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Abstract α-Lactalbumin (α-La) undergoes considerable
structural changes upon loss of bound Ca2+ at acidic pH,
leaving α-La in a molten globule structure. Using fluores-
cence the present work provides more insight into the struc-
tural transition of α-La at acidic pH leading to protein aggre-
gation, most likely caused by a combination of hydrophobic
and electrostatic interactions. The rate of aggregation is de-
termined by the protein concentration and temperature ap-
plied. Availability of Ca2+ stabilises the protein, and thus
prevent aggregation at pH values as low as pH 2.9. In con-
trast, presence of Cu2+ induces a destabilisation of the pro-
tein, which can be explained by a binding to the Zn2+ binding
site in α-La, possibly resulting in structural alterations of the
protein. In general, presence of anions destabilise α-La at
pH values below pI, with SO4

2− exhibiting the strongest ef-
fect on the protein stability, thus correlating well with the
Hofmeister series. At more acidic pH values far from pI,
α-La becomes more stable towards ion induced aggregation,
since higher ion activity is required to efficiently screen the
charges on the protein surface. The results presented in this
paper provide detailed knowledge on the external parameters
leading to aggregation of α-La at acidic pH, thus permitting
rational design of the aggregation process.
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Introduction

Cheese whey contains various globular proteins, which are
unique in their nutritional and functional properties. To ac-
commodate for the increasing demand for food with im-
proved nutritional and functional properties, much effort has
been allocated on examining applicability of whey proteins in
food products. The spectrum of food products, utilising whey
proteins, is very broad, which places specific demands on the
textual properties of the whey proteins, in terms of foam sta-
bility, emulsification, water holding capacity and gel forma-
tion [1]. This implies requirements for efficient and tight con-
trol of the aggregational behaviour of the whey proteins. One
major application is the acidic protein beverages, used as a
nutritional supplement of essential and branched chain amino
acids. Protein beverages require a clear suspension, and the
primary prerequisite to success is therefore preventing aggre-
gation of the whey proteins in this application. The aggrega-
tional behaviour of whey proteins has been thoroughly stud-
ied at basic pH values [2–6]. However, aggregation at acidic
pH values is still poorly understood at the molecular level.

In general, protein aggregation is influenced by a number
of physical parameters, such as pH, temperature, ionic
strength, ion type, pressure, protein concentration and
protein composition. Purified whey protein is a highly
complex system, where several of the physical parameters
might influence the aggregational properties of the proteins
in the beverages. This greatly complicates identification of
the specific protein responsible for aggregation initiation,
which may contribute to gelation. Hence, detailed studies of
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individual whey proteins are essential to clarify the events
occurring during aggregation of whey proteins at acidic pH.

α-Lactalbumin (α-La) is a small (Mw 14.2 kDa), acidic (pI
4–5), Ca2+ binding protein, which constitutes approximately
25% of the proteins in whey [7]. The physiological role of
α-La is to support the biosynthesis of lactose in milk through
regulation of lactose synthase, which catalyzes the final step
in lactose biosynthesis [8]. α-La is widely used as a simple
model for Ca2+ binding. As pH is shifted towards acidic val-
ues α-La becomes progressively more positively charged. At
some pH values also the Glu and Asp rich binding pocket for
Ca2+ is titrated and consequently Ca2+ is ejected from the
protein. The Ca2+ depleted form of α-La attains a classical
molten globule state with significantly altered properties [9,
10]. Hereby, Tm is shifted from 62◦C at pH 8 to 32◦C at
pH 2.5 [11]. The formation of the molten globule is likely
a prerequisite for protein aggregation, since the hydropho-
bic interior of the protein becomes more accessible, which
is likely to lower the energy barrier for protein aggregate

formation. Furthermore, some forms of α-La have recently
been found to induce apoptosis in tumor cells suggesting
additional significance of this protein [12, 13].

