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ABSTRACT: We examined the temperature- and pressure-induced unfolding and aggregation ofâ-lacto-
globulin (â-Lg) and its genetic variants A and B up to temperatures of 90°C in the pressure range from
1 bar to 10 kbar. To achieve information simultaneously on the secondary, tertiary, and quaternary structures,
we have applied Synchrotron small-angle X-ray diffraction and Fourier transform infrared spectroscopy.
Upon heating aâ-Lg solution at pH 7.0, the radius of gyrationRg first decreases, indicating a partial
dissociation of the dimer into the monomers, the secondary structures remaining essentially unchanged.
Above 50°C, the infrared spectroscopy data reveal a decrease in intramolecularâ-sheet andR-helical
structures, whereas the contribution of disordered structures increases. Within the temperature range from
50 to 60°C, the appearance of the pair distance distribution function is not altered significantly, whereas
the amount of defined secondary structures declines approximately by 10%. Above 60°C the aggregation
process of 1%â-Lg solutions is clearly detectable by the increase inRg and intermolecularâ-sheet content.
The irreversible aggregation is due to intermolecular S-H/S-S interchange reactions and hydrophobic
interactions. Upon pressurization at room temperature, the equilibrium between monomers and dimers is
also shifted and dissociation of dimers is induced. At pressures of approximately 1300 bar, the amount of
â-sheet andR-helical structures decreases and the content of disordered structures increases, indicating
the beginning unfolding of the protein which enables aggregation. Contrary to the thermal denaturation
process, intermolecularâ-sheet formation is of less importance in pressure-induced protein aggregation
and gelation. The spatial extent of the resulting protein clusters is time- and concentration-dependent.
The aggregation of a 1% (w/w) solution of A, B, and the mixture AB results in the formation of at least
octameric units as can be deduced from the radius of gyration of about 36 Å. No differences in the
pressure stability of the different genetic variants ofâ-Lg are detectable in our FT-IR and SAXS
experiments. Even application of higher pressures (up to 10 kbar) does not result in complete unfolding
of all â-Lg variants.

A. H. Palmer was the first who isolated bovineâ-lacto-
globulin (â-Lg) (1). â-Lg is a major component of whey in
milk from many mammals and, because of its gelling
abilities, one of the most important proteins in food
chemistry. The biological function of the protein is still
unclear, although a variety of experiments reveal that the
native protein is capable of binding small hydrophobic
molecules such as vitamin A, retinol, or fatty acids. Theâ-Lg
monomer is a globular protein of 162 residues (18.3 kDa
molecular mass), containing two disulfide bonds and a free
cysteine, and consists of antiparallelâ-sheets formed by nine
â-strands. The crystal structure exhibits that the monomer
consists predominantly ofâ-sheets (50%) and a small
proportion of R-helical (15%), random (15%), and turn
structures (20%) (2, 3).

Aqueous solutions ofâ-Lg have been extensively studied
since the early fifties using many available experimental
techniques, such as differential scanning calorimetry (DSC)
(4, 5), optical rotatory dispersion (ORD) and circular
dichroism (CD) (6-8), light scattering (LS) (9), nuclear
magnetic resonance NMR (10), small-angle X-ray scattering

(SAXS) (11, 12), and Fourier transform infrared spectroscopy
(FT-IR) (8, 13). These experimental techniques monitor
different structural and physicochemical properties of the
protein in solution, and many contradictory results concerning
the denaturation and gelation behavior of the protein have
been published. Furthermore, the existence of several genetic
variants (six at all), among which A and B are the most
common ones, with different stability in solution, and the
fact that many parameters, such as temperature, thermal
history, pH, ionic strength, and protein concentration itself
have a significant influence, has complicated the examination
of the denaturation process.

The A and B variants ofâ-Lg differ only at two positions,
amino acid 64 and 118, which are Asp and Val forâ-Lg A
and Gly and Ala forâ-Lg B (14, 15). The presence of the
Asp in â-Lg A means that this variant is more negatively
charged thanâ-Lg B. The isoelectric point ofâ-Lg is around
5.2 and slightly higher for the B variant than the A variant
(15).

