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Urea-induced equilibrium unfolding of human serum albumin (HSA) when studied by
mean residue ellipticity at 222 nm (MRE222) or intrinsic fluorescence measurements
showed a two-step, three-state transition with a stable intermediate around 4.6–5.2 M
urea. The presence of 2,2,2-trifluoroethanol (TFE) resulted in a single-step, two-state
transition with a significant shift towards higher urea concentration, suggesting the
stabilizing effect of TFE. The free energy of stabilization (DDGD

H2O) in the presence of
3.0 M TFE was determined to be 2.68 and 2.72 kcal/mol by MRE222 and fluorescence
measurements, respectively. The stabilizing potential of other alcohols on the refolding
behavior of HSA at 5.0 M urea (where the intermediate exists) as studied by MRE222

and intrinsic fluorescence measurements showed the following order: 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP) > TFE > 2-chloroethanol > tert-butanol > iso-propanol >
ethanol > methanol. Further, the extent of refolding at the highest concentration of
alcoholwas similar inall cases. The stabilizing effect ofTFEonguanidinehydrochloride
(GdnHCl)–induced unfolding of HSA was nearly equal to that found for urea denatura-
tion, as reflected in the DDGD

H2O value (2.38 kcal/mol). Taken together, these results
suggest that the stabilizing effect of TFE and other alcohols on urea/GdnHCl-induced
unfolding of HSA is higher for alcohols that contain bulky groups or fluorine atoms.
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Abbreviations: ANS, 1-anilinonaphthalene-8-sulfonate; BSA, bovine serum albumin; CD, circular dichroism;
D, denatured; GdnHCl, guanidine hydrochloride; DDGD

H2O, free energy of stabilization; HFIP, 1,1,1,3,3,3-
hexafluoroisopropanol; HSA, human serum albumin; I, intermediate; MRE, mean residue ellipticity;
N, native; TFE, 2,2,2-trifluoroethanol; UV, ultraviolet.

The structural stability of proteins is a reflection of the
overall molecular interactions among all amino acid resi-
dues. To understand the interactions governing the forma-
tion of the three-dimensional structure from the amino acid
sequence, studies have focused on the characterization of
the denatured state and unfolding/refolding intermediates
under several non-native conditions such as high ionic
strength, extremes of pH, organic solvents, temperature
variation and mild denaturing conditions (1–5). Much pro-
gress has been made in characterizing these intermediates,
which include both transient species detected in kinetic
experiments (6–11) and stable species that can exist at
equilibrium under a variety of conditions where the native
state is destabilized (1, 12–14). The folding mechanism of
multidomain proteins is more complex because of the
autonomous folding of domains and sub-domains and
their subsequent interaction to produce the native state
(15–19). Intermediates of a protein including a molten

globule can be stabilized under equilibrium conditions
in mild denaturing medium or in organic solvents such
as 2,2,2-trifluoroethanol (TFE) (1, 20–22). Alcohols
strengthen hydrogen bonding in proteins, leading to
increased a-helical content (23–25), but destabilize tertiary
structure by influencing the hydrophobic interactions
within the protein (23, 26). The effect of alcohols, particu-
larly TFE, on the conformation of several intact single-
domain proteins has been examined in comparison with
the molten globule intermediate obtained under aqueous
conditions (22, 27). These studies suggest that TFE stabi-
lizes an open-helical structure, in which the interactions
between helical segments are weak and many hydrophobic
groups are exposed to the solvent. The open-helical struc-
ture is distinct from the compact molten globule state,
which is stabilized by the weak but significant inter-
helical hydrophobic interaction (28, 29). Whether alcohols
affect multidomain proteins in a similar manner to single-
domain proteins has not been studied so far.

Human serum albumin (HSA) is a multidomain protein
and the major protein present in the human blood circula-
tion, where it functions mainly to maintain blood osmotic
pressure in addition to being the major transporter of free
fatty acids as well as other exogenous and endogenous
ligands (30). In view of the involvement of independent
folding of domains and interdomain interactions in the
folding mechanism of multidomain proteins, the effect of
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alcohols on the folding of these proteins is a matter of
interest. Here, we investigated the effect of two fluoro
alcohols, 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) and
TFE, a chloro-alcohol, 2-chloroethanol, and four alkyl alco-
hols, methanol, ethanol, iso-propanol, and tert-butanol, on
the urea-induced unfolding of HSA at pH 7.0, 25�C. This
paper describes the effect of these alcohols on the structural
stability of HSA as studied by far-UV CD, intrinsic
fluorescence and ANS fluorescence measurements.