This paper will address the aggregational behaviour of α-
La at acidic pH. Hereby, the effect of pH, ions, temperature,
protein concentration and presence of Ca2+ on conforma-
tional stability of α-La is examined through tryptophan flu-
orescence spectroscopy. Moreover, fluorescence quenching
by acryl amide is used for assessing the solvent exposure of
tryptophan independent of locally charged residues. Confo-
cal Laser Scanning Microscopy (CLSM) of the α-La in the
aggregational state is performed to provide further insight
into the effect of ions on the aggregate structure of α-La at
acidic pH.

Experimental

Ca2+ depleted bovine α-La (L-6010), Acrylamide,
Thioflavin T (ThT) and Rhodamine B (RhodB) were ob-
tained by Sigma-Aldrich.

All protein concentrations were determined spectropho-
tometrically using an extinction coefficient (ε280) of
28,500 M−1 cm−1, and adjusted to appropriate pH by HCl.

Fluorescence measurements

Steady-state fluorescence spectroscopy was performed us-
ing RTC 2000PTI spectrofluorometer with 90◦ geometry

equipped with a magnetically stirred, thermostated cuvette
compartment. All experiments were conducted using 2 nm
slit size and tryptophan (Trp) excitation of 295 nm. A mea-
surement of both Trp emission spectra and static light scat-
tering was performed in all experiments to further evaluate
the observed results.

Thermal stability

Unfolding was performed by a linear temperature increase
of 1.5◦C per minute from 5 to 85◦C monitoring Trp emission
at 350 nm and using a concentration of α-La of 0.6 mM at
pH 2.9 and 3.3. Effect of Ca2+ binding was observed using a
concentration of CaCl2 of 2.5 mM, corresponding to a Ca2+

to protein ratio of ∼ 4, thereby assuring excess of Ca2+.
Effect of ions on protein stability was observed by applying
concentrations of 50 mM of CuCl2 or CuSO4. Tm values
were calculated by fitting data to an equation for two-state
unfolding [14], see Eq. (1).
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where α and β are constants, T is the actual temperature and
Tm is the transition midpoint.

Acrylamide quenching

Quenching of Trp was investigated by acrylamide as
quencher, 0–0.8 M. Quenching data were analysed by
Stern/Volmer plots [15]. The dynamic quencher constants
were resolved by the slope of the plot, see Eq. (2).

F0

F
= 1 + KD × [Q] (2)

When examining ion effects 0.25 mM of α-La was utilised
at pH 2.0, 2.9 or 3.5, with either 0 or 2.5 mM CaCl2 and
50 mM of either CuCl2, CuSO4, Cu3(PO4)2, NaCl, Na2SO4

or Na3PO4. All samples were prepared at room temperature.
Effect of protein concentration and time was investigated
at 0.25, 0.5, 0.75 and 1 mM α-La at pH 3.0 without Ca2+

present and within a time frame of 0–336 hr, incubation at
30◦C.

Confocal laser scanning microscopy

Confocal Laser Scanning Microscopy was performed using
a Zeiss LSM510 CLSM equipped with a meta-filter and a
63 × oil objective. ThT and RhodB bound to proteins were
excited with an Argon laser (458 nm), a HeNe laser (543 nm)
and emission was detected in the interval 473.3–494.7 nm
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Fig. 1 Thermal unfolding of
α-La at pH 2.9 og 3.3 performed
in an interval of 5–85◦C and
1.5◦C/min. With Ca2+ present:
no ions, CuCl2 and CuSO4.
Without Ca2+ present: no ions,
CuCl2 and CuSO4

and 644–687 nm, respectively. Protein samples of 0.3 mM
α-La at pH 3.0 without Ca2+ present were incubated at 30◦C
for 7 days prior to the experiment. The effect of ions on
aggregate structure was examined using 50 mM of either
CuCl2, CuSO4 or Cu3(PO4)2 and α-La was stained with
50 µM of either ThT or RhodB.

