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Pressure- and Urea-Induced Denaturation of Bovine
Serum Albumin: Considerations about Protein
Heterogeneity
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ABSTRACT
Urea denatures proteins at different concentrations, depending on the experimental conditions and the protein. We investigated the pressure-induced denaturation of bovine serum albumin (BSA) in the presence of subdenaturing concentrations of urea based on a two-state equilibrium. Pressure-induced denaturation was enhanced at urea concentrations
([U]) of 3.5 M to 8.0 M, with the free energy of denaturation at atmospheric pressure G0U  ranging from +5.0 to
–2.5 kJ/mol of BSA. The m values appeared to be biphasic, with m1 and m2 of 0.92 and 2.35 kJ mol–1·M–1, respectively.
Plots of G0U  versus ln[U] yielded values of , the apparent stoichiometric coefficient, of 1.68 and 6.67 mol of
urea/mol of BSA for m1 and m2, respectively. These values were compared with the m and  values of other monomeric
proteins reported in or calculated from the literature. The very low values of  systematically observed for proteins
were suggestive of heterogeneity in the free energy of denaturation. Thus, a  value of 140 mol of urea/mol of BSA
may indicate the existence of a heterogeneous molecular population with respect to the free energy of denaturation.
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1. Introduction
Knowledge of protein denaturation is fundamental for
understanding numerous biological processes. Historically, this phenomenon has been studied by using denaturing agents such as urea and guanidine hydrochloride [1].
Denaturation can also be induced by an increase in temperature, which leads to the weakening of interactions in
the proteins and consequent exposure of previously hidden hydrophobic groups. In contrast, the use of pressure
favors processes that involve a negative change in volume,
such as the transfer of solvent to the hydrophobic core of
proteins that disturbs hydrophobic interactions between
nonpolar side chains, resulting in denaturation. The hydration of internal groups within a protein can also contribute to
a change in volume in the unfolded state [2]. High hydrostatic pressure increases the susceptibility to urea induced denaturation and allows the determination of thermodynamic parameters such as the change in volume associated with denaturation and the free energy of denaturation [3,4].
*
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More recently, hydrostatic pressure and urea have been
used to study the dissociation and denaturation of proteins and viruses. Hydrostatic pressure is particularly useful for studying viral inactivation, especially with regard
to its application in the development of vaccines [5]. High
pressure has been used to determine the thermodynamic
parameters and properties of dissociation in multimeric
proteins [3,4] and the conditions of reassociation [6]. Previous work examined the effect of protons and pressure
on the dissociation of tobacco mosaic virus (TMV) and
giant multimeric hemoglobin, with the quantification and
stoichiometric analysis of proton release [7,8]. Similar
experiments in the presence of urea concentrations up to
7.0 M demonstrated a significantly greater involvement
of urea in denaturation than in dissociation. The initial
step of TMV dissociation can be clearly identified by
light scattering, whereas the denaturation phases can be
monitored by changes in the fluorescence properties [4].
Similar fluorescence and light scattering measurements at
various urea concentrations have been reported for other
viruses. Most values for the apparent stoichiometry of
urea during dissociation range from 0.5 mol to 1.5 mol of
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urea/mol of subunit, while those for denaturation range
from 4.0 to 11.0 mol of urea/mol of subunit [4]. Studies
of protein denaturation have examined protein-solvent
interactions during the denaturation transition [9-15]. More
recently, Auton and Bolen [16] suggested that the peptide
backbone provided a major contribution to urea-induced
denaturation.
Several decades ago it was shown that the analysis of
plots of the G0 of denaturation versus ln of the denaturant concentration systematically yielded a very low
value for the stoichiometry of the denaturant during protein denaturation, with the final equilibrium being considered as a reaction involving protein and denaturant.
These lower-than-expected values led to alternative ways
of analyzing protein denaturation. For example, in studies of protein denaturation by chemicals, an important
point is whether the free energy of denaturation should
be considered to be linearly dependent on [D] (denaturant concentration) or ln[D]. Pace [17] described a theoretical approach based on a linear relationship that has
since been applied to most of the proteins investigated.
However, Schellman [18] observed that there was no
reason to expect the free energy of protein denaturation
to be strictly linear with the denaturant concentration.
The aim of this work was to investigate whether the
denaturation of bovine serum albumin (BSA) by urea and
pressure was linearly or logarithmically related to the
urea concentration. This relationship was assessed by calculating the m-values and several other thermodynamic
parameters. In contrast to the 2130 capsid subunits associated with the RNA of TMV, BSA is a monomeric protein and therefore a much simpler system. Our results
were compared with those for other monomeric proteins
reported in the literature. Based on our findings, we propose an alternative explanation for the very low value
consistently found in plots of the G0 of denaturation
versus ln[D], i.e., that this discrepancy is based on the
heterogeneity of the G0 of denaturation in protein populations.

