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Abstract The kinetics of bovine serum albumin (BSA)
denaturation in the absence and the presence of urea was
studied by the iso-conversional method and the master
plots method using differential scanning calorimetry
(DSC). The observed denaturation process was irreversible
and approximately conformed to the simple order reaction,
and the denaturation did not follow rigorously first-order
kinetic model or other integral order reaction models. The
denaturation temperature (7,,), apparent activation energy
(E,), approximate order of reaction (n), and pre-exponen-
tial factor (A) all distinctly decreased as the 2 mol L' urea
was added, which indicated that the urea accelerated the
denaturation process of BSA and greatly reduced thermal
and kinetic stability of BSA. This study also demonstrated
that the iso-conversional method, in combination with the
master plots method, provides a valuable and useful
approach to the study of the kinetic process of protein
denaturation.
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Introduction

The denaturation of proteins is, in general, triggered by a
conformational change of the protein induced by heat,
adding denaturants, or other processes that affect the folded
structure. Bovine serum albumin(BSA), molecular mass
66500 Da, is built from 583 amino acid residues containing
20 Tyr. with well-characterized physiochemical properties
[1-3]. Differential scanning calorimetry (DSC) is widely
used for the study of thermal protein denaturation. Although
extensive literatures have been published on the experi-
mental and theoretical aspects of BSA denaturation [4—11]
based on the Lumry—Eyring model [12] by DSC,report on
the kinetic aspect of the BSA denaturation process using the
iso-conversional and the master plots method is rarely
available in literature [13]. Model-free approaches repre-
sented by iso-conversional method to give excellent results
of dependencies of the activation energy on the extent of
conversion of nonisothermal experiments. The analysis of
the activation energy dependency will provide important
clues on reaction mechanism [14-17], and the master plots
method will give more insight into the mechanism of
denaturation process.

Urea is a frequently used protein denaturant. It has affinity
with hydrophobic side chains and peptide groups, and can
disrupt the three-dimensional structure of proteins and
denatures them. The denaturation of protein in the presence
of urea has been exhaustively studied [18-24], however, the
kinetic aspect of the denaturation process for BSA may not be
explicit. The combination of iso-conversional method and
the master plots method might provide new opportunities in
exploring the kinetic process of protein denaturation. In this
contribution, the denaturation kinetics of BSA in the absence
and the presence of urea was investigated by the iso-con-
versional method and the master plots method using DSC.
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Theoretical approach

The theory refers to the literature reported by Tang et al.
[25], and the detailed explanation refers to our previous
reports [26-28]. For a reaction under non-isothermal con-
dition, its kinetic function can be described in the following
form:

_AE,
=R

where o is the extent of conversion (in order to obtain o
(conversion of reaction), the following equations are used:
in DSC, o = AA%:Z‘, AH,y is partial area [J ¢ "1 and AH,, is
total peak area [J g~ ']), f is the heating rate, E, is the
apparent activation energy, R is the gas constant, A is pre-
exponential factor, g(«) is the integral expression of kinetic
model function, and P(u) = [ —(e™/u*)du, u = E,/RT.
Because the exponential integral, P(u), has no analytical
solution, an approximate formula of high accuracy, which is
directly obtained from numerical integration of temperature
integral without derivation from any approximating infinite
series [29, 30], was used.

P(u) (1)

g(a)

P(u) = exp(—u)/[u(1.00198882u + 1.87391198)] (2)

Inserting Eq. 2 into Eq. 1, one can obtain:

p AE,
1n<T1.894661 = In| iy | + 3635041 — 1894661 InE,

E.
—1.001450—= (3)
RT

The first term at the right side of Eq. 3 is a constant
corresponding to a given value of o. Therefore, for a series
of experiments at different heating rates, the plot of In(f/
T1'89466100) versus 1/T with the same conversional ratio
should be a line with the slope of —1.00145033E,/R. Then,
the apparent activation energy E, can be calculated from
the slope. Inserting o = 0.5 into Eq. 1, one can get:

AE,
where uos = E,/RTos5). When Eq. 1 is divided by Eq. 4,
the following equation is obtained:

8() _ Pu)
g(OS) P(l/t()‘5)

By plotting g(«)/g(0.5) against o according to different
theoretical model functions, the theoretical master plots
can be obtained, for different kinetic mechanisms. With E,
calculated from Eq. 3, the experimental master plots of
P(u)/P(ug5) against o could be drawn from the experi-
mental data obtained under different heating rates. Equa-
tion 5 indicates that, for arbitrary «, the experimental
value of P(u)/P(ugs) and theoretically calculated values of

P(0.5) (4)

(5)
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g(a)/g(0.5) are equivalent when an appropriate kinetic
model is used. The integral master plots method can be
used to determine the reaction kinetic models of non-iso-
thermal reactions. Then, the pre-exponential factor A can
be estimated from the slope of the plot of g(x) versus E,
P(u)/BR.