Computational titration of α-La

Titration of amino acid residues of α-La in the acidic pH
range was performed computationally using Titra software
version 1.5, as previously described [17].

Results

Thermal stability

Thermal stability data of proteins provides direct information
on the structural effects by different external parameters.
Thermal unfolding of α-La has therefore been performed
to investigate the stabilisation or destabilisation of pH, ions
and presence of Ca2+, see Fig. 1. Hereby, it is expected that
both addition of ions and lowering of pH destabilise α-La,
whereas presence of Ca2+ is expected to stabilise the protein.

Corresponding computed Tm values and enthalpies are
presented in Table 1.

The fluorescent unfolding and corresponding enthalpies
and Tm values reveal an overall stabilising effect of Ca2+

on α-La, whereas both lowering pH and addition of ions
destabilise the protein, which is in correlation with expecta-
tions. Hereby, destabilisation is reflected in both a decrease
in Tm value and less transitional change in fluorescence.
As observed, the presence of Ca2+ is most effective at pH
3.3 as would be expected. By comparing effects of CuCl2
and CuSO4, CuSO4 exhibit the most destabilising effect on
the three-dimensional structure of α-La, as observed from

the transition of unfolding occurring to less extent and at a
lower temperature.

Acrylamide quenching

Acrylamide is a neutral quencher and thus largely indepen-
dent of the charge distribution on the protein surface. The
degree of solvent exposure of Trp residues at different pH
values can be probed with acrylamide and directly corre-
lated to the structural changes in α-La. Quenching efficiency,
presented as the dynamic quenching constant (KD), is then
expected to increase as pH is lowered. Furthermore, inter-
actions between ions and α-La at different pH values are
examined in this way, which is presented in Figs. 2 and 3 for
Cu2+-ions and Na+-ions, respectively.

In general, quenching efficiency increases markedly with
decreasing pH. When first considering the condition without
ions applied, lack of Ca2+ present implies an overall increase
in quenching efficiency. In the presence of Ca2+ however, KD

display a stronger pH dependence, with pH 3.5 displaying
much lower Trp availability than when Ca2+ is not present.
Next, addition of CuCl2 and especially CuSO4 decrease Trp
availability. Addition of Cu3(PO4)2 imply increased quench-

Table 1 Computed Tm values and enthalpies corresponding to each
unfolding curve presented in Fig. 1

pH 2.9 pH 3.3
w/o Ca2+ w Ca2+ w/o Ca2+ w Ca2+

Tm (◦C)
w/o ions 27 ± 0.4 34 ± 0.4 34 ± 0.9 40 ± 0.2
CuCl2 26 ± 0.3 30 ± 0.4 31 ± 0.2 33 ± 0.5
CuSO4 20 ± 0.6 27 ± 1 23 ± 0.6 31 ± 0.5

�H (kcal/mol)
w/o ions 24 ± 1 21 ± 1 22 ± 1 28 ± 1
CuCl2 28 ± 1 22 ± 1 34 ± 1 45 ± 3
CuSO4 43 ± 5 20 ± 1 38 ± 4 84 ± 14
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Fig. 2 Quenching efficiency of
α-La at different pH and
Cu2+-ion combinations; without
Ca2+ present (upper) and with
Ca2+ present (lower)
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Fig. 3 Quenching efficiency of
α-La at different pH and
Na+-ion combinations; without
Ca2+ present (upper) and with
Ca2+ present (lower)
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Fig. 4 Quenching efficiency of
different concentrations of α-La
at pH 3.0 without Ca2+ present
at different time intervals,
incubation at 30◦C

ing efficiency. Presence of Ca2+ alters the ionic effects on
α-La, especially the response to CuCl2. As expected, Na+-
ions does not influence the increasing quenching efficiency
with decreasing pH. However, the presence of Ca2+ exhibits
a considerable effect on the interaction of NaCl and Na2SO4

with α-La, the effects being both more pronounced and more
dependent on pH than what was observed with Cu2+-ions. In
correspondence with results obtained by Cu2+ ions, addition
of Na3PO4 imply an increase in solvent accessibility of Trp,
however displaying less variance in KD with pH.

