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a b s t r a c t

Using densitometry of the partial molar volume in dilute aqueous solution at 25 �C, the genetic variant A
of bovine b-lactoglobulin was found to be larger than the genetic variant B by 101.0 mL mol�1. Moderate
high hydrostratic pressure increased the partial molar volume of the A-variant and B-variant up to 1.5%
and 2.0%, respectively, with 30 min holding time. The observed changes in volume were not related to
thiol/disulphide exchange and polymerisation reactions, but were a consequence of an increasing water
binding at the protein surface in balance with an increasing water binding of the exposed protein
interior. The effect was larger for the A-variant in agreement with its lower denaturation temperature
and less robustness against enzymatic hydrolysis. Pressure denaturation of the b-lactoglobulin variants
occurs, despite pressure-induced protein volume increase, resulting from an increase in water binding
with an overall decrease in reaction volume for the denaturation process.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The conformation and folding of milk proteins under pressure is
of growing interest in relation to development of new gentle pro-
cessing technologies in the dairy industry (Chen et al., 2019; Orlien,
2021; Saalfeld, Riegel, Kulozik,& Gebhardt, 2015). The partial molar
and specific volumes are important thermodynamic properties for
a detailed understanding of protein-solvent and proteineprotein
interactions in solution. Partial volume and its pressure derivative
(partial compressibility) are the basic parameters for a quantitative
description of protein stability towards denaturation under
elevated pressure. Partial compressibility is very sensitive to hy-
dration since the major part of the change in compressibility upon
transformations of proteins is due to changes in hydration (Arsiccio
& Shea, 2021). A high hydration at ambient temperature and
pressure results in less partial compressibility for proteins in
aqueous solution.

In general, globular proteins have a positive compressibility,
while free amino acids have negative compressibilities due to hy-
dration effects. Such differences in hydration indicate that the
compressibility of the protein interior is large. For example, the
observation that proteins unfold at high hydrostatic pressure
ier Ltd. This is an open access arti
demonstrates that the partial molar volume of the unfolded protein
appears smaller than that of the native protein due to hydration
effects and differences in water binding (Frye & Royer, 1998). The
magnitude of the standard volume change for protein unfolding
provides accordingly insight into packing and hydration differences
between folded and unfolded proteins. Several studies have shown
that the volume changes result from compensation between
packing and hydration effects (Arsiccio & Shea, 2021). High hy-
drostatic pressure is increasingly used as a variable for studying
protein denaturation, and therefore it is important to investigate
the effect of pressure upon hydration of the unfolded state of the
protein and especially the redistribution of water between bulk
solvent and the solvation region of the protein as the result of the
pressure treatment.

The dominant whey protein in bovinemilk, b-lactoglobulin, is at
neutral pH a non-covalent dimer consisting of two identical
monomers of molecular mass of 18.3 kDa, each containing one
reactive thiol group, Cys121, and two disulphide bonds,
Cys66eCys160 and Cys106eCys119 (Monaco et al., 1987). The
reactivity of this thiol group is markedly increased upon heat- or
pressure-mediated unfolding of the protein. Such an increase is
important for the functional properties of b-lactoglobulin when it
becomes exposed to water and may act as an antioxidant (Møller,
Stapelfeldt, & Skibsted, 1998). The increase may also initiate sul-
phide/disulphide intermolecular interchange reaction eventually
leading to aggregation and/or gelation depending on the protein
cle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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concentration, the applied pressure and temperature, and the
duration of the pressure treatment. Even moderate pressures
expose the free thiol group (Cys121) of the protein to the solvent,
seen by improved antioxidative properties of b-lactoglobulin after
treatment at 50MPa (Møller et al., 1998). The increased reactivity of
the thiol group in this low pressure region has also been shown to
be accompanied by an impaired binding of hydrophobic molecules
like cis-parinaric acid (Stapelfeldt & Skibsted, 1999) because of a
collapse of the inner calyx of b-lactoglobulin.

These results clearly gave indication of a stepwise denaturation
process in which b-lactoglobulin is transformed into a pressure-
melted state driven by changes in hydration and without any
change of volume before denaturation is occurring. At higher
pressures up to 200 MPa, reversible pressure unfolding of b-lacto-
globulin corresponding to a reaction volume of �73 mL mol�1 was
observed by the increased fluorescence depolarisation of the
tryptophan residues and exposure of hydrophobic residues to the
solvent, and finally, at 300 MPa, irreversible changes with
thioledisulphide exchange and subsequent aggregation became
evident from increased Rayleigh scattering of the protein solution,
indicating an increase in volume of the dissolved macromolecules.
High pressure has also been shown to reduce allergenicity of b-
lactoglobulin due to conformational changes of the protein
(Kurpiewska et al., 2019).

