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The denaturation and aggregation of reagent-grade (ΣR-La), ion-exchange chromatography purified
(IEXR-La), and a commercial-grade (CR-La) R-lactalbumin were studied with differential scanning
calorimetry (DSC), polyacrylamide gel electrophoresis, and turbidity measurement. All three prepara-
tions had similar thermal denaturation temperatures with an average of 63.7 °C. Heating pure
preparations of R-lactalbumin produced three non-native monomer species and three distinct dimer
species. This phenomenon was not observed in CR-La. Turbidity development at 95 °C (τ95°C) indicated
that pure preparations rapidly aggregate at pH 7.0, and evidence suggests that hydrophobic
interactions drove this phenomenon. The CR-La required 4 times the phosphate or excess Ca2+

concentrations to develop a similar τ95°C to the pure preparations and displayed a complex
pH-dependent τ95°C behavior. Turbidity development dramatically decreased when the heating
temperature was below 95 °C. A mechanism is provided, and the interrelationship between specific
electrostatic interactions and hydrophobic attraction, in relation to the formation of disulfide-bonded
products, is discussed.
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INTRODUCTION

The ability of whey protein manufacturers to isolateR-lac-
talbumin (R-La) andâ-lactoglobulin (â-Lg) to a high degree of
purity represents a tremendous opportunity to broaden their food
applications (1). Human milk contains∼30%R-La (as a percent
of the total protein), and the human and bovine variants have
similar nutritional qualities including equally high tryptophan
and cysteine contents (2). BecauseR-La shows minimum
aggregation after heating (3), it is an excellent candidate for
utilization in nutritional beverages, such as infant formulas and
nutritional supplements.

R-La is a globular, calcium metalloprotein with a molecular
weight (Mw) of 14.2 kDa, 4 disulfide bonds, and no free thiol
groups (4). The two lobes of the three-dimensional structure
(5, 6) can be partitioned electrostatically (7): (1) an acidic lobe
rich in â-sheet structure that contains the Ca2+-binding loop
(residues 35-88) (5,6) with a calculated pI of 3.7 (including
10 Asp) and (2) a basic lobe rich inR-helical structure (residues
1-34 and 89-123) (5, 6) with a calculated pI of 9.6 (including
9 Lys).

The competition between electrostatic stabilization and
intermolecular hydrophobic aggregation in denatured forms of
R-La has been studied by evaluation in different solvent

environments (8-10). With no additional salt, aggregation
proceeds very slowly, but it is dramatically enhanced with the
addition of Na2SO4 (9), potassium phosphate (11), and NaCl
(9, 10). The aggregation rate follows normal Hofmeister series
effects, where salts that increase the surface tension of water
increase the hydrophobic aggregation rate (9). This attraction
can be significantly mitigated with the addition glycerol,
ethyleneglycol, or poly(ethylene glycol) (i.e., solvents that
interact with hydrophobic clusters) (8).

R-La denatures at relatively low temperatures (∼64 °C) but
does not rapidly aggregate because of its lack of free thiol groups
(12). However, when held at temperaturesg85°C, R-La evolves
free thiol groups (13, 14) that form intermolecular disulfide-
bonded aggregates (15-17). Of the disulfide bonds ofR-La
(C6-C120, C28-C111, C61-C77, and C73-C91) (18), the
C6-C120 disulfide bond is considered “super-reactive” (to DTT
at 25°C) because of the geometric strain imposed by the native
fold, the positive charge distribution in this region, and its
surface exposure (19,20). At 85°C, it drives initiation of thiol/
disulfide interchange, and, subsequently, a neighboring thiol
(C111) is the most reactive in forming intermolecular disulfide
bonds (21). The high reactivity on the C-terminus chain may
be a result of its known flexibility (21, 22) and the enhanced
reactivity of Cys thiols in the proximity of positive charge
density (23). Also, it has been suggested that hydrophobic
interactions facilitate intermolecular disulfide bond formation
in the co-aggregation ofR-La andâ-Lg (17, 24).
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Most studies have evaluated the co-aggregation ofR-La with
â-Lg rather than withR-La alone. The consensus is that mixtures
of R-La andâ-Lg have enhanced aggregation properties than
either protein heated alone (25). Even low relative concentrations
of â-Lg in R-La preparations considerably enhance thermal
aggregation (12,15, 26); essentially, aggregate size increases
as theâ-Lg content is increased inR-La preparations (12).
Chaplin and Lyster (16) provided the only study that focused
solely on the heat-induced aggregation ofR-La, and their
proposed mechanism has not been significantly altered by
subsequent studies. WhenR-La is heated to 77°C (the
temperature causing a complete unfolding transition as analyzed
by DSC) and then cooled, it is>90% reversible. However, when
R-La is held at 95°C for 14 min, only 40% renatures to the
native state. Native polyacrylamide gel electrophoresis (PAGE)
shows the aggregates as small oligomers (dimers, trimers, etc.).
Chaplin and Lyster (16) propose that irreversibility was due to
the fact that a fraction of disulfide bonds are broken during
heating ofR-La at high temperatures, producing free thiol groups
that can catalyze intermolecular thiol/disulfide interchange
reactions that result in the formation of soluble oligomers (16).

