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Diffusion-based NMR techniques were employed to study effects of pH on j-lactoglobulin (BLG)
conformation and binding affinity to a- and $-ionone. In the first part of the study, the influence of pH
on the diffusion coefficient of BLG in D,O solution was investigated using a stimulated-echo NMR
experiment. The diffusion coefficient of BLG decreased with increasing pH values. A significant
decrease in the diffusion coefficient observed at pH 11 may be due to total unfolding (denaturation)
of the protein, resulting in hydrophobically driven self-aggregation. A diffusion-based NOE pumping
technique was then applied to determine the relative binding affinities between a- and S-ionones
and BLG at pH values varying from 3 to 11. An increase in signal intensities for -ionone with increasing
molar concentration ratios between j-ionone and BLG was observed at all pH ranges studied. The
increased signal intensities reflect increased relative binding affinity. The greatest binding affinity
occurred at pH 9 and the lowest at pH 11. a-lonone showed binding evidence only at pH 9, and the
binding was significantly weaker than that obtained for -ionone at the same pH. The high affinity
observed for both aroma compounds at pH 9 may be due to a flexible conformation of BLG at this
pH so that the flavor ligand accessibility increases. Conversely, alkaline denaturation occurring at
pH 11 gives rise to relatively lower binding affinity compared to that observed at the other pH values.

KEYWORDS: f-Lactoglobulin (BLG); a-ionone; f-ionone; pH; PFG-NMR spectroscopy; diffusion coef-
ficient; relative binding affinity; diffusion-based NOE pumping

INTRODUCTION methodologies have been introduced. Concomitantly, however,
Whey protein is a major ingredient in a variety of foods some inconsistent res_ults have_ been obtained by_ th_e diffe_r(_ant
because of its various functionalities, including emulsifying and Methods. Among the discrepancies observed, the binding affinity
foaming properties3-Lactoglobulin (BLG) is the major protein of 1oNoNE 1Somers (@ndp) to B_LG is still contradictory.
in the whey fraction, and its conformation and physical Diffusion-based NMR techniques have been recently em-
properties are well characterized (1—3). BLG is also known to Ployed in the study of volatittmacromolecule interaction&4).
have a high affinity for a wide range of flavor compounds, such Diffusion is an important molecula_r characteristic that reflects
as esters, alcohols, ionones, ketones, and aldehgedd) The mole_cular weight an_d confo[rmatlonal states of comp_ounds
ability of BLG to either carry off-flavors or selectively bind ~ '€lative to changes in chemical surroundings. In particular,
flavor components from a flavor blend can cause an imbalance diffusion measurement combined with a nuclear Overhauser
in perceived product flavor and directly influence product effect (NOE) technique (called diffusion-based NOE pumping)

acceptability. is a powerful monitoring tool to identify small ligands having
There have been many studies on the influence of volatile— Pinding affinity to a macromolecule. _ _
protein interactions on flavor release and percepti@ (These In this study, a diffusion-based NOE pumping technique was

studies indicate that volatiteprotein interaction mechanisms ~Used to investigate the interactions between BLG andnd
differ depending on the nature of the aroma compounds, the B-ionones and relative binding affinities between individual pairs
conformational states of proteins, temperature, pH, and the Were o!etermined for different pH values. D_iffergnces in_bi_nding
presence of other ingredients, such as, salt, alcohol, anti¥at ( behavior were related to changes in the diffusion coefficient of
In an attempt to obtain a better understanding with regard to BLG, which were in turn related to changes in the potential
the interactions, many spectroscopic and chromatographicConformat'ona| states at the various pH values studied.