Several genetic variants of b-lactoglobulin have been identified,
and the major variants are b-lactoglobulin A and B, both composed
of 162 amino acids of which the A- and B-variants differ only at two
positions, 64 and 118, which are Asp and Val for b-lactoglobulin A
and Gly and Ala for b-lactoglobulin B (Swaisgood, 1982). In spite of
the variance in primary structure, neither the secondary structure,
studied by circular dichroism, nor the three-dimensional structure,
determined by X-ray diffraction at 2.5 Å resolution, show any sig-
nificant difference between the A- and the B-variants of b-lacto-
globulin (Monaco et al., 1987). However, the structural stabilities of
the variants, determined by proteolytic susceptibility and by dif-
ferential scanning calorimetry, show that b-lactoglobulin A is the
least stable of the variants as seen from its faster hydrolysis and
lower thermal denaturation temperature compared with b-lacto-
globulin B, indicating a more flexible structure of the A-variant.

The present study was undertaken to determine the partial
specific volume of b-lactoglobulin A and B to elucidate the struc-
tural differences of the genetic variants and to evaluate the volu-
metric properties of each variant upon reversible unfolding of the
protein by pressure at varying holding time. The role of the reactive
Cys121 on the aggregation of b-lactoglobulin and its influence on
the partial volumes obtained after pressurisation have been clari-
fied by densitometric characterisation of b-lactoglobulin covalently
labelled with N-ethylmaleimide. The pressure-induced volume
changes observed for the A and B genetic variants of b-lactoglobulin
will provide insight into the redistribution of water between bulk
phase and the protein solvation regions and its importance for non-
thermal processing of milk and whey in the dairy industry.

2. Materials and methods

2.1. Materials

b-Lactoglobulin A and B were isolated from acid whey of fresh
skimmilk of homozygotous cows from the field station of the Royal
Veterinary and Agricultural University in Taastrup by anion-
exchange chromatography followed by ultrafiltration using exten-
sive diafiltration to remove lactose and salts, and finally the prod-
ucts were lyophilised. To gain as native a protein as possible, the
temperature of any purification step never exceeded 45 �C, as
described by Kristiansen, Otte, Ipsen, and Qvist (1998).
2

N-Ethylmaleimide (NEM) was obtained from Aldrich Chemical
Co. (Millwaukee, WI, USA) and used without further purification.
5,50-Dithiobis(2-nitrobenzoic acid) (DTNB) was purchased from
Fluka (Buchs, Switzerland) and L-cysteine was obtained fromMerck
(Darmstadt, Germany). Other chemicals were of analytical grade,
and solutions were based on highly purified water (Milli-Q Plus,
Millipore Corp, Bedford, MA, USA).

2.2. Preparation and purification of NEM-labelled protein

b-lactoglobulin dissolved in 50 mM Tris buffer (pH 7.7, I ¼ 0.080)
was treatedwith 10-foldmolar excess of NEM at 5 �C overnight, and
the unreacted NEM was eliminated by exhaustive dialysis against
water, and finally the product was lyophilised. The purity of the
labelled protein was determined by the reaction of thiol groups
with DTNB performed under urea-denatured (8 M) conditions as
described by Ellman (1959). The concentration of thiol groups was
determined spectrophotometrically at 412 nm from a standard
curve of L-cysteine added DNTB in 8 M urea. The labelled protein
showed less than 1% of reactive thiol groups compared with un-
treated protein.

2.3. High pressure treatment

Solutions of b-Lg (1%, w/v) were prepared in 50 mM Tris buffer,
pH 7.7 and ionic strength 0.080 (NaCl), the day before and kept at
5 �C. Samples to be pressurised were contained in completely filled
polyethylene tubes and additionally packed in sealed polyethylene
bags. An aliquot of the sample was retained as a reference. Samples
were pressurised in a hydraulic reactor (PSIKA Systems Ltd., Stan-
ford, UK) thermostated at 25 �C. Pressures of 100, 150 and 200 MPa
were held for 10, 20 or 30 min. In all experiments, the rates of
pressure increase and release were approximately 100 MPa min�1

to minimise sample heating. After depressurisation, the samples
were diluted with Tris buffer (50 mM) to obtain five solutions of
protein concentrations of 0.625e10 mg mL�1 for the densitometric
measurements. All treatments were repeated at least twice.