Experimental
Instruments and materials

Mettler Toledo calorimeter, model DSC 822° (Switzer-
land); BSA (Fraction V, purity > 99.9%, Roche Chemical
Company) was used without further purification. Distilled
and deionized water was used for the preparation of all
solutions. The 30 mg mL ™' BSA solution was prepared by
dispersing powdered protein into 150 mol L™' NaCl
solution in the absence and the presence of 2 mol L™" urea
and stirring for at least 2 h.

Differential scanning calorimetry (DSC)

The protein solution (80 pL) was placed in 100-pL med-
ium pressure crucible, and the corresponding buffer was
used as reference. The instrument was calibrated with
indium. Scanning calorimetry was performed with the
Star® evaluation program, at different heating rates of 1.0,
1.5, 2.0, and 2.5 K min~", in the temperature range of 35—
95 °C. After the end of the first heating round, the protein
sample was quickly cooled to 35 °C, and rescanned after
5 min stabilization time at 35 °C. The sample is heated at a
low heating rate (<2.5 K min™") to avoid thermal inter-
ference due to circulating convection currents in the sample
vessel [31]. Measurements were carried out on two or three
separate samples (replicates) and reported as the average.
The peak temperature of the transition (7,,) was deter-
mined graphically in each case. The conversion (x) was
calculated using the Star® software [32].

Results and discussion

DSC curves for 30 mg mL ™' BSA denaturation at different
scan rates in the absence and the presence of urea are given
in Figs. 1 and 2, respectively. The corresponding T, was
also displayed in Table 1. A different measurement was
obtained by completing two sequential scans for a single
sample. The first scan of the protein in the absence and the
presence of urea exhibited only one endothermic transition
between 65-87 and 57-82 °C as shown in Figs. 1 and 2,
respectively. The observed denaturation process of BSA
was always calorimetrically irreversible since no thermal
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Fig. 1 DSC curves for 30 mg mL~' BSA denaturation in the absence
of urea at different heating rates

effect was observed for the second heating scan of the
protein. The conclusion was supported by our subsequent
result that the protein samples extracted from the calori-
metric cell after the first heat scan showed a strong gelation
state, which meant that irreversible denaturated aggrega-
tion occurred. BSA denaturation is irreversible probably
due to the occurrence of “side” processes such as aggre-
gation [33]. Owing to denaturation, hydrophobic interac-
tion can occur, and exposed thiol groups can form disulfide
bonds, which result in an irreversible behavior [34, 35].

NaCl can increase the thermal stability of BSA [36]. The
increase of thermal stability can be explained by a reduc-
tion of inter-molecular electrostatic repulsion leading to a
growth in the association of native molecules [37]. Iden-
tical increase in thermal stability has also been observed for
f-lactoglobulin [37, 38], and for flaxseed (Linum usita-
tissimum) proteins [39].

As is evident in Figs. 1 and 2, T, is highly dependent on
scan rate. With decreasing scan rate, T,,, decreases. It dis-
tinctly revealed that the scan rate substantially affected
BSA denaturation. The highly dependent of T}, on the scan
rate indicated that the denaturation process was, at least in
part, under kinetic control.

As shown in Fig. 2, the urea exerted obvious influence
on the BSA thermal denaturation. When the DSC curves in
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Fig. 2 DSC curves for 30 mg mL™' BSA denaturation in the
presence of urea at different heating rates

Fig. 1 were compared with the ones in Fig. 2, it is indic-
ative that the 7}, of BSA distinctly moved to low temper-
ature direction as 2 mol L™' urea was added at the same
scan rate just as shown in Table 1. This illuminated that the
urea accelerated the denaturation process of BSA and
reduced the thermal stability of it.