In order to obtain information on the effect of α-La con-
centration on protein aggregation, an acrylamide quenching
experiment has been performed at pH 3.0 in the absence of
Ca2+. Hereby, higher protein concentrations are expected to
increase the probability and hence rate of aggregation, see
Fig. 4. The experiment was repeated at different time inter-
vals to observe the effect of time on α-La aggregation at the
different concentrations.

Protein concentration significantly influences quench-
ing efficiency, with concentrations above 0.25 mM re-
sulting in a reduction of solvent accessibility of Trp
residues for quenching by acrylamide. Apparently, quench-
ing efficiency remains fairly unchanged over time, al-
though the lowest concentration displays some time
dependency.

Confocal laser scanning microscopy

Experiments of CLSM is performed to obtain an optical
interpretation of the interactions between Cu2+-ions and α-

La. Hereby, all ions are expected to have an impact on α-La
aggregation, with CuSO4 inducing most aggregation, see
Fig. 5.

As observed, α-La forms aggregates at pH 3.0 even with-
out ions applied. As expected, addition of ions distinctly
enhances aggregation of α-La, with the degree depending on
the ion type. Hereby, CuSO4 induces more severe amount of
aggregation compared to both CuCl2 and Cu3(PO4)2. Fur-
thermore, transparent aggregates are formed at the condi-
tions when no ions are present and when CuCl2 is present,
whereas the presence of CuSO4 and especially Cu3(PO4)2

induces more dense aggregate structures.

Computational titration of α-La

The distribution of charged residues in α-La at acidic pH
values is determined by Titra, which is presented in Fig. 6.

As pH is lowered towards acidic values the acidic amino
acids become protonated leaving α-La positively charged.
The titration of the Asp and Glu residues occurs especially
between 4.5 and 3.5.

Discussion

pH effects

According to the thermal stability data, α-La exhibits a ther-
mal unfolding below 40◦C, when pH is below pI. The con-
tinuous decrease in fluorescence intensity as a function of
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Fig. 5 Confocal laser scanning microscopy images of α-La at pH 3.0 without Ca2+ stained with Thioflavin T; without ions present and with
CuCl2, CuSO4 and Cu3(PO4)2 present. The highlighted bar represents 20 µm

temperature is assigned to the dynamic quenching of Trp
residues by water molecules. Thus at unchanged or increase
in fluorescence intensity versus temperature is due to in-
creased fluorescence yield of Trp residues. This results from
Trp that move from a quenched state in the folded protein to
a lesser quenched state in the unfolded protein, overcoming
the quenching contribution from water.

The pH responsible destabilisation of α-La can be as-
cribed to the discharge of Ca2+ from the binding pocket as
pH is lowered towards acidic values. The resulting molten
globule structure exhibit a higher exposure of the hydropho-
bic interior. As observed by fluorescence spectroscopy, the
molten globule will display a red-shifted Trp fluorescence
emission and a significantly enhanced fluorescence intensity
(data not shown) [18, 19]. The molten globule state leaves
α-La structurally destabilised and highly susceptible for ag-
gregation, reflected by a Tm value below 30◦C and reduced
fluorescence yield during thermal unfolding. The protonation

of Asp and Glu residues leads to breakage of salt bridges and
thereby a more flexible protein structure with less constraints,
and concomitant to rupture of stabilising H-bonds. Hence, as
pH is further lowered towards more acidic environment, the
structure loss of α-La becomes more pronounced, reflected
in Tm values as low as 20–30◦C. These observations are fur-
ther supported by the acrylamide quenching experiments, in
which quenching efficiency increases considerably with de-
creasing pH. This is explained by the less compact structure
of α-La rendering Trp residues more available for quenching
by acrylamide.