MATERIALS AND METHODS

Materials—Human serum albumin (HSA) (essentially
fatty acid free), type A-1887; 1-anilinonaphthalene-8-sulfo-
nate (ANS), type A-3125; ultra-pure urea, type U-0631;
guanidine hydrochloride (GdnHCl), type G-7153;
1,1,1,3,3,3-hexafluoroisopropanol (HFIP), type H-8508
and 2,2,2-trifluoroethanol (TFE), type T-3182 were the pro-
ducts of Sigma Chemical Co., St. Louis, MO, USA. HSA
monomer was purified by Sephadex G-100 gel chromato-
graphy. The homogeneity of the purified preparation was
checked by polyacrylamide gel electrophoresis. Methanol,
ethanol, iso-propanol, tert-butanol and 2-chloroethanol
were of spectroscopic grade. All other reagents used were
of analytical grade.
Analytical Procedures—Protein concentration was deter-

mined spectrophotometrically on a Cecil double-beam
spectrophotometer, model CE-594, by using E1%

1cm ¼ 5:30
at 280 nm (31).

ANS concentration was determined using an extinction
coefficient of 5 · 103 M-1 cm-1 at 350 nm (32).

Concentrations of stock solutions of denaturants were
determined from the data of Warren and Gordon (33)
and Nozaki (34) for urea and GdnHCl solutions, respec-
tively, as described by Pace and Scholtz (35).
Circular Dichroism (CD) Spectroscopy—CD measure-

ments were carried out at 25�C on a Jasco spectropolari-
meter, model J-720, attached to a personal computer. A
cuvette with 1-mm path length was used in the far-UV
region. The instrument was calibrated with d-10-
camphorsulfonic acid. The temperature of the cuvette
was controlled (within –0.1�C) with an attached water
bath (Neslab, model RTE-110) by circulating water through
a jacket around the cuvette. Each spectrum was the aver-
age of four scans. Far-UV CD spectra were taken at a pro-
tein concentration of 3.0 mM. The results are expressed as
mean residue ellipticity (MRE), which is defined as:

MRE ¼ yobs=10 · n · Cp · l ð1Þ

where ‘‘yobs’’ is the observed ellipticity in millidegrees,
‘‘n’’ is the total number of amino acid residues (585),
‘‘Cp’’ is the mole fraction and ‘‘l’’ is the length of light path
in centimeters.
Fluorescence Spectroscopy—Fluorescence measure-

ments were carried out on a Shimadzu spectrofluorometer,
model RF-540, with an attached data recorder DR-3, using
a cell of 1-cm light path. The excitation wavelength was
set at 280 nm and the emission spectra were recorded in
the wavelength range of 300–400 nm. The bandwidths set
for the excitation and emission were 10 nm each. In ANS
binding studies, the fluorescence spectra were taken with a
protein concentration of 1.8 mM and using an excitation

wavelength of 380 nm. The emission was recorded either
in the wavelength range of 400–600 nm or at a fixed wave-
length of 470 nm. Appropriate blank values were sub-
tracted to obtain the net fluorescence caused by the dye
absorption.
Unfolding/Refolding Studies—Solutions for the unfold-

ing and refolding studies were prepared from stock solu-
tions of protein and denaturants (urea/GdnHCl) in 0.06 M
sodium phosphate buffer, pH 7.0. In unfolding experi-
ments, different volumes of buffer were first added to a
fixed volume of stock protein solution, then denaturant
was added to the desired concentration. A similar proce-
dure was employed in preparing the solutions for refolding
experiments, except that the protein was first denatured
by adding denaturant solution, and then diluted with buf-
fer. The final mixture for both unfolding and refolding
experiments was incubated for 12 h at 25�C before CD
and fluorescence measurements.
Analysis of Data—The pre- and post-transition base-

lines were treated by linear extrapolation (36, 37), and
the unfolding curves for the N � D transition were
normalized to the apparent fraction of the unfolded form,
FD, using Eq. 2

FD ¼ ðY –YNÞ=ðYD –YNÞ ð2Þ

where Y is the observed variable parameter, and YN and
YD are the values of the variable characteristic of the
folded and unfolded conformations, respectively. The dif-
ference in free energy between the folded and unfolded
states, DG, is given by Eq. 3

DG ¼ -RT lnKD ¼ -RT ln ½FD=ð1–FDÞ� ð3Þ

where different terms have their usual significance (38).
For the unfolding transition, N � I � D, where I is an

intermediate state, each step may be assumed to follow a
two-state mechanism. The fraction of the intermediate
state, FI in the reaction N � I, can be given as:

