝑍̅∆𝑍𝑆NC(0)],              (4) 

where Z is the number of electrons in a particle. According to 
the Bhatia-Thornton theory, the particle number fluctuations 
for s → 0 are evaluated using the zero-angle X-ray scattering 
intensities together with the thermodynamic quantities of vi 
and κT as:28,58 

𝐼(0)/𝑁1 = @𝑥B𝑍B + 𝑥C𝑍CD
/ E1
F
𝑘H𝑇𝜅K + L@𝑥B𝑍B + 𝑥C𝑍CD ∙ @𝑣B − 𝑣CD

E1
F
−

																				@𝑍B − 𝑍CDP
/
𝑆CC(0),  (5) 

Figure 4. Concentration dependences of the Kirkwood-Buff 
integrals, GTFE-TFE (circle), GW-W (diamond), and GTFE-W (square), 
in TFE–H2O mixture at 25 ˚C. 
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where x is the concentration in mole fraction and the subscripts 
i and j indicate component i and j, respectively. The values of 
SAXS intensities and thermodynamic quantities are listed in 
reference 47. The values of κT for TFE–H2O mixtures have been 
reported by Matsuo et al.59 The values of these quantities at the 
same concentrations as those for the SAXS measurements were 
obtained by interpolation. Figure 3 shows the determined 
concentration fluctuations for TFE-H2O mixtures. The values of 
the fluctuation parameters are tabulated in reference 47.  

Figure 5. Comparison of the Kirkwood-Buff integrals in TFE–H2O 
mixture with the values reported in the literature. Dashed 
curves show the data reported by Blandamer et al. at 25 ˚C.60 
Solid curves without marker indicate the data reported by 
Chitra and Smith at 27 ˚C.61 

We compared each of the three fluctuations for TFE to those for 
other mono-ols studied previously.34-36,39 It is interesting that 
the fluctuations of TFE are smaller than those of 1P, though 
I(0)/V of TFE is larger than the value for 1P, as shown in Figure 
2. It was previously suggested that TFE formed the large cluster
in TFE–H2O.1,11 However, the large SAXS intensity from TFE–H2O
is caused not only by the aggregation of TFE molecules but also
by the higher electron density of TFE molecule. Comparing
I(0)/V with the fluctuation parameters for TFE and other mono-
ols indicates that only the SAXS intensity does not give the
decisive information on the inhomogeneity in molecular
distribution of the mixtures. Our analysis of the fluctuation
parameters, instead of I(0)/V, revealed that the concentration
fluctuation ranks as methanol < ethanol << TFE < TBA < 1P: the
inhomogeneity of molecular distribution in the TFE aqueous
solution is unexpectedly comparable to those of aqueous
solutions of the series of mono-ols.
3.1.3 Kirkwood-Buff integrals.

The Kirkwood and Buff integrals (KBIs) is defined as,31 

𝐺BC = ∫ 2𝑔BC(𝑟) − 184π𝑟/d𝑟
∞

' , (6) 

where gij(r) is the two-body pair distribution function. The 
meaning of the KBIs is the excess number of distributed 
particles around one particle in comparison with the mean 
distribution. For example, Gij means the excess number from 
the mean value of particles of component j distributed around 
a particle of component i, including both the inhomogeneity in 
mixing state and aggregation. The KBIs are calculated from 
SNN(0), SCC(0) and SNC(0) on the basis of the following 
equations.30 

𝐺BB =
F
E1 Y

(
Z[
+ \𝑥B/𝑆]](0) + 2𝑥B𝑆]^(0) + 𝑆^^(0) − 𝑥B𝑥C_ − 1`   (7-1) 

𝐺CC =
F
E1 Y

(
Za
+ \𝑥C/𝑆]](0) + 2𝑥C𝑆]^(0) + 𝑆^^(0) − 𝑥B𝑥C_ − 1`   (7-2) 

𝐺BC =
F
E1 Y

(
Z[Za

\𝑥B𝑥C𝑆]](0) + (𝑥C − 𝑥B)𝑆]^(0) + 𝑆^^(0)_`.       (7-3) 