The presented Tm values are somewhat lower compared to
previously determined Tm values (32◦C at pH 2.5) [11]. This
is due to the thermal unfolding experiment being performed
at a higher protein concentration, which adds an additional
destabilisation factor to the system. In comparison, the con-
centration of 0.6 mM α-La used in the thermal unfolding
experiment corresponds to approximately one half of what
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Fig. 6 Computational titration
of α-La between pH 2 and 4.
The titration was performed
without including Ca2+

presence. The highlighted
amino acids are: basic amino
acids (blue) and acidic amino
acids (red)

is applied in a protein beverage. The physical/chemical con-
ditions in acidic protein beverages are precautiously close to
Tm for α-La, and thereby facilitating the onset of aggregation.

In the present paper we have shown that α-La forms ag-
gregates solely due to acidic pH, which is evident from re-
sults obtained by both confocal microscopy and acrylamide
quenching. The molten globule structure is therefore suf-
ficiently unstable to induce aggregation of α-La. Hereby,
aggregates are formed at only 300 µM α-La pH 3.0, corre-
sponding approximately to one fourth of the α-La concentra-
tion present in protein beverages. It is very likely that α-La is
the key responsible protein for aggregation of whey proteins

at acidic pH. Evidently, the rate of aggregation then depends
on the protein concentration and temperature, whereas spe-
cific changes in pH most likely affect the type of aggregates
formed due to variations in electrostatic interactions between
the proteins.

Ca2+ effects

That Ca2+ is capable of binding and stabilising the protein
at pH below pI is apparent both from the thermal unfold-
ing experiments and the computed Tm values and enthalpies.
This is furthermore supported by Trp fluorescence emission
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measurements, in which the spectrum is blue-shifted and flu-
orescence intensity decreased upon Ca2+ presence (data not
shown). In addition, lack of Ca2+ implies an overall increase
in acrylamide quenching efficiency, which is correlated with
the conformational changes accompanied with the molten
globule structure in the absence of Ca2+.

The pH value will influence both Ca2+ binding to α-
La as well as Trp solvent accessibility. Thus, presence of
Ca2+ therefore exhibits more stabilisation on α-La at pH 3.3
than 2.9, explaining the higher enthalpy, Tm value and more
change in fluorescence yield during thermal unfolding upon
Ca2+ presence at pH 3.3. This is additionally supported by
the quenching experiments, in which KD display stronger pH
dependence in the presence of Ca2+, with pH 3.5 displaying
much lower Trp availability than when Ca2+ is not present.

Surprisingly, Ca2+ exhibits a thermally stabilising effect
on α-La even at pH 2.9. One possible interpretation is that
Ca2+ binding to α-La will result in altered pKa values of Asp
and Glu residues nearby the Ca2+-binding pocket. Concur-
ringly, the pH of Ca2+ ejection from α-La is significantly
reduced, when Ca2+ is present at near neutral pH, compared
to when Ca2+ is present at pH 3.5 (data not shown). This sup-
ports the influence of Ca2+ binding on pKa values of nearby
Asp and Glu residues. An alternative explanation could in-
clude an interaction of CaCl2 with the surrounding water
network rather than residues on the protein surface, thereby
favouring the folded conformation of α-La.

Ionic effects

All anions examined destabilise α-La at pH below pI, as
expected. According to data obtained by thermal unfolding,
acrylamide quenching and confocal microscopy the degree
of destabilisation is suggested to be Cl−<H2PO4

−<SO4
2−,

concurrent with the Hofmeister series [20]. The effect of
ions on proteins is usually described by either a preferred
interaction with the amino acids on the protein (i.e. prefer-
ential binding) or a preferred interaction with the surround-
ing water network (i.e. preferential hydration), leading to
stabilisation of the unfolded or folded conformation of the
protein, respectively [20]. Hereby, SO4