At pH values between about 5 and 8 the dimer is the most
stable aggregate at room temperature, although small propor-
tions of higher aggregates (e.g., tetramers) may be present* To whom correspondence should be addressed.
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as well. The attracting forces between the single monomers
seem to be weak and of hydrophobic nature. It has been
shown by the DSC measurements that at higher protein
concentrationsâ-Lg A is the less stable variant, whereas at
low protein concentrations the opposite is found.

Although there appears to be some disagreement about
structural changes of the protein upon denaturation, some
basic properties of the denatured protein seem to be clear.
Upon denaturation the protein does not unfold completely
and a considerable amount of secondary structure is retained.
Some researchers propose the occurrence of a molten globule
(16) or the existence of two or more intermediate species
during the temperature-induced denaturation (e.g., refs17,
18). From a molecular point of view the role of intermo-
lecular disulfide bonds and the participation of hydrophobic
interactions to the thermal aggregation and gelation process
were discussed (18, 19). The S-H/S-S interchange reaction
seems to play an important role in the aggregation mecha-
nism of â-Lg. Heating of a higher concentrated (>1% (w/
w)) (16) protein solution results in the formation of a gel
with fractal-like properties.

We used also pressure as a variable to establish experi-
mental conditions under which a different mechanism of
aggregation might occur. It has long been known that the
application of hydrostatic pressure results in the disruption
of native protein structure (20, 21) due to the decrease in
the volume of the protein-solvent system upon unfolding.
Pressure denaturation studies thus provide a fundamental
thermodynamic parameter for protein unfolding, the volume
change∆V°. A number of reviews on effects of pressure on
proteins discuss these volume changes in greater detail (22-
26). The pressure-induced denaturation and aggregation
process ofâ-Lg B and AB has been investigated using
experimental techniques such as fluorescence, CD, SDS-
PAGE, and rheology (27-30). In this paper we report on
the pressure- and temperature-induced changes in the qua-
ternary, tertiary, and secondary structures ofâ-Lg A, B, and
AB characterized by SAXS and FT-IR spectroscopy. These
studies provide a picture of the extent of compactness and
secondary structure which occurs during temperature- and
pressure-induced unfolding and aggregation/gel formation of
â-Lg. A basic challenge in the study of pressure effects on
proteins is to understand the mechanisms of pressure
unfolding (31), hydration, dissociation/aggregation, and
gelation under pressure. Another challenge concerns the use
of applying high pressure for processing protein-rich foods
and food products, especially in the dairy field (e.g., refs
32-34). Pressure-induced gelation of proteins has attracted
a considerable interest mainly because high-pressure-
processed food retains the sensory and nutritional properties
of the fresh product, and also because the gels thus formed
have unique textures. (35, 36).

MATERIALS AND METHODS

Bovine â-Lg A, B, and AB were purchased from Sigma
and used without further purification.

The small-angle X-ray scattering (SAXS) experiments
were performed at the X13 beamline of the EMBL outstation
at DESY in Hamburg (31, 37, 38). The synchrotron radiation
was monochromatized by a silicon monochromator resulting
in a fixed wavelength ofλ ) 1.5 Å. A camera length of 3.2