2. Materials and Methods
2.1. Chemicals
All reagents were of analytical grade. Distilled water was
filtered and deionized through a Millipore water purification system (18 MΩ resistance). Unless stated otherwise, the experiments were done at 5˚C in 100 mMTrisHCl buffer, pH 7.0. Ultrapure urea and essentially fatfree BSA were obtained from Sigma. The concentration
of urea used varied from 3.5 M to 8.0 M.

2.2. Fluorescence under Pressure
The high pressure system used has been described elsewhere [19]. An ISS model high-pressure (HP) cell with
Copyright © 2012 SciRes.

sapphire windows connected to a pressure generator (HIP)
was used, with pressures of up to 250 MPa being studied.
Fluorescence was recorded with an Edinburgh FL 900
spectrofluorometer equipped with a xenon lamp source.
The pressure system was automated and detailed by
Santos et al. [7]. The fluorescence data were obtained by
excitation of BSA at 280 nm and emission was recorded
at 300 nm - 450 nm. Changes in the fluorescence spectra
resulting from the exposure of tryptophan residues were
quantified by the spectral center of mass (p),
νp 

νi Fi
Fi

(1)

where Fi is the fluorescence emitted at wave number i
and the summation is carried out over the range of appreciable values of F. The degree of denaturation at
pressure p(p) is related to  by the expression
 Q   v p    vdes   

α p  1 
 v p    vdes  



1

(2)

where Q is the ratio of the quantum yields of denatured
and native forms, p is the center of mass at pressure p,
and des and n are the corresponding quantities for the
denatured and native forms, respectively [3]. The software “Mathematica” was used to obtain the fitted curves
of denaturation.

2.3. Theory
Equilibrium denaturation profiles were analyzed based
on the binding equilibrium for the interaction of protein
with the solvent and by using a two-state model (see
Discussion below). Since the conformation of denatured
proteins changes with the concentration of urea and guanidine hydrochloride, the evaluation of G0U  over a large
solvent concentration range can be quite informative [18,
20].
Analysis of the effect of urea on BSA in this work was
done by using an approach similar to that previously described for the effect of this co-solvent and protons on
protein aggregates [4,7,8]. Thus, the apparent constant of
denaturation at urea concentration [U], K[U], is correlated
to the apparent constant of denaturation K as K[U] =
K[U] [4]. The corresponding apparent free energy of
denaturation on a molar basis, G0U  , is given by:
ΔG0U    RT ln ln K  RT ln U   ΔGU01 – υRT ln U  (3)
υ

where U1 indicates a urea concentration of 1 M and  is
the apparent stoichiometry of urea. Note that the equilibrium constant at 1 M urea, KU1 , is equal to K * 1 = K,
so  RT ln KU1   RT ln ln K  ΔGU01 .
Plotting ΔG0U  versus ln[U] should produce a straight
line with a slope corresponding to –RT. Calculation of
OJBIPHY
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the equilibrium constant at pressure p and a given urea
concentration [U], K[U],p, is based on the relationship [4]
KU , p  K[U ] exp   pΔV RT 

(4)

where V is the volume change associated with denaturation and the index [U], p represents the corresponding
urea concentration and pressure. The calculation of K[U],p
can be done based on the respective degree of denaturation, [U],p, as
αU , p
KU , p 
(5)
1  αU , p
The Equation (5) thus yields the denaturation constant
K. The logarithmic form of Equation (4) furnishes the respective free energy of denaturation at pressure p
ΔGU , p  ΔGU   pΔV

(6)