There is considerable variation among studies investigating
heat stability ofR-La. Table 1 lists eight studies that have
evaluatedR-La aggregation and the corresponding conditions
inducing this phenomenon. Of the studies that observedno
aggregation (12,24,27,28), three of the four studies: (1) used
SigmaR-La, (2) were done at temperaturese80 °C, and (3)
used size-exclusion chromatography (SEC) for analysis. The
only study utilizing “extreme” temperatures (90°C) (27) was
done at the lowest concentration (1.5 g L-1) and was analyzed
by SEC. The only study that detected aggregates at temperatures
<80 °C (29) was done at the lowest pH with a high ionic
strength. This indicates that multiple factors including theR-La
source, purity, temperature, concentration, and solvent may
influence the denaturation/aggregation behavior. This study
evaluates the denaturation and aggregation of the threeR-La
preparations used in the studies summarized inTable 1: (1)
ion-exchange chromatography purifiedR-La (IEXR-La), (2) a
reagent-grade preparation SigmaR-La (ΣR-La), and (3) a
commercialR-La preparation (CR-La). This study examines the
denaturation profile of these preparations to determine the
relationship, if any, to aggregation. Microsensitive DSC utilizes
a much lower protein concentration and a much higher sample
volume than traditional instruments and is sensitive to microwatt
changes in heat. This allows a thermodynamically appropriate
interpretation of the denaturation results. To provide some
perspective to the existing literature methods,in situ turbidity
measurements were used to characterize the solvent and
temperature dependence ofR-La aggregation.

MATERIALS AND METHODS

Materials. The commercialR-La was a gift from Davisco Foods
International (Le Sueur, MN) and contained 91.7% protein on a wet
basis (N× 6.14) (30) based on micro-Kjeldahl nitrogen analysis. This
preparation was analyzed by reverse-phase high-performance liquid
chromatography (HPLC) to determine its composition as a weight
percent of the total protein. The preparation contained 92.5, 2.8, 0.8,
1.1, 0.6, and 2.2%R-La, â-Lg, BSA, immunoglobulin, glycomacropep-
tide, and proteose peptone, respectively. The Ca2+ concentration
represented only∼20% saturation of theR-La. The Na+ concentration
was 4300 ppm; K+ and Mg2+ were <100 ppm; and Zn2+ and Mn2+

were found to be<1 ppm. Two different lots of highly purifiedR-La
(product number L-5385) were obtained from Sigma Chemical
Company (St. Louis, MO). A Q-Separose Fast Flow ion-exchange resin
was used to purify the aforementioned commercialR-La according to
Livney et al. (21). All salts and chemicals used were USP- or
electrophoresis-grade.

General Methods.Protein Solution Preparation. Protein powder
was hydrated with∼90% of the total deionized H2O (>17 MΩ)
required and stirred for 2 h at room temperature. The order of salt
solution addition was 0.2 M CaCl2, 0.2 M sodium phosphate buffer (a
blend of mono- and dibasic solutions to yield the reaction pH), and 1
M NaCl. The pH of this solution was adjusted using 0.10 N HCl, and
then the balance of water was added. The intrinsic Ca2+ and Na+

composition of the commercial preparation was compensated for in
the total added.

The protein concentrations for purified holo- and apo-R-La prepara-
tions were calculated from light absorbance at 280 nm using extinction
coefficients of 2.01 (31) and 1.95 L g-1 cm-1 (4), respectively. For the
commercialR-La, an effective extinction coefficient was calculated
using the protein content of the powder and determined to beε280 )
1.92 L g-1 cm-1.

NatiVe and SDS-PAGE.Native PAGE was performed using precast,
4-20% gradient gels made with Tris-HCl buffer (Bio-Rad Labs,
Hercules, CA). Samples were diluted 1:2 with Bio-Rad “native sample
buffer”. The reservoir buffer was 0.02 M Tris and 0.2 M glycine at pH
8.0. Sodium dodecyl sulfate (SDS)-PAGE was performed under similar
conditions, except that the protein samples were mixed with 1% SDS
prior to 1:1 dilution in the native sample buffer and 0.1% SDS was
added to the reservoir buffer. Protein staining was performed with a
Coomassie Stain Solution (Bio-Rad Labs) for 1 h and destained with
10% glacial acetic acid and 10% 2-propanol overnight. AMw marker
containing myosin (200 kDa),â-galactosidase (116 kDa), phos-
phyorylase b (97.4 kDa), bovine serum albumin (66.2 kDa), and
ovalbumin (45 kDa) from Bio-Rad was used. The naming convention
of Hong and Creamer (17) was used to describe the products of heating
R-La including nativelike and non-native monomers and SDS dimers.

DSC.The thermal denaturation ofR-La was monitored using a Nano-
Cal Model 5100 differential scanning calorimeter (Nano-DSC) (Cal-
orimetry Sciences Corp., Provo, UT) using a scan rate of 1°C min-1.
All solutions were thoroughly degassed prior to loading the instrument,
and the cells were pressurized to∼2 atm to prevent the formation of
gas bubbles during heating. Samples ofR-La (2.5 mg mL-1) were
dialyzed at 4°C overnight against 1 L of 10 mM sodium phosphate