m was used which covers a wide range of momentum
transfersQ [Q ) (4π/λ)sin θ; λ wavelength of radiation, 2θ
scattering angle], from 0.02 to 0.2 Å-1. The small-angle
scattering was recorded using a position-sensitive linear
detector (39). The detector was calibrated using dry rat tail
tandon which has a long spacing of 640 Å. For the high-
pressure measurements we used a home-built thermojacketed
high-pressure cell with flat type IIa diamonds (6 mm
diameter, 0.8 mm thickness) as window material and water
as pressure transmitting medium. The pressure was measured
with a precision strain gauge pressure transducer (SENSO-
TEC, model UHP/721-03). The maximum uncertainty as-
sociated with the pressure determination is estimated as(10
bar. Temperature was controlled using a water bath and a
thermocouple inserted into a hole drilled into the high-
pressure cell body. All pressure measurements were per-
formed at 20( 1 °C. Unless otherwise stated, a protein
concentration of 10 mg/mL was chosen. With this protein
concentration, typical exposure times were, due to the highly
absorbing window material, 40 min for the pressure and 5
min for the temperature-dependent measurements. The
pressure measurements were performed in 10 mM Tris buffer
solution adjusted to pH 7.0. For the temperature-dependent
scattering experiments the sample in 10 mM phosphate buffer
at pH 7.0 was allowed to equilibrate 15 min prior to data
collection at the temperature chosen. After subtraction of the
background scattering using the pure buffer solution data,
taking into account the pressure-dependent absorption factors,
data evaluation of the SAXS measurements was performed
using the indirect Fourier transformation method (40-42).
We have used SAXS to probe the overall conformation of
the protein by measuring its radius of gyration and pair
distance distribution functionp(r), which are sensitive to the
spatial extent and shape of the particle. The square of the
radius of gyrationRg of the scattering particle is obtained
from the normalized second moment ofp(r)

The pair distance distribution functionp(r) is given by
the Fourier transform of the measured scattered intensityI(Q)

For a particle with uniform electron density,p(r) is the
frequency of vector lengthsr connecting small volume
elements within the volume of the scattering particle with
maximum dimensionRmax.

Fourier transform infrared(FT-IR) spectra were recorded
with a Nicolet Magna 550 spectrometer equipped with a
liquid nitrogen cooled HgCdTe detector. For the pressure-
dependent measurements the infrared light was focused by
a spectra bench onto the pinehole of the diamond anvil cell
(31, 43). Each spectrum was obtained by coadding 512 scans
at a spectral resolution of 2 cm-1 and was apodized with a
Happ-Genzel function. The spectrometer and sample cham-
ber were continuously purged with dry and carbon dioxide-
free air. PowderedR-quartz was placed in the hole of the
steel gasket, and changes in pressure were quantified by the

Rg
2 )

∫0

Rmaxp(r)r2dr

2∫0

Rmaxp(r)rdr
(1)

p(r) ) 1

2π2 ∫0

∞
I(Q)Qr sin(Qr)dQ (2)
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shift of the quartz phonon band at 695 cm-1 (44). The thermal
denaturation was measured using a cell with CaF2 windows
separated by 25µm Teflon spacers. An external water
thermostat was used for pressure- and temperature-dependent
measurements to control the temperature within 0.1°C.

Fifty milligrams of protein was dissolved in 1 mL of D2O
buffer containing 50 mM Tris (pH 7.0). The pKa of Tris is
pressure-insensitive since both the acid and base forms
exhibit the same charge, thus eliminating electrostriction
effects associated with deprotonation. To ensure complete
H-D exchange, we heated the protein solution to 45°C for
1 h and then stored it overnight at room temperature.

Fourier self-deconvolution (FSD) was performed with a
resolution enhancement factor (K value) of 1.8 and a
bandwidth (full width at half height) of 15 cm-1, over the
wavenumber range 1520-1720 cm-1. The fractional intensi-
ties of the secondary structure elements were calculated from
a band-fitting procedure assuming a Gaussian-Lorentzian
line shape function (45, 46). The reproducibility of the data
is well within the given error limits (5%). The relative
accuracy is much better, however.

SAXS RESULTS

We have used small-angle X-ray scattering (SAXS) to
probe the temperature and pressure dependence of the tertiary
and quaternary structures of the different genetic variants of
â-Lg in aqueous solution. In the pH range from 5.0 to 7.5 at
room temperature, for the genetic variants A and B, theâ-Lg
dimer (36 kDa) is the most stable species in solution (47).
As it has been found in other experiments (18) the â-Lg
sample obtained by Sigma Chemicals is inhomogeneous in
composition and contains sometimes a significant amount
of protein aggregates higher than dimeric. This may be
caused by aggregation during the industrial isolation process.
The fact that SAXS is very sensitive to the averaged spatial
extent of the protein aggregate in solution has led to
differences in theRg

app of the native protein in certain
samples at ambient pressure and temperature. Although
higher aggregates are sometimes found in solution, the basic
features of the unfolding and denaturation, such as, the onset
temperature, remain similar to those of the dimeric protein.
In this paper only measurements with an initial radius of
gyration close to the native dimeric protein are shown.