The KBIs of GTFE-TFE, GTFE-W, and GW-W were calculated from the 
determined particle number fluctuations, where the subscripts 
of W and TFE represent the component of water and TFE, 
respectively. Figure 4 shows the concentration dependences of 
GTFE-TFE, GTFE-W, and GW-W. The values of KBIs are listed in 
reference 47. GTFE-TFE was found to have a sharp peak at xTFE ~ 
0.1, showing that inhomogeneity of TFE around a TFE molecule 
is radically enhanced at xTFE ~ 0.1. The large inhomogeneity in 
molecular distribution is interpreted as the result of the 
interaction between the respective molecules. GW-W was 
evaluated to be also positive, indicating that H2O molecules 
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likely interact with H2O than TFE molecules. The negative GTFE-W 
value means that a lesser amount of H2O molecules are found 
around a TFE molecule than in random distribution. The 
concentration dependence shows that GW-W is enhanced in the 
higher concentration region than the region in which GTFE-TFE is 
enhanced. 

Figure 5 shows a comparison of GTFE-TFE, GW-W, and GTFE-W 
with literature values,60,61 which were obtained using 
thermodynamic calculations including vapor pressure, 
combined with fitting functions. For GTFE-TFE, the present result 
does not show good agreement with the literature values 
ranging 0 < xTFE < 0.3, especially around at xTFE = 0.14 taking the 
maximum of GTFE-TFE, while these values show excellent 
agreement with each other in the concentrated region above 
xTFE = 0.4.  We think that the deviation could be caused by 
difference in evaluation procedure, namely thermodynamic 
calculation combined with fitting functions vs. the scattering 
method (direct analysis). We understand that the former takes 
advantage in the region of small structural fluctuation of the 
solutions. The latter directly provides KBIs on the basis of the 
fluctuation parameters, as represented by Eq. (7). As mentioned 
above, the evaluation of fluctuation parameters for the 
aqueous solution of methanol by thermodynamic calculation 
was much better than that by scattering method, as discussed 
in the caption of Figure 3. The departure becomes more 
significant in the state having large fluctuations. Therefore, in 
the concentration range of 0 < xTFE < 0.3, we think that GTFE-TFE 

by the present SAXS method was superior to the literature 
values. For GW-W and GTFE-W, the present results are basically 
consistent with the literature values by Blandamer et al.60 and 
Chitra and Smith.61 They have utilized thermodynamic methods, 
which require differentiation to obtain the second derivative 
quantity of Gibbs energy. We suggest that this could result in an 
analytical error, especially in a region showing strong 
concentration dependence of Gibbs energy change.57 In the 
method using small-angle scattering, on the other hand, error 
becomes smaller as scattering intensity becomes larger, hence 
the more accurate results will be available in the concentration 
range with the larger structural fluctuations. The present study 
for the first time determined the KBIs for TFE–H2O by the 
scattering method. We also point out that the scattering 
method will include relatively larger uncertainty in evaluation of 
KBIs of the samples in the concentration region with lesser SAXS 
intensity. Therefore, thermodynamic methods will be better 
under such situations.57 

3.1.4 Density fluctuation for each component. 

Density fluctuation for each component in the mixture is 
given by ρiGij for i = j as:32 

〈(cE[)+〉
E1[

= 𝜌B𝐺BB + 1 (8-1) 

〈(cEa)+〉
E1a

= 𝜌C𝐺CC + 1 (8-2) 

and for i ≠ j the same quantities can be written as, 

〈(c][)(c]a)〉
E1[

= 𝜌C𝐺BC (9-1) 