The biological activity of proteins depends on their
threedimensional structure, which is closely connected to
hydration. It is generally believed that the conformational
stability of most proteins results from a combination of
conflicting effects: hydrophobicity and hydrogen bonding
[40]. Urea alters the structure of BSA. The experimental
results [41] showed that the interactions between protein
and urea molecules mainly formed a hydrogen-bonding
effect, and the inference could be drawn that the interaction
should be a combination of multiple forms of hydrogen
bonding, and this combination is more stable than the one
of the single hydrogen bonding [42]. Urea destabilizes
proteins by destroying the hydrogen bond which weakens
the hydrophobic interactions between non-polar residues of
proteins [43]. The collapse of the hydrogen bonding results
in weaker hydrophobic interaction in the core of the

globular proteins, thus causing faster protein denaturation
[44].

Table 1 T, of 30 mg mL~' BSA in the absence and the presence of urea at different heating rates

Scanning rate/K min 1

T/ °C

Urea content/mol L™
0 76.69 £ 0.06"
2 69.40 & 0.09

2 2.5
77.45 £ 0.03 77.97 £ 0.09 78.30 £ 0.12
70.26 £ 0.07 70.93 £ 0.12 71.52 £ 0.11

% Means = standard deviations

VI X =M (- 1)

Standard deviations S =

where ¥ = Sum of, X = Individual score, M = Mean of all scores, n = Sample size (number of scores)
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Non-isothermal Kinetics for the denaturation of BSA
in the absence and the presence of urea

Iso-conversional method for estimating activation
energy dependence

Using the o—T data obtained from DSC conversion plots,
according to corresponding Eq. 3, the apparent activation
energy (E,) of 30 mg mL~' BSA denaturation in the
absence of urea was estimated from the iso-conversional
plot of In(p/T"***°") versus 1/T at different conversion
ratios (o) in the range of 0.2-0.8. As shown in Fig. 3, the
value of activation energy hardly varies with the degree of
conversion. All these plots have linear correlation coeffi-
cients larger than 0.9950. It is worth mentioning that the
average value of E, is 550.384 23.00 kJ mol~'. This is
comparable to the activation energy found for other pro-
teins, such as, f-lactoglobulin [45], wild-type nitrite
reductase [46], bovine fibrinogen [47], muscle creatine
kinase [48], etc. The large value of E, might be expected,
because the highly cooperative nature of the protein
implies a large AH between the folded and denatured
protein, and E, is always larger than AH [10, 49]. Owing to
the little dependence of the activation energy on the extent
of conversion, a simple reaction mechanism could be used
for reaction progressing. Aggregation was probably one of
the main causes of irreversibility in the transitions of BSA.
Therefore, the inactivation kinetics might be expected to
have a higher than one reaction order [50].

Master-plots method for determining kinetic model

In order to determine the most possible mechanism, 18
basic model functions listed in Table 2 were tested.
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Fig. 3 Plots for determination of activation energy of 30 mg mL ™"
BSA denaturation in the absence of urea at different a: 0.2 (filled
square), 0.3 (open square), 0.4 (filled triangle), 0.5 (open triangle),
0.6 (inverted filled triangle), 0.7 (open circle), and 0.8 (filled circle).
Solid lines are linear fitting corresponding to different o
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According to the value of E,, the theoretical master plots of
G(2)/G(0.5) versus o and the experimental master plots of
P(u)/P(uq 5) versus o are obtained, as shown in Fig. 4. The

Table 2 The 18 model functions for the determination of the most
probably model function

No. Reaction model Symbol  G(x)

1 Avrami-Erofeyev, m = 4 Ay [=In(1 — oc)]”4
2 Avrami-Erofeyev, m = 3 Az [—In(1 — o)
3 Avrami-Erofeyev, m = 2 Ay [—In(1 — o]
4 Avrami-Erofeyev, m = 1.5 Aj;s [—In(1 — oc)]Z/3
5 Phase boundary reaction, R; o
n=1
6 phase boundary reaction, R, 11— -
n=2
7 Phase boundary reaction, R3 1-0 - oc)l/ 3
n=23

1262

172[1 — (1 — o()1/2]1/2
1—2u3—(1— )
[1—a-o"P

12 Power law, n = 1/4 o

One-dimensional diffusion D,
9 Two-dimensional diffusion D,
10  Three-dimensional diffusion Dy,

