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Interactions between f-lactoglobulin (BLG) in its monomeric form and a wide range of aroma
compounds were investigated by Fourier transform infrared (FT-IR) and 2D nuclear magnetic
resonance (NMR) spectroscopies. A screening of the ligands was carried out by FT-IR through the
amide | region changes of BLG upon binding. The location of two binding sites was determined by
2D NMR from the study of 10 selected ligands with different structures. All of the data suggest at
least two binding behaviors as a function of the chemical class, the hydrophobicity, or the structure
of the ligands. The binding of the elongated aroma compounds, such as 2-nonanone or ethyl
pentanoate, within the central cavity involves residues located at the entrance of the calyx and Trp19.
The binding onto the protein surface of aroma compounds that have or adopt a compact structure
occurs in a site located between strand -G, o helix, and strand S-I.

KEYWORDS: f-Lactoglobulin; aroma compound; protein—ligand interactions; binding sites location; FT-

IR; 2D NMR

INTRODUCTION

Control of the organoleptic properties of food requires an
understanding of the binding mechanisms between aroma
compounds and all of the constituents present in the medium (/, 2).
More specifically, the binding of aroma compounds to protein
is known to reduce the quantity of free aroma compounds
available for release and, then, perception. In this context, the
major whey protein, $-lactoglobulin (BLG), found in a variety
of foods and belonging to the lipocalin family, has been used
widely as a simple model.

BLG is a globular protein (18.3 kDa) composed of 162 amino
acids. Its structural characterization has been reported by nuclear
magnetic resonance (NMR) spectroscopy at acidic pH, where
the protein exists in its monomeric form (3—6), and by X-ray
crystallography at around neutral pH, where a dimeric structure
is observed (7—9). Jameson et al. compared the structures of
bovine BLG depending on the experimental techniques (NMR
or X-ray) used, protein variant, pH, crystal form, and ligand
nature (/0). The authors showed the same general structure for
bovine BLG under the various conditions. As depicted in Figure
1, the secondary structure of BLG at pH 2.6 is composed of
eight antiparallel 3 strands, labeled -A to -H, folded with an
up—down—up—down topology to form a central calyx. Attached
to the calyx is a three-turn o helix (residues 129—142), which
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is followed by an extra 8 strand, 8-1 (residues 145—150). The
same core structure remains whatever the pH considered.
However, the protein structure at acidic pH is characterized by
the presence of disordered loops and terminal regions (3). A
deeper comparison of the X-ray structure at neutral pH with
the NMR structure at pH 2.6 reveals that lowering the pH led
to the disruption of a salt bridge between the side chain of Glu74
(strand -D) and Lys83 (strand $-E) and then softened the
structure of the protein near the entrance of the calyx. In
addition, the loop EF (residues 85—90) may act as a gate over
the central calyx. It is folded over the entrance of the calyx
(closed conformation) at pH 2.6 or 6.2, or conversely, folded

Fxternal siic

Strand f-D

Calyx and central
cavity

Strand -1
Figure 1. Secondary structure of BLG at pH 2.6 obtained from PDB (one
structure from 1dv9) deposited by Uhrinova et al. (5).
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Ligand Binding Study of BLG as a Function of Ligand Structure

back (open conformation) to reveal the interior of the calyx at
pH 7.1 or 8.2 (5, 7—9). The secondary structure of BLG is
arranged as at least two hydrophobic binding sites as shown in
Figure 1: one internal site, the central cavity, within the
hydrophobic calyx, and one external site on the outer surface
of BLG in a groove between f strands and o helix. From NOE
NMR experiments, the internal binding site has been described
precisely for BLG at pH 2.0. It consists of a small buried cluster
composed of 11 hydrophobic residues centered on residue Trp19
(6). Other studies were conducted by NMR for BLG in solution
at pH 2.0 (6) and by X-ray diffraction methods at pH 7.5 (11).
They showed the existence of a second external site, that is, a
hydrophobic surface pocket in a groove between the 3 strands
and a helix.