〈(c][)(c]a)〉
E1a

= 𝜌B𝐺BC (9-2) 

where ρi and ρj are the mean number density of components i 
and j, respectively. 𝑁1B and 𝑁1C  are the mean number of particles 
of components i and j within the concerned volume. ΔNi and ΔNj 
are the local deviations of the number of particles of 
components i and j from the mean value. Figure 6 shows the 
density fluctuation for each component in TFE–H2O mixtures. 
The values are listed in reference 47. The density fluctuation in 
TFE shows a maximum at xTFE ~ 0.12 while that of H2O is at xTFE 
~ 0.2. Density fluctuation in H2O is larger than that of TFE. This 
is because of the difference in the volume of each molecule (van 
der Waals volumes are 21 Å3 for H2O and 66 Å3 for TFE62 using 
MOPAC developed by James Stewart). One TFE molecule 
pushes out more than one H2O molecule because the volume of 
a TFE molecule is larger. Therefore, the fluctuation in TFE 
molecules propagates to larger density fluctuation in H2O. 

3.2 Relation between the KBIs and the helix induction of melittin. 

Here, we delineate the relationship between the structural 
change in a protein and the fluctuation parameters given above. 
We chose melittin, which is a peptide in bee venom, was chosen 
as a model peptide/protein because structural changes of 
melittin induced by the addition of alcohols were investigated 
for a series of mono-ols.43,44 In addition, the tetramer of melittin 
is transformed into monomers with a coil conformation in neat 
water without salts and at the natural pH.44 In the presence of 
TFE, the melittin is stable as a monomer with a helix 
conformation. Here, we employed GAA, i.e., the KBI of alcohol-
alcohol molecules, because it was expected to be the 
fluctuation parameter well correlated with the structure change 

Figure 6. Density fluctuations for each component in TFE–H2O 
at 25 ˚C, ρTFEGTFE-TFE +1 (circle), ρWGW-W +1 (diamond), ρTFEGTFE-W 
(square), and ρWGTFE-W (triangle). 
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of proteins and peptides. The investigation of the coil-helix 
transition of melittin in the presence of TFE will clarify the 
transition. Although we focus on the discussion based on the 
coil-helix transition of melittin induced by TFE, the comparison 
between the structural change in melittin with the parameters 
is closely related to the general understanding of the structural 
transition induced by mono-ols. 

Figure 7 shows the α-helix contents of melittin in various 
alcohol aqueous solutions43,44 together with GAA.34-36 The 
subscript A represents the given alcohol. On inspection of Figure 
7, it is suggested that alcohol with the stronger hydrophobicity 
range. To see this trend more clearly, the ordinate values at a 
half of total variations of molar ellipticities at 222 nm, –[θ]222, 

Figure 7. α-Helix contents of melittin in various alcohol aqueous 
solutions evaluated with CD spectroscopy at 20 ˚C and the 
Kirkwood-Buff integral GAA of the alcohol aqueous solutions. 
These alcohols are (a) ethanol, (b) 1-propanol, (c) tert-butanol 
(TBA), and (d) TFE. The solid lines with marker represent α-helix 
contents of melittin. The red and solid circles indicate GAA. The 
gray crosses represent the midpoints of denaturation. The CD 
data were taken from the literature.43,44 The GAA data were 
taken for ethanol,36 1-propanol,35 and TBA.34 Concentration in 
mole fraction was converted into that in molar (M) using 
volumetric data reported in literature for ethanol,70 1-
propanol,70 and TBA.71 

seems to induce the helix conformation more sharply and that 
the induction is observed at the lower alcohol concentration 
were set as the midpoint of denaturation for each panel, as 
represented by the gray cross in the figure: the midpoint means 
50% in the conversion. The concentrations of alcohol at the 
midpoints indicate the efficiency of alcohol on the induction of 
structural change. In terms of this, the ranking would be ethanol 
< 1P < TBA < TFE. Furthermore, the previous study suggested 
that cluster formation of alcohols is responsible for the 
denaturation of biomolecules.1 However, as shown in Figure 7, 
the conformational change of melittin was also observed in the 
concentration region without cluster formation of alcohols. 

