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Reaction kinetic pathway of reversible
and irreversible thermal denaturation
of p-lactoglobulin

Alexander TOLKACH®, Ulrich KULOZIK

Institute for Food Process Engineering and Dairy Technology, Technical University Munich,
Weihenstephaner Berg 1, 85354 Freising-Weihenstephan, Germany

Abstract — A reaction kinetic approach for the description of reversible (unfolding) and irreversible
(aggregation) denaturation of 3-lactoglobulin (-Lg) was developed in this study. This novel ap-
proach allows the calculation of the content of native, partially unfolded and irreversibly denatured
B-Lg as a function of the heat treatment time. Moreover, it is able to give a mathematical inter-
pretation of the sharp bend on the Arrhenius plot of the formal denaturation rate constant which
is characteristic of the denaturation behaviour of both major whey proteins, a-lactalbumin and f3-
lactoglobulin. The developed theoretical backgrounds were applied for the denaturation kinetics of
B-Lg in a protein solution containing 50 g-L~! of the isolated whey protein fraction and verified by
means of differential scanning calorimetry.
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Résumé - Cinétique de la réaction de dénaturation réversible et irréversible de la f3-
lactoglobuline (f-Lg). Une approche de la cinétique de réaction pour décrire la dénaturation ré-
versible (dépliement) et irréversible (agrégation) de la 3-Lg a été développée dans cette étude. Ce
nouveau modele cinétique permet de calculer la fraction de (3-Lg native, partiellement dépliée et
irréversiblement dénaturée en fonction de la durée de traitement thermique. De plus, I’approche ci-
nétique développée est capable de donner une interprétation mathématique du brusque changement
de pente de la constante de dénaturation en fonction de la température, caractéristique du comporte-
ment de dénaturation des deux protéines sériques majeures, a-lactalbumine et (3-lactoglobuline. Le
modele théorique développé a été appliqué a 1’étude de la cinétique de dénaturation de la $-Lg dans
une solution protéique a 50 g-L~! de la fraction de protéine sérique isolée, et vérifié€ par mesure en
calorimétrie différentielle.
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1. INTRODUCTION

Bovine B-lactoglobulin (f-Lg) is a ma-
jor whey protein with a molecular weight
of 18.3 kg'mol™! and average concentra-
tion in milk or whey of 3.5 g-L~! [37].
Under physiological conditions the protein
exists as a dimer. It belongs to the proteins
of the lipocalin family that have an abil-
ity to bind and transport small molecules
within a central hydrophobic core [28].
The amino acid sequence of -Lg com-
prises 162 residues that marginally dif-
fer depending on the genetic variant of
the protein. Currently, 13 genetic variants
of B-Lg are known, whereas two variants,
B-Lg B and B-Lg A (Glyes — Aspg,
Ala;;g — Valyg), are the most com-
mon ones [28]. The molecular structure of
B-Lg consists of 6-10% a-helix, 44-52%
[-sheet, 8-10% turn and 32-35% of ran-
dom coil [4,12,26]. The tertiary structure is
strongly dependent on temperature, pH and
other environmental conditions and is sta-
bilised by two disulphide bonds (Cysjgs-
Cys 119 and Cysg-Cysie0)- P-Lg also has
a free thiol group (Cysjz;), which is nor-
mally hidden by the a-helix in the native
state (Fig. 1).

Due to its excellent functional proper-
ties, this protein has found wide applica-
tions in the food industry as a texturing
agent and a structure stabiliser [23]. The
functional properties of 3-Lg are strongly
affected by its ability to denature and to
react with thermally stable proteins such
as caseins [5] as well as to form aggre-
gates with diverse structures [32] or con-
jugates with other milk, whey or egg pro-
teins [22, 29, 39]. Thermal denaturation of
[B-Lg appears to be an essential technique
to improve the functionality of this protein
for its use in the different applications of
food manufacture.