Because its structure was well-characterized, BLG has been
used widely as a simple model in numerous studies to investigate
further the mechanisms governing retention/release mechanisms
of aroma compounds in foods. These retention/release mecha-
nisms of aroma compounds were studied using chromatographic
techniques, equilibrium dialysis, or static headspace (/2).
Information on the percentage of retention, the global affinity,
and the binding constants was thus provided. It was demon-
strated that BLG has an impact on retention/release of a wide
range of aroma compounds, such as aldehydes, ketones, esters,
alcohols, and pyrazines, depending on the protein concentration,
the medium conditions (pH, ionic strength, etc.), and the nature
of aroma compound (/3—17). Moreover, within the same
chemical class, aroma compounds with longer chain lengths bind
more strongly to BLG, suggesting hydrophobic interaction
phenomenon. Other works focused on the determination of
binding site location of hydrophobic ligands on BLG. Fluores-
cence and X-ray studies highlighted the role of Lys60, Lys69,
and Lys70 located at the entrance of the calyx in the central
cavity binding at around neutral pH (/8—20). The binding of
B-ionone, retinol, and fatty acid lactones was reported in the
vicinity of residue Trp19 buried in the calyx by fluorescence at
pH 3 and 7 (21, 22). NMR study showed that palmitate is bound
within the central cavity of BLG at pH 7.3 (23). Nevertheless,
despite numerous studies, the use of various experimental
conditions and techniques makes difficult data comparisons
explaining the controversial results obtained on ligand binding
site(s), as, for instance, observed in the case of retinol. The
binding of retinol onto the surface pocket of BLG was shown
by X-ray at pH 7.5 (/1) and by fluorescence at pH 7.1 (in 50
mM Tris buffer) (24). In contrast, its binding within the central
cavity of BLG was evidenced by X-ray at pH 7.5 (25), by Trp
fluorescence at pH 8.0 (in 50 mM potassium phosphate buffer)
(18), by a modeling study from the crystal structure of BLG at
around neutral pH (/9), and by retinol fluorescence at pH
2.5—10.5 (in 0.01 M phosphate buffer) (26).

To highlight the influence of the aroma compound structure
on ligand binding, we investigated binding behaviors of a wide
range of aroma compounds with one protein variant (BLG
variant A) under similar acidic pH conditions by using Fourier
transform infrared (FT-IR) and NMR spectroscopies. Infrared
spectroscopy is a technique of choice complementary to the
high-resolution NMR technique. Characteristic bands found in
the IR spectra of proteins include the amide I band (1700—
1600 crn*l), which arises from the amide bonds that link the
amino acids and provides information about the secondary
structure of proteins. FT-IR experiments allowed us to screen
27 aroma compounds, belonging to different chemical classes,
through changes of spectra in the amide I band. The discrimina-
tion was deduced from the distribution of the ligands in the
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plane of the principal component analysis (PCA) depicting the
amide I region changes of BLG upon addition of one aroma
compound. Ten ligands with different structures were selected
from FT-IR data. The key amino acid residues of BLG that are
involved in the ligand binding were highlighted by 2D NMR
spectroscopy for the two sites of the monomeric BLG. The FT-
IR discrimination combined with the location of binding sites
by NMR allowed us to establish a relationship between the
ligand structure and their binding behaviors. The aim of the
present study is to give new insights into the binding mecha-
nisms providing to the food industry some clues to control the
retention and then the release of aroma compounds from dairy
products.

MATERIALS AND METHODS

Chemicals. Bovine milk BLG variant A (lot L7880, purity > 90%)
and all of the aroma compounds were purchased from Sigma-Aldrich.
Physicochemical characteristics of aroma compounds are shown in
Table 1.