Pressure-Induced Denaturation.Figure 1 shows the back-

ground-subtracted small-angle X-ray scattering data of a 1%
(w/w) solution ofâ-Lg A at selected pressures. At pressures
above 1500 bar a significant change in the SAXS pattern is
observed. The pressure-induced changes in the scattering
contrast between the protein and the buffer solution result
in a decrease of the protein scattering intensity at higher
pressures. We used the normalized second moment of the
pair distance distribution functionp(r) to obtain the apparent
radius of gyrationRg

app of â-Lg (eq 1). Figure 2 exhibits the
pressure-induced change in the radius of gyration of a 1%
(w/w) solution ofâ-Lg A in 10 mM Tris buffer solution at
pH 7.0. At room temperature (20°C) and ambient pressure,
Rg

app is 21 ( 1.5 Å. This value is within the experimental
error the radius of gyration of the dimeric form ofâ-Lg,
which can be calculated (48) from the crystal structure (21.48
Å) and which is also found in the literature (11, 49). With
increasing pressure,Rg

app seems to decrease slightly. This
decrease is within the indicated error bars of the experiment,
however. It may be caused by a partial dissociation of the
dimers. At pressures above 1500 bar the radius of gyration
increases, and at 3500 bar a value around 36( 1 Å is found.
This behavior ofRg

app(p) is similar for both genetic variants,
A and B, and also for the mixture of A and B (data not
shown). In the pressure range from 1 to 1500 bar, a small
proportion of the dimers probably dissociates and this
dissociation is followed by an essentially irreversible ag-
gregation process. The radius of gyration of 36 Å at high
pressures is similar to theRg

app which is typical for an
octameric cluster ofâ-Lg, Rg ) 34.4 Å (9). The pressure-
induced unfolding and denaturation is only partially revers-
ible.

Figure 3 exhibits the pair distance distribution function
p(r) of â-Lg A as a function of pressure at 20°C. In the
native state at ambient pressure,p(r) can be interpreted as a
distance distribution function of an ellipsoidal particle with
a maximum dimension around 55 Å. Upon pressurization
above 1500 bar, the maximum dimensionRmax of the object
increases approximately 2-fold, to about 110 Å at 3500 bar.
It can be deduced from the extrapolated scattering intensity
I(Q) at Q ) 0, which is proportional to the molecular mass
of the aggregate and increases above 1500 bar, that the
increase in the maximum dimension of the particle is caused
by a denaturation-induced aggregation process. A more
detailed interpretation of thep(r) function is difficult because
of the polydispersity of the sample. The resultingRg

app of 36

FIGURE 1: Synchrotron X-ray small-angle scattering patterns of
â-Lg A (1% (w/w)), in the diamond cell at 20°C and three selected
pressures.

FIGURE 2: Apparent radius of gyrationRg of â-Lg A (1% (w/w),
pH 7, Tris buffer) as a function of pressure (T ) 20°C; the different
symbols are for different runs).
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Å implies that clusters as large as octameric units are formed.
In the time limit of our measurements (approximately 1 h),
no significant amount of larger aggregates can be found.
Prolonged pressurization leads to an increase of the apparent
radius of gyration, however.

Within the experimental errror of the SAXS experiment
no differences in the pressure-induced denaturation and
aggregation behavior ofâ-Lg A, B, and the mixture AB can
be found. Pressure denaturation of higher concentratedâ-Lg
samples (>2% (w/w)) results in a largely irreversible
formation of a gel-like structure. The extent of aggregation
is a function of the protein concentration, applied pressure,
and the buffer system (27, 50).