FI ¼ ðY –YNÞ=ðYI –YNÞ ð4Þ

where FI + FN = 1
Similarly, the fraction of the denatured state, FD in the

reaction I � D, can be given as:

FD ¼ ðY –YIÞ=ðYD –YIÞ ð5Þ

where FD + FI = 1
Values of equilibrium constant and free energy for the

above transitions can be obtained in the following way.
For the N � I transition,

KI ¼ FI=ð1 � FIÞ ð6Þ

and

DGI ¼ -RT ln KI ð7Þ

For the I � D transition

KD ¼ FD=ð1 � FDÞ ð8Þ

and

DGD ¼ �RT ln KD ð9Þ

A least-squares analysis of the data of DG as a function
of denaturant concentration [D], was used to fit the data to
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the following equation for the determination of DGH2O, the
free energy change in the absence of urea.

DG ¼ DGH2O �m½D� ð10Þ
where m is a measure of the dependence of DG on dena-
turant concentration in cal mol-1 M-1.

RESULTS

Urea-Induced Transition of HSA—Figure 1 shows the
urea-induced equilibrium unfolding of HSA as studied by
MRE and intrinsic fluorescence measurements at 222 and
340 nm, respectively. Urea-induced unfolding of HSA
showed a two-step transition from native (N) state to dena-
tured (D) state with a stable intermediate (I) state around
4.6–5.2 M urea. The first transition, showing the transfor-
mation of N state to I state, started at 2.0 M urea and was
complete at 4.5 M urea with a mid-point at 3.9 M urea. The
second transition (I � D) started at 5.2 M urea and finally
sloped off at �8.8 M urea with a mid-point at �6.6 M urea.
Similar values were obtained from intrinsic fluorescence
measurements.
Effect of TFE on the Conformational Stability of HSA—

The effect of TFE on the conformational stability of HSA
was examined by studying urea-induced denaturation of
HSA in the presence of different concentrations of TFE.
Figure 2 shows the urea-induced transition of HSA
at pH 7.0, 25�C as followed by MRE measurements at
222 nm in the absence (curve 1) and presence of increasing
concentrations of TFE (curves 2–5). The transition curves
(curves 2–5) obtained in the presence of different concen-
trations of TFE showed a single-step transition (N � D)
without an intermediate state, as compared with a two-step
transition (curve 1) in the absence of TFE. The denatura-
tion curve of HSA in the presence of increasing concentra-
tions (0.5–3.0 M) of TFE was shifted towards higher urea
concentration, as the mid-point of transition was observed
at 6.7 M urea in the presence of 3.0 M TFE as compared
with 5.6 M urea in the presence of 0.5 M TFE.

Urea denaturation curves of HSA (in the absence as
well as presence of 3.0 M TFE) were normalized assuming
a two-step transition for the former and a single-step
transition for the latter, as described in Materials and
Methods. Figure 3A shows the normalized curves thus
obtained. By assuming that the transitions shown in curves
1 and 2 of Fig. 3A both follow a two-state mechanism, the
free energy of unfolding, DGI and DGD, respectively, was
calculated as a function of urea concentration as described
in Eqs. 7 and 9. Similarly, for transition curve 3 in the pre-
sence of 3.0 M TFE, values of DGD were calculated using
Eq. 3. Figure 3B shows the variation of DG as a function
of urea concentration. A least-squares analysis was used to
fit the data to Eq. 10 to calculate DGH2O

I , DG*
D and DGH2O

D

(in the presence of TFE). The value of DG*
D represents the

value obtained from the extrapolation of DGD values to the
start of the process, I � D. Table 1 summarizes the DGH2O

values under different conditions. The DGH2O
I and m values

obtained for the first transition (N � I) were 3,510 cal/mol
and 910 cal mol-1 M-1 of urea concentration, respectively,
whereas DG*

D, the free energy change associated with the
I � D transition was found to be 1,850 cal/mol and the
m value to be 810 cal mol-1 M-1. Free energy change asso-
ciated with the N � D transition in the absence of TFE can
be obtained by summing the free energy change of the
individual steps, i.e., DGH2O

I and DG*
D. Therefore, DGH2O

total,
i.e., the free energy change associated with the transfor-
mation from N state to I state and finally to D state, was
calculated to be 5,360 cal/mol. The DGH2O

D and m values for
the N � D transition in the presence of 3.0 M TFE were
calculated to be 8,040 cal/mol and 1,190 cal mol-1 M-1,
respectively. The free energy of stabilization DDGH2O

D , i.e.,
thedifferencebetweenthe freeenergychangeofunfoldingof
HSA in the presence and absence of TFE was found to be
2,680 cal/mol.

