JJOURNAL O

AGRICULTURAL AND
FOOD CHEMISTRY

8230 J. Agric. Food Chem. 2004, 52, 8230—8235

Effects of High-Pressure Processing at Low Temperature on
the Molecular Structure and Surface Properties of
f-Lactoglobulin

MARcIA K. WALKER,T DANIEL F. Farkas,T SoniaA R. ANDERSONS AND
LISBETH MEUNIER-GODDIK* T

Department of Food Science and Technology and Department of Biochemistry and Biophysics,
Oregon State University, Corvallis, Oregon 97331

High-pressure processing (HPP) was utilized to induce unfolding of -lactoglobulin (8-LG). g-Lacto-
globulin solutions at concentrations of 0.5 mg/mL, in pH 7.5 phosphate buffer, were pressure treated
at 510 MPa for 10 min at either 8 or 24 °C. The secondary structure, as determined by circular
dichroism (CD), of 5-LG processed at 8 °C appeared to be unchanged, whereas -LG processed at
24 °C lost o-helix structure. Tertiary structures for 5-LG, as determined by near-UV CD, intrinsic
protein fluorescence spectroscopy, hydrophobic fluorescent probe binding, and thiol group reactivity,
were changed following processing at either temperature. The largest changes to tertiary structure
were observed for the samples processed at 24 °C. Model solutions containing the pressure-treated
B-LG showed significant decreases in surface tension at liquid—air interfaces with values of 54.00
and 51.69 mN/m for the samples treated at 24 and 8 °C, respectively. In comparison, the surface
tension for model solutions containing the untreated control was 60.60 mN/m. Changes in protein
structure during frozen and freeze-dried storage were also monitored, and some renaturation was
observed for both storage conditions. Significantly, the sample pressure-treated at 8 °C continued to
display the lowest surface tension.

KEYWORDS: High-pressure processing;  f-lactoglobulin; molecular structure; surface tension; low
temperature

INTRODUCTION to investigate the effect of HPP on the functionality and structure
of B-LG. Because of an increased potential for the formation

Bovine -lactoglobulin (5-LG) is a 162 amino acid residue f undesirable aggregates, the pressure-modfie6 displayed

whey protein that has been the subject of extensive researctﬁ h reduced Isifvi ; df bili h
(1-3). On the basis of results obtained by circular dichroism P°Oth reduced emulsifying capacity and foam stability when

(CD), the secondary structure BfLG appears to contain 10— compared to nativg-LG. Other studigs also suggest that HPP
15% a-helix, 50% f-sheet, and 1520% fS-turns (3). The treatments at room temperature using pressures of-450
relationship betweefi-LG's molecular structure and functional-  MPa favor extensive protein aggregation {3).
ity has been investigated with special emphasis on its sensitivity ~Kolakowski et al. {4) suggested that lowering the temper-
to thermal denaturation (%). As the temperature is increased, ature during HPP enhances the exposure of the hydrophobic
B-LG undergoes structural modification, which exposes its regions of3-LG to water. Using relatively low pressures (300
hydrophobic interior (6) and results in enhanced foaming MPa), they reported that low-temperature®@) pressurization
properties (7). minimizes the loss of native structure and decreases undesirable
Unfolding of 3-LG by high-pressure processing (HPP) at+50  aggregation. Their research strongly suggests that low-temper-
1000 MPa and=25 °C has been previously investigated using ature pressurization may be useful to minimize protein aggrega-
methods such as fluorescen®, (differential scanning calo-  tion and subsequent losses in protein functionality. Valente-
rimetry (DSC) 0), CD @, 10, 11), Fourier transform infrared  Mesquita et al. 15) also investigated the effects of hydrostatic
(FTIR) spectroscopy, and nuclear magnetic resonance (NMR) pressure on the structure #LG at low temperature. Applica-
(12). Pittia et al. 10) used high pressure (36000 MPa) in tion of pressures up to 350 MPa af@ caused an increase in
conjunction with a fixed temperature (2&) and holding time intrinsic fluorescence emission. They concluded thatfthes
dimer unfolds during compression and that upon decompression
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the effects of higher pressures §i.G and other food proteins.  cell. Near-UV measurements were performed using a 1-cm cylindrical
The objective of this study was to induce a targeted unfolding quartz_ cell at amb_ient temperature. The spe(_:tral (_ja'Fa were collected at
of 8-LG that would enhance the protein’s ability to lower surface 1-nm intervals using a scan rate of 20 nm/min. Triplicate spectra were
tension at air—water interfaces, yet minimize undesirable run on all samples and averaged by the instrument software. Baseline
aggregation. Additionally conform:ational change@dfG after samples of buffer were run, and all samples were baseline corrected
frozen and freeze-dried s,torage were monitored. Surface tensior_Prrior to calculation. Instrument software was used to smooth all spectra.