* Address correspondence to this author at the Department of Viticulture MATERIALS AND METHODS
and Enology, One Shields Avenue, University of California, Davis, CA . . . .
95616-8749 [e-mail seebeler@ucdavis.edu; telephone (530) 752-0696; fax ~Materials. BLG (mixture of A and B variants, purity= 90%) was
(530) 752-0382]. purchased from Sigma (St. Louis, MO) and used without further
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(a) e 1 fe— 11— and height, and then the peak is fit to a Lorentzian shape by varying
T Acq. the variables until the difference between the real and simulated spectra
¢ " reaches a minimum. The resonance intensities were determined by
8 ’ integration of the simulated peaks.
| A The diffusion coefficient was calculated from the slope obtained by

plotting the natural logarithm of resonance intensity versus the square
of the gradient amplitude. The experimental data were successfully fit

®) i ole—— T 1o flerofle—t = Ao to a linear equation producing a single diffusion coefficient for a set
¢ of peaks.
¢ Diffusion-Based NOE Pumping Technique.A diffusion-based
A 1

NOE pumping technique (Figure 1b, refer to r&f) was applied to
determine the relative binding affinities between the two ionones and
BLG at different pH values (3, 6, 9, and 11). The gradient leng)h (
and NOE mixing time were selected to be 3 ms and 400 ms,

f
Figure 1. Pulse sequences of (a) stimulated-echo pulsed field gradient

(STE-PFG) and (b) diffusion NOE pumping. The narrow and wide bars respectively. The proton resonance~at ppm was selected for both
represent 90° and 180°, respectively. = and T are interpulse delays aroma compounds (obtained from the difference speEitares 2c¢
between 90° and 180° and between two 90°s, respectively. t, on and3c) because of the strong signal intensity. The signal intensity was
sequence b is the mixing time for NOE buildup. g and J, respectively, integrated and normalized relative to that obtained for the lowest
indicate the amplitude and duration of the gradient pulse, and A is the concentration ratio to yield the relative binding affinity:

diffusion time. (Reprinted with permission from ref 14. Copyright 2002

American Chemical Society.) relative binding affinity=

signal intensity obtained with a given molar concentration ratio
signal intensity obtained with the lowest molar concentration ratio

purification. The flavor compounds used for this stuayipnone (90%)

and -ionone (95%), were also purchased from Sigma Chemical Co.
Deuterium oxide (RO, 99.9%) and sodium deuterioxide (NaOD, 99.5% RESULTS AND DISCUSSION

of D, 30% w/w in D,O) were obtained from Cambridge Isotope Effect of pH on the Diffusion Coefficient of BLG. The
laboratories, Inc. (Andover, MA). diffusion coefficient is an important molecular property and is

Sample Preparation.BLG solution (0.97 mM~1.7%, wiv) was closely related to molecular weight and conformational features
prepared in 2O and adjusted to different pH levels (pH 3, 6, 9, and (g 4. polymerization and molecular shape). The conformation
11) with 1 N HCI SO'“t'Ofn (in EO)_ or 30% Na:)D Szll‘t('\‘/)\?l' Alldpg of BLG is largely influenced by pH change&?); therefore
measurements were performed using a microelectrode (Wilmad, Buena - . N S -
NJ) connected to a pH meter (Analytical Technologies Inc., Boston, the resulting changes in the (jl_f‘fus_lon coefflcu_ant c_:an be read!ly
MA) calibrated with aqueous pH buffers. The pH values reported here related to the structulral modifications occurring |n.the protein
were based on the pH meter readings without correction for isotope at the pH values studied. These structural modifications can also
effects. then be related to binding behavior with small ligands.

Each flavor compound was directly added to the pH-adjusted BLG ~ The diffusion coefficient of BLG was measured in,®
solution to give final concentrations ranging from 0.5 to 10 mM. All  solutions varying in pH (pH 3, 6, 9, and 11) using an STE
of the solutions were equilibrated at room temperature for at least 12 experiment (Figure 1a). The diffusion coefficient of BLG was
h before further analysis. greatest at pH 3 [(13.3% 0.05) x 102 m2 s} and lowest at

Instrumentation. All NMR experiments were carried out at 500 pH 11 [(6.49+ 0.04) x 10~ m? 571, with intermediate values
MHz using a Bruker DRX-500 instrument equipped with a BGU-2 at pH 6 and 9 [(9.46t 0.04) and (9.34 0.03) x 10711 m?
field gradient accessory capable of deliverzfield up to 590 mT/m. s1, respectively]. Results indicated that BLG at pH 3 diffuses
In all experiments, the probe temperature was maintained at-298 .’ 74 ;

