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Here we have generated two different denatured states using heat- and guanidinium chloride (GdmCl) -
induced denaturations of three disulfide bond free proteins (barstar, cytochrome-c and myoglobin). We
have observed that these two denatured states of barstar and myoglobin are structurally and energeti-
cally different, for, heat-induced denatured state contains many un-melted residual structure that has a
significant amount of secondary and tertiary interactions. We show that structural properties of the
denatured state determine the magnitude of the protein stabilization in terms of Gibbs free energy
change (AGp°) induced by an osmolyte, i.e., the greater the exposed surface area, the greater is the
stabilization. Furthermore, we predicted the m-values (ability of osmolyte to fold or unfold proteins)
using Tanford's transfer-free energy model for the transfer of proteins to osmolyte solutions. We
observed that, for each protein, m-value is comparable with our experimental data in cases of TMAO
(trimethylamine-N-oxide) and sarcosine. However, a significant discrepancy between predicted and
experimental m-values were observed in the case of glycine-betaine.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Many proteins refold from their unfolded state to attain the
native functional state. The correct folding of the protein poly-
peptide chain is determined not only by its amino acid sequence
but also by the solvent environment. Cells are quite often exposed
to widely fluctuating environmental conditions such as extremes of
temperature, pH, cellular dehydration, desiccation, high extracel-
lular salts, and even the presence of denaturing concentrations of
urea inside the cell [1—3]. Protein folding in the cell is quite often
challenged because of these environmental stresses. Failure to
circumvent these hostile external environmental stresses may lead
to various proteopathies, including protein misfolding, aggregation,
amyloid formation and enhanced proteosomal degradation due to
protein destabilization and eventually apoptosis [4,5]. Even the
protein quality control system, including molecular chaperones,
specialized intracellular proteases and accessory factors that
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regulate the activity of chaperones and proteases, may also get
damaged due to the extreme stresses.

Interestingly, organisms or cells have a developed mechanism of
accumulation of low molecular mass organic molecules called
osmolytes which protect them against adverse environmental
stresses. Osmolytes can be grouped into three chemical classes as
polyols and sugars (e.g., trehalose, glycerol, inositols, etc.), amino
acids (e.g., glycine, proline, etc.) and their derivatives (e.g., B-
alanine, taurine, etc.) and combinations of methylamines (e.g.,
sarcosine, trimethylamine-N-oxide (TMAO), etc.) and urea [3,6].
Often, they are classified as compatible or counteracting based on
their effects on both the stability and function of proteins [7].
Compatible osmolytes increase stability of proteins against thermal
denaturation with little or no effect on their function near room
temperature [8,9]. Representatives of this class include certain
amino acids and polyols [8,9]. Counteracting osmolytes, on the
other hand, are believed to have a special ability to protect intra-
cellular proteins against inactivation and/or destabilization by urea
[10—13]. That is, they cause changes that are opposite to the effect
of urea on protein stability and function of the protein [1,9,14,15].
Organs like mammalian kidney and many animals like cartilagi-
nous fishes and coelacanth that are rich in urea, employ these
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counteracting osmolytes including glycine-betaine,
ophosphorylcholine (GPC) and TMAO |6,8,10].

There are two defining characteristics of compatible osmolytes,
namely, they stabilize proteins against denaturation by heat or
chemicals [16—21], and their presence in the cell does not largely
alter protein functional activity [3,9,18,22—24]. The mechanism of
osmolytes-induced protein stability has been studied extensively
[3,9,25—28]. It has been widely accepted that osmolytes stabilize or
induce protein folding due to preferential hydration effect [26,27].
Bolen et al. [29,30] from their elegant series of experiments that
measured the transfer-free energy of the amino acid side chains
and backbone, showed that the preferential hydration effect on
proteins is chiefly because of the unfavorable interactions of
osmolytes with the peptide backbone in the denatured state while
the total contribution of amino acid side chains is little. Their
studies led to the conclusion that osmolytes-induced thermody-
namic stability of proteins is due to shift in denaturation equilib-
rium, N (native state) « D (denatured state), from right to the left.

Although, osmolytes-facilitated protein stability has been
deeply studied, most of these studies have been carried out on
proteins having disulfide bond cross links or intrinsically unstruc-
tured proteins. Furthermore, to the best of our knowledge, no
earlier studies compared osmolyte-induced thermodynamic sta-
bility of a protein obtained from heat- and GdmCl-induced dena-
turation, as it is widely known that these two modes of protein
denaturation may give structurally two different denatured states
[31—33]. To mimic the intercellular state of disulfide bonds con-
taining proteins, we have used three different disulfide free pro-
teins. We report that, for such a protein, the osmolyte-induced
stabilizing effect in terms of Gibbs free energy change (AGp°), ob-
tained from the GdmCl-induced denaturation is larger than that
obtained from the heat-induced denaturation. Furthermore, we
have theoretically predicted the m-value (ability of osmolyte to
refold or unfold protein) and found a good correlation between
theoretical and experimental m-values of all GdmCl-denatured
proteins.