. . f | d indi , he instrument was calibrated using an aqueous solutior-pfl0-
at air—water interfaces was selected as an indicatgIo®'s camphorsulfonic acid (CSA) at a concentration of 1 mg/mL in a 1-mm

functional properties because of the importance of this property ce|| (17). Samples were diluted 3:1, with buffer, to ensure signal within

in dispersed food systems. linear range, and final concentration was calculated using Beer’s law.
Measurements on fresh samples were performed nvithin of HPP.
MATERIALS AND METHODS CD Data Analysis of Secondary StructuFar-UV CD spectra were

) ] ) B - analyzed using the methods of Hennessey etl®) &nd Manavalan
Proteins and Chemicals Chromatographically purified, lyophilized  and Johnson (19). Data are reported as percentageshefix, 3io-
B-LG (no. L3908), ANS fluorescent probe (no. A-1028), and Ellman’s  helix, -sheet5-turn, polyproline-like 3/1-helix, and “other” structure.

reagent (D-8130) [5,&dithiobis(2-nitrobenzoic acid), DTNB] were all ~ |ntrinsic FluorescenceMeasurements were taken using a Perkin-
of reagent grade and purchased from Sigma Chemical Co. (St. Louis, Elmer LS 50 luminescence spectrometer, connected to a circulating
MO). Distilled water was utilized. constant-temperature bath set at°®®5 To minimize the contribution

Samples Freshly prepared pH 7.5 sodium phosphate buffer (10 mM) of tyrosyl residues to the emission spectra, the excitation wavelength
was used to prepayg-LG solutions at 0.5 mg/mL. The final protein  was set at 290 nm. Emission spectra were scanned from 290 to 450
concentrations were spectrophotometrically confirmed using a Shimadzunm. The samples were freeze-dried and stored®& grior to analysis.

Bio Spec 1601 (Kyoto, Japan) at 280 nmgge= 17600 M* cm™?). Surface Hydrophobicity—Extrinsic Fluorescen@etermination of

The pH of the solutions was verified using a Fisher Scientific Accumet syrface hydrophobicity was carried out using 1,8-anilinonaphthalene-
AR25 pH-meter (Pittsburgh, PA). Samples, containing 60 mL of gyifonate (ANS) as a fluorescent probe according to the modified

solution, were vacuum packaged into polyethylene pouches (TRS- method of Yang et al.g). The fluorescence intensity was measured at

95250-KAPAK, Minneapolis, MN), heat-sealed, and equilibrated at yoom temperature using the Perkin-Elmer LS50 luminescence spec-
either 4 or 24°C for 2 h prior to processing. trometer. ANS fluorescence was monitored using a fixed excitation

HPP Treatment Conditions. Sample pouches were run at 510 MPa  wavelength of 390 nm and scanning emission wavelengths of 400—
for 10 min using a 7-in. diameter by 36-in. long Engineered Pressure 600 nm. Each sample was analyzed in duplicate. The samples were
Systems (Haverhill, MA) 22-L isostatic press. The time it took for freeze-dried and stored at>€ prior to analysis.
pressure to come up wass—7 min, and decompression time wag Reactizity of Exposed Thiol Group&he modified method of
min. Samples were run at ambient temperature-22°C) and at low Shimada et al.Z0) based on Ellman’s reagent was employed using a
temperature (8C). For low-temperature processing, the vessel was shimadzu Bio Spec 1601 (Kyoto, Japan) spectrophotometer for
precooled by filling the unit with ice water and allowing it to equilibrate  zpsorbance measurements at 412 nm. An extinction coefficient of
for 2 h while samples were equilibrated at@ and packed in 4C ice 13600 M cm! was used to calculate the concentration of free
water for loading. Control samples were treated similarly to HPP gyithydryl groups (21). The samples were freeze-dried and stored at 4
samples except that no pressure was applied. The temperatures of thec prior to analysis. Each sample was analyzed in duplicate.
samples were measured before and after processing. Triplicate runs Freeze-DryingSamples were slab frozen in a blast freezer-40
were performed for each treatment. °C for 24 h and then freeze-dried with the product temperature

Adiabatic Compression Heating.Adiabatic compression heating  remaining<25 °C during the drying cycle. The final moisture content
was monitored by inserting thermocouples into protein samples and ranged from 4.38 to 5.6%. Freeze-dried samples were transferred into
pressure transmitting fluid inside an Engineered Pressure Systems 2-Ldouble-lined polypropylene bags and stored &C4until analysis.