11 Jander’s type diffusion D;

13 Power law, n = 1/3

14 Power law, n = 1/2 o

15 Power law, n = 3/2 o2

16  First order AL F, —In(l — )

17 Second order F, a1 - oc)’1 -1

18  Third order F3 12[(1 — @)™ = 1]
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Fig. 4 Master plots of theoretical P(u)/P(uos) against o for various
reaction models (solid curves, as enumeraltf}% in Table 3, and curve 19
represents function G(o) = 17}_80 - “1:“)1_80 ) and experimental data
for the BSA denaturation in the absence of urea at heating rates
1.0 K min~" (filled triangle), 1.5 K min~" (inverted filled triangle),
2.0 K min~’ (filled square), and 2.5 K min™" (filled circle). Models
that have been used to describe the simple order reaction process are
labeled as: (16) first order reaction model; (17) second order reaction

model; (18) third order reaction model
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superposition of experiment master plotted at different
heating rates indicated that the kinetics process of dena-
turation of the BSA in the absence of urea could be
described by a single model function. From Fig. 4, the
kinetic process is most probably described by F, model,

1 (-

G =
(2) 1—n 1—n

Because the experimental master plots lay between the
theoretical master plots F; and F,, it was likely that the
apparent mechanism of overall reaction could not be
expressed in terms of an integral order reaction model,
which maybe indicated by mixture of basic reactions
involved in the system.

Evaluation of pre-exponential factor and kinetic
exponent

The kinetic exponent and pre-exponential factors were
determined by further calculations. The expression of F,
was introduced into Eq. 1, and Eq. 6 was obtained

1 (11—
i — =57P(u) (6)

3.5 4
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Fig. 5 Plotting 5 — 72" vs. BP(u) at n =180 for BSA
denaturation in the absence of urea at various heating rates and their
linear-fitting drawing (solid line)

In Eq. 6, P(u) could be calculated according to Eq. 2.
Plotting 1 — “Iﬁl versus g_&P(”) from n = 1 to 2 with
a step of 0.01, a series of straight lines through zero were
obtained. The most reasonable exponent n was the one
with the highest linear correlation coefficient. Our calcu-
lation showed that n = 1.80 led to the highest linear
correlation coefficient of 0.99812 with A = 1.26E82 s~ !
obtained from the slope of the line. The plots of ﬁ —
U=2) " versus %P(u) at n = 1.80 at various heating rates,

1—n
and their linear-fittings drawn through the zero point are

shown in Fig. 5, respectively. All the apparent kinetic
parameters that were determined during the main stage of
BSA denaturation are summarized in Table 3. The class of
kinetic models, F,, can describe the observed denaturation
process of BSA in the absence of urea.

Kinetic triplets for BSA denaturation in the presence
of urea

The same procedures were repeated for the BSA denatur-
ation in the presence of urea (2 mol LY. The activation
energies were nearly independent of conversion and the
mean activation energy was 430.77 + 10.42 kJ mol™".
The presence of 2 mol L™' urea evidently decreased the
activation energy. Further calculations indicated that the
class of kinetic models, F,, best described the BSA dena-
turation in the presence of urea. The logarithmic value of
pre-exponential factors and kinetic exponent are also pre-
sented in Table 3. The possible mechanisms for the BSA
denaturation in the presence and the absence of urea, are
simple order reactions. Compared with an idealized Av-
rami—Erofeyev equation, a nonintegral value of kinetic
exponent n is more appropriate to describe the actual
process. The activation energy (E,), the approximate order
of reaction (n), the pre-exponential factor (A) of the
denaturation transition, and the denaturation temperature
(T,,) decreased when the 2 mol L™' urea was added
(Tables 1 and 3). This suggested that the urea affected BSA
denaturation substantially and decreased kinetic and ther-
mal stability of BSA.

Table 3 Kinetic model and parameters for the BSA denaturation in the absence and the presence of urea

Urea content/mol L™! E,/kJ mol™! Als™! n r G(a)
0 550.38 & 23.00" 1.26E82 1.80 0.99812 -
2 430.77 + 10.42 2.35E65 136 0.99818 e e

? Means =+ standard deviations

VI X - M- 1)

Standard deviations S =

where ¥ = Sum of, X = Individual score, M = Mean of all scores, n = Sample size (number of scores)
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