As shown in Figures 7 b-d, the KBIs of GAA take maxima at 
the concentrations where structural changes of melittin seem 
to be almost complete. Therefore, it is suggested that the 
aggregation of alcohol molecules leads to stabilization of the α-
helical structure, which was already induced and formed by 
addition of alcohols. As shown in Figure 4, the maximum of GTFE-

TFE was determined as xTFE ~ 0.10 (~31%(v/v), ~ 4.5 M). The 
dielectric constant of TFE–H2O mixtures at this composition was 
estimated to be 64 from the literature data.1 As shown in Figure 
7d, the α-helix content of melittin in TFE–H2O mixtures at this 
concentration is observed as a plateau. On the other hand, α-
helix content of melittin in ethanol–H2O mixtures with the same 
dielectric constant corresponds to the value around at the 
midpoint. These results indicate that the stability of an α-helix 
in TFE–H2O mixtures under the state that the α-helix content 
reaches the plateau cannot be explained only by the dielectric 
constant. Hong et al., invoked enhancement of the TFE–TFE 
interaction to explain the anomalous capability of TFE in 
inducing helices. We, therefore, investigated whether the 
maximum GAA had a relation with the ability to induce helices or 
not. In terms of the value of individual mole fraction and the 
magnitude of the maximum GAA, the ranking was reordered as 
ethanol < TBA < TFE < 1P. Hence, the large values of GAA, which 
means strong attraction between alcohol molecules with each 
other, are not necessarily important to induce α-helix into 
melittin. This looks unexpectedly inconsistent with the 
previously proposed mechanism.1 To address this 
inconsistency, we further analyzed the data by applying a 
modern theory by Smith et al.45,46 (see next). 

3.3 Evaluation of difference in preferential binding between the 
coil and helix  

     To gain an understanding of the cosolvent-induced coil-helix 
transition of proteins and peptides, we quantitatively evaluated 
the difference in preferential binding of TFE to melittin between 
the coil and helix conformation. The preferential binding to a 
protein in an aqueous solution represents the property of 
competition between the interaction of cosolvent molecules to 
the protein and that of water molecules. In the case of the 
process of the addition of cosolvent, the preferential binding 
clarifies the state in exchange of solvation water molecules with 
cosolvent molecules around protein. As pointed out by Smith et 
al.,45,46 the preferential binding is an important concept for 
understanding the structural changes of proteins and peptides 
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induced by cosolvent because the effect of cosolvent on the 
excess chemical potential of biomolecules has been quantified 
on the basis of the concept of preferential binding of cosolvent 
to biomolecules. 
     We describe the procedure for evaluating the difference in 
preferential binding of cosolvent to biomolecules proposed in 
the present study. Several models for expression of difference 
in the preferential binding have been proposed.45,63,64 In the 
present study, the quantity was evaluated on the basis of the 
preferential binding parameter, 𝛤/g , proposed by Smith et 
al.45,46 For the ternary system, water, protein, and alcohol are 
defined as component 1, 2, and 3, respectively. The solution is 
considered as the infinitely dilute system in protein 
concentration. The difference in solvation free energy of 
protein, 𝜇s,/ , and that in preferential binding parameter, 𝛤/g , 
between the coil (c) and helix (h) states is defined as: 

∆𝜇s,/ ≡ 𝜇s,2h − 𝜇s,2c ,   (10) 

Δ𝛤/g ≡ 𝛤23
h − 𝛤23

c . (11) 

Hereafter, the superscripts c and h in all thermodynamic 
quantities denote the coil and the helix states, respectively. In 
the present study, we define the Gibbs energy of the coil-helix 
transition, ∆𝐺 , using two factors: the intra-molecular 
interaction free energy of the protein in a vacuum, Eintra, and the 
solvation free energy of protein in aqueous solution, 𝜇s,/ , as 
follows:65,66 

Δ𝐺 = 𝜇̅h −𝜇̅c 

= @𝐸nopqrs + 𝜇s,/
s D − @𝐸nopqrt + 𝜇s,/

t D =Δ𝐸nopqr +Δ𝜇s,/ .     (12)

𝜇9h and 𝜇9c in Eq. (12) are the standard chemical potentials of the 
helix and the coil, respectively. Smith et al. have defined the 
parameters of 𝛤/g for the helix and a33 using the KBIs and the 
number density of component i, ri, as:46 