100 000 psi isostatic press. Sample pouches, containing 50 mL, were  gatistical TreatmentThe statistical significance of differences

run at 510 MPa, for 10 min. Pressure come-up time wasmin, and ~ petween treatments was determined by Studerteést. The level of
pressure release wasl min. The chamber was packed with ice and significance was set & < 0.05.

allowed to cool for 1 h. Samples were prepared and equilibrated in a
water bath at 8C. Thermocouples were inserted into the sample and
pressure transmitting fluid. The sample was put into an outer bag filled RESULTS AND DISCUSSION
with ice water and heat sealed. The increase in temperature following  Selection of HPP Conditions. A number of processing
HPP was=2 °C. variables were initially tested to select conditions that would
Surface Tension MeasurementsImmediately following HPP, decrease the surface tensiorefG model solutions compared
samples were analyzed for surface tensjgrchanges usinga DuNouy 44 the control 8-LG concentrations were tested from 0.1 to 1.5
ring tensiometer (model 70535, CSC Scientific Co., Inc., Fairfax, VA). ma/mL. Concentrations-0.5 ma/mL led to i d ) f )
Samples of 20 mL at room temperature were poured into a 60xmm 9 . oncentrations .5 mgim . edto mcre.ase surtace
15 mm tissue culture dish (no. 3002, Becton Dickson Labware, Lincoln tension, presumably due to protein aggregation. Buffer pH
Park, NJ). A 6-cm platinumiridium ring (70537, CSC Scientific Co.) ~ values of 5.2, 6.0, 7.0, and 7.5 were tested, and the buffer pH
was used for measurements, and apparent surface tension (o) wa®f 7.5 was selected because this sample exhibited the largest
recorded (16). Samples were monitored over a period of time up to 3 decrease in surface tension; in addition, visible precipitation was
h, although surface tension results were recorded after equilibration observed within 24 h of storage at@ for the pH 5.2 and 6.0
for 1 h, after which time no further changes in tension occurred. solutions. Pressures during processing were tested at 450, 510,
Native Polyacrylamide Gel Electrophoresis Equipment, sample  and at 600 MPa, which is the maximum pressure for the vessel.
buffel‘s, molecular W(—Z‘Ight standards (161'0362"260 kDa, running No eﬁects were observed on Surface tens|0n for the model
buffer, 10—20% Tris HCI-3Q.L load size ready gels, and staining and g4 tions treated at 450 MPa, whereas the highest pressure (600
destaining solutions were obtained from Bio-Rad (Bio-Rad Labs, MPa) led to only a minimal decrease in surface tension when
Hercules, CA)S-LG samples were diluted 1:2 in Bio-Rad native sample - ;
compared with the control. The lowest surface tension was

buffer (161-0738), and 25t samples were loaded into wells within 4 ' . -
h of HI(DP. ) . P obtained at 510 MPa with &LG concentration of 0.5 mg/mL,

Protein Structure Characterization. Circular Dichroism (CD).Far- pH 7.5, at 8C (Table 1). Thus, the structures GfLG treated
UV CD spectra were measured from 184 to 260 nm, and near-UV was at these conditions as well as the corresponding treatment at
measured from 260 to 320 nm using a Jasco spectropolarimeter (J720f00m temperature were investigated. Native PAGE, utilized to
Japan Spectroscopic Co., Inc. Tokyo, Japan) and a 0.1 cm square quartmonitor the formation of protein aggregates following HPP,
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Table 1. Surface Tension of Model 5-Lactoglobulin Solutions?
Containing Control (Untreated) and High Pressure Processing? Treated
[-Lactoglobulin

sample control 8 °cd 24 °Cd
60.60* + 0.11 51.69*+0.17 54.00* + 0.11

surface pressure¢ = SD
(mN/m)

apH 7.5, B-lactoglobulin concentration of 0.5 mg/mL phosphate buffer. ® HPP
treatment conditions: 10 min, at 510 MPa, pH 7.5. ¢ Means of triplicate runs. *,
means within row are significantly different (P < 0.05). ¢Initial high-pressure
processing temperature.