2− leads to preferen-
tial binding, whereas Cl− leads to preferential hydration of
α-La. Thus, SO4

2− is most efficient in screening the pos-
itive charged on α-La, thereby removing the net repulsion
between the proteins and promoting random aggregation. In
thermal unfolding experiments, the ionic destabilisation is
reflected in a lower Tm value and reduced transition dur-
ing unfolding. When observing quenching efficiency, the
destabilisation is correlated with significantly decreased Trp
availability upon addition of CuCl2 and especially CuSO4.
This is suggesting an ion responsible aggregation of α-La,
leading Trp residues inaccessible for quenching by acry-
lamide. The more pronounced destabilisation by CuSO4 is

additionally verified from both considerably increased in-
tensity in static scattered light and altered Trp distribution
to emitting maximally at 350 nm (data not shown). The spe-
cific action of H2PO4

− is somewhat uncertain. According
to the results obtained by acrylamide quenching, addition of
Cu3(PO4)2 imply increased quenching efficiency compared
to both CuCl2 and CuSO4, indicating a different interaction
of H2PO4

− with α-La. This ion specific interaction with
α-La most likely provides an explanation to the different
induced aggregational structures of α-La, as observed by
confocal microscopy. Hereby, both H2PO4

− and SO4
2− pro-

mote dense aggregate structures, with SO4
2− inducing the

highest amount of aggregation, in correlation with the pre-
sented results.

Evidently, the interaction of ions with α-La is highly in-
fluenced by the specific pH value, since titration of charged
amino acid residues influences the interactions between the
protein surface and surrounding ion molecules. Hence, less
SO4

2−, H2PO4
− and Cl− molecules are required to screen

all the positives charges on α-La at pH 3.3 than 2.9, explain-
ing the more pronounced ionic destabilisation observed at
pH 3.3. This pH dependency of ionic influence is supported
by the computational titration, acrylamide quenching, Trp
distribution (data not shown) and static light scattering mea-
surements (data not shown). Conversely, more anions are
required to screen α-La as pH is lowered, and the proteins
are therefore more stable towards ion caused aggregation at
acidic pH values far from pI.

Cu2+ is capable of binding to α-La, supposedly to the
Zn2+- binding site, which markedly destabilises the protein
[21, 22]. The destabilisation of Zn2+ binding has been de-
scribed due to exclusion of Ca2+ from the protein. Although
Ca2+ and Cu2+ have been stated to bind concurrently α-La,
the specific cause of destabilisation by Cu2+ binding still
remains to be discovered [21, 22]. Nevertheless, the destabil-
ising effects of CuCl2 on thermal stability of α-La is ascribed
to the Cu2+-ion, since a similar experiment with NaCl did
not influence the Tm value of the protein significantly (data
not shown). It is therefore expected that presence of Cu2+

influence the aggregational behavior of α-La. The binding
of Cu2+ to α-La is supported by the computed enthalpies,
in which an overall increase in enthalpy is observed upon
addition of Cu2+-ions. This could be explained by Cu2+

interacting with the unfolded state of the protein, thereby
favouring unfolding of α-La, which explains the concurrent
reduction in Tm. Evidently, the binding of Cu2+ is pH de-
pendent, explaining the higher enthalpy at pH 3.3 compared
to pH 2.9. At pH 2.9 the enthalpy is unaffected by Cu2+

addition when Ca2+ is present. This suggests that Ca2+ is
capable of binding to α-La at lower pH values, than Cu2+,
thereby stabilising the protein. As previously described,
SO4

2− leads to destabilisation of α-La and is therefore likely
to facilitate binding of Cu2+ ions, explaining the cumulative
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destabilisation observed in the presence of CuSO4. Further-
more, SO4

2− is capable of complex formation with Ca2+ at
pH 3.3, which could serve as an explanation to significantly
increase in enthalpy when Ca2+ is present.