The mechanism of thermal denaturation
of B-Lg is the subject of a considerable
number of interesting studies [2, 13, 15,20,
25, 26] that resulted in a number of hy-

pothetical models describing the thermal
behaviour of B-Lg in heated solutions as-
sessed by different analytical techniques.
By summarising the previous studies the
thermal denaturation of f-Lg can be char-
acterised as a multistage process, depicted
in Figure 2. According to this scheme
the native dimer of B-Lg (N,) dissoci-
ates reversibly into native monomers (N)
at temperatures above 40 °C. In the tem-
perature range between 40 and 55 °C
the monomer undergoes an intramolecu-
lar transition into a so-called R-state (Ng),
which is especially characteristic for pH
values above 7.5. The R-state of B-Lg dif-
fers from the native state only by mi-
nor conformational changes of some side
chains (especially the a-helix that masks
the free thiol group) and, consequently,
by enhanced accessibility of the free thiol
group. The major secondary structure of
the molecule remains nearly unaltered and
very similar to the native one. The -Lg
molecule in the R-state is able to form
polymers. However, the polymerisation
rate is negligible.

When the temperature of the protein
solution increases above 60 °C, the B-Lg
molecule undergoes a reversible partial un-
folding and forms a thermally induced
molten globule state (Uyg). The criti-
cal transition of B-Lg contains a com-
plete unfolding of the o-helix structure
and exposition of the free thiol group
(Cysi21) and some parts of the hydropho-
bic core (see Fig. 1). However, at this point
partially unfolded $-Lg molecules with ex-
posed Cysjj9 can also be formed by in-
tramolecular interchange reactions. This
form is not able to refold into the na-
tive state, which results in the formation
of irreversible $-Lg monomers upon cool-
ing [6,30]. Via the hydrophobic bonds and
thiol exchange, 3-Lg molecules take part
in the irreversible intermolecular interac-
tions that result in the formation of poly-
mers and aggregates (U,, U,). Most au-
thors distinguish between polymerisation
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Figure 1. Molecular structure of 3-Lg. Molecular graphics images were produced using the UCSF
Chimera package from the Resource for Biocomputing, Visualization, and Informatics at the Uni-
versity of California, San Francisco (supported by NIH P41 RR-01081) [24]. Protein data bank file
1B0O was used for the model construction [38].
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Figure 2. Mechanism of the thermal denaturation of 3-Lg.



304 A. Tolkach and U. Kulozik

(formation of polymers by covalent bonds)
and aggregation (formation of aggregates
by non-covalent interactions) despite the
fact that both processes occur simultane-
ously, leading to the formation of mixed
aggregates stabilised by both covalent and
non-covalent bonds. The aggregation and
polymerisation rate is strongly dependent
on the environmental conditions and tem-
perature [32, 33]. According to differen-
tial scanning calorimetry (DSC) measure-
ments, the partial unfolding and formation
of the molten globule state is completed at
temperatures around 90 °C [11]. A tem-
perature increase up to 130-140 °C leads
to a complete destruction of the secondary
structure of the (-Lg molecule and irre-
versible denaturation.

The ability to form a thermally induced
molten globule state plays a very important
role for technological properties of 3-Lg.
This partially unfolded p-Lg molecule is
able to react with other partially unfolded
and aggregated or polymerised whey pro-
teins forming particles and gels [32, 33];
the reaction between partially unfolded
[-Lg and casein micelles is exploited in yo-
ghurt production [8,9] and must be avoided
during hard cheese production due to the
inhibition of rennet-induced gel formation.
However, this complex formation might be
used for the increase in cheese yield in
fresh cheese manufacture [37]. Interactions
between partially unfolded B-Lg and hot
surfaces during treatment of milk and milk
products results in the formation of deposit
and fouling of heat transfer surfaces [7].

Due to the technological functions of
the partially unfolded PB-Lg described
above, a kinetic modelling of thermally
induced molten globule state formation
and degradation, allowing the prediction
of its concentration as a function of the
heat treatment time, is of high signifi-
cance. However, direct measurements of
the content of the partially unfolded -Lg
in situ (e.g. during heat treatment) are dif-
ficult or even impossible to perform. The