A B c
Figure 1. Native PAGE of 5-LG samples: sample A, untreated control;
sample B, HPP-treated at 510 MPa and 8 °C for 10 min; sample C,
HPP-treated at 510 MPa and 24 °C for 10 min.
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Figure 2. Adiabatic compression heating during HPP treatment of 5-LG
solutions at 510 MPa, for 10 min: (—) product temperature; (—) pressure
transmitting fluid temperature; (- - -) pressure.

Walker et al.

increase is not sufficient to lead to protein unfolding at low-
temperature processing, it could be significant when starting at
or above room temperature. The extent of compression heating
is comparable with the results presented by Rasanayagam et
al. (22), who reported at 15 temperature increase when HPP
water with an initial temperature of 2% at 600 MPa.

Changes inf-LG Secondary Structure Following HPP.
Comparisons between the secondary structure of native and
HPP-treated samples, determined immediately following pres-
sure treatment and after being held at 4@ for 24 h, are
presented iMable 2. The native control was stable in solution
for the 24-h period. HPP treatment at@ resulted in a decrease
in a-helix, from 16 to 11%, and an increase in the apparent
pB-sheet component. After 24 h of storage, the sample treated at
8 °C had a similar proportion af-helix but a smaller proportion
of 5-sheet than the native sample. In contrast, samples treated
at 24°C showed significant decreasesadrhelix content both
immediately following HPP and following the 24-h storage
period. These results suggest that secondary structure of samples
treated at 8C recovered relatively quickly, whereas samples
treated at 24°C exhibited permanent changes in secondary
structure.

Changes inf-Lactoglobulin Tertiary Structure Following

HPP. Tertiary structure was investigated by using four different
techniques: near-UV CD, intrinsic protein fluorescence spec-
troscopy, hydrophobic fluorescent probe binding, and determi-
nation of the reactivity of exposed thiol groups. These methods
do not quantify changes in tertiary structure in the same sense
that far-UV CD quantifies secondary structure, but rather
indicate differences in the response of the protein to the
environment.

Near-UV CD.CD bands in the near-UV region (250—320
nm) of folded protein result from the presence of aromatic amino
acids. The bands observed at 2895 nm and at 265277
nm are attributed to tryptophan and tyrosine, respectively.
Decreases in the tryptophan bands indicate a loss of local
asymmetric structure and hence a loss of tertiary strucB8e (
The near-UV CD spectra of HPP samples, immediately fol-
lowing pressure treatment, were compared with the spectrum
of the native controlFigure 3). The changes in the spectra are
consistent with previously reported results showing that the
tertiary structure off-LG decreases with increasing severity of
the conditions of HPP. Tedford et allX) observed that
increased temperature (up to 70) is the processing variable
resulting in the most significant changes in tertiary structure
(as indicated by a flattened near-UV CD spectrum). Yang et al.
(8) reported complete disappearance of tertiary structure fol-
lowing 8 min of HPP at 600 MPa and 5C.

Intrinsic Fluorescence SpectrA-LG exhibits an increase in

indicated that samples treated at room temperature may haventrinsic tryptophan fluorescence and a red shift upon unfolding.
more high molecular weight aggregates than samples treated afrhe tryptophan fluorescence spectra for the treatments selected
8 °C (Figure 1). These results are consistent with those of are shown inFigure 4. An increase in fluorescence was

Kolakowski et al. {4), who concluded, from the results of gel
permeation chromatography, thal.G aggregates are formed

when pressurized at 28 but not at lower temperatures.