Temperature-Induced Denaturation.Heating of a 10 mM
phosphate buffer solution ofâ-Lg A (1% (w/w)) to temper-
atures above 60°C results in denaturation and aggregation
of the protein. At room temperature and ambient pressure
theRg

appof the protein is 19.5 Å. The slight difference in the
radius of gyration to the pressure-dependent measurements
shown above may be due to the different buffer system. The
amount of monomeric units appears to be higher in the
phosphate buffer solution. The pH of Tris buffer solution is
insensitive to pressure effects over a wide range of pressures,
but the pH of Tris buffer varies slightly with temperature.
Upon heating,Rg

app decreases to approximately 18 Å at 60
°C, and above 62°C it increases due to partial unfolding
and the formation of larger aggregates is induced (Figure
4). The resulting radius of gyration is time- and concentra-
tion-dependent. Heating of a higher concentratedâ-Lg
solution results in the formation of larger clusters and in
gelation. A Kratky representation of the scattering data of a

10% (w/w) solution ofâ-Lg AB reveals the formation of
large globular particles at high temperatures (Figure 5).
Determination of the Porod slope for the temperature-induced
gel state of this highly concentrated protein solution exhibits
the formation of aggregates with fractal-like scaling behavior
(51) (Figure 6). The change in the slope of the ln-ln plot of
the scattering intensityI(Q) exhibits a crossover in the
scattering behavior of the aggregating protein. At 80°C the
slope of-3.3 indicates the formation of a surface fractal
with a fractal dimension of 2.7. A detailed interpretation of
this fractal dimension is difficult, however. The cutoff
dimensions for the fractal-like structure of the aggregate are
approximately only 50 and 250 Å.

A difference in the thermal stability of the single genetic
variants and the mixture is the starting temperature for the
denaturation or aggregation process. The onset is estimated
from the first increase inRg

app. For an A and B mixture of
â-Lg the onset occurs at about 62°C, for A at about 65°C,
and for B at about 70°C. The increase in stability for the B
variant, as can be deduced from the higher aggregation
temperature, is in accordance with results from other
experimental methods (52).

FT-IR RESULTS

To analyze the pressure- and temperature-induced changes
in the secondary structure ofâ-Lg, we concentrated on the
carbonyl stretching vibration, the amide I′ region of the
infrared spectrum. The FT-IR spectrum exhibits a broad band

FIGURE 3: Pair distance distribution functionp(r) of â-Lg A (1%
(w/w)) at selected pressures (T ) 20 °C).

FIGURE 4: Apparent radius of gyrationRg of â-Lg A as a function
of temperature at ambient pressure.

FIGURE 5: Kratky plots of â-Lg A (10% (w/w)) at selected
temperatures (p ) 1 bar).

FIGURE 6: Ln-ln plot of the small-angle scattering intensityI(Q)
of â-Lg AB (10% (w/w), pH 7.0) at selected temperatures (p ) 1
bar).
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contour between 1600 and 1700 cm-1 which is due to
overlapping bands of different secondary structure elements.
It is primarily (about 80%) due to the CdO stretching
vibrations of the protein backbone. The wavenumber of the
amide I vibration is determined by the nature of the hydrogen
bonds involving the CdO and NsH groups of the peptide
linkage and the geometry of the protein backbone and, thus,
is sensitive to changes involving the secondary structure of
proteins. Even marginal changes in protein conformation are
detectable (56). Variations in the length and direction of
hydrogen bonds result in variations of the strength of the
hydrogen bond for different secondary structures, which in
turn produces characteristic electron densities in the amide
CdO groups, resulting in characteristic amide frequencies.
The stronger the hydrogen bond involving the amide CdO,
the lower the electron density in the CdO group and the
lower the amide I absorption frequency appears.