Table 1. Summary of Treatment Conditions Where the Ability of R-Lactalbumin to Aggregate at High Temperature Was Evaluated (Listed
Chronologically)

study
heat

treatment
protein
(g L-1) solvent

R-La
source

â-Lg
presenta

aggregation
observed

method
used

Chaplin and Lyster, 1986 100 °C for 10 min 14 0.10 M sodium phosphate
buffer at pH 7

affinity chromatography purified no yes PAGE

Calvo et al., 1993 90 °C for 24 min 1.5 “milk ultrafiltrate” composition not given Sigma NAb no SEC
Dagleigh et al., 1997 75 °C for 10 min 100 0.02 M phosphate buffer at pH 7 ion-exchange chromatography purified no no SEC
Gezimati et al., 1997 80 °C for 15 min 80 “WPC-like” composition not given Sigma NA no PAGE
Schokker et al., 2000 80 °C for “prolonged heating” 10 0.02 M imidazole, 0.05 M NaCl,

and 0.003 M NaN3 at pH 7
Sigma (calcium saturated) NA no SEC

Havea et al., 2000 75 °C for 6 min 50 WPC permeate (0.4 M K+

and Na+ and 0.035 M Ca2+ at pH 6.8
Sigma (calcium saturated) NA yes PAGE

Bertrand-Harb et al., 2002 65, 85 and 95 °C for 30 min 10 0.2 M sodium phosphate buffer at pH 7.5 ion-exchange chromatography purified yes yes (g85 °C) PAGE
Hong and Creamer, 2002 70−95 °C (every 5 °C) for 10 min 2.4 0.015 M phosphate buffer at pH 6.7 or 7.4 size-exclusion chromatography purified no yes (g80 °C) PAGE

a Is â-Lg visually present in the electrophoretograms or chromatograms of the R-La preparations? b Not applicable (NA); Sigma R-La has no â-Lg contamination.
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buffer (pH 7.0). The dialysis buffer was used to generate the baseline
scan for analysis. A typical experiment consisted of a buffer/buffer
scan set followed by a buffer/protein scan set (a set consists of 2 heating
and cooling cycles from 25 to 95°C).

The heat capacity data of the buffer and protein scans were analyzed
using the CpCalc 2.0 software provided by the instrument manufacturer.
The buffer scan (i.e., baseline) was subtracted from the protein scan,
and the molar heat capacity was calculated using a molecular weight
of 14.2 kDa for theR-La and a partial specific volume of 0.709 (32).
A polynomial equation was used to fit the pretransition baseline to the
post-transition baseline, and the area under this curve was used to
calculate the calorimetric enthalpy (∆H). The percent reversibility was
calculated as the ratio of∆H from the second heating scan to the first
(∆H2/∆H1 × 100). These data represent the average of three replica-
tions.

In Situ Turbidity Experiments.The time-dependent optical density
development was monitored at 400 nm using a Shimadzu 160U
spectrophotometer equipped with a jacketed cuvette holder attached to
a recirculating water bath. For experiments at 95°C, the water
temperature initially was set to 100°C to improve heat transfer and
reduce the sample temperature lag. As the sample temperature ap-
proached 95°C (∼5 min), the water bath temperature was reduced to
maintain a 95°C sample temperature. For the 75 and 85°C experiments,
the temperature was initially set at 10°C higher and then reduced to
maintain the desired temperature. The sample temperature was moni-
tored with a thermocouple every 2-3 min during the early stages of
heating and every 10 min after it stabilized. The temperature accuracy
was typically(0.5 °C. At the end of the heating period, the protein
solutions were rapidly cooled in water and the optical density (OD)
was remeasured to assess the reversibility of aggregate formation.
Visible concentration of aggregates at the bottom of the cuvette was
only observed when heating pure preparations.

The OD values from the spectrophotometer were converted to
turbidity (τ) values by the relationship (τ ) 2.303× OD/l), wherel
represents the 1 cm path length (33). The reversibility was calculated
as (τ95°C - τ25°C)/τ95°C × 100. The data represent the average of three
replications for IEXR-La and CR-La and two replications forΣR-La.

Statistical Analysis.The denaturation data was analyzed for statistical
significance (p< 0.05) by analyzing through one-way ANOVA using
the Microsoft Excel statistical package (Microsoft, Redmond, WA).
The turbidity data were primarily analyzed for differences in trends,
with error bars provided as indicators of variance.

RESULTS AND DISCUSSION

Purity of r-La Preparations. Figure 1A (lanes 2, 4, and 6)
demonstrates the purity of the three preparations utilized in this
study. The lanes were overloaded (40µg of total protein) to
visualize minor impurities. In the CR-La (lane 6), the two higher
mobility bands were the two variants ofâ-Lg, with â-Lg B being
present at much higher concentrations. On the basis of the
molecular mobility published by Kinghorn et al. (34), the two
lower mobility bands appeared to be glycosylatedR-La and
either aR-La or R-La/â-Lg covalent dimer. GlycosylatedR-La
represented about 7% of the total as determined by deglyco-
sylation by peptideN-glycosidase F and protein band quanti-
tation by laser densitometry (data not shown). The presence of
a dimer band in unheated CR-La suggests that the rigors of the
commercial process (pasteurization and spray drying) caused
some aggregation. The CR-La was used as theR-La source for
IEX purification to provide a context in comparing results from
theΣR-La and CR-La preparations.ΣR-La (lane 2) and IEXR-
La (lane 4) demonstrated a similar high degree of purity with
faint bands visible in the SDS-PAGE patterns corresponding
to â-Lg and dimericR-La.