2.4. Density measurements

The densities of the solvents and solutions weremeasured using
the vibrating tube densitometer DMA 602 connected to the DMA 58
(Anton Paar, Graz, Austria), with a precision of ±3 � 10�6 g mL�1 at
25.00 ± 0.01 �C. The density of an unknown liquid, r1, was
measured by reference to a known standard density, r2, through the
measurement of the oscillation period of each solution, T01 and T02
(Kratky, Leopold, & Stabinger, 1973):

r1 er2 ¼ AðT012 � T022Þ (1)

The instrument constant, A, was determined by calibration
measurement with samples of air and distilled water, respectively.
The value of A did not change within the experimental period. The
temperature was controlled with a calibrated precision thermom-
eter CKT 100 (Anton Paar, Graz, Austria) having a resolution of
0.001 �C.

2.5. Calculation of partial volumes

The partial specific volume, v0, of the solute is defined as the
change of total volume, vV, per unit mass upon adding an infini-
tesimal amount, vg, of the solute at constant temperature, T, and
pressure, p,

v0 ¼ ðvV=vgÞT;p (2)
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If there is no concentration dependence of the partial volume,
the value of the partial specific volume at infinite dilution can be
obtained directly from the experimental density increment in Eqn.
(3) plotting the density versus the concentration

r ¼ r0 þ ð1 e v0r0Þc (3)

where r is the density of the protein solution; r 0, the density of the
solvent; c, the concentration of proteins, grams of dried solute per
millilitre of solution. Following Eqn. (3), the partial volumes were
derived from the slopes of the regression lines obtained from plots
of (r �r0) versus solute concentration. The concentration of b-
lactoglobulin A and B was confirmed to be in agreement with op-
tical density measurements. Solutions were degassed by sonication
before performing the densitometric measurements.
3. Results and discussion

3.1. Partial specific volumes of native b-lactoglobulin A and B

In all cases, native proteins as well as pressurised samples, there
was a good linear relationship between (r �r0) and the protein
concentration, thus indicating that the contribution of
proteineprotein interaction to v0 is insignificant. The partial specific
volumes, v 0, have been determined from dilution series with at
least 5 dilutions using Eqn. (3). For these calculations only the series
with regression coefficients >0.9999 have been considered. Ex-
amples of these plots, related to Eqn. (3), are presented in Fig. 1 for
native b-lactoglobulin A and B. The resulting error in v0 has been
minimised by careful concentration determination and sample
preparation, thus the standard deviation of v0 was<0.1%. The values
of v0 for the b-lactoglobulins are in agreement with the literature
values (Gekko & Hasegawa, 1986), considering the different
experimental conditions, such as solvent and pH, as well as the
genetic variants. The pKa-value of the Tris buffer used is indepen-
dent of pressure (Neuman, Kauzmann, & Zipp, 1973).
Fig. 1. Determination of partial specific volume of native b-lactoglobulin A (A) and b-lactoglo
0.080 at 25 �C. Each of the plots was obtained by use of Eqn. (3) representing three indepe

3

Calculated from the amino acid composition, the molecular
mass is 18,364 Da and 18,278 Da for b-lactoglobulin A and B,
respectively, and the molar volumes of the two variants may be
determined as shown in Table 1. To examine any structural differ-
ence in volume of the variants, we have transformed b-lactoglob-
ulin B into A by substituting the volume of the constitutive amino
acid residues, Gly64 and Ala118 of the B variant with Asp64 and
Val118 of the A variant. The result of this simple substitution of
volumes of amino acids is shown in Table 1. The result obtained
demonstrates that the volume of b-lactoglobulin A is 40 mL mol�1

larger than the A-substituted B-variant. This effective increase in
volume of the A variant shows that the packing of its protein
structure is slightly more open than that of b-lactoglobulin B,
indicating a positive contribution from voids or cavities formed by
folding of the polypeptide chain as well as packing “defects” at the
protein-solvent interface originated by the solvent molecules.
Based on the effective difference in volume, it is expected that the
pressure sensitivity of the variants are different.
3.2. Pressure denaturation of b-lactoglobulin A and B

Densitometric measurements of b-lactoglobulin A and B after
pressurisation at 100, 150 and 200 MPa in various times were
performed in the pressure insensitive Tris buffer. Fig. 2 depicts the
relative change in molar volume of b-lactoglobulin A and B as a
function of pressure and holding time. In general, it shows that the
molar volume of A and B increases with time and pressure up to
200e250 mL mol�1. However, the variation in volume with pres-
sure and time is quite different for the two variants, since b-
lactoglobulin B shows aminimum for all pressures at a holding time
of 10 min, while b-lactoglobulin A shows a steady increase in vol-
ume with pressurisation time. The decrease in volume for the B-
variant may partly be attributed to the initial dissociation of the
homodimer of b-lactoglobulin leading to an increase of the acces-
sible surface area of the protein resulting in an increase in hydra-
tion of the protein monomers. The three types of hydration on the
bulin B (B) genetic variants in aqueous 50 mM Tris buffer of pH ¼ 7.7 and ionic strength
ndent measurements of each variant shown with different symbols.