To resolve these bands, we use the Fourier self-deconvo-
lution technique. The assignment of the components forâ-Lg
is based on previous studies (8, 13, 53-56). The band at
1634 cm-1 corresponds to intramolecularâ-sheet structures,
and the absorption around 1624 cm-1 is associated with
exposedâ-sheets (for exampleâ-strands with strong hydro-
gen bonding that are not part of the core ofâ-sheets). The
multiplicity of band frequencies observed reflects differences
in hydrogen bonding strength as well as differences in
transition dipole coupling in differentâ-strands. Bands at
about 1624 and 1684 cm-1, when coupled, are associated
with aggregated, intermolecularâ-sheets (â-aggregation),
which occur at elevated temperatures. The IR absorption band
at 1645 cm-1 is assigned to disordered structures, whereas
the bands at 1664 and 1677 cm-1 are caused by turn
structures. The band at 1652 cm-1 is due toR-helices, and
side chain vibrations (CdC stretching vibrations) of aromatic
amino acid residues occur arround 1610 cm-1.

Pressure-Induced Denaturation.Figure 7 shows the de-
convoluted FT-IR spectra ofâ-Lg A as a function of pressure
at ambient temperature. In the spectrum of the native protein
the maximum at 1634 cm-1 and the shoulder arround 1624
cm-1 reflect a highâ-sheet content, while the band at 1652
cm-1 is due to the relatively lowR-helical content. The
pressure-dependent data reveal a conformational transition

in the secondary structure ofâ-Lg A between 1.4 and 2.5
kbar indicated by the disappearance of the spectral fine
structure. In the deconvoluted FT-IR spectra for pressures
above 2.5 kbar, only one broad band appears, with a
maximum at 1640 cm-1 indicating the formation of a higly
disordered protein structure. The spectra ofâ-Lg B and AB
acquired under the same conditions are similar (data not
shown).

Figures 8 and 9 exhibit the changes in the fractional
intensities of bands assigned to the different secondary
structure elements. Fits of the FT-IR spectrum for native
â-Lg obtained at ambient temperature and pressure in terms
of the relative contributions of the various secondary
structural elements agree reasonably well with the X-ray
results (57) in view of an approximately 5% error of the
FT-IR method. The fits reveal the same secondary structure
content forâ-Lg A and B under native conditions, confirming
the results of the FT-IR study of Dong et al. (8). The
pressure-induced denaturation ofâ-Lg A at pH 7.0 is
accompanied by an increase in the fractional band intensity
of disordered structures, while the intensity of the absorption
bands associated withâ-sheets andR-helices decreases.
Although the fractional intensity ofâ-sheets decreases
significantly, theâ structures are not completely disrupted
by pressure up to 3.3 kbar.â-Lg B and AB reveal a similiar
pressure-induced denaturation behavior (data not shown). The
secondary structural compositions estimated by the fits thus
indicate that no significant difference in the resulting
secondary structure of the genetic variants A, B, and AB
occurs upon pressurization.

Temperature-Induced Denaturation.Figure 10 shows the
deconvoluted, temperature-dependent FT-IR spectra ofâ-Lg

FIGURE 7: Deconvoluted FT-IR absorption spectra ofâ-Lg A at
20 °C as a function of pressure.

FIGURE 8: Pressure effect on the areas of the bands associated with
â-sheet structures ofâ-Lg A (T ) 20 °C).

FIGURE 9: Pressure effect on the areas of the bands associated with
R-helical and disordered structures ofâ-Lg A (T ) 20 °C).
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A at ambient pressure. The spectrum of the native protein
acquired in the temperature cell is not distinguishable from
that obtained in the pressure cell. The temperature-dependent
spectra exhibit no significant changes in the amide I′ band
below 50°C. Between 50 and 70°C, the band maximum
shifts toward lower wavenumbers due to the thermal
denaturation ofâ-Lg A. Above 68°C maxima around 1624
and 1685 cm-1 are observed, indicating the formation of
intermolecularâ-sheet structures, which strongly suggests
that thermal aggregation sets in (54). The spectra of the
genetic variant B reveal a similar transition at temperatures
higher than 72°C and those forâ-Lg AB above 65°C.

For a detailed analysis, the data for the fractional band
intensities of the different secondary structure elements are
given in Figures 11 and 12 forâ-Lg A. The temperature-
induced decrease of band intensities linked to intramolecular
â-sheets andR-helices is accompanied by an increase in
intensities originating from disordered structures. In addition,
an increase in band intensity of intermolecularâ-sheets
occurs above 68°C (â-Lg B, above 72°C; â-Lg AB, above
65 °C), indicating the thermal aggregation and gelation
process of the protein.