Adiabatic Compression Heating. Temperature changes

during HPP at low temperature are shown Rigure 2. A

observed, indicating that unfolding had occurred in both HPP
treatments, which exposed tryptophan residues, thus potentially
leading to higher surface hydrophobicity of the protein. These
results are consistent with the work done by Yang et &). (
and Valente Mesquita et all%), who studied HPP at 5TC,

thermocouple in the center of the sample package and a600 MPa, and at 3C, 350 MPa, respectively.
thermocouple placed near the top of the pressure unit in the Hydrophobic Probe Binding/Extrinsic Fluorescencgéhe
pressure transmitting fluid reported close readings, indicating native structure of3-LG contains an internal hydrophobic
good temperature distribution within the chamber. However, it binding site located within thes-barrel and an external
is important to note that even though samples entered the cyclehydrophobic site located between thdarrel and thex-helix

at 8 °C, they reached a temperature of 28& before cooling

(24, 25). Usually the hydrophobic core @¢FLG is protected

to 11.8 °C upon decompression. Although this temperature from solvent by the rigid tertiary structure, giving it a low
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Table 2. Secondary Structure of Control (Untreated) and High Pressure Processing? (HPP) Treated S-Lactoglobulin Solutions? As Determined by
Circular Dichroism

temp of recovery time polyproline-like
sample HPP (°C) after HPP (h) a-helix 310-helix p-sheet p-turn 3/1-helix other
control 0 0.16 0.04 0.24 0.14 0.06 0.37
control 24 0.17 0.04 0.24 0.13 0.07 0.36
510 MPa 8 0 0.11 0.04 0.26 0.14 0.07 0.38
510 MPa 8 24 0.18 0.04 0.20 0.14 0.07 0.37
510 MPa 24 0 0.08 0.05 0.26 0.13 0.07 0.41
510 MPa 24 24 0.07 0.05 0.24 0.14 0.07 0.42

2 Samples were analyzed within 1 h of HPP treatment, and all treatments were repeated in triplicate. HPP conditions: 510 MPa, 10 min. ® Model solution: 0.5 mg/mL
[-lactoglobulin phosphate buffer, pH 7.5.
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Figure 5. 3-LG—-ANS fluorescence spectrum immediately following HPP

7
Figure 3. Near-UV CD spectra of 3-LG immediately following HPP
treatment at 510 MPa, pH 7.5, 0.5 mg/mL, for 10 min. Treatments: (—)
control (untreated); (— ——) 24 °C initial processing temperature; (- - -) 8

treatment at pH 7.5, 0.5 mg/mL, 510 MPa, 10 min. Treatments: (—)
control (untreated); (——-) 24 °C initial processing temperature; (- - -)
8 °C initial processing temperature. (Control and 8 °C sample plots are
essentially superimposed.)

°C initial processing temperature.

Table 3. Free Thiol Reactivity of S-Lactoglobulin Following
High-Pressure Processing? with Initial Treatment Temperature at either
24 0r8°C

600

500 |
24°C 8°C
absorbance at 412 nm?  0.164*+0.008  0.195*+0.002  0.182* +0.003
free thiol concn (M) 1.2x1076 1.4 %1076 1.34x 1076
available free thiol 4.4 5.1 4.9

groups® (%)

control

400

Fluoresence
@
=3
=3

n
=]
=1

2 High-pressure processing treatment conditions: 510 MPa, 10 min, pH 7.5,
B-lactoglobulin concentration of 0.5 mg/mL. ® Means within rows are significantly
different (P < 0.05). ¢ Calculation based on total theoretical amount of free thiol
groups.

100

250

wavelength

unfolded due to HPP. In nativg-LG, of the five cysteines,
four form intramolecular disulfide bonds and only Cys-121 is
present as a free thiol group. This free thiol group is buried
internally and remains less reactive. Partial unfolding by HPP
increases the exposure of inner hydrophobic groups and the thiol
group (27,28). Hydrophobic interactions and thiedlisulfide
reactions that occur in this state can lead to aggregafién (

Figure 4. Intrinsic fluorescence spectra of 5-LG immediately following
HPP treatment at 510 MPa, pH 7.5, 0.5 mg/mL, for 10 min. Treatments:
(=) control (untreated); (——-) 24 °C initial processing temperature;
(---) 8 °C initial processing temperature.

affinity to hydrophobic binding probes such as ANS. By
disrupting the tertiary structure, the affinity gfLG to ANS 30). The increases in absorbance of DTNB at 412 iable
increases (26). As shown Figure 5, increased ANS binding  3) show that the largely inaccessible SH groupB4fG becomes
was observed as an increase in extrinsic fluorescence, wheronly slightly more reactive after HPP treatment at 8 and@4
samples were HPP-treated at 22 compared to the untreated The four methods utilized to examine changes in tertiary
control or 8°C HPP samples. The fluorescent intensity for the structure all agree on the observation that pressure clearly
24 °C sample was approximately doubled, whereas Yang et al. disrupts the tertiary structure g8-LG with the extent of