A similar stabilizing effect of TFE was also found when
the urea-induced transition of HSA was monitored by
fluorescence measurements. Data were treated in the
same way as described above (see Table 1). Values of
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Fig. 1. Urea-induced unfolding (open circles and hexagons)
and refolding (filled circles and hexagons) of HSA in 0.06 M
sodiumphosphatebuffer,pH7.0, 25�C.The unfolding/refolding
was followed by measuring MRE at 222 nm (circles) or fluorescence
at 340 nm (hexagons) on excitation at 280 nm.
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Fig. 2. Urea-induced unfolding of HSA as followed by MRE
measurements at 222 nm at pH 7.0, 25�C in the absence (1)
and presence of 0.5 M TFE (2), 1.0 M TFE (3), 2.0 M TFE (4)
and 3.0 M TFE (5).
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DGH2O
I and DG*

D for the first and second transitions were
determined to be 3,490 and 1,850 cal/mol, respectively,
whereas the m values for the two transitions were 900
and 805 cal mol-1 M-1, respectively. DGH2O

total was calculated
to be 5,340 cal/mol. The free energy change, DGH2O

D for the
transition (N � D) in the presence of 3.0 M TFE was calcu-
lated to be 8,060 cal/mol and the m value to be 1,200 cal mol-1

M-1. Therefore, DDGH2O
D determined by fluorescence mea-

surements was 2,720 cal/mol. These results were in close
agreement with those obtained by MRE measurements.

Figure 4 shows the normalized transition curves of urea
denaturation of HSA in the absence and presence of 3.0 M

TFE, obtained by plotting FD against urea concentration,
when studied by ANS binding. Both transition curves
showed a single-step transition. However, the mid-point
of transition was shifted towards higher urea concentration
(6.7 M) in the presence of 3.0 M TFE as against 5.5 M in its
absence.
Effect of Different Alcohols on the Conformational

Stability of HSA—In view of the stabilizing effect of TFE,
the stabilizing potential of other alcohols was analyzed by
studying the refolding behavior of HSA at 5.0 M urea,
where an intermediate (I) state exists, both by MRE and
intrinsic fluorescence measurements at 222 and 340 nm,
respectively. Figure 5A shows the dependence of MRE222

value at 5.0 M urea in the absence and presence of different
alcohols (HFIP, TFE, 2-chloroethanol, tert-butanol, iso-
propanol, ethanol and methanol) on molar alcohol concen-
tration. The extent of refolding induced by all the alcohols
was found to be similar at higher alcohol concentrations,
but to differ for different alcohols at lower concentrations (<
1.0 M). The Cm values determined from Fig. 5A for different
alcohols are given in Table 2. As can be seen from Fig. 5A
and Table 2, the relative effectiveness of various alcohols in
refolding of HSA followed the series: HFIP > TFE > 2-
chloroethanol > tert-butanol > iso-propanol > ethanol >
methanol. Intrinsic fluorescence measurements gave simi-
lar results (see Fig. 5B and Table 2).
Effect of TFE on GdnHCl-Induced Transition of HSA—

The unfolding of HSA was also studied using GdnHCl as a
denaturant. The transition was found to follow a single-
step, two-state transition as monitored by measuring
MRE at 222 nm. Figure 6 shows the normalized transition
curves of HSA obtained in the absence and presence of 3.0 M
TFE as a function of GdnHCl concentration. The free
energy of unfolding, DGH2O

D , and m values were calculated
to be 5,860 cal/mol and 2,020 cal mol-1 M-1, respectively in
the absence of TFE, as compared with 8,245 cal/mol and
2,100 cal mol-1 M-1, respectively, in the presence of 3.0 M

Table 1. Values of conformational free energy of HSA obtained from analysis of CD and fluorescence data.

Probe
DGH2O

I (N � I) DG*
D (I � D) DGH2O

total (N � I � D) DGH2O
D

a (N � D) DDGH2O
D

(cal/mol) (cal/mol) (cal/mol) (cal/mol) (cal/mol)

MRE222 3,510 1,850 5,360 8,040 2,680

Fluorescenceb 3,490 1,850 5,340 8,060 2,720
aDetermined in the presence of 3.0 M TFE. bExcitation and emission wavelengths were 280 and 340 nm, respectively.
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TFE. A comparison of these values gave theDDGH2O
D value in

the presence of 3.0 M TFE as 2,385 cal/mol, which was simi-
lar to the value obtained for the urea transition of HSA.