most disturbing factor is that the molec-
ular structure of the thermally induced
molten globule state of 3-Lg is identi-
cal to that of aggregated molecules and
most analytical techniques cannot distin-
guish in situ between both protein states
existing at the same time in the solu-
tion. Analytical techniques such as DSC
are able to monitor the unfolding process
during heat treatment; however, they are
not in a position to assess the degradation
of partially unfolded B-Lg as a result of
the aggregation reaction. Online monitor-
ing of the denaturation reaction by parti-
cle measurement seems not to be an effec-
tive method since the existing techniques
can only assess the aggregation, but can-
not distinguish between native and par-
tially unfolded states of f-Lg molecules.
Particle measurements, as well as tech-
niques such as high-performance liquid
chromatography (HPLC), gel permeation
chromatography (GPC), ionic exchange
chromatography (IEC), polyamidacryl gel
electrophoresis (PAGE), and isoelectric fo-
cusing (IEF) for the assessment of the con-
tents of native, monomeric and agglom-
erated or polymerised proteins after heat
treatment are also not able to provide any
direct information about the concentration
of the thermally induced molten globule
state due to its refolding after cooling of
the protein solution before performing the
analysis.

Owing to the above-mentioned prob-
lem of the analytical assessment of the
thermally induced partially unfolded state
of B-Lg molecule, most studies with a fo-
cus on the thermal denaturation of B-Lg
did apply analytical techniques to distin-
guish between the native and the aggre-
gated states of the molecule [16, 18, 34—
36]. Therefore, the degradation of native or
native-like 3-Lg was commonly modelled
by formal kinetic means supposing the de-
naturation to be a two-stage process (native
— denatured). According to this assump-
tion the degradation rate of native protein
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dc
—%LC as a result of thermal denatura-

tion is directly proportional to the concen-
tration of the protein Cyprc in power of
the reaction order n with the denaturation
rate constant (or denaturation velocity con-
stant) ks as a proportional coeflicient:

_dChpic
dr

The formal reaction order n may not be
seen as an order of a classical chemical re-
action: the formal reaction order expresses
in this case the complexity of the denat-
uration process and usually takes values
for the denaturation reaction of -Lg be-
tween 1 and 2, commonly 1.5. After inte-
gration of Equation (1), the following ex-
pressions can be used for the prediction of
the amount of native (3-Lg after heat treat-
ment (forn # 1):

= ks (Cuprc)" . (1)

. 1/(1-n)
Chprcs=(Clyplco+(n=1) ks - 1)

(2)

CHPLC,t (= =1+ (n _ 1) . C(n—l) ket

Crrico HPLCO "f "

(3)

Equation (3) is commonly used for graphi-
cal interpretations since the formal denatu-
ration rate constant can be easily obtained
from the slope of the line by a simple lin-
ear regression. The denaturation rate con-
stant ks is a function of the composition
of the solution and heat treatment temper-
ature. The relationship between the formal
velocity constant and heating temperature
can be mathematically expressed by the
Arrhenius equation:

E,
R T “)
Contrary to a classical chemical reaction,
which, according to the Arrhenius rela-
tionship, can be described by means of a
straight line when Ink is plotted versus =,
the velocity constant of the $-Lg denatura-
tion shows a discontinuity in the plot, re-
sulting in a sharp bend or edge [34]. The

lnkf = ll’lkf() -

bend temperature (or transition tempera-
ture) divides the Arrhenius plot into two
parts: unfolding-limited (low temperature
range) and aggregation-limited (high tem-
perature range) reaction. The interpretation
of such behaviour of the reaction rate con-
stant is that at temperatures lower than the
bend temperature the partial unfolding of
-Lg molecules is slower than their aggre-
gation, so the whole denaturation reaction
is limited by the unfolding subreactions.
In contrast to that, at temperatures higher
than the bend temperature, the aggregation
of the thermally induced molten globule
state is slower than its formation and, con-
sequently, the resulting denaturation reac-
tion of (3-Lg is limited by the aggregation
process. The position of the sharp bend
strongly depends on the pH, lactose con-
tent and other compositional parameters.