DISCUSSION

Many different models for the thermal denaturation and
aggregation behavior ofâ-Lg have been proposed during

the last years. One of the first detailed investigations of the
temperature-induced denaturation was performed by Stauff
and Ühlein (58) using light scattering. On the basis of time-
dependent changes in the scattered intensity, they proposed
a four-state mechanism for the protein denaturation. Their
model includes the dissociation of the native protein,
association of the subunits to aggregates accompanied with
a 2-fold increase in molecular weight, aggregation to
tetrameric clusters, and the unspecific aggregation to larger
particles. During the following years further experimental
approaches led to the development of more complex and
detailed denaturation and aggregation models. For example,
Griffin et al. (18) proposed a mechanism involving a
conformational, pH-dependent transition (Tanford transition
(7)), the dissociation into monomers, and a further confor-
mational change, which is followed by either initial aggrega-
tion to rodlike particles or by formation of a denaturated
â-Lg species with reduced capability for aggregation. Further
heating results in the formation of a fractal-like network
structure, the formation of which can be described in terms
of a reaction-limited cluster aggregation model.

To achieve information simultaneously on the secondary
and quaternary structural levels ofâ-Lg upon denaturation
and aggregation, we examined the temperature- and pressure-
induced unfolding and aggregation ofâ-Lg and its genetic
variants A and B. In solution at pH 7.0 the nativeâ-Lg dimer
(Rg ≈ 21 Å) is the most stable species containing a high
content ofâ-sheet secondary structure (ca. 50%), which is
in agreement with the crystallographic studies of this protein
(2, 3, 57).

When the solution isheatedabove 30°C, Rg decreases,
indicating a reversible partial dissociation of the dimer into
the monomers. Within this temperature range the secondary
structure of allâ-Lg variants remains essentially unchanged,
as shown by the analysis of the infrared spectra. Therefore,
in a first step essentially the dissociation of the dimer occurs
without a conformational transition of the protein molecule
which is in agreement with the results obtained from CD
measurements (18). No deviations in the dissociation be-
havior between the variants A and B are detectable. On
heating the protein solution above 50°C, FT-IR spectroscopy
data reveal a decrease in intramolecularâ-sheet andR-helical
structures, while the contribution of disordered structures
increases. In low concentratedâ-Lg solutions, these tem-
perature-induced changes are not detectable in the small-
angle X-ray scattering pattern. On one hand the alterations

FIGURE 10: Deconvoluted FT-IR absorption spectra ofâ-Lg A as
a function of temperature at ambient pressure.

FIGURE 11: Temperature effect on the areas of the bands associated
with intra- and intermolecularâ-sheet structures ofâ-Lg A (T )
20 °C).

FIGURE 12: Temperature effect on the areas of the bands associated
with R-helical and disordered structures ofâ-Lg A (T ) 20 °C).
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in the spatial extent of the single protein molecule should
be rather small, which is expected for a native to molten
globule type of transition. On the other hand the increase in
the radius of gyration should be compensated by the decrease
of Rg

app due to the partial dissociation of the dimers. Within
the temperature interval from 50 to 60°C, the appearance
of the pair distance distribution does not change significantly,
whereas the amount of defined secondary structure declines
approximately by 10%. Thus, the partial structural changes
of the native conformation take place without a significant
swelling of the â-Lg molecule. Measurements at higher
concentrated protein samples exhibit an increase in the radius
of gyration and the changes in the secondary structure content
at similar temperatures, however. The pair distance distribu-
tions and the Kratky plots reveal a large broadening,
indicating the formation of more or less spherical aggregates.
For a 10% (w/w) phosphate buffer solution ofâ-Lg, the
aggregation sets in at approximately 48°C.