Sample Preparation. The conditions used in terms of pH, ionic
strength, and protein concentration were chosen to ensure that BLG is
present in a native monomeric state. BLG was used without further
purification and dissolved in two different solvents. Solvent A, 5%
ethanol/50 mM phosphate buffer, pH 2.00 (£0.05), was used for FT-
IR experiments. Solvent B, 12 mM NaCl pH adjusted to pH 2.35
(£0.15) with 0.1 N HCI, was used for NMR analyses. BLG—aroma
compound solutions were prepared in an identical manner, with the
addition of one aroma compound to the protein solution at least 2 h
before NMR analysis and one night at room temperature in a dark flask
for FT-IR analysis. Final concentrations of BLG and aroma compounds
used for FT-IR and NMR experiments are listed in Table 1. The
solubility of ligands and their affinity constants for BLG (Kp values)
previously measured by affinity chromatography (15, 16, 27) was taken
into account to determine our experimental conditions. The concentra-
tions of aroma compounds were chosen to reach at least a ratio of
complexed protein (a) equal to 50%. The concentration of ligand was
calculated with the following equation for Cgrg # Ciigana such as
Cpic = xKp and Ciigand = yKp:

a:(x+y+l)—\j(x+y+l)2—4xy
2x

with Kp the dissociation constant of the ligand (Kp = 1/Kp).

Control aroma compound solutions were prepared by diluting the
ligands in both solvents at concentrations equivalent to the correspond-
ing BLG—aroma compound solutions.

FT-IR Experiments. The samples in solvent A were used for FT-
IR experiments. Ethanol (5% v/v) was used to increase the solubility
of aroma compounds, because a high BLG/aroma compound ratio was
required to observe an impact of aroma compound addition on the
protein spectrum. FT-IR experiments were achieved for the 27 aroma
compounds listed in Table 1. Infrared spectra were obtained with a
FTS6000 FT-IR (Bio-Rad) spectrometer, equipped with a horizontal
ATR flow-through accessory (internal volume = 350 uL, Harrick
Scientific Co). The infrared spectra were co-added with 512 scans at a
resolution of 2 cm ™. The spectra of protein alone, aroma compound
alone, and protein/aroma compound solutions were collected in
duplicate. The spectra of aroma compound solutions were subtracted
from spectra of protein/aroma compound solutions (spectrum a); water
vapor was then subtracted from spectrum a. The subtraction factors
were chosen so that the amide I/amide II area ratio was 1.92 (28). A
spectral smoothing (Savitsky—Golay algorithm, 15 points) and a
baseline correction were also applied. A normalization of spectrum
a was done with regard to the amide I area (1700—1590 cm™ ).
Differential spectra in the amide I band of BLG were the results of the
mean of the subtraction of the FT-IR spectra of protein solutions (Figure
2a) from spectrum a. The standard deviations were calculated with
the 16 differential spectra obtained for a given aroma compound
(subtraction of the 2 replicates of solvent spectra from the 2 replicates
of protein spectra yields 4 solvent subtracted spectra; subtraction of
the 4 spectra of protein alone from the spectra of protein with aroma



10210 J. Agric. Food Chem., Vol. 56, No. 21, 2008

Tavel et al.

Table 1. Physicochemical Characteristics of Aroma Compounds and Concentrations of Protein and Ligand Used for NMR and FT-IR Experiments?