Denaturation Profiles of r-La Preparations. Figure 2
shows the DSC denaturation profiles forΣR-La and IEXR-La.
The dashed line represents the polynomial baseline fit with the
area under the curve representing the calorimetric enthalpy (∆H)

and the peak of the curve representing the denaturation
temperature (Td). The only observation not consistent with
previous work was a second peak observed inΣR-La with aTd

of ∼85 °C that was not present in the IEXR-La. This is not

Figure 1. Native PAGE (A) and SDS PAGE (B) of the three preparations
of native (even numbered lanes) and heated (odd numbered lanes) R-La
(all containing 40 µg of total protein). Sigma and IEXR-La were heated
for 30 min, and CR-La was heated for 1 h at 95 °C. Lane 1 is the Mw

marker; lanes 2 and 3 are Sigma R-La; lanes 4 and 5 are R-La isolated
by ion-exchange chromatography; lanes 6 and 7 are commercial R-La;
and lane 8 is the whey protein standard (30 µg of total protein). The
heated solutions were obtained at the end of the heating periods from
Figure 4.

Figure 2. Two curves from the analysis of Sigma (top curve) and IEX
(bottom curve) R-La by microsensitive differential scanning calorimetry.
Solutions (∼2.5 mg/mL) were heated at 1 °C/min in a 10 mM sodium
phosphate buffer (pH 7), and the baseline was fit with a polynomial
equation using software Calorimetry Sciences Corp., Provo, UT.
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seen whenR-La is heated in Tris at pH 8.0 (32) and was not
present on the second heating scan. Only the first peak was
used to calculate the denaturation parameters described inTable
2. There was little difference inTd between all three preparations
(∼63-64 °C). These values are consistent with studies using
“microsensitive” DSC that foundTd values of 64.1°C (32) and
64.2°C (35) using 1°C min-1 scan rates and similar concentra-
tions. Previous investigations found a wider range of values
including ∼60 °C (36, 37), 65 °C (16, 38), and 70°C (39).
This variation arises from the use of widely varying solvent
conditions, but more importantly, they use exceedingly higher
protein concentrations (up to 200 mg mL-1) to compensate for
lack of instrumental sensitivity. Also, much higher scan rates
were used (2.5-20°C min-1) and extrapolated down to 0°C
min-1.

Table 2 shows the ∆H values obtained for the three
preparations. Of the pure preparations,ΣR-La (286 kJ/mol)
required∼25 kJ/mol more energy to denature than IEXR-La
(261 kJ/mol). The CR-La required the most energy to denature
(309 kJ/mol). The differences in∆H for the purified preparations
may represent a difference in their preparation procedures. The
ΣR-La was freeze-dried in the holo form, whereas IEXR-La
was freeze-dried in the apo form and Ca2+ was added to the
hydrated protein. The∆H values forΣR-La and IEXR-La were
consistent with previous determinations using microsensitive
DSC: 264 kJ/mol (32) and 276( 9 kJ/mol (40).

The ability of R-La to undergo reversible denaturation
transitions through multiple heat/cool cycles makes it unique
among whey proteins (38,41). Table 2 shows the similar
percent reversibility values forΣR-La and CR-La (∼35%) with
the slightly lower value obtained for IEXR-La (24%). The DSC
automatically held the sample at the programmed terminal
temperature (i.e., 95°C) for 10 min before the cooling cycle to
allow for system equilibration. These values are in reasonable
agreement with the findings of Chaplin and Lyster (16),who
found 40% reversibility whenR-La is heated and held at 95°C
for 15 min before rescanning (10°C min-1; 1.6 mg mL-1).
WhenΣR-La was only heated to 90°C, it was 72% reversible
(data not shown), indicating that irreversible denaturation occurs
much more rapidly at>90 °C. The apoprotein demonstrated
an endothermic transition at 38°C with no endothermic
transition on the second scan (data not shown).

There are several examples in the literature whereR-La
displays very high reversibility including 80-90% (62 mg/mL;
Tmax ) 110 °C at 10 °C/min) (38),>90% (∼90 mg/mL;Tmax

) 95 °C at 21.4°C/min) (41), and 100% through 4 heating
cycles (200 mg/mL;Tmax ) 100 °C at 5 °C/min) (39). It is
interesting that increased percent reversibility values correlate
with a higher protein concentration. Eggers and Valentine (42)
have demonstrated that the thermal stability ofR-La is dramati-
cally enhanced, while it is entrapped in a silica matrix (as
compared to a dilute solution). They found that, at 95°C, R-La
had not approached complete unfolding, and they estimated an

increase inTd of 25-32 °C based on circular dichroism data
(42). This type of phenomenon cannot be discounted in
explaining the high degrees of renaturation in the very “crowded”
systems sometimes utilized to obtain DSC data.

Analysis of Heated Preparations by PAGE. Figure 1A
shows the loss of the monomer and formation of non-native
monomers of higher mobility whenR-La preparations were
heated and analyzed by native PAGE. The CR-La had a greater
loss of the nativelike monomer and formed no non-native
monomers (lane 7), although it was heated for 60 min. The pure
preparations (lanes 3 and 5) formed three bands of higher
mobility (two intense bands and one faint band) that cor-
responded to the non-native monomer bands described in
previous studies (16,17). Differences in migration on native
PAGE are based on differences in both net charge and
hydrodynamic size; therefore, either the size decreased or the
proteins possess a higher net negative charge than the nativelike
monomer. The two studies that observed these species proposed
different mechanisms for their formation. Chaplin and Lyster
(16) proposed that higher mobility is caused by partial deami-
dation of glutamine and asparagines residues (thus, increasing
net negative charge) because of their observation that heating
R-La at 100°C evolves ammonia (16). Hong and Creamer (17)
suggested that intramolecular disulfide bond shuffling increases
negative charge exposure because of the loss of Ca2+-binding
ability and that the differences in mobility among non-native
monomer species represents a difference in hydrodynamic size.
However, they acknowledged the need for “further fruitful
study...to resolve these issues” (17).