K, and standard 5 mm NMR tubes were used. twice as fz_;lst in sol_utlo_n cc_:mpared_t_o that at pH 11. The
Measurement of Diffusion Coefficients.Diffusion coefficients of significant increase in diffusion coefficient of BLG observed
BLG in solutions varying from pH 3 to 11 were measured by pulsed at pH 3 may be attributed to the specific conformational state
field gradient NMR (PFG-NMR) spectroscopy using a stimulated-echo Where a very compact and spherical monomer is in rapid

(STE) pulse sequence (1Bigure 1a). equilibrium with its dimer under the acidic conditiof, (18,

The PFG-NMR spectroscopy is based on the attenuation of individual 19). Dimer formation prevails as the pH increases to pH 6.0
proton resonances under the influence of linear field gradieiis ( pecause of the configuration changes around the isoelectric point
The relationship between the amplitudg of the signal and the () of the protein (p = 5.4) (20). The result may account for
diffusion coefficient (D) is shown in the following equation: the slow diffusion coefficient observed at pH 6 compared to
pH 3. The observation that a decrease in diffusion coefficient
of BLG occurs with continuously increasing pH (above pH 9)

I andlo are, respectively, the intensity of the NMR signal in the presence may sugg_est the _C(_)nformatlor!al transitions of BLG such as_ an
and absence of external gradient pulsg$){A is the diffusion time: increase in reactivity of a buried carboxyl group, a free thiol

y is the nuclear magnetogyric ratio; agcando are, respectively, the ~ group, and a change in the environment of some amino acid
amplitude and duration of the gradient pul¢é);, In our experiments, ~ residues (2122). These structural changes may lead to an

| =1, exp[—D(A — 6/3)y°g°%] (1)

gradient strengttg, in the zdirection was calibrated bPn,0 = 2.3 x enhanced surface hydrophobiciB0), so hydrophobically driven
109 m? s~* at 298 K and then linearly attenuated from 0.68 to 32.4  self-aggregation may be favored. Several time-dependent changes
g/cm during the experiments. The gradient duration tirdg gnd involving conformational and new aggregation processes oc-

diffusion time (A) were optimized to 5 and 200 ms, respectively, and cyrring above pH 8 are related to irreversible denaturation of
kept constant for all of the spectra. The spectra were processed on &he protein (21); thus, a possible formation of higher order
Silicon Graphics Indigo workstation. The calculation of the diffusion aggregates undér the Fligh pH conditions is expected. However

coefficient at a given pH was determined by integration of a series of t hiah H val th If tion behavior b
peaks (at-0.85 ppm) with increasing gradients, following a peak fitting athigher pri values the seli-aggregation behavior becomes more

procedure. Because the resonances used for integration were broad anOMPlicated and the association properties of the protein are
overlapped, the intensities of the signals could not be determined directly affected by many other factors such as temperature, protein
by integration or peak height measurement. The peak fitting procedure concentration, and ionic strength as well as pH. In addition,
involves specifying the initial value of peak number, center, width, monomer—oligomer equilibrium or self-aggregation as a func-
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Figure 2. H NMR spectra obtained by diffusion-based NOE pumping technique: (a) diffusion NOE pumping technique for o-ionone (0.5 mM) in the
presence of BLG (0.97 mM); (b) diffusion NOE pumping technique for BLG (0.97 mM) alone; (c) difference spectrum for (a) subtracted from (b).