The destabilisation by Cu2+ explains the differences
observed in quenching efficiency between Na+-ions and
Cu2+-ions present. The true effects of the anions can then
be prescribed to the quenching efficiency observed with
Na+-ions. This furthermore explains the more pronounced
effect of Ca2+ presence on quenching efficiency observed
with Na+-ions. As observed, especially the NaCl effects are
significantly influenced by Ca2+ presence. At pH 2.0 the
increased Trp availability is most likely due to surplus of
Cl− ions from the CaCl2 rather than Ca2+ binding, which
would anticipate a reduced Trp availability. One possible
explanation could be different aggregate structures induced
at the different pH values. Hence, at pH 2.0 NaCl most
likely induce fibrillation of α-La, rendering Trp residues
more solvent accessible for quenching by acrylamide due
to the “pearls on a string” composition of fibrils. Moreover,
fibrillation itself might induce conformational changes of
the proteins involved. Hereby, particularly fibrillation has
been associated with formation of extensive β-structure
[23]. Conversely, a more random aggregation is present as
pH approaches pI, thereby leaving Trp residues inaccessible
to acrylamide. Naturally, additional microscopy experiments
are required to state this explicitly. Accordingly the gel
appearance of whey proteins is affected by the combination
of ions and pH. At pH above or below pI and low ion
concentration, heat induced gelation of whey proteins have
been described as linear, fine stranded, translucent gels [24,
25]. At higher ion concentration and/or as pH approaches
pI, the electrostatic repulsion between protein molecules
is reduced, leading to randomly formed aggregates, large
enough to scatter the light, yielding opaque gels [26].

Concentration and time effects

According to the results obtained by acrylamide quenching,
protein concentrations above 0.25 mM display significant
less quenching of Trp residues. This could be due to early
stages of aggregation. Moreover, the Stern-Volmer plots of
0.5–1 mM α-La display a deviation from linearity towards
the x-axis at higher acrylamide concentrations. This indi-
cates that not all Trp residues are available for quenching,
supporting the hypothesis of aggregation (data not shown).
In addition, this verifies that the amount of acrylamide is in
excess at all proteins concentrations and thus not limiting
the experiments. At the concentrations and pH investigated,
no significant temporal effects were observed, implying that
the aggregation occurs instantaneously. This could though
be verified by microscopy experiments. The experiment was
conducted at 30◦C, which enhances the rate of aggregation.

When performing the same experiment below Tm, it is likely
that the aggregation information may not be instantaneous.

Evaluation of the quenching experiment

It should be stated that the quenching results presented in this
paper are graphically fitted using matlab. Since the dataset is
limited, no efforts have been made to pinpoint specific condi-
tions in a multidimensional analysis. However, the 3D graphs
highlight strong dependency of quenching on experimental
conditions.

Conclusion

Control of aggregation

It is possible to induce aggregation of α-La by depleting the
protein of Ca2+ and lowering pH, which are the conditions
presents in many protein beverages. α-La may therefore play
an important role in the aggregation behavior of whey pro-
teins at acidic pH. Stabilisation of the whey protein solutions
by maintaining a low protein concentration and a low tem-
perature is not feasible in protein beverages. Thus additional
approaches are required to prevent the formation of aggre-
gates in the protein solution. The optimal pH of the solution
depends on which ions are present. The lower the pH the
less structure of α-La, but also the more stable towards an-
ion promoted aggregation. Hence, addition of Ca2+ and strict
control of the other ions present is an apparent option. Addi-
tion of a protein stabilising agent, such as polyols, could be
considered to prevent protein aggregation. α-La has previ-
ously been described capable of interacting with membrane
systems [27]. Therefore, interaction between α-La and lipid
molecules, such as glycerol, phospholipids or fatty acids
is likely to stabilise the molten globule state of α-La. The
authors believe that the data presented provides novel and
potentially important new insight into the complex aggrega-
tional behaviour of whey proteins, thus permitting rational
design of aggregation in solutions of whey proteins.
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