Both native and SDS-PAGE results resolved 5 distinguish-
able bands of lower mobility (lanes 3, 5, and 7 in partsA and
B of Figure 1) that Chaplin and Lyster (16) identified as
oligomers by native PAGE. In SDS-PAGE patterns, three of
these bands had similar mobility corresponding to SDS-dimeric
species (two intense bands and one faint band) as observed by
Hong and Creamer (17). They implicated differences in disulfide
bond specificity that resulted in differences in hydrodynamic
size (17). In CR-La (lane 7), the oligomer bands were much
less intense and there was only one distinct dimer band.

The other studies did not demonstrate the aggregate smearing
observed in these PAGE patterns; however, they used a stacking/
resolving gel system that appeared to trap aggregates at the
interface between gels. The addition of SDS without any
reducing agent did not appear to alter aggregate mobility,
indicating that they were covalently bound as has been
demonstrated (15,16). The CR-La preparation had more of a
smearing effect and formed aggregates that extended to 200
kDa. The purified preparations (heated for 30 min) formed
aggregates that extended near the 116-kDa marker.

Concentration Dependence of Turbidity Development.The
data in Figure 3 shows the turbidity of the threeR-La
preparations (5-60 g/L) heated at 95°C for 30 min and then
cooled to 23( 2 °C. All of the treatments were of equal ionic
strength (µ), where the absence of CaCl2 in the apo treatments
was compensated for with NaCl. In the treatments containing
no Ca2+ (the apo conformer), there was very little turbidity
development (i.e., formation of large aggregates) over the entire
concentration range studied. This phenomenon was similar
between preparations, with turbidity only deviating atg50 g/L.
Holo-R-La developed higher turbidity than apo-R-La at protein
concentrationsg10 g/L (Figure 3). To illustrate, at 20 g/L, the
Ca2+ concentration is only 1.4 mM, yet this causes a 28-fold
larger turbidity value than the apo treatment with the same ionic
strength.

Table 2. Denaturation Parameters of Commercial, Ion-Exchange
Chromatography Purified, and Sigma Holo-R-lactalbumin Preparations
as Measured by Microsensitive Differential Scanning Calorimetrya

preparation
Tm

(°C)
∆H

(kJ mol-1)
percent

reversibility

commercial 63.1 ± 0.5 a 309 ± 2.0 b 34 ± 3.6 d
IEX 64.0 ± 1.4 a 261 ± 1.2 c 24 ± 1.7 e
Sigma 63.9 ± 0.3 a 286 ± 5.3 b,c 37 ± 0.6 d

a Values represent the mean ± standard deviation (n ) 3). Values within a
column with different letters are significantly different (p < 0.05).
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The apo-R-La conformer has a much lower transition tem-
perature (Td ∼ 38 °C) (32, 43) and renaturation ability (39) than
holo-R-La and has been referred to as more heat “labile” (21).
It has also been found to be more “reactive” in the formation
of non-native monomers and dimers (17). Also, the “slow
reacting” disulfide bonds (C28-C111, C61-C77, and C73-
C91) are reduced by DTT∼40× (at 25 °C) faster in the apo
conformer than the holo conformer (19). However, these cases
of different reactivity did not lead to the formation of large
aggregates (Figure 3), which is the most important consideration
for beverage manufacturers.

There is more than one explanation to the increased aggrega-
tion of holo-R-La relative to apo-R-La. The presence of Ca2+

stabilizes the adjacent C61-C77 and C73-C91 disulfide bonds
to thermal denaturation (44), and only the C61 forms disulfide-
bonded aggregates when heated at 85°C (21). Because
denaturation probably leads to Ca2+ release (35), this cation
either interacts favorably with the negative charge density on
this lobe or bridges negative charges intermolecularly and
facilitates hydrophobic interactions. This has been described for
whey protein aggregation (45).

The ΣR-La and IEXR-La preparations produced a signifi-
cantly higher turbidity than CR-La at concentrations>10 g/L
(Figure 3). At concentrationsg20 g/L, ΣR-La formed white
precipitates that settled out of the solution (these were resus-
pended prior to turbidity measurement). Only at 60 g/L did this
occur for IEXR-La. One replication for all holo-R-La prepara-
tions was extensively dialyzed (a 10 mL sample against 10 L
of deionized water with two exchanges). The dialyzed prepara-
tions were similar to undialyzed preparations, indicating that a
dialyzable component (like residual salts) was not responsible
for the differences in behavior. The remaining experiments were
performed at 10 g/L to attempt to understand the phenomena
that lead to aggregate stabilization or precipitation that occurred
at a higher concentration.