DISCUSSION

The equilibrium denaturation of HSA by urea was found to
be completely reversible, and changes in the fluorescence
and CD signal may be described by a three-state, two-step
denaturation/renaturation model with a stable intermedi-
ate populated around 4.6–5.2 M urea. These results were in
accordance with the earlier results reported for HSA and
BSA (38–41). This intermediate retained a significant
amount of secondary structure (37%) compared to 58%
found in native protein. However, the urea-induced transi-
tion of HSA in the presence of TFE followed a two-state
mechanism without any detectable intermediate. These
data suggested the stabilization of the native state of
HSA at low TFE concentration. Earlier studies have also
shown an increase in the structural stability of many glob-
ular proteins in the presence of low concentrations of
organic solvents (42–44). A hydrophobic environment
may stabilize or even induce native-like structure in a pep-
tide chain, as is evident from the maintenance of many
native-like characteristics by lysozyme, ubiquitin and
peptide fragment of a-lactalbumin in methanol or TFE-
containing solution (22, 45, 46). Our results on TFE-
induced stabilization of HSA seem to be consistent with
earlier findings showing that a transition state of kinetic
folding is stabilized by the addition of a small amount of
TFE due to the stabilization of local hydrogen bonds if the

structural property of the transition state is closely similar
to that of the native state (47, 48). At the same time,
alcohols at higher concentrations have been reported to
denature proteins by weakening hydrophobic interactions,
but stabilize the peptide helices in proteins (49). It is diffi-
cult to say whether high concentration of TFE stabilizes the
open helical structure of HSA in the absence of denaturants
like urea or GdnHCl, as attempts to study urea denatura-
tion of HSA in the presence of higher concentrations of TFE
(> 3.0 M) failed due to the precipitation of native HSA.
However, in an earlier study, we have shown the stabiliza-
tion of the open-helical structure and loss in the asymmetry
of protein’s tertiary structure in HSA at pH 2.0 in presence
of 8.4 M TFE, suggesting the denaturation effect of TFE at
high concentration (50). Many organic solvents at low con-
centrations increase the structure of solvent water and
thus enhance hydrophobic interactions (51, 52), which
may be responsible for the stabilization of native protein
structure. Further, the low dielectric constant of TFE (com-
pared to that of pure water) favors intramolecular hydro-
gen bonding and electrostatic interactions and may also
enhance the stabilization of the folded state in TFE.
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Fig. 5. Effectofvariousalcohols
on the refolding of HSA at
5.0 M urea and at pH 7.0,
25�C as measured by MRE222

and intrinsic fluorescence. (A)
Dependence of MRE on molar alco-
hol concentration. (B) Dependence
of fluorescence intensity on molar
alcohol concentration. Alcohols
used were: HFIP (open triangles);
TFE (filled triangles); 2-
chloroethanol (open hexagons);
tert-butanol (filled squares); iso-
propanol (open squares); ethanol
(filled circles) and methanol (open
circles). The protein concentrations
were 3 mM and 1.8 mM for MRE
and fluorescence measurements,
respectively.

Table 2. Alcohol-induced refolding of HSA.

Alcohol
Cm value (M)a

MRE222 Fluorescence

Methanol 4.90 4.90

Ethanol 2.40 3.90

Iso-propanol 2.20 3.00

tert-Butanol 1.40 2.45

2-Chloroethanol 0.96 2.02

TFE 0.46 0.92

HFIP 0.16 0.40
aCalculated from the data of Fig. 5, A and B.

6420

1.0

0.8

0.6

0.4

0.2

0.0

GdnHCl (M)