Plotting G[U],p versus p furnishes V as the slope and
G0U  as the free energy of denaturation at atmospheric
pressure. A marked change in the slope of the plot
G0U  versus ln[U] at different urea concentrations is
indicative of distinct urea sensitivities. Consequently, the
overall or global denaturation reflects a summation of the
responses of a population of BSA molecules with different susceptibilities and furnishes the general equilibrium
constant Ki[U], where Ki,[U]= Ki[U] and i represents each
BSA population.
Based on this idea, the experimental data correspond
to the sum of the distinct populations involved and the
degree of denaturation * is partitioned as follows
αU*   i 1 fi αi
n

(7)

where the coefficient fi represents the fraction of species i.
The corresponding free energy of denaturation as a function of the equilibrium constants is expressed as

G[0U ]

υ*

n K i [U ] f i

i 1
*
 α* 
1  Ki [U ]υ

  RTln  U *    RTln 
υ*
1  αU 
 n 1  Ki [U ] fi
  i 1 1  K [U ]υ*
i





(8)




This alternative approach for assessing denaturation is
based on the assumption of a heterogeneous protein population. As will be seen, this approach yields high values
of *.

3. Results
We investigated the changes in the fluorescence of BSA
at different concentrations of urea and pressure (Figure 1)
and attempted to correlate them with structural alterations.
Compared to the fluorescence emission spectrum obtained in the absence of urea, a high urea concentration
produced a significant red shift that intensified as the hyCopyright © 2012 SciRes.

Figure 1. Normalized fluorescence spectra of BSA at several
urea concentrations and pressures, expressed in wave number. Excitation at 285 nm and emission at 300 nm - 450 nm.
The BSA concentration was 0.5 mg/mL in 100 mMTrisHCl buffer, pH 7.4, at 22˚C. Curve a: no urea and atmospheric pressure, curve b: 7.0 M urea and atmospheric
pressure, curve c: 7.0 M urea and 250 MPa, and curve d:
7.0 M urea and atmospheric pressure after return from 250
MPa. A.U. = arbitrary units.

drostatic pressure increased. The fluorescence spectrum
obtained after returning to atmospheric pressure was very
similar to that obtained before the increase in pressure,
indicating that the phenomenon was reversible under these
experimental conditions.
The centers of mass of the fluorescence emission spectra for BSA measured in wavenumber and calculated according to Equation (1) yielded values that revealed the
degree of exposure of aromatic amino acids, especially tryptophan. This parameter reflects the extent of denaturation.
The effect of pressure on the center of mass at urea concentrations up to 8.0 M is shown in Figure 2(a). Pressure produced a marked red shift in the fluorescence
spectra at all urea concentrations, indicating enhanced denaturation in the presence of urea. The center of mass values obtained upon returning to atmospheric pressure were
identical to those obtained before pressure application for all
urea concentrations (not shown), indicating that the pressure-induced denaturation was reversible. This finding also
corroborated the validity of the thermodynamic parameters obtained.
The inset in Figure 2(a) shows the effect of urea on
the center of mass values at different pressures. A more
intense red shift was observed in the fluorescence spectra
at lower pressures. Figure 2(b) shows the respective correlation between the degree of denaturation and pressure
at different urea concentrations by applying Equation (2)
to the fluorescence data, and Figure 2(b) shows the corresponding plots of lnK versus pressure.
Figure 3 shows the free energy of denaturation G0U 
at different pressures as a function of urea concentration
OJBIPHY
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(a)

Figure 3. Effect of urea concentration on the Gibbs free
energy of denaturation of BSA at different pressures, based
on the data of Figure 2(a) (inset) and the relationship
G[0U ]   RT ln K . The standard deviations are smaller than

the symbols used.

(b)

(c)

Figure 2. (a) Effect of pressure and urea on the center of
mass of fluorescence spectra of BSA. The data were obtained after at 10 min incubation at each pressure. The experiments were done in triplicate and the standard deviations were smaller than the symbols. The effect of urea on
the center of mass at different pressures based on these data
is shown in the inset. The corresponding degree of denaturation (b) was calculated according to Equation (2); and expressed as lnK (c; Equation (8)). All other conditions were as in
Figure 1.
Copyright © 2012 SciRes.