(8) reported a tripling in intensity following HPP at harsher disruption increasing with treatment temperature. However, the
conditions (600 MPa, 50C). extrinsic fluorescence results indicate that@ HPP leads to

Reactvity of Exposed Thiol Groupd he internal thiol group limited unfolding, which is not sufficient to expose additional

plays an important role in surface characteristics whiG is ANS binding sites, and the unfolded protein responds to
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Table 4. Effect of Storage Condition and Time on Secondary Structure and Surface Tension of Model -Lactoglobulin Solutions? Containing Control

(Untreated) and High Pressure Processing? (HPP) Treated /-Lactoglobulin

HPP storage condition storage time polyproline-like surface
temp (°C) of sample (days) a-helix 310-helix p-sheet p-turn 3/1-helix other tension® (mN/m)
control frozend 1 0.18 0.04 0.21 0.13 0.07 0.37 65.08
control frozen 12 0.18 0.02 0.26 0.10 0.08 0.35 66.6
control freeze-dried 7 0.17 0.02 0.24 0.10 0.09 0.38 65.2
8 frozen 1 0.17 0.04 0.23 0.13 0.06 0.37 59.2
8 frozen 12 0.10 0.03 0.28 0.12 0.08 0.39 59.9
8 freeze-dried 7 0.18 0.03 0.22 0.12 0.09 0.36 59.7
24 frozen 1 0.10 0.05 0.23 0.13 0.08 0.40 62.2
24 frozen 12 0.17 0.05 0.18 0.13 0.08 0.39 63.4
24 freeze-dried 7 0.04 0.02 0.29 0.11 0.09 0.43 62.5

20,5 mg/mL B-lactoglobulin phosphate buffer, pH 7.5. 510 MPa, 10 min, processed at either 25 or 8 °C. ¢ Means of duplicate samples. ¢-40 °C.