It can thus be deduced that at temperatures close to 50°C
the protein monomers unfold in part and thus gain the ability
to aggregate at these conditions. The formation of larger
clusters depends then on the sticking ability, the time scale
of the experiment, and the protein concentration. Above 60
°C the aggregation process of a 1%â-Lg A solution is clearly
detectable by the increase in intermolecularâ-sheet content
and radius of gyration. Cooling the heated sample back to
room temperature exhibits only minor changes in the FT-IR
absorption spectra and the SAXS patterns, indicating that
the aggregation process is mostly irreversible.

Several authors have found that the buried sulfhydryl group
is exposed to the solvent upon heating (16, 58). This group
promotes S-H/S-S interchange reactions and therefore also
the aggregation process. In agreement with other studies (19,
59), the FT-IR experiments reveal a partial unfolding of
secondary structures which results in the formation of
disordered structures followed by the formation of intermo-
lecularâ-sheets. Thus it is most likely that the irreversible
cluster formation is due to intermolecular S-H/S-S inter-
change reactions and to hydrophobic interactions. The fractal
dimension of the aggregates formed varies as a function of
concentration, thermal history, and buffer. The surface fractal
dimension found here at pH 7.0 is 2.7.

The examination ofpressureeffects on the unfolding
reaction and gelation behavior ofâ-Lg was guided by the
relative importance ofâ-Lg in food processing and, at least
in part, by the possibility to extractâ-Lg from whey by
means of high pressure. Pressure affects the monomer-dimer
equilibrium of nativeâ-Lg in 10 mM Tris buffer solution at
pH 7.0 in a way similar to that of temperature increase. Upon
pressurization to 1500 bar, the equilibrium between mono-
mers and dimers is probably shifted and partial dissociation
of dimers is induced. The amount of dissociation seems to
be smaller than that induced by temperature. The dissociation
is caused by the pressure-induced destabilization of hydro-
phobic interactions, a well-known fact in high-pressure
protein chemistry (24, 60). The pressure-induced dissociation
into monomers is accompanied by conformational changes
of secondary structure. At pressures of approximately 1300
bar, the IR absorption bands assigned to intramolecular
â-sheets andR-helical structures decrease while the content
of disordered structures increases, indicating a beginning

unfolding of the protein which enables aggregation. Contrary
to the thermal denaturation, the amount of exposedâ-sheets
also decreases, which leads probably to the absence of
extensive hydrophobic interactions during the pressure-
induced aggregation process. No differences in the pressure
stability of the different genetic variants ofâ-Lg are
detectable in our FT-IR and SAXS experiments. Even
application of higher pressures (up to 10 kbar) does not result
in complete unfolding of the protein. Defined secondary
structures are retained in all variants, and the total secondary
structure content is smaller than that in the temperature-
induced denaturated state.

The pressure-induced aggregation process ofâ-Lg was also
studied by Funtenberger et al. (25, 60) using polyacrylamide
gel electrophoresis (SDS-PAGE). They conclude that pres-
sure induces the formation of intermolecular S-S bonds. Our
FT-IR results show the absence of intermolecular hydro-
phobic interactions during the pressure application. Thus, one
might conclude that in pressure denaturation essentially one
aggregation mechanism is operative. The spatial extent of
the resulting protein aggregates is time- and concentration-
dependent. The aggregation of a 1% (w/w) solution ofâ-Lg
A, B, and the mixture AB results, within the time scale of
the experiment (several hours), in the formation of at least
octameric clusters as can be deduced from the apparent radius
of gyration of about 36 Å.

These differences in temperature- and pressure-induced
unfolding and denaturation/aggregation mechanism are ex-
pected to lead to different gel structures with different
physical properties. Indeed, it has been found (61, 62) that
pressure-induced aggregation leads to porous gels in contrast
to heat-induced gels which display a finely stranded network.
A pressure treatment at 4.5 kbar induces weaker intermo-
lecular or interparticular forces than heating at 87°C.
Furthermore, in contrast toT gels, p gels exhibit a time-
dependent strengthening of protein-protein interactions. It
has been proposed that the primary aggregates ofâ-Lg further
aggregate during storage through hydrophobic interactions
and disulfide bonds.
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