The major advantage of the formal ki-
netic description is that the formal reaction
rate constant can be simply calculated from
experimental data and used for the predic-
tion of the degree of irreversible denatura-
tion for every time-temperature combina-
tion. However, the theoretical background
of the formal kinetic description does not
take into consideration the existence of
the molten globule state and, consequently,
is not able to separately characterise the
unfolding process, polymer and aggrega-
tion formation as well as giving a math-
ematical interpretation of the sharp bend
occurrence. For this reason, a number of
other models for quantitative description
of the subreaction of B-Lg denaturation
were adapted or developed. At tempera-
tures between 60 and 70 °C and mod-
erate protein concentration the denatura-
tion of B-Lg could be described in terms
of classical polymerisation with initiation,
propagation and termination steps [27],
fractal theory [1], Fuchs-Smoluchovski ki-
netics [13] and different numerical mod-
els of colloidal aggregation [14, 15]. These
mathematical models deliver a very good
numerical interpolation of data obtained



306 A. Tolkach and U. Kulozik

by dynamic light scattering or photon
correlation spectroscopy in the condi-
tions mentioned above. Nevertheless, they
are mainly unable to give a quantitative
description of thermally induced B-Lg de-
naturation over a broad range of temper-
atures as well as mathematical interpreta-
tion of the sharp bend on the Arrhenius
plot. Moreover, none of the models was
able to calculate the concentration of each
of the three B-Lg main states involved in
the denaturation process: native, partially
unfolded and irreversibly denatured.

Based on this situation, the major objec-
tive of this study was to develop a novel
reaction kinetic approach that is able to
separately describe the reversible unfold-
ing and irreversible denaturation of f-Lg
in heat-treated solutions. Therefore, using
this reaction kinetic approach, a derivation
of mathematical expressions describing the
concentration of native, partially unfolded
and irreversible aggregated or polymerised
B-Lg as a function of heat treatment time
was aimed at.

The model development was based on
the formal kinetic data generated by ex situ
measurements. In this study we decided to
use HPLC for the assessment of 3-Lg con-
tent since this technique provides informa-
tion about protein molecules remaining na-
tive or refolded to the native state after heat
treatment. Application of formal kinetic
data for development of a novel reaction
kinetic approach allows the consideration
and interpretation of the phenomena such
as the sharp edge on the Arrhenius plot ob-
served by prior kinetic studies.

2. MATERIALS AND METHODS

-Lg AB was obtained from pasteurised
skim milk using the procedure described
by Maubois et al. [21]. After freeze-drying,
the B-Lg powder was dissolved in ultrafil-
tration permeate (molecular weight cut-off
of the UF membrane 10 kg-mol~!, pH 6.8,

lactose content 45 g-L~') to obtain a so-
lution containing 50 g-L~'B-Lg and left
overnight at 4 °C. The concentration of
50 g-L~' was chosen due to the intended
DSC measurements in order to obtain a
maximal signal/noise ratio.

For the thermal treatment and the eval-
uation of kinetic data two different sys-
tems were used. For temperatures below
100 °C a heat treatment in stainless steel
tubes (inner diameter of 3 mm and length
of 258 mm) in a water bath was used. The
geometry of the tubes allowed heating up
the sample within 10 s by application of
another water bath for pre-heating (as a
rule the temperature of the pre-heating bath
was 10 °C higher than the target tempera-
ture). Following heat treatment the samples
were cooled down immediately in a water
bath with melting ice.

For heating temperatures above 100 °C
and holding times longer than 60 s a steam-
heated pressure vessel was used. The ther-
mal treatment was carried out in the same
stainless steel tubes as used for the wa-
ter bath experiments. In order to minimise
the heating-up time the steam pressure dur-
ing the heating-up was adjusted such that a
temperature of 10 °C above the intended
heat treatment temperature was realised.

The B-Lg content was determined by
HPLC as described in detail by Beyer
and Kessler [3]. According to this method,
only native $-Lg which showed an identi-
cal retention time to the standard fractions
obtained from Sigma (B-Lg A: L7889,
p-Lg B: L8005) could be detected. Any
changes in the tertiary structure of the pro-
tein resulted in a shift of the retention
time and, consequently, these monomeric
proteins with altered structures could not
be detected as native by this method. The
denatured B-Lg was separated from the
solution by shifting the pH value to 4.6 fol-
lowed by a centrifugation step (10 000X g,
10 min). The supernatant containing na-
tive B-Lg was filtered through a mem-
brane filter (pore ¢ 0.45 um, Chromafil®
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Figure 3. Denaturation of $-Lg as a three-state process.

RC-45/25, Macherey-Nagel, Diiren, Ger-
many).