Table 1
Experimental data on partial specific volume v0, of b-lactoglobulin A and B and molar changes in partial volume (D v) upon substitution of Gly64 and Ala118 of the B variant
with Asp64 and Val118 of the A variant, respectively.a

b-lactoglobulin variant v0

(cm3 g�1)
Dv A�B

exp

(cm3 mol�1)
Dv Gly/Asp

64
(cm3 mol�1)*

Dv Ala/Val
118

(cm3 mol�1)*

SDv
(cm3 mol�1)

A 0.7472 ± 0.0012 101.0 31.06 30.35 61.41
B 0.7452 ± 0.0002

a An asterisk (*) indicates calculated from volumetric data of Kharakoz (1997).

Fig. 2. Relative partial molar volume of b-lactoglobulin A (A) and b-lactoglobulin B (B)
genetic variants after pressure treatment in aqueous 50 mM Tris buffer of pH ¼ 7.7 and
ionic strength 0.080 at 25 �C for varying time as measured at ambient pressure
(C 100 MPa,: 150 MPa, - 200 MPa).
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protein surface, i.e., electrostricted water around the ionic groups
(vH2O z 15 mL mol�1), hydrogen-bonded hydration around polar
groups (vH2O z 17 mL mol�1), and hydrophobic hydration around
non-polar groups (vH2O z 17 mL mol�1), are each more condensed
as compared with free water in the bulk solvent
(vH2O ¼ 18 mL mol�1) (Morild, 1981). Therefore, a negative volume
change in the dissociation process would be associated with an
increase of the hydration of the protein. Additionally, the relatively
large decrease in volume for b-lactoglobulin B when pressurised at
4

100 MPa for 10 min indicates the formation of a predenatured or
pressure-melted state in which the increase in volume caused by
the loss of the tight packing and the enhanced mobility of side
chains is compensated for by the hydration of the interior protein
structure. With an increase in pressure or holding time, the volume
b-lactoglobulin B increases corresponding to a transition from the
pressure-melted state to an unfolded state indicating that pressure-
unfolded b-lactoglobulin has a larger water-binding capacity than
the native protein.

Upon pressurisation of b-lactoglobulin A the volume of the
protein increases suggesting that only the unfolded state of the
proteins is formed. It seems that the minor differences in the pri-
mary structure of b-lactoglobulin A and B result in a significant
difference in the pressure-induced conformational changes prob-
ably as a result of the increased molar volume of native b-lacto-
globulin A. This is in accordance with the lower structural stability
of b-lactoglobulin A as indicated by a 5 �C lower thermal denatur-
ation temperature and it increased susceptibility towards proteases
due to a flexible structure of the protein (Huang, Catignani, &
Swaisgood, 1994).

It has been shown by in-situ fluorescence spectroscopy that the
intrinsic tryptophan fluorescence anisotropy of b-lactoglobulin B
gradually changed upon pressurisation leading to a reaction volume,
DV0 ¼ �73 mL mol�1, for denaturation of the protein (Stapelfeldt &
Skibsted, 1999). Further, the intensity of scattered light from the b-
lactoglobulin solutionwas markedly increased at pressures >50MPa
indicating an increase in volume of dissolved macromolecules and
calculated as a 20% increase in mean radius upon pressurisation
probably due to a partial unfolding and/or aggregation. Also, pres-
sure treatment of b-lactoglobulin increases the thiol reactivity
measured as the rate of reaction towards Ellman's reagent (Møller
et al., 1998). Since the increase was seen only for pressures up to
50 MPa it was proposed the b-lactoglobulin formed a pressure-
melted state without any change of mean radius prior to the pres-
sure unfolding leading to the increased molar volume.