Turbidity Evolution and Reversibility at 95 °C. Of the
studies listed inTable 1, there were no measurements actually
made at the temperature to which the protein was heated. For
R-La, monitoring the turbidity development at 95°C (τ95°C)

proved to be valuable in understanding the pertinent interactions
responsible for aggregate formation.Figure 4 shows theτ95°C
development for the three preparations in the same electrostatic
conditions (10 mM sodium phosphate at pH 7.0) as the DSC
experiments. The highly purifiedΣ and IEX preparations formed
very large aggregates that caused intense scattering as soon as
the temperature exceededTd (∼3 min) and then reached a
plateau throughout the remaining heating period. However, the
τ95°C of CR-La did not begin its gradual increase until∼15 min,
and its plateau value was far lower than for purifiedR-La.
Apparently, the minor protein constituents present in CR-La or
some other factor diminish rapid turbidity development. The
presence ofâ-Lg in CR-La would be the first logical explana-
tion. However, whenâ-Lg was added to IEXR-La at levels
mimicking the CR-La, theτ95°C trend was identical with a 28%
decrease in its plateau turbidity value (Figure 4). There were
two bands (not including theâ-Lg variants) removed from CR-
La by the IEX chromatography purification process (Figure 1A)
that caused it to behave similarly toΣR-La. They corresponded
to glycosylatedR-La and a dimer ofR-La or R-La/â-Lg.
Glycosylation by post-translational modification adds glucose
to a solvent-exposed loop N45 (46). A covalent dimer could
represent a charge alteration because of the loss of Ca2+-binding
ability with disulfide shuffling (17). When the glycosylatedR-La
and a dimer ofR-La or R-La/â-Lg were removed, the system
became unstable, resulting in intense turbidity development
(Figure 4) and the formation of three separate non-native
monomer bands (Figure 1A). Secondary-structure analysis on
heatedR-La reveals the formation of a newR helix that may
represent a charge alteration (47). This may occur during the
ingredient manufacturing process and provide thermal stability
to CR-La.

Figure 4 shows that the turbidity developed at 95°C in R-La
preparations was partially reversible upon cooling. The purified
preparations had 15-20% reversibility, and the CR-La was 35%
reversible. Although the reversibility for CR-La was large, it
represented a slight decrease in a very low plateau turbidity
value. The observed dissociation further suggests hydrophobic
interactions as the logical explanation to the rapid turbidity
development in denatured, purifiedR-La preparations. These
interactions are favored at high temperatures and disfavored near
room temperature (48).

Figure 3. Concentration dependence of turbidity development after heating
at 95 °C for 30 min for apo-R-lactalbumin (4 and 0) and three holo-R-
lactalbumin preparations (b, 2, and 9): Sigma (b), IEX (2 and 4),
and commercial (9 and 0). Solutions contained 10 mM sodium phosphate
buffered at pH 7 and 60 mM total Na (excess Na+ was added as NaCl).
Holo-R-La preparations contained a 1:1 molar ratio of Ca2+ to R-La. The
30 and 50 g L-1 treatments were not evaluated for Sigma R-La for cost
considerations. Mean values (b, 4, 2, 0, and 9) and standard deviations
(error bars) of three replications are shown.

Figure 4. Turbidity development at 95 °C (O, 0, and 4) and its
reversibility when cooled (b, 9, and 2) of commercial (O and b), Sigma
(0 and 9), and IEX (4 and 2) holo-R-La and IEXR-La with 1 g/L â-Lg
(]). Solutions contained 10 g L-1 total protein and 10 mM sodium
phosphate buffered at pH 7. Mean values (O, b, 0, 9, 4, 2, and ])
and standard deviations (error bars) of three replications are shown.
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Turbidity is not just a measure of aggregate size (i.e.,Mw)
but also a measure of shape, isotropy, and refractive properties
(49). Purified preparations heated for 30 min had a 4× higher
τ25°C than CR-La heated for 1 h (Figure 4), yet the aggregates
of CR-La had lower mobility when analyzed by PAGE (Figure
1). This indicates that the aggregates produced in the different
preparations may have had different shapes. Because CR-La
demonstrated the greatest thermal stability, it was used for the
remaining aggregation experiments.

Effect of the Solvent Environment on Turbidity Develop-
ment in Cr-La. Figure 5A shows the increase in turbidity
development with an increasing Na+ concentration (added as
NaCl with a constant phosphate concentration). The treatments
with an ionic strength (µ) of 0.025 (16 mM Na+) and 0.04 (30
mM Na+) had similarτ95°C trends with a slightly higher value
with higher ionic strength. Further, increasing theµ to 0.07 (60
mM Na+) resulted in a more abruptτ95°C increase. Interestingly,
this treatment demonstrated a brief plateau inτ95°C near 15 min

before rapidly increasing, suggesting that an intermediate was
involved in the aggregation. Increasing the ionic strength from
0.04 to 0.07 decreased the reversibility from 31 to 16%.

Figure 5B shows the increase inτ95°C when the phosphate
concentration was increased from 10 to 40 mM. Doubling the
phosphate concentration to 20 mM (µ) 0.045) caused a rapid
increase at∼8 min that reached its plateau at 20 min and had
2× the plateauτ95°C value over 10 mM phosphate. A further
increase to 40 mM phosphate (µ ) 0.09) caused rapidτ95°C
development that was similar in magnitude to the pure prepara-
tions with only 10 mM phosphate. Increasing the ionic strength
from 0.045 to 0.09 increased the reversibility from 16 to 34%.

Figure 6 shows the effects of decreasing the pH below 7.0
or adding excess Ca2+ (all treatments had equal ionic strength).
Decreasing the pH to 6.8 increased the lag time but causedτ95°C
to develop to a higher terminal value than pH 7.0. However,
when the pH was further lowered to 6.6, there was almost no
τ95°C development. A similar behavior was observed with a
higher concentration of total Na+ (data not shown). When the
pH was lowered to pH 6.0, theτ95°C development was immediate
but it quickly reached a plateau value that was similar to pH
7.0. Decreasing the pH to 6.8 slightly increased its reversibility
(44%), whereas the pH 6.0 treatment was not reversible at all
(-6%).