environmental factors in a manner close to that of the untreatedtreated at both 8 and 24C changed when the samples were
control. Near-UV CD and intrinsic fluorescence spectra yield a held frozen for up to 12 days. However, no clear trend was
similar result, which is not surprising as both methods monitor observed because-helix content increased during frozen
tryptophan residues. storage for the sample processed at°@4and decreased for
Structure—Function Relationship. Upon adsorption at the  the sample processed at®. Dumay et al.9) and Kolakowski
air—water interface, there is a change in protein conformation et al. (L4) report reversibility when processing at lower pressures
from that of the native stat&1). The molecular rearrangements (450 MPa) and 25C, whereas Yang et al8) report that the
that occur asp-LG moves toward and into the water—air molten globule structure remains stable during frozen af@d 5
interface lead to the partial unfolding of the molecule and a storage. Although we observed changes during storage, it is
loss of tertiary structure2, 32). Additionally, the conformation important to note that the improvement in functionality (ability
of the protein molecule in solution will greatly influence the to decrease surface tension) observed when HPP-treghtity
rate and extent of the conformational change upon adsorption.at low temperature (8C) compared to room temperature was
Specifically, it appears that increased molecular flexibility retained during both frozen and freeze-dried storage. Thus, HPP
facilitates the protein’s rearrangement at interfa8ds33). This at low temperature can likely be utilized to develop protein
research investigated increasing the surface activitg-b ingredients with improved functional properties that remain
on the basis of these unfolding theoriés 10, 11, 33). The stable during storage.
surface tension of-LG model solutions was decreased after
being subjected to HPP. Pressure treatment at room temperaturéCKNOWLEDGMENT
caused significant and permanent changes in secondary anqu thank Dr. Bower and Dr. Jimenez for valuable advice.
tertiary protein structure. However, the treatment failed to lead
to optimum surface activity in model solutions, presumably due LITERATURE CITED
to protein aggregation. In contrast, pressure treatment at low
temperature caused changes in tertiary structure, whereas (1) Green. D.W.; Aschaffenburg, R.; Camerman, A.; Coppola, J.;
secondary structure changes appeared to be mininoahesix Dunnill, P.; Simmons, R. M., Komorowski, E., Sawyer, L.;
s . L Turner, E. M.; Woods, K. F. Structure gflactoglobulin at 6 A
content reverted to Fhe or|g|na_1l I_evel during t_hg initial 24 h. resolution.J. Mol. Biol. 1979,31, 375—397.
Despite the renaturation, the gain in surface activity of the model 5y pong, A.; Matsuura, J.: Allison, S. D.; Chrisman, E.; Manning,
SO|utI0nS was h|gh Th|S was most ||ke|y due to the faCt that M. C’ Carpenter, J. F. Infrared and circular dichroism spectro_
protein aggregation remained minimal. It seems likely fhbG scopic characterization of structural differences betwedac-
in the partially unfolded state (510 MPa;/@8, and pH 7.5) has toglobulin A and B.Biochemistry1996,35, 1450—1457.
a more flexible, hydrophobic surface and therefore readily (3) Manderson, G. A.; Creamer, L. K.; Hardman, M. Effect of heat
adsorbs at the interface, whereas the control has a more tightly treatment on the circular dichroism spectra of bovihkacto-
folded conformation and therefore has a lower probability of 191'50:7“”” A, B, and C.J. Agric. Food Chem1999,47, 4557—
collision at the interface. This suggests that the adsorbed protein . . . . .
at the interface has an average s%?ucture lying between thg native (4) Sawyer, L.; Kontopids, G. The core lipocalin, bovifidacto-
folded and the completely unfolded state. These results indicate globulin. Biochim. Biophys. Act2000,1482, 136 -148.
. ’ . . (5) Jameson, G. B.; Adams, J.; Creamer, L. Flexibility, functionality
a favorable effect of unfolding on surface functionality when and hydrophobicity of boving-lactoglobulin.Int. Dairy J. 2002,
aggregation is avoided. They also illustrate that improved 12, 319—329.
functional properties may be obtained when the changes in (6) lametti, S.; De Gregori, B.; Vecchio, G.; Bonomi, F. Modifica-
secondary structure are kept at a minimum as indicated by tions occur at different structural levels during the heat dena-
consistent levels ofa-helix structure. Furthermore, small turation of -lactoglobulin.Eur. J. Biochem1996,247, 106—
changes in tertiary structure appear to be preferable over larger 112.
changes or even loss of tertiary structure. (7) Dickenson, E. _Protein_s, at interfaces and in emulsions: stability,
Effects of Freezing and Freeze-Drying of HPP Samples. rheology, and interactiorl. Chem. Socl998,94, 1657—1669.
It is important to understand molecular rearrangements occurring (&) a9 J; Dunker, K.; Powers, J.; Clark, S.; Swanson, B. G.
. . f-lactoglobulin molten globule induced by high pressuie.
during subsequent processes and storagg. Changes in the Agric. Food Chem2001,49, 3236—3243.
secondary structu_re @ELG frozen prfreeze-drled are Ilste_d in (9) Dumay, E.: Kalichevsky, M.; Cheftel, J. C. High-pressure
Table 4. Processing alone (freezing or freeze-drying) did not unfolding and aggregation gf-lactoglobulin and the baropro-
appear to affect the native secondary structur@-b6& (Tables

tective effects of sucrosé. Agric. Food Chenil994 42, 1861
2 and4). Thea-helix component of samples that were HPP- 1868.



Molecular Structure and Surface Properties of -Lactoglobulin

(10) Pittia, P.; Wilde, P.; Husband, F.; Clark, D. Functional and
structural properties off-lactoglobulin as affected by high-
pressure treatmeni. Food Sci.1996,61, 1123—1126.

(11) Tedford, L. A.; Kelly, S. M.; Price, N.; Schaschke, C. J.
Interactive effects of pressure, temperature and time on the
molecular structure of-lactoglobulin.J. Food Sci 1999, 64,
396—399.

(12) Heremans, K.; Van Camp, J.; Huyghebaert, A. High-pressure
effects on proteins. IfFood Proteins and their Applications
Damodaran, A., Paraf, A., Eds.; Dekker: New York, 1997; pp
473-502.

(13) Heremans, K.; Smeller, L. Protein structure and dynamics at high
pressureBiochim. Biophys. Actd998,1386, 353—370.

(14) Kolakowski, P.; Dumay, E.; Cheftel, J. C. Effects of high pressure
and low temperature gfi-lactoglobulin unfolding and aggrega-
tion. Food Hydrocolloids2001,15, 215—-232.