(ln[U]; Equation (3)) based on the relationship G[0U ] =
–RTlnK. The biphasic nature decreased with increasing
pressure and disappeared at high pressure, which suggested a complex pattern of transition from the native to
denaturated state. As indicated below, the apparent value
of  can be calculated from the slopes of these curves using Equation (3).
Figure 4(a) shows the time dependence of the red shift
in the center of mass when BSA was pressurized from
atmospheric pressure to 250 MPa in the presence of urea
(4.5 M). After 20 min, the center of mass had reached
85% of its maximal shift. Comparison of the curves obtained for different incubation times with a fixed concentration of urea (4.5 M) indicated that the results for incubation times >10 min were identical (Figure 4(b)), suggesting that the denaturation had reached kinetic equilibrium. A return to atmospheric pressure resulted in near
total recovery of the original fluorescence, again indicating the reversibility of the process. Plots of the natural
logarithm of K as a function of pressure at different urea
concentrations resulted in a linear relationship in all cases
(Figure 2(c)).
Figure 5 shows the volume change associated with denaturation for each pressure curve from Figure 2(c) (Equation 6). The values for the lower urea concentrations ranged
from –20 to –30 mL/mol of BSA, while that for urea
concentrations > 6 M was –36 mL/mol of BSA. The data
for the free energy of denaturation at atmospheric pressure as a function of ln[U] (Figure 3, squares) were determined from plots of lnKversus pressure (Figure 2(c)).
The slopes of the plots (determined using Equation (3))
yielded apparent values of 1.68 and 6.67 mol of urea/mol
of BSA for each part of the curve. Independent processes
OJBIPHY
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involving a combination of reactions and equations can
also yield curves similar to those observed here. The combination of individual processes results in an overall reaction that yields a global denaturation constant; this constant reflects the sum of a series of individual values and
furnishes a single value of .
Figure 6 shows the relationship between G0U  and
ln [U] found experimentally and calculated by using Equation (7) and (8), assuming protein heterogeneity. The apparrent denaturation constants and respective contributions

Figure 5. Effect of urea on the volume change associated
with denaturation, based on the data of Figure 2(c) and Equation (6). The standard deviations are smaller than the symbols used.

(a)

(b)

Figure 4. (a) Effect of pressure on BSA at a urea concentration of 4.5 M. The solution was pressurized from atmospheric
pressure to 250 MPa in 1.5 min; (b) Influence of incubation
time on the pressure-induced denaturation of BSA at a urea
concentration of 4.5 M. All other conditions were as in Figure 1. Open symbols indicate the values obtained upon returning to atmospheric pressure after each incubation. The
experiments were done in triplicate, and the standard deviations are smaller than the symbols used.
Copyright © 2012 SciRes.

Figure 6. Comparison of the experimental points (filled
squares) with the theoretical curves for albumin denaturation in two populations with distinct apparent urea stoichiometric coefficients based on Equation (7) and (8): one with
1.65 (lnK = −0.57, for population with an occurrence of
15.6%) and 6.67 (lnK = −13.22, for population with an occurrence of 84.4%) mol of urea/mol of BSA (open circles),
and ten populations with a stoichiometric coefficient of 140
mol of urea/mol of BSA (open triangles). The respective
species distributions for each population based on the denaturation constant are shown in the upper and lower insets,
respectively.

of species are shown in the upper inset of this figure. In
another situation in which greater heterogeneity was assumed, an analysis of 10 protein populations (lower inset
in Figure 6) indicated an apparent stoichiometry of 140
urea molecules.
OJBIPHY
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4. Discussion
New approaches for understanding protein-denaturant interactions and the mechanisms of protein denaturation have
been proposed by several authors [12,18,20-23]. In general, protein denaturation results from disruption of a fine
balance in protein-protein and protein-solvent interactions, with significant contributions from the hydrogen
bonds of the exposed sites, peptide backbone and lateral
residues of the denaturated protein.
BSA shares structural homology with human serum
albumin (HSA), which has an important role as a ligand
carrier in the blood. The presence of hydrophobic pockets in the three-dimensional structure of these proteins
and their flexibility allows the binding of designed molecules suitable for detailed molecular studies [24]. BSA
folding/unfolding has been investigated by a variety of
techniques [25]. Recent studies of the effect of urea derivatives on BSA showed that denaturation can be attributed to a direct interaction between the N-H group of
urea and the carbonyl oxygen of BSA, with no involvement of the urea carbonyl oxygen and N-H groups of
BSA [26].
The theoretical model applied to BSA in this study
was based on a two-state equilibrium and facilitated the
quantification of native and denaturated proteins. The
two-state model is very dependent on protein topology,
local energy distribution and cooperativity [27,28]. Ureaand guanidine-induced denaturation can generally be considered as a two-state equilibrium with a quick transition
from the native protein to denaturated state [29,30], as
shown for HSA [31]. The accumulation of intermediate
conformations is closely related to the nature of the solvent used and the experimental conditions. For example,
some proteins denature in acidic conditions, resulting in a
“molten globule” state [32]. In the case of BSA, extreme
acidic and alkaline pH markedly influence the ability of
urea to denaturate the protein and form intermediate structures [33]. As shown in the inset of Figure 2(a), at pressures > 50 MPa, the denaturation profile became more
abrupt and reflected a two-state transition that was more
marked as the pressure increased. In our analysis, we chose
to use the curve for BSA denaturation at atmospheric
pressure when fitting the proposed model since it was
easier to simulate this biphasic profile and account for
cooperative aspects, as discussed below.
Previous studies of urea-induced BSA denaturation at
atmospheric pressure reported a denaturation profile similar to that observed here. The presence of intermediates
was suggested by Khan [34]. The pressure-induced denaturation of BSA at subdenaturing concentrations of urea
consistently produced a significant volume change and
allowed measurement of the free energy of denaturation
Copyright © 2012 SciRes.