F
r
a

c
ti

o
n

 D
e
n

a
tu

r
e
d
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At higher concentrations, organic solvents destabilized
hydrophobic interactions (53), and this destabilization
may be far higher than the stabilization of hydrogen
bonds and electrostatic interactions and thus account for
the denaturation of proteins. Further, the greater effective-
ness of alkyl alcohols with bulky alkyl groups compared to
those with small alkyl groups in denaturing proteins sug-
gests that hydrophobic interactions are involved in the
denaturation process, as reported earlier (54, 55). Alcohols
used in this study were found to promote refolding of the
intermediate state, which may be ascribed to the complex
folding mechanism of serum albumin involving indepen-
dent folding of domains and their subsequent interactions
to give rise to the native structure. Crystal structure has
shown that HSA is comprised of three homologous
domains, I, II and III, that assemble to form a heart-
shaped molecule. These domains are not only topologically
identical but also very similar in three-dimensional struc-
ture. Each domain can be further divided into sub-domains
‘‘a’’ and ‘‘b’’, which are composed of six (a-h1 to a-h6) and
four (b-h1 to b-h4) a-helices respectively, and thus each
domain contributes 10 principal helices joined by stretches
of extended polypeptides (56, 57). Domains I and II are
almost perpendicular to each other to form a T-shaped
assembly, whereas domain III protrudes from sub-
domain II b at an angle of about 45� to form a Y-shaped
assembly. Domain III interacts with only sub-domain II b.
Each domain retains its conformation during complex for-
mation with the ligand, except that two C-terminal helices
in domain III move towards the outside of the molecule due
to their few interactions with other parts of the molecule
(57). This probably makes domain III more labile towards
urea denaturation. Our results with TFE suggest that asso-
ciation of domain III with sub-domain II b is stronger in
presence of alcohol. HSA contains an unusually large num-
ber (seventeen) of disulfide bonds and one free sulfhydryl
group. Though the effect of TFE and other solvents on
reduced HSA is to induce helical content, none of the sol-
vent conditions restored the helicity of reduced HSA to the
native form (58). In view of the primary involvement of
domain III in the intermediate formation (38–41), it
appears that TFE mainly stabilizes domain III against
urea denaturation.

GdnHCl is considered to be a much stronger denaturant
than urea (59), although the relative effectiveness of two
denaturants depends on the nature of the protein involved
(60). The mechanism by which urea and guanidinium ion
denature proteins is not clear. Available literature suggests
that these molecules may denature proteins either directly
by binding to peptide groups and therefore weakening
internal hydrogen bonds or indirectly through changing
the structure of water’s hydrogen bond network around
hydrophobic groups and thus weakening the hydrophobic
effect in the protein molecule (61–63). Since there are more
non-interacting binding sites on the unfolded conformation
than the folded conformation, the protein unfolds and more
sites are exposed to the denaturant molecules (64, 65).
GdnHCl-induced denaturation of HSA was also stabilized
in the presence of TFE as transition was shifted to higher
GdnHCl concentration in the presence of TFE. Thus, it
appears that TFE protects the protein structure to some
extent from undergoing denaturation through an indirect
solvent effect.

Facilities provided by the Aligarh Muslim University, Aligarh
are gratefully acknowledged. Y.K and S.M were Senior
Research Fellows of the University Grants Commission,
New Delhi, India.

REFERENCES

1. Kuwajima, K. (1989) The molten globule state as a clue for
understanding the folding and cooperativity of globular pro-
teins. Proteins: Struct. Funct. Genet. 6, 87–103

2. Goto, Y., Takahashi, N., and Fink, A.L. (1990) Mechanism
of acid-induced folding of proteins. Biochemistry 29,
3480–3488

3. Dill, K.A. and Shortle, D. (1991) Denatured states of proteins.
Annu. Rev. Biochem. 60, 795–825

4. Fink, A.L., Calciano, L.J., Goto, Y., Kurotsu, T., and
Palleros, D.R. (1994) Classification of acid denaturation of
proteins: intermediates and unfolded states. Biochemistry 33,
12504–12511

5. Konno, T., Iwashita, J., and Nagayama, K. (2000) Fluorinated
alcohol, the third group of cosolvents that stabilize the
molten-globule state relative to a highly denatured state of
cytochrome c. Protein Sci. 9, 564–569

6. Roder, H. and Colon, W. (1997) Kinetic role of early
intermediates in protein folding. Curr. Opin. Struct. Biol. 7,
15–28

7. Kim, P.S. and Baldwin, R.L. (1990) Intermediates in the folding
reactions of small proteins. Annu. Rev. Biochem. 59, 631–660

8. Schmid, F.X. (1992) Kinetics of unfolding and refolding of
single-domain proteins. in Protein Folding (Creighton, T.E.,
ed.) pp. 197–241, W.H. Freeman, New York

9. Matthews, C.R. (1993) Pathways of protein folding. Annu. Rev.
Biochem. 62, 653–683

10. Evans, P.A. and Radford, S.E. (1994) Probing the structure of
folding intermediates. Curr. Opin. Struct. Biol. 4, 100–106

11. Plaxco, K.W. and Dobson, C.M. (1996) Time-resolved biophysi-
cal methods in the study of protein folding. Curr. Opin. Struct.
Biol. 6, 630–636