The pH 6.6 results are opposite of what would be expected
relative to the pI ofR-La. The effect of pH may be related to
two factors: (1) the concentration of H2PO4

-1 and HPO4
-2 (pKa2

) 6.86) or (2) the decreased protein surface charge. The results
suggest that decreasing the amount of HPO4

-2 from 5.8 mM at
pH 7 to 3.5 mM at pH 6.6 (calculation based on the Henderson-
Hasselback equation and not accounting for activity changes
because of ionic strength) decreased aggregation more than the
lowering if the protein surface charge. In other words, the
potential for intermolecular cross-linking was more important
in this pH range. However, further decreasing the pH to 6.0
enhancedτ95°C. This suggests that altering the protein surface
charge enhances turbidity development. Another possibility is

Figure 5. Effect of increasing monovalent (NaCl, A) and divalent
(phosphate, B) salts on the turbidity development at 95 °C (0 and 4)
and its reversibility when cooled (9 and 2) of commercial holo-R-
lactalbumin (10 g L-1 total protein) at pH 7.0. The commercial R-La curve
from Figure 4 was represented in both A and B (O) to provide a visual
reference. In A, NaCl was added to obtain a total Na+ concentration of
30 mM (9 and 0) and 60 mM (2 and 4). In B, sodium phosphate
(buffered at pH 7.0) was added to obtain a 20 mM (9 and 0) and 40
mM (2 and 4) phosphate concentration. The intrinsic Na+ concentration
contributed from the phosphate was 32 mM (20 mM) and 64 mM (40
mM). Mean values (O, 0, 9, 4, and 2) and standard deviations (error
bars) of three replications are shown.

Figure 6. Effect of lowering the pH to 6.80 ([ and ]), 6.60 (+), and
6.00 (2 and 4) and adding a 2:1 molar ratio of Ca2+ to R-La at pH 7.0
(9 and 0) on the turbidity development at 95 °C (], 4, and 0) and its
reversibility when cooled ([, 2, and 9) for commercial holo-R-lactalbumin
(10 g L-1 total protein). Solutions contained 10 mM sodium phosphate
buffered at the given pH and ∼30 mM total Na+. NaCl was used to
compensate for the ionic strength (0.04 M) changes that occur with
lowering the pH (on phosphate) or adding excess CaCl2. The 30 mM Na
curve from Figure 5A was represented (O) to provide a visual reference.
Mean values (O, ], [, 4, 2, 0, and 9) and standard deviations (error
bars) of three replications are shown.
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the effect of phosphate on theR-La structure. Note that pH 6.6
is midway between the calculated pI values for the acidic loop
(pI ) 3.7) and basic lobe (pI) 9.6) (5, 6). While no
unambiguous conclusions can be made, given the prevalence
of phosphate buffer as the buffer of choice for many aggregation
studies (Table 1) and its use in protein beverages, these
observations are important considerations for the stabilization
of R-La.

There was a pronounced increase inτ95°C in the presence of
a 2:1 molar ratio of Ca2+/R-La (Figure 6). Theτ95°C develop-
ment was much more rapid than its 1:1 molar ratio counterpart
and attained its plateau value around 25 min. The turbidity
decreased slightly with cooling (17%). There are multiple roles
that excess Ca2+ may be playing in this system to enhance
interactions and aggregation. WhenR-La (∼3 mg/mL) is heated
to 80°C in the presence of excess Ca2+, it retains some surface
hydrophobicity that does not exist when heated with a 1:1 molar
ratio (50). Mechanistically, the denaturation is converted from
a simple two-step process (Nf U + Ca2+) to a three-step
process that possesses a Ca2+-bound intermediate (Nf I f U
+ Ca2+) (35). Explained thermodynamically, adding excess
Ca2+ reduces the highly positive entropy of Ca2+ mixing into
the bulk solution that exists when a 1:1 molar ratio of Ca2+/
R-La is heated and loses its bound Ca2+ (32). BovineR-La has
a second, weaker Ca2+-binding site involving H68 (51) that is
adjacent to a hydrophobic cluster. A reduction in surface charge
caused by this specific effect or a more general intermolecular
ionic cross-linking might enhance rapid aggregation through
hydrophobic interactions.

Temperature Dependence of Turbidity Development.
There is a pronounced decrease in turbidity with a decreasing
temperature (Figure 7). At 85°C, there was a modest turbidity
increase from 6 to 10 min with a plateau throughout the
remaining heating time. At 75°C, there was almost no turbidity
development. Galani and Apenten (52) evaluated the contribu-
tion of hydrophobic interactions relative to disulfide bond
formation in the aggregation ofâ-Lg (in WPI at pH 6.8) from
80 to 120°C. The rate constant for hydrophobically driven
aggregation is much larger at 95°C than other temperatures
(52). The irreversible denaturation (i.e., aggregation) ofR-La
heated in milk demonstrates an Arrhenius temperature depen-

dence with a break at 80°C (53,54). These studies demonstrat-
ing enhanced aggregation at temperatures>80 °C are consistent
with the data seen inFigure 7 and helps to explain the findings
in Table 1, where most of the studies found no aggregation
when heating ate80 °C.