at atmospheric pressure in the presence of urea (Figures 3 and 5). The pressure effects arose from the difference in the specific volumes of transition as the protein migrated from a native to a denatured state (Equation
(6)). Most of the proteins studied so far typically have a
larger specific volume in the native state than in the denatured state, and the application of pressure induces
denaturation [35]. As shown in Figure 5, the volume
change of denaturation was greater at higher urea concentrations. In addition, pressure facilitated the denaturation of BSA by urea (G[U],p) at all concentrations tested
(Figure 2(c)). Pressure also induced the transition from a
biphasic to a monophasic curve for G[U],p versus ln[U]
(Figure 3).

4.1. Linear Dependence of the G0 of
Denaturation on Urea Concentration
The linear dependence of the free energy on solvent concentration furnishes the m-value, a phenomenological parameter that has been applied to numerous protein-solvent systems [17]. This constant represents the difference
in the transfer of free energy from water to 1 M urea solution by proteins in the denatured and native states, and
is correlated with the size of the protein and the change
in solvent-exposed surface upon unfolding [16].
The m-values were calculated from plots of G[U],p
versus [U] (Tanford plots) based on denaturation data for
monomeric proteins reported in the literature and in this
work and the results were compared with the m-values
from the original reports (Table 1). The m-values for BSA
were calculated from the curves of pressure-induced denaturation at different urea concentrations (Table 1). This
approach should improve the quality of data when compared to values obtained by the direct measurement of fluorescence at atmospheric pressure, especially at low urea
concentrations where it is difficult to quantify low levels
of denaturation.
Several monomeric proteins exhibit changes in their
m-values that reflect linear and biphasic behaviors (shown
in Table 1 as m1 and m2, respectively). These proteins
are more sensitive to urea in the final phase of denaturation. However, the method used to monitor denaturation
can affect the final shape of the denaturation curve and
the resulting m-value(s). Changes in the m-value are usually attributed to changes in the conformation of the folded
or unfolded forms [17]. Luque et al. [36] indicated that
the presence of intermediate forms may result in a biphasic curve involving an equilibrium between native
and intermediate-denatured proteins. The different m-values for BSA may reflect the interaction of urea with distinct domains of the protein. Tanaka et al. [37] reported
that domain III of HSA was particularly susceptible to
pressure- and urea-induced denaturation. Ahmad et al. [38]
OJBIPHY
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Table 1. Parameters m and  calculated for different monomeric proteins. Denaturing was based on spectroscopic data, where
c.m. = center of mass of the emission spectrum, fl. = fluorescence at a given wavelength and set c d. = circular dichroism.
Urea
(M)

Urea
m1
(kJ·mol–1·M–1) (M)

6.5 - 8.0

0.92

3.5 - 5.6 2.35

6.5 - 8,0

N isomer 4.13 2.5 - 4.5 7.99

5.33 - 7.7 2.96

2.5 - 4.5 3.11

FKBP

cloned

-

8.46

2.1 - 6.7

-

-

Urea
(M)

Protein

Form

1

BSA

native

1.68 3.5 - 5.6 6.67

HSA

-

 or2

m ou m2
Urea
(kJ·mol–1·M–1) (M)

Method pH
c.m.