Refolding of b-lactoglobulin is not instantaneous as shown by
the increased rate of hydrolysis (Stapelfeldt, Petersen, Kristiansen,
Qvist, & Skibsted, 1996), increased thiol reactivity with a half-
time of 3.1 h�1 (Møller et al., 1998) and reduced solubility in 2 M

(NH4)2SO4 (Dumay, Kalichevsky, & Cheftel, 1994) even several
hours after pressure release indication that specific physicochem-
ical measurements of b-lactoglobulin solutions can be measured
after pressure treatment at ambient pressure. Gel formation of b-
lactoglobulin is promoted by pressure as a result of increased
exposure of hydrophobic regions of the protein followed by ag-
gregation (Olsen, Ipsen, Otte, & Skibsted, 1999). At higher pressure,
the pressure-induced aggregation is further stabilised by disul-
phide interchange reaction between individual b-lactoglobulins
(Funtenberger, Dumay, & Cheftel, 1997).

To eliminate the reactivity of the thiol group Cys121, b-lacto-
globulin A and B were covalently labelled with NEM and the
changes in molar volume of the modified proteins were investi-
gated at 150 MPa as a function of holding time for b-lactoglobulin.
From Fig. 3 it can be seen that the volumetric profile of b-



Fig. 3. Relative partial molar volume of N-ethylmaleinimid derivatised b-lactoglobulin
A (C) and B (:) after pressure treatment at 150 MPa in aqueous 50 mM Tris buffer of
pH ¼ 7.7 and ionic strength 0.080 at 25 �C for varying time as measured at ambient
pressure.

K. Olsen, V. Orlien and L.H. Skibsted International Dairy Journal 133 (2022) 105416
lactoglobulin A upon pressurisation is similar to the native protein
indicating that exposure of hydrophobic regions of b-lactoglobulin
provide the driving force in the observed pressure-induced changes
of the structure of b-lactoglobulin A. The volume changes of NEM-
b-lactoglobulin B with increasing pressurisation time behaves like
the corresponding A variant, and as might be expected, the dena-
tured “pressure-melted” state in which the thiol reactivity was
found to increase from the native protein prior to protein unfolding
is now absent. Thus, the observed changes in volume of the NEM-
labelled proteins resemble those of the native protein indicating
that refolding of b-lactoglobulin after pressure treatment primarily
is restricted by entrapped water in the hydrophobic areas of the
protein, the expulsion of which seems rather slow on the time scale
of these experiments. Pressure denaturation has previously been
found not to be temperature sensitive for ambient temperature
conditions (Skibsted, Orlien, & Stapelfeldt, 2007). Temperature
control seems accordingly not critical for use in high pressure
processing in the dairy industry especially since water is trapped in
protein cavities.
4. Conclusions

For longer holding time at high hydrostatic pressure the partial
molar volume of the genetic A and B variants of b-lactoglobulin
increased. The native A variant has a larger volume of 101mLmol�1

than the native B variant but a simple comparison of the Gly64 to
Asp64 and of the Ala118 to Val118 substitution corresponds to an
increase of only 61 mL mol�1. This difference in partial molar vol-
ume can be accounted for by larger cavities of 40 mL mol�1 in the
protein structure for the A variant comparedwith the B variant. The
larger cavities in the A variant apparently increase the sensitivity of
the A variant to pressure as the increase in partial molar volume
was seen already at moderate high hydrostatic pressures of
100 MPa. In contrast the B-variant decreased in partial molar vol-
ume at such moderate high hydrostatic pressures followed by an
increase similar to the A variant for pressures of 300 MPa. For the A
variant the larger cavities seems to allow incorporation of water in
the protein structure prior to unfolding. Similar effects may also
explain the larger sensitivity to hydrolysis of the A variant
compared with the B-variant.
5

The incorporation of water and binding of water to exposed
hydrophilic side chains in pressure denaturated b-lactoglobulin
explains the pressure sensitivity of b-lactoglobulin and other
globular proteins. Pressure expands the proteins as seen in the
increase in partial molar volume. This expansion should correspond
to a positive DV0 for denaturation. In contrast, for b-lactoglobulin,
DV0 ¼ �78 mL mol�1 was previously determined by fluorescence
spectroscopy, a value that is close to the partial volume of four
water molecules in bulk water of 72 mL. It may accordingly be
concluded that the sensitivity to pressure of globular proteins de-
pends on the increase in the number of water molecules being
bound during the denaturation process. Thus, more than four water
molecules should be trapped in b-lactoglobulin denatured by
pressure to account for the observed negative value of DV0. These
four or more water molecules can only escape the cavities slowly in
effect making renaturation of b-lactoglobulin slow.
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