(15) Valente-Mesquita, V. L.; Botelho, M. M.; Ferreira, S. T. Pressure-
induced subunit dissociation and unfolding of dimefitacto-
globulin. Biophys. J.1998,75, 471—476.

(16) Suttiprasit, P.; Krisdhasima, V.; McGuire, J. The surface activity
of a-lactalbumin,f-lactoglobulin, and bovine serum albumin.
J. Colloid Interface Sci1992,154, 327—336.

(17) Johnson, W. C., Jr. Protein secondary structure and circular
dichroism: A practical guideProteins1990,7, 205—214.

(18) Hennessey, J. P.; Johnson, W. C., Jr. Information content in the
circular dichroism of proteinsBiochemistry1981, 20, 1085—
1094.

(19) Manavalan, P.; Johnson, W. C., Jr. Variable selection method
improves the prediction of protein secondary structure from
circular dichroism spectraAnal. Biochem1987,167, 76-85.

(20) Shimada, K.; Cheftel, J. C. Texture characteristics, protein
solubility, and sulfhydryl group/disulfide bond contents of heat-
induced gels of whey protein isolatk.Agric. Food Cheml988
36, 1018—1025.

(21) Ellman, G. E. Tissue sulfhydryl groupstch. Biochem. Biophys.
1959,82, 70-77.

(22) Rasanayagam, V. M.; Balasubramaniam, V. M.; Ting, E.; Bush,
C.; Anderson, C. Compression heating of selected fatty food
materials during high-pressure processidgFood Sci.2003,

68, 254—259.
(23) Matsuura, J. E.; Manning, M. Heat-induced gel formation of

J. Agric. Food Chem., Vol. 52, No. 26, 2004 8235

(24) Yang, J.; Powers, J.; Clark, S.; Dunker, K.; Swanson, B. G.
Hydrophobic probe binding gi-lactoglobulin in the native and
molten globule state induced by high pressure as affected by
pH, KLO3 and N-ethylmaleimideJ. Agric. Food Chem2002,

50, 5207—5214.

(25) Collini, M.; D'Alfonso, L.; Baldini, G. New insight orp-lac-
toglobulin binding sites by 1-anilinonaphthalene-8-sulfonate
fluorescence decayrotein Sci.2000,9, 1968—1974.

(26) Semisotnov, G.; Rodionova, N.; Razgulyaev, O.; Uversky, V.;
Gripas, A.; Gilmanshin, R. I. Study of the molten globule
intermediate state in protein folding by a hydrophobic fluorescent
probe.Biopolymers1991,31, 119-128.

(27) Apenten, R. K. Protein stability function relation§:lactoglo-
bulin-A sulphydryl group reactivity and its relationship to protein
unfolding and stabilitylnt. J. Biol. Macromol.1998,23, 19—

25.

(28) Funtenberger, S.; Dumay, E.; Cheftel, J. C. High-pressure
promotesf-lactoglobulin aggregation through SHS inter-
change reactionsl. Agric. Food Chem1997,45, 912—921.

(29) Dickenson, E.; Matsumura, Y. Proteins at liquid interfaces: Role
of the molten globule stat€olloids Surf. B: Biointerface$994,

3, 1-17.

(30) Hoffmann, M.; Van Mil, P. Heat-induced aggregationgefac-
toglobulin: Role of the free thiol group and disulfide bonds.
Agric. Food Chem1997,45, 2942—2948.

(31) Cornec, M.; Cho, D.; Narsimhan, G. Adsorption dynamics of
o-lactalbumin andg-lactoglobulin at air—water interfacel.
Colloid Interface Scil1999,214, 129—-142.

(32) Ptitsyn, O. B. Molten globule and protein foldingde. Protein
Chem.1995,47, 83-129.

(33) Cornec, M.; Kim, D.; Narsimhan, G. Adsorption dynamics and
interfacial properties ofx-lactalbumin in native and molten
globule state conformation at aiwater interfaceFood Hydro-
colloids 2001,15, 303—313.

Received for review May 18, 2004. Revised manuscript received October
10, 2004. Accepted October 26, 2004. We thank the Eckelman Founda-

p-lactoglobulin: A study on the secondary and tertiary structure o for funding.

as followed by circular dichroism spectroscogy Agric. Food
Chem.1994,42, 1650—1656.

JF049199F