𝛤/gs ≡ 𝜌g@𝐺/gs − 𝐺/(s D	,      (13) 

𝑎gg ≡
(

()vw(xwwyxwz)
	.     (14) 

On the basis of the definition of Eqs. (13) and (14), 𝜇9h for the 
helix is expressed by the following equation:46 

𝛽 } ~�1h

~�ovw
�
K,�

= − vw@x+w� yx+z� D
()vw(xwwyxwz)

≡ −𝛤/gs 𝑎gg	,      (15) 

where b = 1/RT (R is the gas constant and T is temperature). This 
equation provides crucial insights into cosolvent effects arising 
from the preferential binding of cosolvent to the helix: 𝜇9h 
decreases with an increase in the cosolvent density 𝜌g, 
resulting 

in stabilization of the helix if the cosolvent preferentially binds 
to the helix, namely, 𝛤/gs > 0, under a typical condition 𝑎gg > 0. 
We can attribute the cosolvent-concentration dependence of 
𝜇9 h to both the effects of the preferential binding (𝛤/gs ) and 
aggregation of cosolvent (𝑎gg). Eq. (15) can be rewritten for the 
coil state in the same manner as the helix state. Using these 
equations together with Eq. (12), the difference in the 
preferential binding, ∆𝛤/g ≡ 𝛤/gh − 𝛤/gc , is represented as: 

Δ𝛤/g = − �
�ww
} ~∆x
~�ovw

�
K,�

= −�vw
�ww

}~∆x
~vw
�
K,�

 . (16) 

As Eq. (14) defines, a33 is evaluated using the number density of 
TFE, 𝜌g, and the KBIs between the solvent components of water 
and alcohol, i.e., GW-W and GTFE-W, in the pure TFE-H2O solution. 
On the right-hand side of Eq. (16), we simply applied Δ𝐺 
obtained from the TFE concentration dependence of the helix 
content, as described below. Equation (12) gives the partial 
differentiation, 

 }~∆x
~vw
�
K,�

, as, 

}~∆x
~vw

�
K,�

= }~∆������
~vw

�
K,�

+ }~∆�s,+

~vw
�
K,�

. (17) 

Δ𝐸nopqr  is independent of solvent species and their 
concentration because Δ𝐸nopqr  involves the intramolecular 
interaction free energies for free molecules in a vacuum as 
mentioned above. Therefore, Δ𝐸nopqr  takes a constant value 
and hence the first term in the right-hand side of Eq. (17), 

 }~∆������
~vw

�
K,�

, 

is equal to zero. Thereby, we found a useful equation, 

}~∆x
~vw

�
K,�

= }~∆�s,+

~vw
�
K,�

, (18) 

indicating that the cosolvent-concentration dependence of ∆𝐺 
is attributable to that of the solvation free energy difference. 
∆𝐺  is experimentally accessible applying helix content, fh, 
according to the following relationships (see Supporting 
Information): 

Δ𝐺 = −𝑅𝑇ln ��
(y��

 .                (19) 

The helix content was determined from the mean residue ellipticity at 
222 nm, [θ]222,43,44 on the basis of the assumption of a two-state model 
in the coil-helix transition: note that the helix-coil transition theory 
such as Zimm-Bragg theory67 could be an option to determine  ∆𝐺. 
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Literature43,44 gave fh for melittin in the wide concentration 
range of alcohols. Empirically, ∆𝐺  has been established as a 
simple function of alcohol concentration, [Alcohol], (in units of 
mol/L, M) as follows.  

∆𝐺 = ∆𝐺' −𝑚[𝐴𝑙𝑐𝑜ℎ𝑜𝑙], (20) 

where ∆𝐺' is ∆𝐺 at [Alcohol] = 0 and m indicates the slope, i.e., 
the dependence of ∆𝐺 on [Alcohol]. We confirmed that some 
variation of m-value does not affect the detailed discussion of 
TFE concentration dependence of the determined Δ𝛤/g.   