General Discussion.DSC has been used as a primary tool
for measuring protein denaturation, and often, these results are
extended to describe the “thermostability” of a protein. Ruegg
et al. (38) stated that, “thermostability...should be interpreted
in terms of renaturation and not of high temperatures of
denaturation.” However, this parameter does not evaluate the
ability of the irreversibly denatured protein fraction to aggregate
and become insoluble. In this study, CR-La and ΣR-La had
similar abilities to renature but pronounced differences in
turbidity development that lead to protein precipitation ofΣR-
La at g20 g/L. Furthermore, the most stable protein to
aggregation, apo-R-La, had the lowestTd and did not renature
at all when heated and cooled under identical conditions. There
was one denaturation parameter that was consistent with
turbidity data. The increasing∆H values for the three prepara-
tions (Table 2) corresponded to a decreasing extent of aggrega-
tion (Figure 4) in the same solvent conditions. Because protein
aggregation is exothermic (55), this indicated that intermolecular
interactions may have still been present at 2.5 g/L.

Figure 8 describes the mechanism for the heat-induced
aggregation ofR-La in 10 mM sodium phosphate (Figures 1
and4). Steps 1-3 were proposed by Hong and Creamer (17),
where steps 1 and 3 were based on the mechanism of Chaplin
and Lyster (16). The mechanism was expanded with step 4 to
represent the observations at 95°C (Figure 4) and step 5 to
represent the aggregate dissociation with cooling. When heated
aboveTd, R-La denatures and releases Ca2+ but does not rapidly
undergo irreversible denaturation reactions ate90 °C and
renatures when cooled (step 1). When held at>90 °C, pure
R-La irreversibly denatures through intramolecular disulfide
bond shuffling (step 2), forming three dominant non-native
monomer species (Figure 1A) (17). In step 3, these species
would have a free thiol group available to catalyze thiol/disulfide
interchange and form the three dominant SDS-dimeric bands
(Figure 1B) and larger oligomers. In CR-La, irreversible
denaturation proceeds directly through intermolecular thiol/
disulfide interchange (step 3). Step 4 represents the formation
of larger aggregate smears (partsA and B of Figure 1) that
partially dissociate with cooling (step 5;Figures 4-6).

Denatured forms ofR-La are referred to as molten-globule
states, and an abundance of literature exists describing the forces
responsible for its folding/unfolding in various conditions (for

Figure 7. Temperature dependence of turbidity development for com-
mercial R-La heated at 75 °C (2) and 85 °C (9). Solutions contained 10
g L-1 total protein and 40 mM sodium phosphate buffered at pH 7
(contributing 64 mM total Na). The 40 mM sodium phosphate curve from
Figure 5B was represented (O) to provide a visual reference. Mean values
(2, 9, and O) and standard deviations (error bars) of three replications
are shown.

Figure 8. Mechanism for the heat-induced aggregation for both a pure
and commercial source of holo-R-lactalbumin. N represents the native
molecule; Dss represents the denatured disulfide-intact monomer; DS*

represents a monomer with a reactive thiol; O represents an oligomer
(dimer or trimer); A95°C represents large aggregates formed at 95 °C;
and A25°C represents the dissociated aggregates at ambient temperature.
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a review, see refs56 and57). The role that divalent phosphate
played at high temperatures in facilitating hydrophobic interac-
tions in molten-globule monomers (Figure 4) suggests the
involvement of the basic lobe of the molecule. This lobe
possesses the two most reactive thiol groups (C111 and C120)
at 85°C (21) and a hydrophobic cluster that is exposed upon
Ca2+ release (58,59). This cluster contains the I27, M30, F31,
and H32 residues fromR-helix 2 and Q117 and W118 residues
on the C terminus (6). Its folding/unfolding behavior is
intricately involved with the C28-C111 disulfide bond (60-
62), and it is much more stable to unfolding than the other
hydrophobic cluster (61). Moreover, this cluster is shielded by
a positive charge from L114 and probably one other residue
(63). When L114 is replaced with an uncharged residue, the
thermal stability to denaturation (i.e.,Td) increases by∼11 °C
(22), indicating that a positive charge density in this region
destabilizes the cluster. The H32 residue may be the charge
pair of the L114 because it has a pKa′ of ∼6.6 (64) and is
adjacent to L114 in the native fold (6). This suggests that the
ionization behavior of a specific residue like H32 might also
be involved in the pH-dependent phenomena observed in this
study. At pH 7.0, the-2 charged phosphate may stabilize this
positive region and cause the exposed hydrophobic cluster to
remain intact and facilitate rapid monomer association. This
specific monomer-monomer contact may play a role in
producing the specific intra- and intermolecular disulfide-bonded
patterns seen inFigure 1. When R-La is heated to high
temperatures at pH 6.6 (where phosphate has a-1 charge and
some of the H32 is positively charged), the two positive charges
might enhance reactivity of the neighboring C28-C111 disulfide
bond (23), which would partially disorganize the native
hydrophobic cluster and inhibitτ95°C development (Figure 6).
This is consistent with observations that C28 is unreactive and
possibly “retracted inward” when heated at 85°C (pH 6.0),
despite extensive molecular unfolding and high reactivity from
C111, its partner in the native molecule (21). This lack of C28
reactivity further indicates that this hydrophobic cluster remains
intact and provides some protection to this part of the molecule,
but more research is needed to verify this.

CONCLUSION

The aggregation ofR-La was enhanced by the presence of
calcium, a high degree of purity, excess ionic screening, and
heating at 95°C (relative to lower temperatures). Ionic screening
was accentuated whenR-La was heated in the presence of
phosphate (-2 charge) or calcium (+2 charge). The turbidity
decreased with cooling, suggesting a dissociation phenomenon.
The formation of distinct disulfide-shuffled monomers and
disulfide-bonded dimers may be related to specific hydrophobic
interactions.
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