12. Uversky, V.N. and Ptitsyn, O.B. (1994) ‘‘Partly folded’’ state,
a new equilibrium state of protein molecules: four-state guani-
dinium chloride-induced unfolding of beta-lactamase at low
temperature. Biochemistry 33, 2782–2791

13. Dobson, C.M. (1992) Resting places on folding pathways.
Curr. Biol. 2, 343–345

14. Ptitsyn, O.B. (1995) Molten globule and protein folding.
Adv. Protein Chem. 47, 83–229

15. Goldberg, M.E. (1969) Tertiary structure of Escherichia coli
b-D-galactosidase. J. Mol. Biol. 46, 441–446

16. Wetlaufer, D.B. (1973) Nucleation, rapid folding and globular
intrachain regions in proteins. Proc. Natl Acad. Sci. USA
70, 697–701

17. Wetlaufer, D.B. (1981) Folding of protein fragments. Adv.
Protein Chem. 34, 61–92

18. Janin, J. and Wodak, S.J. (1983) Structural domains in protein
and their role in the dynamics of protein function. Prog.
Biophys. Mol. Biol. 42, 21–78

19. Jaenicke, R. (1996) Protein folding and association: in vitro
studies for self-organization and targeting in the cell. Curr.
Top. Cell Reg. 34, 209–314

20. Kuwajima, K. (1996) The molten globule state of alpha-
lactalbumin. FASEB J. 10, 102–109

21. Hughson, F.M., Wright, P.E., and Baldwin, R.L. (1990)
Structural characterization of a partly folded apomyoglobin
intermediate. Science 249, 1544–1548

22. Buck, M., Radford, S.E., and Dobson, C.M. (1993) A partially
folded state of HEWL in TFE: structural characterization and
implications for protein folding. Biochemistry 32, 669–678

23. Herskovits, T.T., Gadegbeku, B., and Jaillet, H. (1970) On the
structural stability and solvent denaturation of proteins. I.

340 Y. Kumar et al.

J. Biochem.

 at Peking U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Denaturation by the alcohols and glycols. J. Biol. Chem. 245,
2588–2598

24. Galat, A. (1985) Early stages in the trifluoroethanol-induced
unfolding of hen egg-white lysozyme and its complex with
(GlcNAc)3. Biochim. Biophys. Acta 827, 221–227

25. Nelson, J.W. and Kallenbach, N.R. (1986) Stabilization of the
ribonuclease S-peptide a-helix by trifluoroethanol solutions.
Proteins: Struct. Funct. Genet. 1, 211–217

26. Shiraki, K., Nishikawa, K., and Goto, Y. (1995)
Trifluoroethanol-induced stabilization of the alpha-helical
structure of beta-lactoglobulin: implication for non-
hierarchical protein folding. J. Mol. Biol. 245, 180–194

27. Alexandrescu, A.T., Ng, Y.L., and Dobson, C.M. (1994) Char-
acterization of a trifluoroethanol-induced partially folded state
of alpha-lactalbumin. J. Mol. Biol. 235, 587–599

28. Nishii, I., Kataoka, M., Tokunaga, F., and Goto, Y. (1994)
Cold denaturation of the molten globule states of apomyoglobin
and a profile for protein folding. Biochemistry 33, 4903–4909

29. Hagihara, Y., Tan, Y., and Goto, Y. (1994) Comparison of the
conformational stability of the molten globule and native states
of horse cytochrome c. Effects of acetylation, heat, urea and
guanidine-hydrochloride. J. Mol. Biol. 237, 336–348

30. Peters, T., Jr. (1985) Serum albumin. Adv. Protein Chem. 37,
161–245

31. Pace, C.N., Vajdos, F., Fee, L., Grimsley, G., and Gray, T. (1995)
Howtomeasureandpredict themolarabsorptioncoefficientofa
protein. Protein Sci. 4, 2411–2423

32. Mulqueen, P.M. and Kronman, M.J. (1982) Binding of
naphthalene dyes to the N and A conformers of bovine alpha-
lactalbumin. Arch. Biochem. Biophys. 215, 28–39

33. Warren, J.R. and Gordon, J.A. (1966) On the refractive indices
of aqueous solutions of urea. J. Phys. Chem. 70, 297–300

34. Nozaki, Y. (1972) The preparation of guanidine hydrochloride.
Methods Enzymol. 26, 43–50

35. Pace, C.N. and Scholtz, J.M. (1997) Measuring the conforma-
tional stability of a protein. In Protein Structure: A Practical
Approach (Creighton, T.E., ed.) pp. 299–321, Oxford University
Press, New York