3.4 Two different regimes in the excess preferential binding 
mechanism of alcohol to protein 

     We quantitatively evaluated the difference in preferential 
binding of cosolvent to melittin monomer between the coil and 
helix state, Δ𝛤/g , on the basis of the calculation procedure 
proposed above. Figure 8 shows the evaluated Δ𝛤/g together 
with 𝑎gg  parameter as a function of TFE molarity ([TFE]). For 
comparison, Δ𝛤/g  obtained by assuming 𝑎gg  =1, namely, 
obtained from an ideal homogeneous model for 𝑎gg , is also 
shown. a33 = 1 means a homogenous molecular distribution of 
water and TFE, where G33 is always equal to G31, whereas G33 
and G31 are not necessarily equal to zero. In such an ideal 
homogeneous model for alcohol-water mixture, solvent-
mediated interactions, at least, do not play a crucial role in the 
excess preferential binding of alcohol to the helix. At the 
concentrations lower than ~2 M (xTFE < ~0.04), the value of Δ
𝛤/g is comparable with Δ𝛤/g for 𝑎gg = 1 , indicating that the 
excess preferential binding of TFE to the helix is predominantly 
caused by the direct interaction between the helix and TFE, and 
has the ability to achieve the helix content larger than the 
midpoint of denaturation (Figure 7d). These findings 
demonstrate that the concentration of TFE at the midpoint 
being lower than that of the other alcohol molecules, i.e., the 
higher ability of helix induction by TFE is attributed to the 
stronger direct interactions between the helix and TFE, namely, 
both the dipole-dipole interactions and London dispersion 
forces, which should originate from the chemical nature of CF3- 
in TFE molecule.68 

On the other hand, at the concentrations higher than ~2 M 
(xTFE > ~0.04), Δ𝛤/g is always larger than Δ𝛤/g for 𝑎gg = 1 , 
indicating that, in addition to the effect of the direct interaction 
between the helix and TFE, the excess preferential binding of 
TFE is enhanced by structural fluctuation effects of TFE-H2O 
mixture. In fact, the concentration dependence of Δ𝛤/g is well 
correlated with that of 𝑎gg which should contain all the effects 
of structural fluctuation of TFE-H2O mixture on the excess 
preferential binding of TFE. As shown in Figure 8, Δ𝛤/g attained 
the maximum value at xTFE = ~ 0.2, which was close to the 
maximum of the concentration fluctuation (xTFE = ~ 0.2 (~ 7.1 
M), see Figure 3) and GTFE-TFE (xTFE = ~ 0.1 (~ 4.4 M), see Figure 
4). These observations suggest that the excess preferential 
binding of TFE is enhanced by the large structural fluctuation of 
TFE-H2O solvent due to the aggregation of TFE molecules. The 

Figure 8. Difference in the preferential binding of TFE molecule 
to melittin between the coil and helix conformation estimated 
by the preferential binding parameter proposed by Smith et 
al.45,46 The a33 parameter calculated by KBIs is also shown. We 
employed 6.0 as the m-value for melittin43 in Eq. 20. For 
comparison, Δ𝛤/g  obtained by assuming a33 = 1, namely, 
obtained from an ideal homogeneous model for a33, is also 
shown as a solid line. The values in this figure and unit 
conversion from xTFE to [TFE] (M) are given in Supporting 
Information.  

concentration at the maximum of Δ𝛤/g  shown in Figure 8 
corresponds to the concentration region for saturation of the 
helix induction by TFE, as shown in Figure 7. 
 As shown in Figure 4, GTFE-TFE has negative values or values 
around zero in the dilute region (xTFE < ~ 0.04), suggesting that 
aggregation between TFE molecules does not occur or is not 
experimentally detected in this region. This behavior 
corresponds to the concept of the Mixing Scheme I, proposed 
by Koga; a non-aggregation region between solutes in aqueous 
solutions identified in the dilute region.57 In fact, our previous 
calorimetric analysis found that the Mixing Scheme I of TFE-H2O 
is at xTFE < 0.04.55 Correspondingly, as shown in Figure 8, a33 
likely took the value larger than 1 at the TFE mole fractions < 
~0.03 (< ~1.5 M), implying that there was a possibility so that Δ
𝛤/g  became lower than Δ𝛤/g  obtained from the ideal 
homogeneous model of 𝑎gg (𝑎gg = 1). It can be said that the 
precise KBIs data obtained from the scattering method enable 
us to observe the specific and complex behavior. The details 
should be clarified by experiments focusing on the dilute region, 
Mixing Scheme I. 