T
Ref.
(˚C)

7.4 22

This work

5.33 - 7.7 fl.

7.0 20

[39]

5.12

2.1 - 6.7

c.d.

7.2 25

[40]

RNase T1

native

1.66 0.65 - 2 6.89

2.3 - 5.1

-

-

4.73

0.6 - 5.1

fl.

8.0 30

[41]

RNase Ba

native

0.51 0 - 2.5

14.92

3 - 8.0

-

-

10.65

3.0 - 7.0

fl.

7.0 25

[41]

RNase Ba

native

1.42 0 - 0.8

7.24

1 - 4.0

1.05

1 - 4.0

8.14

1.0 - 2.7

fl.

3.0 25

[42]

RNase Sa

native

-

-

10.0

4.6 - 8.1

-

-

4.03

2.1 - 3.9

c.d.

7.0 25

[29]

RNase Sa2

native

-

-

5.98

0.9 - 3.9

-

-

5.66

4.6 - 8.1

c.d..

7.0 25

[29]

RNase Sa3

native

-

-

11.6

3.5 - 7

9.26

3.5 - 7

4.37

3.5 - 7

c.d.

7.0 25

[29]

β-Trypisin

native

-

-

9.19

1.6 - 4.5

-

-

8.55

1.6 - 4.5

c.m.

2.8 25

[43]

IL-1Ra

native

-

-

14.96

3.3 - 7.1

-

-

0.29

3.3 - 7.1

fl.

7.0 25

[30]

β-Lactoglobulin native

-

-

9.05

4.6 - 8.1

-

-

4.32

4.6 - 8.1

c.d.

2.0 25

[44]

Cytochrome C

native

0.56 0 - 6.0

13.22

6.4 - 10.0 0.34

6.4 - 10

4.06

6.4 - 10.0 c.d.

7.0 25

[45]

Lysozyme

native

1.06 1.0 - 4.0 11.79

4.5 - 8

1.22

4.5 - 7

5.12

4.6 - 7.0

fl.

2.9 25

[45]

Transthyretin

M-TTR

-

2.0 - 5.0

-

-

6.79

2.0 - 4.5

fl.

7.4 24

[46]

-

9.89

also noted the sensitivity of this domain at a urea concentration < 4.8 M, whereas domains I and II were sensitive to urea concentrations > 5 M. Based on these findings, the m1 value reported here would correspond to
changes in domain III while the m2 value would correspond to changes in domains I and II.

4.2. Linear Dependence of the G0 of
Denaturation on ln[U]
As mentioned in the Introduction, the G0 of denaturation may show a logarithmic dependence on the concentration of denaturant. However, as indicated in Figure 7,
closer analysis of this relationship revealed that an apparently linear response may actually be part of a nonlinear one when examined over a wide range of concentrations. Schellman [18] recognized that the m-parameter
may change with denaturant concentration, thus implying
a non-linear dependence on concentration. In addition,
curves for the guanidine-induced denaturation of some
globular proteins may also be non-linear [18,47,48].
Table 1 summarizes the values of  for a variety of
monomeric proteins including BSA, calculated from the
slopes of ΔG[0U ] versus ln [U] plots and Equation (3). In
this case,  corresponds to the apparent quantity of urea
that interacts with BSA and other proteins, or the apparent stoichiometries. The biphasic character for BSA
agreed with the different m-values (Figure 3 and Table 1)
and suggested enhanced cooperativity at higher urea concentrations. Again, since the data for BSA denaturation
Copyright © 2012 SciRes.

(a)

(b)

Figure 7. Hypothetic logarithmic dependence function shown
over a wide range (a) and (b) short range.
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were the same as those used to calculate the m-values,
the level of precision was higher than for the other proteins.
Biphasic plots were also observed for other proteins.
The values of 1 generally ranged from 1 to 4 mol of
urea/mol of protein, while those for 2 ranged from 4 to
13 mol of urea/mol of protein. In those proteins with only
one value for , this ranged from 5 to 15 mol of urea/mol
of protein. The corresponding values for the ΔG[0U ] of
denaturation were calculated using Equation (3) (data not
shown) and were similar to those reported in the literature.
Inferences regarding the apparent stoichiometry based
on ΔG[0U ] versus ln[U] plot are not widely used nowadays because of the systematically low values furnished
by the slope of the plot. An explanation for this finding
includes the strong urea-protein interaction of a few molecules responsible for bulk denaturation [18], as mentioned in the Introduction. The biphasic profile for BSA
and several other proteins (Table 1) also deserves better
attention, as discussed below. In contrast to the generally
low values calculated from the slopes of these plots, 
values > 100 can be obtained if the presence of heterogeneity is taken into account during denaturation.