Ligand Structure Kg (M) logP' ER Concentrations (mM)
MW (g.mol™") gl! NMR FT-IR
mM* BLG Ligand BLG  Ligand
2-hexanone /O 163° 1.24 7.74 - - 0.25 58.10
110.16 Hﬁ/\/\( 70.31
o
2-heptanone o 645° 1.73 2.14 - - 0.25 24.50
114.19 M 18.78
CHy
2-octanone CHy 1287° 222 0.88 - - 0.25 8.00
128.22 M 6.89
o}
2-nonanone o 3629° 271 0.33 0.68 0.25 3.00
142.24 0.60 0.60
CH,
2-undecanone i © 37153°  3.69 0.02 - - 0.25 0.30
170.3 0.11
CH,
o-ionone HC  CHs £ 13456°  4.29 0.02 0.50 0.51 0.25 1.00
192.3 0.13
AN CHs
CHy
-ionone HiG  CHs it 19143° 442 0.02 0.37 0.38 0.25 1.00
192.3 0.13
S CHy
CH
isoamyl acetate HC 0o CHs 153" 226 1.07 0.80  8.00 025 10.80
130.18 T \/\r 8.22
(o] CHy
ethyl butanoate HeC o. CHy 55% 1.85 2.74 - - 0.25 12.00
116.16 W ~ 23.63
o)
ethyl pentanoate » O M 196 2.34 0.92 0.65 6.50 0.25 10.80
130.19 7.1
o)
ethyl hexanoate O\/CH’ 543° 2.83 0.31 - - 0.25 2.00
144.21 2.14
)
ethyl heptanoate a ot 1434* 332 0.10 - - 0.25 0.60
158.24 M 0.64
[o]
linalool HiC —CH; 565° 3.38 0.68 1.50 3.00 0.25 5.20
154.25 M 4.43
CHy
CHy HO
nerol HaC. a CHy 1134° 3.47 0.25 - - 0.25 3.90
154.25 | 1.63
CH,
OH
carveol PH 542 329 051 - - 0.25 3.90
152.24 HaC 3.41
CH,
H,C
carvone CHs 748° 3.07 1.3 0.50  1.80 0.25 5.90
150.22 \{/@l 8.66
H,C.
X ¢]
CH,
a-menthone % 1138° 287 0.68 - - 0.25 5.70
154.25 CH, 4.46
HAC
CH,
y-decalactone Ot 3230°  2.57 0.29 09 174 025 3.30
170.25 M 171 150 155
o
p-cresol 440" 206  9.24 - - 025  23.00
108.14 Hﬁ—@—w 85.5
4-ethylphenol 888" 2.55 2.34 - - 0.25 11.50
122.17 /—< >—OH 19.2
HaC
guaiacol O—CH, 245" 1.34 7.22 1.00 5.00 0.25 40.00
124.1 58.2
OH
4-ethylguaiacol P—CHs 830° 2.38 3.02 - - 0.25 12.20
152.2 19.85
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Table 1. Continued

Ligand Structure Kg (M) logP' se Concentrations (mM)

MW (g.mol™") oL’ NMR FT-IR
mM* BLG Ligand BLG Ligand
eugenol N 1360 273 0.75 048 048 0.25 7.30
164.2 o 5.96
[e—
OH

ethylvanillin Ot 475° 1.55 2.86 - - 0.25 21.10

166.18 17.25
OH
v <:>
retinol HG CHy o CHa 15000°  7.62  0.88107 - - 0.25 0.25
286.5 MOH 0.003
CHy

tetradecanoic acid "N S SN - 5.98 1.10° - - 0.25 0.25
228.4 L 0.004
2-isopropyl-3- 452° 2.37 0.69 - - 0.25 8.90
methoxypyrazine 4.6

CHy
" b
152.2 “ |
e CH,
N
@ was obtained by affinity chromatography at pH 3.0 (15). ® was obtained by affinity chromatography at pH 3.0 (16). © was obtained by affinity chromatography at pH 3.0

(27). © was obtained by equilibrium dialysis at pH 7.2 (36). © Value was estimated using the relationship of Sostmann and Guichard (27).  Value was estimated by using
EPI Suite 3.20 software. 9 Solubility in water at 25 °C was estimated from EPI Suite 3.20 software. * Solubility was calculated in mM from values in g L.