3.5 Gibbs energy of coil-helix transition  

     To better understand the coil-helix transition of protein by 
addition of alcohol, we discuss alcohol-concentration 
dependence of the Gibbs energy of the coil-helix transition both 
in intramolecular interaction free energy of protein, the 
intramolecular interaction free energy of protein in a vacuum, 
and the solvation free energy of the protein based on the 
difference in the preferential binding of TFE. Figure 9 represents 
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Figure 8. Difference in preferential binding of TFE molecule to melittin between the coil and 

helix conformation estimated by the preferential binding parameter proposed by Smith et al.45,46

The a33 parameter calculated by KBIs is also shown. We employed 6.0 as the m-value for 

melittin43 in Eq. 20. For comparison, �!!" obtained by assuming a33 = 1, namely, obtained from

an ideal homogeneous model for a33, is also shown as solid line. The values in this figure and 

unit conversion between xTFE and [TFE] (M) are given in Supporting Information.
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Figure 9. Schematic representation of DG vs. TFE concentration 
for the coil-helix transition or the stability of helix conformation. 
DG[0] expresses DG under the condition in neat water. 
 
the schematic of Gibbs energy of the coil-helix transition of 
melittin. As mentioned above (Eq.(12)), ∆𝐺  depends on 𝐸intra 
and 𝜇s,/, and 𝐸intra is independent of the concentration of [TFE]. 
Thus the larger decrease of 𝜇9h compared to 𝜇9c with increasing 
[TFE] is attributed to the larger decrease of 𝜇s,2h  than 𝜇s,2c . If 𝜇s,2

h  
is more largely decreased upon adding TFE, the helix should 
preferentially bind TFE than water. This observation is 
interpreted by the stronger interactions with the part of CF3CH2- 
in TFE than water due to both the dipole-dipole interactions and 
London dispersion forces between the helix and TFE. In 
addition, since the OH in TFE interacts with water forming 
hydrogen bonds, micelle-like structures by TFE would be 
formed surrounding the helix. The detailed molecular 
mechanism for the binding of cosolvent molecules to 
biomolecules should be clarified using various kinds of 
approaches in future investigations.  
      
3.6 Relationship between the helix induction and the solution 
structure 

     Figure 10 shows the relationship between the helix induction 
by TFE and the mixing state of the aqueous solution of TFE. Our 
thermodynamic analysis revealed a relationship among 
structural fluctuations of TFE-H2O mixture, the excess 
preferential binding of TFE to the helix, as well as the 
conformational change of protein in TFE-H2O mixture. It turned 
out that, in the dilute concentration region lower than 2 M of 
TFE (xTFE < ~0.04), TFE with lack of clustering (i.e., aggregation of 
TFE molecules among themselves) is capable of inducing the 
helix (Figure 8). On the other hand, solvent fluctuation effects 
along with aggregation of TFE molecules (indicated as 𝑎gg  in 
Figure 8) enhance the stabilization of the helix in the higher 
concentration region above ~2 M of TFE (xTFE > ~0.04). At ~5 M 
(xTFE = ~0.12), where clustering of TFE molecules is the most 
favorable (GTFE-TFE takes a maximum), the helix is almost 
completely induced. The almost saturated helix induction 
cannot be explained only by the reduction of the dielectric 
constant (from 80 to ~64),1 because the helix content of melittin 
in ethanol-H2O mixture with the same dielectric constant 
corresponds to the value around at the midpoint (Figure 7). The 
feature of non-aggregation between TFE molecules 
characterized by the mixing scheme I 57,69 is consistent with the 

ideal homogeneous model of TFE-H2O mixture (𝑎gg = 1), which 
quantitatively reproduces the excess preferential binding of TFE 
to the helix.  