The DSC measurement was carried out
using the DSCQI1000 (TA Instruments,
Alzenau, Germany). The pans used for
the DSC measurements were high-volume
pans made of stainless steel with a sample
volume of 75 mg. The reference sample
was UF permeate. The heating rate used

was 5 K-min~!.

3. RESULTS AND DISCUSSION

3.1. Development of the
mathematical model

According to the scheme in Figure 2
the heat-induced denaturation of -Lg at
temperatures above 60 °C can be sim-
ply characterised by a three-state model
that involves native molecules of B-Lg,
a thermally induced molten globule state
(reversible unfolded molecules) and irre-
versibly denatured (aggregated or poly-
merised) molecules. Since the aggregation
of the R-state is negligible, all reversible
reactions in Figure 2 can be substituted
by one irreversible unfolding step. Thus,
for the kinetic approach this process can
be simply described by the reaction equa-
tion depicted in Figure 3 which shows the

heat denaturation as a two-step process: af-
ter reversible unfolding of the native $-Lg
molecule (N) follows an irreversible aggre-
gation or polymerisation of the thermally
induced molten globule state (U) with for-
mation of covalent and non-covalent bound
protein polymers or aggregates (D,). The
stoichiometric coeflicient n corresponds to
the formal reaction order n in Equation (1)
and expresses the complexity of the poly-
merisation and aggregation processes.

If the temperature of the protein solution
drops under 60 °C, the protein molecules in
the partially unfolded state U refold to the
native state N, whereas the molecules in
the irreversible denatured state D,, are un-
able to refold. Therefore, analytical tech-
niques such as HPLC, which detect only
the amount of the native proteins in the
solution after heat treatment, assess all
protein molecules that were in the na-
tive and reversibly unfolded states at the
moment when the temperature dropped be-
low 60 °C:

Cuprc = Cy + Cy. (5
The formation of the molten globule state
during thermal treatment of protein solu-
tion can be characterised by equilibrium
between native and partially unfolded 3-Lg
that quantitatively can be described by an
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unfolding degree a:

Cy Cy
a = = 6
Cyv+Cy  Cyprc ©
or
Cy =a-Cphprc (7
and, consequently,
Cy=({-a) - Cqprc. (8)

The irreversible aggregation and polymeri-
sation of the molten globule state of B-Lg
can be described by an aggregation veloc-
ity constant k,g,. Thus, the degradation rate
of partially unfolded B-Lg as a result of
the aggregation process can be expressed
as follows:

~ dCuagg
dt

= Kagg (CU)n . 9)

From Figure 3 it can be seen that the de-

crease in [-Lg content assessed as native

by HPLC is equal to that caused by ag-

gregation or polymerisation of the molten

globule state:

ACuric _ SCta 19
dt dt

Therefore, Equation (9) can be rewritten as
follows:

_dCuprc

dr = Kagg (CU)n .

(1D
By taking into consideration the rela-
tion between the concentration of partially
unfolded B-Lg and B-Lg being assessed
by HPLC as native (Eq. (7)), differential
Equation (11) can be rewritten using the
HPLC-assessable content of 3-Lg only:

dc
_%LC = Kagg (a- CHPLC)n

= Kagg a" (CHPLC)” . (12)

By integration of Equation (12) the content
of B-Lg assessed as native by HPLC can be

calculated as a function of the heat treat-
ment time:

1_
Cuprrci = (CLPZ)C!()

) l/(l—n).

+(n=1)- " kogy -t (13)

By taking into consideration Equations (7)
and (8) a calculation of the concentration
of unfolded Cy and native Cy[3-Lg during
heat treatment can be obtained from Equa-
tion (13):

Cus = a(Chppr

HPLC,0
+(m-1)- a" - kagg . t)l/(l—n) (14)
Cys = (1= ) (Cypreg
+(n- 1)'an'kagg°l‘)l/(l_n). (15)

Equations (14) and (15) show the relation-
ships between the heat treatment time of
the protein solution and the concentration
of native N and partially unfolded form U
of B-Lg. The content of the irreversibly ag-
gregated or polymerised -Lg can be cal-
culated as the difference between the $-Lg
concentration assessable by HPLC and the
starting 3-Lg concentration. It can clearly
be seen that the requirement for the use
of the above-mentioned equations is the
knowledge of the degree of unfolding «
and aggregation rate constant Kqgg.