4.3. Heterogeneous Populations
In principle, the presence of intermediate species does
not disrupt the linearity of the ΔG[0U ] versus ln[U] plot.
A supposed equilibrium with two apparent stoichiometries in a sequence reaction with equilibrium constants K1
and K2 would correspond to one equilibrium reaction
with constant K1 K2, thus resulting in only one apparent
stoichiometry. For this reason, we examined alternative
explanations for the biphasic curve. In particular, we considered the possibility of population heterogeneity with
respect to the free energy of denaturation. A combination
containing 84.4% of species with lnK = –13.22 and
15.6% of species with lnK = -0.57 (Figure 6, upper inset)
resulted in a good fit to the experimental curve (Figure
6), with 1 and 2 values of 1.65 and 6.67, respectively.
Current theory postulates that in the denatured state
proteins tend to have more surface area exposed to the
solvent and a greater number of binding sites [18]. Previous studies revealed various aspects of urea-protein interactions, e.g., the solubilizing effect of urea on apolar
groups, the formation of weak hydrogen bonds with the
peptide backbone, and the interface between water and
buried regions of the proteins [49]. Assuming the
ΔG[0U ] of denaturation for 3.5 - 8 M urea to be 7.0
kJ/mol of protein, with an average urea-protein energy of
interaction of 50 J/mol of urea, the total number of urea
molecules would be 140 mol/mol of protein (a theoretical
, symbolized here as *). Using this number, we examined the distribution of ΔGU01 and ln K values for 14
Copyright © 2012 SciRes.
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species (Figure 6, lower inset). The resulting curve was
fitted to the experimental curve, but consistently underestimated the experimental values for the apparent stoichiometry  (Figure 6). Note that four species gave no
contribution (fractional occurrence of 0%) so that the
total number of distinct populations was 10. Based on the
original curve (Figure 3, Patm), we also investigated the
minimum number of different BSA populations at increasing values of *. As shown in Figure 8, there was a
tendency for the BSA species near 14 to yield higher
values of apparent urea stoichiometry.
Generally, no significant heterogeneity is expected in
readily crystallized native proteins. However, this is not
true for transition or denaturated states because their greater flexibility, with the non-uniform presence of cis and
trans prolines in the polypeptide backbone, makes the
denatured state less well-defined [50]. Such a situation
could explain the occurrence of heterogeneity.

5. Conclusions
The effect of pressure denaturation on BSA was examined at different urea concentrations, and a combination
of urea and pressure was found to enhance denaturation.
The results for the pressure denaturation of BSA at
sub-denaturing concentrations of urea can be extrapolated to atmospheric pressure to yield more precise data.
In addition, plots of ΔG[0U ] versus ln[U] can easily be
compared with the classical plot ΔG[0U ] versus [U]. The
biphasic nature of both plots suggests different urea sensitivities and the presence of protein heterogeneity. The
monomeric nature of BSA means that there is limited
interference with the dissociation induced by urea and/or

Figure 8. Number of populations P necessary for a good fit
to the experimental curve of BSA (Figure 5(b)), based on the
stoichiometric coefficient. The populations used were based
on the relationship lnKi = lnK0 + iZ = 0 to P – 1, where Z
corresponds to the increment in lnK for each population.
OJBIPHY
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pressure. Comparison with other proteins suggests that
the approach used here is applicable to protein-urea interactions in general. In addition, examination of the effects of temperature, pH and glycerol could improve our
understanding of pressure- and urea-induced BSA denaturation. The heterogeneity that explains the quantitative
findings of the denaturation curves should be susceptible
to analysis by special biophysical techniques based on
dynamic approaches.
With judicial use, the approach used here to study the
denaturation of monomeric BSA should allow better free
energy measurements of several controlled thermodynamic parameters and should improve our understanding
of the mechanisms of protein denaturation and stability.
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