glycer-

2. Materials and methods
2.1. Materials

Commercial lyophilized preparation of horse heart myoglobin
(Mb) and bovine cytochrome-c (b-cyt-c) were purchased from
Sigma Chemical Co (St. Louis, MO). Barstar (from Bacillus amyloli-
quefaciens) was expressed in Escherichia coli and purified by the
method published by Khurana and Udgaonkar [31]. GdmCl was
purchased from MP Biomedical Inc. TMAO, Sarcosine and Glycine-
betaine (GB) were obtained from Sigma Chemical Co (St. Louis,
MO). These and other chemicals, which were of analytical grade,
were used without further purification.

2.2. Preparation of protein solutions

Mb and b-cyt-c were oxidized by dissolving them in 0.1 and
0.01% potassium ferricyanide solutions, respectively. These solu-
tions were then dialyzed against several changes of 0.1 M KCl so-
lution (pH 7.0) at 4 °C. Barstar was also dialyzed in cold against
0.1 M KCl at pH 7.0. The concentrations of stock solutions of proteins
were determined using molar absorption coefficient, e (M~ 'cm™1)
values of 171,000 at 409 nm for Mb [34], 106,000 at 409 nm for b-
cyt-c [35] and 23,000 at 280 nm for barstar [31]. All solutions for
optical measurements were prepared in the desired degassed
buffer containing 0.1 M KCl.

2.3. Spectroscopic determination of free energy change associated
with GdmCl- and heat-induced denaturations

GdmCl-induced denaturations of b-cyt-c, Mb and barstar in the
absence and presence of different concentrations of each methyl-
amine were monitored by following changes in [f];22 (molar
ellipticity at 222 nm) at pH 7.0 and 25 °C. The unfolding transitions
of these proteins were reversible in the entire [g] (molar GAmCl
concentration) range in the presence of each co-solute. Using a
non-linear least-squares method, the entire data (y(g), [g]) of each
denaturant-induced transition curve were analyzed for AGp°, mg
and Cy, using the relation [36],

~ YN(g) +yp(g) x el (4G +mslg]) /RT]
ye = 1 + el-(4Gy+mglg]) /RT] (1

where y(g) is the observed optical property at [g], yn and yp are
optical properties of the native and denatured protein molecules
under the same experimental conditions in which y(g) was
measured, AGp° is the value of Gibbs free energy change (AGp) in
the absence of denaturant, mg is the slope (8AGp/d[g])tp, R is the
universal gas constant, and T is the temperature in Kelvin. It should,
however, be noted that the analysis of each GdmCl-induced tran-
sition curve was done assuming that unfolding is a two-state pro-
cess and [g]-dependencies of yn(g) and yp(g) are linear (ie.,
YN(8) = an + by [g] and yp(g) = ap + bp [g], where a and b are [g]-
independent parameters, and subscripts N and D represent these
parameters for the native and denatured protein molecules,
respectively).

Heat-induce-denaturation studies were carried out in Jasco
spectropolarimeter, Model J-1500-150 (JASCO Corporation, Japan),
equipped with Peltier-type temperature controller, at a heating rate
of 1 °C/min. This scan rate was found to provide adequate time for
equilibration. The change in secondary structure of the protein with
increasing temperature was followed by measuring the far-uv CD
at 222 nm. About 650 data points (data point at 0.1 °C interval) of
each transition curve were collected. After denaturation, the sam-
ple was immediately cooled down to measure reversibility of the
process. Each heat-induced transition curve was analyzed for Ty,
and AHp, using a non-linear least-squares analysis according to the
relation:

(1) — (D) + Yo (T) exp | — AHu/R(1/T — 1/Tm) @)
1 + exp[— 4Hm/R(1/T — 1/T)]

where y(T) is the optical property at temperature T (Kelvin), yn(T)
and yp(T) are the optical properties of the native and denatured
protein molecules at temperature T (Kelvin), and R is the gas con-
stant. In the analysis of each heat-induced transition curve, it was
assumed that a parabolic function describes the dependence of the
optical properties of the native and denatured protein molecules
(i.e., yN(T) = an + bNT + eNT? and yp(T) = ap + bpT + cpT?, where ay,
bn, ¢n, ap, bp, and cp are temperature-independent coefficients)
[37,38]. The value of the temperature-independent constant-pres-
sure heat capacity change (AC,) was determined from the slope of
the linear plots of AHy, versus Ty, using the relation:

SAHm>

4G, = 3
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Using values of Ty, AHy, and AC, the value of AGp at any tem-

perature T, AGp(T) was estimated using the Gibbs—Helmholtz
equation:
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