The calculation of both « and k¢, can
be carried out by drawing an analogy be-
tween the formal kinetic equation in differ-
ential form (Eq. (1)) and the reaction ki-
netic expression (Eq. (12)), which show a
relationship between the rate of decrease of
[-Lg that can be assessed by HPLC as na-
tive and its concentration. From the com-
parison of both equations it follows:

kf =a"- kagg- (16)
Or, in logarithmic form:
In (kf) =nlna+In (kagg). (17)



Reaction kinetic pathway of the denaturation of 3-Lg

309

In X

o=1, In o.=0

Aggregation limited
temperature area

nino

0<a<1, In a<0

Unfolding limited
temperature area

1T

Figure 4. Interpretation of the sharp bend on the Arrhenius plot according to Equation (17).

Equations (16) and (17) show that the for-
mal kinetic rate constant of thermal denat-
uration of B-Lg can be seen as a direct
combination of unfolding and aggregation
terms. This allows a mathematical explana-
tion of the sharp edge on the Arrhenius plot
of the formal velocity constant (Fig. 4): the
value of the unfolding degree « varies be-
tween 1 (all protein molecules are com-
pletely unfolded, high temperature area)
and O (all protein molecules are native,
low temperature area). Consequently, the
value of the term In @ varies between 0 and
—oo. In the aggregation-limited area the un-
folding of B-Lg is completed so that only
the unfolded and the irreversibly denatured
[-Lg molecules exist in the solution. The
unfolding degree « takes the value of 1
and, consequently, the term nlna = 0.
Therefore, the formal velocity constant of
B-Lg denaturation takes a value of the ag-
gregation velocity constant:

In (kr) = In (kagy) . (18)

With decreasing temperature the unfold-
ing degree a declines and the term nIn«
in Equation (17) takes a negative value.
Consequently, the relationship between
the formal velocity constant and recip-
rocal absolute temperature deviates from
the linear, which results in a sharp edge
on the Arrhenius plot. Therefore, in the
unfolding-limited temperature area the de-
gree of unfolding « can be calculated from
the difference between the formal velocity
constant k; and aggregation rate constant
kagg extrapolated into the unfolded limited
area:

M) (19)

a= exp[
n

Knowledge of the unfolding degree «
and the aggregation rate constant kg
allows the calculation of the content
of native, reversibly unfolded and ir-
reversibly denatured (-Lg according to
the mathematical expressions mentioned
above (Eqgs. (14)—(15)).
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3.2. Experimental results

Figure 5 shows the impact of the heat
treatment time and temperature on the
degradation of native -Lg content as-
sessed by HPLC after cooling down the
samples. The relative decrease in (-Lg
content is depicted according to Equa-
tion (3), whereby the formal denaturation
rate constant can be calculated from the
slope of the straight line. The formal or-
der n of the denaturation reaction was

found to be 1.5 since the results could
CHPLC,I

20.5
be linearised by plotting (m) ver-
sus the heat treatment time ¢. This for-
mal reaction order of the B-Lg denatu-
ration reaction can be well explained by
means of the rapid aggregation theory of
colloidal solutions [31] or according to the
Bodenstein principle of polymer formation
reaction [27].

It is evident that with increased
temperature the slope of the line and,
consequently, the denaturation rate con-
stant increases. The influence of the heat
treatment temperature on the formal de-
naturation velocity constant according to
the Arrhenius equation (Eq. (4)) is shown
in Figure 6. It can be clearly seen that
the relationship between the reciprocal
absolute temperature 7 and the natural
logarithm of the formal velocity constant
ks shows a discontinuity in the form of a
sharp bend with a transition temperature of
90 °C, dividing the Arrhenius plot into the
unfolding-limited and aggregation-limited
areas. According to the interpretation
given in Figure 4 the unfolding reaction of
B-Lg and the formation of the molten glob-
ule state must be finished at a temperature
below 90 °C. This hypothesis could be
proven by a DSC measurement depicted
in Figure 6 that shows an endothermic
heat flow generated by the unfolding of
the B-Lg molecules. It can be seen that the
heat flow stops at a temperature of 87 °C,
indicating that the unfolding is completed.