A 0.02 b 008
0.004 |
0.015 |
3 S 0002
s 001 | <
0.005 |
-0.002
0 ‘ ' ' ‘ ‘ -0.004 : : : :
1690 1670 1650 1630 1610 1590 1690 1670 1650 1630 1610 1594
Wavenumber {(cm) Wavenumber (cm-)
¢ 0.004 d 0.004
0.002 | 0.002 |
:' .
< <
s 0
| S
£ 3
0,002 | 0002 |
-0.004 ‘ ‘ ‘ ‘ :
1690 1670 1650 1630 1610 1590 -0.004 ' ‘ ‘ ' ‘
1690 1670 1650 1630 1610 159
Wavenumber (cm-) l
Waveoumber (cm?)

Figure 2. (a) Spectrum of amide | band of 250 M BLG in 5% ethanol/50 mM phosphate buffer, pH 2.0, and differential spectra (bold lines) representing
the changes in the amide | region of BLG induced by the presence of (b) -ionone, (c) isoamyl acetate, and (d) ethyl pentanoate, with the standard
deviations in thin lines.

compound resulted in 16 differential spectra). A PCA was performed 2D (*H, 'H) TOCSY NMR Experiments. The samples in solvent
using the StatBox software (Grimmer Logiciels, Paris, France) on the B were used for NMR analyses. Deuterium oxide (D,O) was added to
data from differential spectra in the amide I band of protein (variables) solutions for the NMR field-frequency lock. Under highly acidic pH

obtained for the 27 ligands listed in Table 1 (individual ligand). with low salt content, the 1D '"H NMR spectra (data not shown) of the
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protein solutions showed a large dispersion of chemical shifts with very
intense and sharp resonances typical of a globular protein essentially
in its monomeric form (4). These spectral characteristics were identical
in the presence of one aroma compound, indicating no significant
protein aggregation induced by ligand binding. Assignment of the
protein amino acids for the solutions of BLG alone or in the presence
of one aroma compound was achieved from 2D NMR TOCSY-
Watergate spectra of solutions in 90% H,0/10% D,O (v/v). All NMR
spectra were recorded at 37 °C on a Bruker Avance DRX 500 MHz
NMR spectrometer, operating at 500.13 MHz and equipped with a 5
mm z-gradient probe. ("H, "H) TOCSY spectra were registered in the
States-TPPI mode with water presaturation during relaxation delay to
suppress the strong solvent signal. Spectra were registered with 32—88
transients, a 1 s recycle delay, a spectral width of 8400 Hz in the two
dimensions, a 40 ms mixing time, and 2048 data points in F2 and 512
increment in F1 dimension.

NMR spectra of the protein alone and of the protein/aroma compound
solutions were recorded under identical conditions. NMR spectra were
acquired and processed with Bruker XwinNMR 3.5 and Topspin 1.3
software.

RESULTS

BLG—Aroma Compound Interaction by FT-IR. The
repeatability of the FT-IR method was tested and demonstrated
for two aroma compounds in three different solutions. As the
presence of ethanol is known to affect FT-IR spectra of BLG
(29), we checked by 2D NMR experiments that 5% of ethanol
in solution had no impact on the binding of o-ionone. In fact,
in the presence or absence of ethanol, similar protein residues
were affected by the addition of one aroma compound (data
not shown).

Differential spectra in the amide I band of protein (1700—1590
cm™ ') were established for all of the ligands listed in Table 1.
The differential spectra representing the changes in the amide
I region of BLG induced by the presence of 3-ionone, isoamyl
acetate, and ethyl pentanoate are shown in Figure 2, panels b,
¢, and d, respectively. Although minor, some significant changes
with regard to the standard deviations are observed.