36. Tanford, C. (1968) Protein denaturation. Adv. Protein Chem.
23, 121–282

37. Pace, C.N. (1986) Determination and analysis of urea and gua-
nidine hydrochloride denaturation curves. Methods Enzymol.
131, 266–280

38. Muzammil,S., Kumar,Y., and Tayyab, S. (2000) Anion-induced
stabilization of human serum albumin prevents the formation
of intermediate during urea denaturation. Proteins: Struct.
Funct. Genet. 40, 29–38

39. Khan, M.Y., Agrawal, S.K., and Hangloo, S. (1987) Urea-
induced structural transformations in bovine serum albumin.
J. Biochem. 102, 313–317

40. Ahmad, N. and Qasim, M.A. (1995) Fatty acid binding to bovine
serum albumin prevents formation of intermediate during
denaturation. Eur. J. Biochem. 227, 563–565

41. Tayyab, S., Sharma, N., and Khan, M.M. (2000) Use of domain
specific ligands to study urea-induced unfolding of
bovine serum albumin. Biochem. Biophys. Res. Commun.
277, 83–88

42. Jirgensons, B. (1967) Effects of n-propyl alcohol and detergents
on the optical rotatory dispersion of a-chymotrypsinogen,
b-casein, histone fraction F1, and soybean trypsin inhibitor.
J. Biol. Chem. 242, 912–918

43. Ohama, H., Sugiura, N., Tanaka, F., and Yagi, K. (1977) Effect
of alcohols on the structure and function of D-amino-acid
oxidase. Biochemistry 16, 126–131

44. Asakura, T., Adachi, K., and Schwartz, E. (1978) Stabilizing
effect of various organic solvents on protein. J. Biol. Chem.
253, 6423–6425

45. Stockman, B.J., Euvrard, A., and Scahill, T.A. (1993) Hetero-
nuclear three-dimensional NMR spectroscopy of a partially
denatured protein: the A-state of human ubiquitin. J. Biomol.
NMR 3, 285–296

46. Alexandrescu, A.T., Evans, P.A., Pitkeathly, M., Baum, J., and
Dobson, C.M. (1993) Structure and dynamics of the
acid-denatured molten globule state of alpha-lactalbumin: a
two-dimensional NMR study. Biochemistry 32, 1707–1718

47. Chiti, F., Taddei, N., Webster, P., Hamada, D., Flaschi, T.,
Ramponi, G., and Dobson, C.M. (1999) Acceleration of the
folding of acylphosphatase by stabilization of local secondary
structure. Nat. Struct. Biol. 6, 380–387

48. Hamada, D., Chiti, F., Guijarro, J.I., Kataoka, M., Taddei, N.,
and Dobson, C.M. (2000) Evidence concerning rate-limiting
steps in protein folding from the effects of trifluoroethanol.
Nat. Struct. Biol. 7, 58–61

49. Hermans, J., Jr. (1966) The effect of protein denaturants on the
stability of the a helix. J. Am. Chem. Soc. 88, 2418–2422

50. Kumar, Y., Tayyab, S. and Muzammil, S. (2004) Molten-globule
like partially folded states of human serum albumin induced by
fluoro and alkyl alcohols at low pH. Arch. Biochem. Biophys.
426, 3–10

51. Goldammer, E.V. and Hertz, H.G. (1970) Molecular motion and
structure of aqueous mixtures with nonelectrolytes as studied
by nuclear magnetic relaxation methods. J. Phys. Chem. 74,
3734–3755

52. Ben-Naim, A. (1980) in Hydrophobic Interaction, pp. 81-82,
Plenum Press, New York

53. Arakawa, T. and Goddette, D. (1985) The mechanism of helical
transition of proteins by organic solvents. Arch. Biochem.
Biophys. 240, 21–32

54. von Hippel,P.H.andWong,K.-Y. (1965)Onthe Conformational
StabilityofGlobularProteins.Theeffectsofvariouselectrolytes
and nonelectrolytes on the thermal ribonuclease transition.
J. Biol. Chem. 240, 3909–3923

55. Parodi, R.M., Bianchi, E., and Ciferri, A. (1973) Thermody-
namics of unfolding of lysozyme in aqueous alcohol solutions.
J. Biol. Chem. 248, 4047–4051

56. He, X.M. and Carter D.C. (1992) Atomic structure and chem-
istry of human serum albumin. Nature 358, 209–215

57. Sugio,S.,Kashima,A.,Mochizuki,S.,Noda,M., andKobayashi,
K. (1999) Crystal structure of human serum albumin at 2.5 Å
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