tion of surrounding pH changes is controlled by different to BSA (24). Recently, the technique was successfully applied
mechanisms (19), so it is difficult to fully relate the self- to the study of binding between several selected aroma
aggregation of the protein and diffusion constants to pH effects compounds and BSA or cacao bean tannin extrdet).(
alone. Calculation of the hydrodynamic radii of the BLG However, the technique was used to provide only qualitative
aggregates (according to the Stok&Snstein equation or by  information on the binding phenomena. In the current study,
dynamic light scattering) at variable pH values is necessary to we have modified the diffusion-based NOE pumping technique
fully explain the pH effect on the protein conformation. In to provide more quantitative information on binding affinities
addition, the activity coefficient and the volume fraction of the between two ionone isomers and BLG at different pH values.
solute should be considered, particularly for more concentratedBy calculating changes in signal intensity for the individual

solutions (23). aroma compounds at various ligand/protein ratios, we are able
Determination of Relative Binding Affinities between a- to calculate relative binding affinity.
and f-lonones and BLG at Different pH Values. The BLG is known to bind a variety of small hydrophobic

diffusion-based NOE pumping technique has shown a novel molecules (17). Among theiionone is reported to possess a
ability to screen small drug compounds with binding affinity binding affinity to BLG @, 11, 25). However, the binding
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Figure 3. H NMR spectra obtained by diffusion-based NOE pumping technique: (a) diffusion NOE pumping technique for S-ionone (0.5 mM) in the
presence of BLG (0.97 mM); (b) diffusion NOE pumping technique for BLG (0.97 mM) alone; (c) difference spectrum for (a) subtracted from (b); three

times expanded.

affinity of o-ionone to BLG is still ambiguous. Liquid chro-
matography techniques (60) have provided some evidence
thato-ionone could bind to BLG with relatively weaker binding
affinity than p-ionone; infrared spectroscopic analys@6)(
indicated that both ionone compounds bind to BLG in a similar

by increasing ligand concentratio27). To exclude possible
competition between the ligands for the same binding site,
individual flavored solutions containing BLG were prepared and
tested for this study.

Figures 2c and 3c are the difference spectra fer- and

binding pattern illustrated by the same difference spectra. On 5-ionones, respectively, obtained at pH 9 (molar concentration

the other hand, Dufour and Haér{® concluded that-ionone

ratio of 5 between the aroma compounds and BLG) by means

did not bind to BLG because it did not induce any fluorescence of a diffusion-based NOE pumping technique. The individual
guenching of the protein and suggested that the steric hindrancespectra were obtained by subtraction of a BLG spectrum (b)

of a-ionone may interfere with accessibility to specific binding
sites.

Therefore, we determined the relative binding affinities
betweena- andS-ionones and BLG using the diffusion-based
NOE technique at different pH values (pH 3, 6, 9, and 11). For
individual pH values, solutions having different concentration
ratios (0.25—5) of the aroma compounds and BLG were
prepared. Because of the limited sensitivity of the NMR

from that of an aroma/BLG mixture (a). After subtraction, proton
signals appear only in the region between 0.5 and 3 ppm, which
corresponds to four methyl groups of the ionon28)( The
difference spectra clearly indicate that bethand s-ionones
bind to BLG at this pH.

As shown inFigure 4, the change in the signal intensity was
obtained as a function of the molar concentration ratios between
the flavors and the protein, reflecting relative binding affinities.

instrument for the nonpolar aroma compounds in aqueous For $-ionone, the largest increase in the signal intensity was

solutions, the minimum concentration@f andS-ionone added
was 0.5 mM with a maximum concentration of 10 mM. With
an excess of 10 mM, the BLG spectrum was significantly

observed at pH 9 and the smallest increase at pH 11. The
increase in signal intensity fer-ionone was noticeable only at
pH 9, which shows an increase similar to that observed for