To have a global representation of the effects induced by all
of the aroma compounds, a PCA was carried out from the
differential spectra obtained with all of the ligands. The two
principal axes of the PCA provided 84.3% of the total
information, 54.5% for axis 1 and 29.8% for axis 2 (Figure
3a). The aroma compounds are well distributed in the principal
plane of PCA, suggesting the existence of changes in different
regions of the amide I band of the protein depending on the
ligand. Aroma compounds seem to be discriminated as a
function of their chemical class. The ligands belonging to the
chemical class of oxygenated terpenes (linalool, nerol, carveol,
and carvone), except o.-menthone, are located in the negative
part of axes 1 and 2, pointing out similar behaviors. The ligands
belonging to the chemical class of ethylphenols (ethylvanillin,
4-ethylphenol, and 4-ethylguaiacol) are well separated from the
other aroma compounds and located in the positive part of axes
1 and 2 with a high contribution. On the contrary, the phenolic
compounds (p-cresol, guaiacol, and eugenol) are located in the
opposite part of the plane with a lower contribution. Within
the ketone group, axis 2 discriminates o- and S-ionones, on
the negative part, from methyl ketones (2-hexanone, 2-hep-
tanone, 2-octanone, 2-nonanone, and 2-undecanone) on the
positive part. Retinol has structural analogies with the ionones
for the cyclic part and with methyl ketones for the hydrophobic
chain. It is located close to the methyl ketone group. We can
see that the contribution of methyl ketones along axis 2 increases
with an increased chain length. Ethyl esters (ethyl butanoate,
ethyl pentanoate, ethyl hexanoate, and ethyl heptanoate) are

Tavel et al.

separated also along axis 2, but contrary to methyl ketones, the
increase of chain length induces a decrease of their contribution
to this axis.

The loading plots in Figure 3b allow the interpretation of
the two axes of PCA considering the wavenumbers. The shape
of the first principal component (PC1) is characterized by a
positive feature with a plateau between 1695 and 1665 cm™ '
and a negative feature with the highest changes in the range of
1640—1610 cm™'. The assignment of the bands was done from
the data obtained for BLG variant A in H,O solution by Dong
et al. (30). Thus, PC1 may display the contribution of protein
loops (1661 and 1683 cm™ ') and S strands (1628 and 1692
cm ') in the ligand binding. The second principal component
(PC2) may indicate also the contribution of protein loops (1661
cm ') and 8 strands (1641 cm™ ') and points out the contribution
of protein o helix (1656 cm™ ') as suggested by the main positive
feature between 1660 and 1630 cm™ ' with a maximum at 1654
cm™'. Despite the suggested contribution of 3 strands, loops,
and/or a helix, it is not possible to assign precisely which
strands or loops are involved in binding. Thus, FT-IR solely
gives a general trend of changes induced by the presence of
one aroma compound.

However, some contributions affecting the PCA results cannot
be explained in regard to changes of BLG spectrum. In fact, no
structural component was assigned by the literature in the range
inferior to 1628 cm™! of the BLG amide I band (30). However,
the differential spectra induced by isoamyl acetate and ethyl
pentanoate (Figure 2¢,d), for example, show significant contribu-
tions in this range of wavelengths but with opposite signs, which
could explain the opposite positions of isoamyl acetate and ethyl
pentanoate in the PCA plot. The same observation was made for
2-nonanone and 7y-decalactone (data not shown).

Amino Acid Assignment of BLG from 2D NMR Spectra.
Figure 4 shows the (‘H, "H) TOCSY spectrum of BLG in the
NH-CH, region, which is considered to be a fingerprint of the
protein amino acid sequence. This region depicts the cross-peaks
due to coupling between amide proton, NH, in the 6 6.5—10
range and Cy-bonded protons, CHg, in the 6 3.2—6.7 range.
We were able to assign 140 amino acids from the 162 ones
previously determined by Uhrinova et al. (37). Each amino acid
was characterized by a pair of chemical shifts, d (NH, CHy),
reflecting the protein fingerprint in a given dynamic state. BLG
in solution undergoes arrangements into its tertiary structure
indeed. This was shown for BLG A at pH 2.6, for which 21
possible structures diverging from mobile fragments were
calculated (5).