Table I shows a calculation of the un-
folding degree « using the formal kinetic
denaturation rate constant according to
Equation (19). As can be seen, the [3-Lg
molecules start to unfold significantly
at a temperature at or above 65 °C,
which is in agreement with a number
of studies on thermal denaturation of [3-
Lg [10,11,17,19]. At temperatures below
60 °C the unfolding degree is insufficient
for the irreversible aggregation reaction to
be started: the probability of a collision be-
tween two unfolded f-Lg molecules is ex-
tremely low under these conditions.

Knowing the degree of unfolding @ and
the aggregation rate constant kg, it is pos-
sible to predict the content of the native and
unfolded (3-Lg according to Equations (14)
and (15). Figure 7 depicts the influence
of the heat treatment time on the con-
centration of B-Lg assessed as native by
HPLC after cooling (measured values) as
well as the concentration of the unfolded
and native 3-Lg (calculated values) at two
heating temperatures: 80 °C (unfolding-
limited) and 110 °C (aggregation-limited).

According to the reaction equation de-
picted in Figure 3 the unfolding of B-Lg
occurs rapidly until the equilibrium be-
tween the native and the molten globule
states of the 3-Lg molecules is established.
The ratio between the concentration of the
partially unfolded and native -Lg under
these conditions is given by the unfold-
ing degree @. The decreasing amount of
the molten globule state of B-Lg due to
the aggregation or polymerisation reaction
is balanced by the partial unfolding of the
native molecules, with the result that the
achieved equilibrium between both states
remains unchanged as long as the heating
temperature stays constant (80 °C, Fig. 7).
Heat treatment of the (3-Lg solution at a
temperature in the aggregation-limited area
(110 °C, Fig. 7) leads to a partial unfolding
of all available 3-Lg molecules so that only
irreversible aggregation takes place. The
amount of the partially unfolded protein in
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Figure 6. Impact of the heating temperature on the formal denaturation rate constant combined with
the DSC thermogram of the [3-Lg solution.

Table I. Calculation of the unfolding degree of 3-Lg on the basis of the formal kinetic parameters.

Temperature kr In(ky) In(kayg) In(ks) — In(k,g,) Ina a
120 4.5%1072 -3.09 -3.09 0 0 1
110 2.4x1072 -3.732 -3.732 0 0 1
105 1.7x1072 —4.066 —4.066 0 0 1
95 8.6x 107 —4.761 —4.761 0 0 1
90 5.9%107 -5.122 -5.122 0 0 1
88 3.7%x 1073 —5.602 -5.27 -0.332 -0.22 0.80
85 1.5x 1073 -6.479 -5.50 -0.983 -0.65 0.52
80 3.4x107 -71.972 —5.88 -2.092 -1.39 0.25
75 7.4 %107 -9.509 —6.28 -3.233 -2.15 0.12
70 1.5x 107 -11.090 -6.68 —4.407 -2.94 0.05
68 8.0x 107 —11.735 —6.85 —4.886 -3.26 0.04
63 1.5x10°° -13.382 -7.27 -6.109 —4.076 0.02
60" 5.6 x 1077 —14.394 —7.53 —6.861 —4.576 0.01

* Interpolated value.
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Figure 7. Influence of the heat treatment time on the loss of unfolded, native and HPLC-

assessable [3-Lg.

this case is equal to the amount of 3-Lg as-
sessable by HPLC.

4. CONCLUSIONS
AND OUTLOOK

It was shown that the novel reaction ki-
netic approach for quantitative description
of reversible and irreversible denaturation
of B-Lg developed above allows the cal-
culation of the content of the native, par-
tially unfolded and irreversibly denatured
B-Lg as a function of heating time. The
presented kinetic model can be used for in-
dependent characterisation of the unfold-
ing and aggregation reactions of -Lg, as
well as other proteins showing a sharp edge
on the Arrhenius plot under different envi-
ronmental conditions. The ability of the de-
naturation model to quantitatively describe
the formation of the molten globule state

of globular proteins can be used to model,
and for a better interpretation of DSC mea-
surements or the results of other analytical
techniques. However, deeper insights into
the thermodynamics of the unfolding and
aggregation reactions are necessary for that
purpose.
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