changed, which may be due to a conformational change induceds-ionone at pH 3.
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structures including several modifications of binding sites,
251 # g-ionone, pH 9 resulting in decreased binding affinity.
The relative binding behavior of the ionones to BLG observed
Z in this study are also in reasonable agreement with the previous
£ .01 findings observed by liquid chromatographic techniqu4.0).
2 p-ionone, pH 6 Jouenne and Crouzet®) concluded thadi-ionone has signifi-
B 1 1 ) cantly weaker binding affinity thags-ionone, although their
a 1 -ionone, pH 3 hydrophobicities are equal. The different binding affinities
§ 157 o-ionone, pH 9 between these two compounds may then be attributed to the
e A conformational differences in relation to the specificity of the
................. prionone, pH 11 BLG binding site.
107 To facilitate the instrumental analysis, the experiments were
7 T T T : T conducted in highly concentrated flavor solutions, which may
Molar concentration ratio ([FI/[P]) not occur in natural foods and beverages. In addition, the
Figure 4. Binding affinity relative to the lowest molar concentration ratio conformation of the protein could be changed as a result of the
(0.25) between a- and S-ionone (F) and f-lactoglobulin (P; 0.97 mM) in increasing flavor concentrations as well as by the pH changes
D0 solutions (25 °C) at different pH values. B-lonone at pH 9 (@), pH (30). Thus, the relative binding affinities obtained at high ligand
6 (M), pH 3 (a), and pH 11 (x) and o-ionone at pH 9 (O). F and P, (aroma) to protein concentration ratios cannot be fully compared
respectively, represent initial concentration of ionones and A-lactoglobulin with those obtained at lower ratios or in more complex food
added to the mixtures. systems.

In this study we describe the application of diffusion-based

The variations of the relative binding affinity of BLG as a NOE pumping techniques for monitoring binding affinity of
function of pH changes are consistent with Jouenne and small flavor molecules to macromolecules as a function of
Crouzet's findings (9). Retention (expressed as relative infinite variable solution conditions. We showed that the relative binding
dilution activity coefficients) of methyl ketones (C7—C9) and affinities for botha- and -ionones to BLG were greatest at
ethyl esters (C6—C9) in BLG containing aqueous solution was pH 9, with S-ionone having a greater binding affinity than
greatest at pH 6 and lowest at pH 11. An increase of binding a-ionone. This result may be explained by increased flexibility
affinity from pH 3 to pH 9, observed fof-ionone, can be of BLG with increasing pH, so that the ligands can easily
explained by increasing flexibility of the protein conformation approach the binding sites. However, the severe alkaline
with an increase in pH. Elevated susceptibility of BLG to surface conditions above pH 9 should result in total unfolding of the
denaturation at pH above 9 compared to that at pH 3 indicated protein structure, including complete modification of the binding
a more open flexible molecular structure at alkaline pH values sites, leading to a reduced binding affinity to ligands. The
(18). Unfolding of BLG conformation progressively increased diffusion-based NOE pumping techniques proved to be useful
with increasing pH values from pH 1.5 to pH 7 as determined tools for relating changes in macromolecule conformation to
by UV difference spectroscopy (19). The conformational changes in macromolecule diffusion coefficient and binding
flexibility may result in increased accessibility of the aroma behaviors. However, these studies were done in simple model
compounds to the binding site of the protein. The relatively systems and may not completely explain processes occurring
low binding affinity at pH 11 is most likely a consequence of in more complex systems. Techniques to enhance NMR
the alkaline denaturation of the protein, which may be explained sensitivity at low ligand concentrations may be necessary to
by the significant decrease in diffusion coefficient of BLG fully understand interactions that occur in real food matrices.
[(13.334 0.05) x 107 m?stand (6.49+ 0.04) x 10711 m?
sl at pH 3 and 11 respectively]. Alkaline denaturation can
induce partial or complete unfolding of the protein conformation
and subsequently lead to exposure of hidden hydrophobic (1) Papiz, M. Z.; Sawyer, L.; Eliopoulos, E. E.; North, A. C. T;
residues, resulting in molecular aggregation to minimize the Findlay, J. B. C.; Sivaprasadarao, R.; Jones, T. A.; Newcomer,
physical contact with surrounding water molecules. M. E.; Kraulis, P. J. The structure gflactoglobulin and its

Many previous findings show that BLG adopts various similarity to plasma retinol-binding proteifNature 1986,324,

oligomeric states according to pH changes. This event would 383385,

-~ . . B . (2) Monaco, H. L.; Zanatti, G.; Spadon, P.; Bolognesi, M.; Sawyer,
be more greatly facilitated with relatively high concentrations L.; Eliopoulos, E. E. Crystal structure of the trigonal form of
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