4. Conclusions 
     We determined the fluctuation parameters, such as particle 
number fluctuations: SCC(0), SNN(0), and SNC(0), the KBIs 
calculated by the particle number fluctuations:  GTFE-TFE, GTFE-W, 
and GW-W, and the density fluctuations of each component for 
TFE-H2O mixture using SAXS method. Previously, cluster 
formation (i.e., aggregation) of TFE in TFE-H2O mixture was 
qualitatively evaluated on the basis of an increase of the SAXS 
intensity.1,11 However, it was found that the inhomogeneity and 
the aggregation aspects of the mixture are not as strong as 
expected only from SAXS intensities.  
    In the present study, relationships between the structural 
fluctuations of TFE–H2O mixtures, the excess preferential 
binding of TFE to the helix, as well as the conformational change 
of protein in TFE–H2O mixture were investigated. By combining 
the KBIs and the helix content, we quantitatively evaluated the 
difference in preferential binding of TFE to protein between the 
coil and helix conformations, ∆𝛤/g, on the basis of the theory of 
preferential binding proposed by Smith et al.45,46 We found two 
different regimes in the excess preferential binding of TFE to the 
helix compared to the coil. In the first regime, i.e., dilute TFE 
concentration region lower than ~2M (xTFE < ~ 0.04), the excess 
preferential binding of TFE to the helix is caused predominantly 
by the direct interaction between the helix and TFE. The higher 
ability of helix induction by TFE than by the other alcohols at the 
dilute concentrations of alcohol is attributable to the stronger 
direct interactions between the helix and TFE, i.e., the dipole- 
 

Figure 10. Relationship between the helix induction of melittin 
by the addition of TFE and the mixing state of the aqueous 
solution of TFE. The concentration at ∆G = 0 is evaluated on the 
basis of the two-state model for melittin, which could depend 
on the model and the protein investigated. 
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dipole interactions and London dispersion forces, which are 
linked to the chemical nature of CF3- in TFE. In the second 
regime, i.e., the TFE concentrations higher than 2 M (xTFE > 0.04), 
in addition to the effects of strong direct interactions between 
the helix and TFE, significant structural fluctuations of TFE–H2O 
mixture enhance the excess preferential binding of TFE to the 
helix, which results in stronger stabilization of helical 
conformations. We can confirm that these conclusions do not 
depend on the m-value in Eq. (20) (see Figure 11), thus 
indicating that the mechanism presented here on alcohol-
induced helix formation is a general cosolvent effects of TFE on 
peptides and proteins (even if these molecules possess a 
different m-value). 
     The effects of structural fluctuations of alcohol-water 
mixtures on the preferential binding of alcohol molecules to 
melittin had been phenomenologically pointed out by Hong et 
al. on the basis of the correlation between the ability of helix 
induction and the aggregation of alcohol molecules in 
alcohol-water mixtures.1 On the other hand, in the present 
study, we quantified the excess preferential binding of TFE to 

Figure 11. Δ𝛤/g of TFE to various proteins/peptides between the 
coil and helix conformation obtained using varying m-value as a 
function of mole fraction xTFE. For comparison, Δ𝛤/g obtained by 
assuming a33 = 1, namely, obtained from the ideal 
homogeneous model for a33, is also shown as solid lines. (a) is 
the logarithmic graph of (b). The results provided by the m-
value of 6 are the same as those shown in Figure 8. 

the helix as Δ𝛤/g , and quantitatively demonstrated the 
relationship between Δ𝛤/g  and effects of the structural 
fluctuations of TFE–H2O mixtures on Δ𝛤/g  which is 
characterized by 𝑎gg. The approach presented here to quantify 
the change in preferential binding of cosolvent molecules to 
proteins and peptides upon conformation transitions will 
contribute to reveal the molecular mechanism of the 
preferential binding as well as to gain the deeper insight into 
conformational transition induced by cosolvent molecules. 
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