From several solutions of 1 mM BLG, spectra were well
superimposable on the NH-CH,, region, and the chemical shifts of
most of the residues were assigned with a deviation equal to +0.014
ppm determining our experimental error. However, for some
residues, significant chemical shift changes were observed. For
instance, NH chemical shifts of Lys101 and Tyr102 were influ-
enced markedly by the medium as previously shown at pH 2 (3).
Thus, these residues identified as sensitive to the medium were
not taken into account for the ligand-binding experiments.

BLG—Aroma Compound Interaction by NMR: BLG
Amino Acid Perturbations upon Aroma Compound Addi-
tion. The mode of ligand binding to BLG was investigated for
10 aroma compounds from different chemical classes and shapes
(Table 1). Amino acid chemical shifts of protein solutions with
aroma compound were compared to those of the corresponding
BLG solution to highlight any significant chemical shift change,
Ad (NH, CHg) > 0.014 ppm, due to the presence of one aroma
compound.
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Figure 3. (a) Principal component analysis of FT-IR spectra and (b) spectral patterns corresponding to principal components (PC) 1 and 2.

Panels a and b of Figure 5 show the significant chemical
shift changes of protein amino acids induced by y-decalactone
added to BLG solution at two different protein/ligand molar
ratios. Significant NH or CH, chemical shift changes were
observed for all amino acids at 1:2 molar ratio (Figure S5a),
whereas only a few amino acids were affected at 1:1 molar ratio
(Figure 5b). Nevertheless, the residues undergoing the strongest
changes at the highest molar ratio matched the ones still
perturbed for the equimolar solution. This matching concerns
the same residues or adjacent ones. A saturation of BLG binding
sites may occur when an excess of aroma compound was used.
Hence, the strongest perturbations at 1:2 molar ratio and those
that persist at 1:1 molar ratio were taken into account only to
reflect the primary binding site. The same observation was made
with 2-nonanone (data not shown).

From residues the most affected by the presence of y-deca-
lactone, three regions are drawn on the BLG 3D structure: (i)
the entrance of the calyx with GIn68, Lys70, Ile71, 1le72, Ala73,
and Glu74 belonging to the strand $-D; (ii) the buried cluster
with Trp19, Val43, Leu46, 1le56, Ala73, Leul03, and Phel05;
and (iii) the outer surface with Glul08 (strand 3-G), Glul 14

and GInl15 (loop GH), Leull7 and Vall23 (strand S-H),
Val128 (loop Ho), and Leu133 and Asp138 (o helix). The same
regions underwent major chemical shift changes in the presence
of 2-nonanone. Moreover, y-decalactone and 2-nonanone in-
duced strong perturbations of Met107 pointing into the calyx.
Additionally, the presence of y-decalactone affected also the
amino acid residue Asp85, which belongs to loop EF. Our results
showed that y-decalactone and 2-nonanone may interact both
within the central cavity and onto the protein surface between
the calyx and o helix. No primary binding site was evidenced
under our experimental conditions.

Panels ¢ and d of Figure 5 show the significant NH and CH,,
chemical shift changes of protein amino acids upon addition of
isoamyl acetate and ethyl pentanoate, respectively. As observed
for 2-nonanone and y-decalactone, the presence of these ligands
affected the whole BLG backbone residues. Thus, we took into
account only the highest chemical shift changes to center the
discussion on the primary binding sites. On the one hand,
binding within the central cavity was evidenced by the involve-
ment of the calyx entrance with the perturbation of Lys70, and
residues around Ile71, Ile72, and Ala73, and the buried cluster


http://pubs.acs.org/action/showImage?doi=10.1021/jf801841u&iName=master.img-004.jpg&w=299&h=456

10214 J. Agric. Food Chem., Vol. 56, No. 21, 2008

Tavel et al.

ppm

354

4.0

4.5

5.0

5.5

107

6.0

6.5

ICHa 10.0

NH_<

Figure 4. NH-CH, region of the ('H, 'H) TOCSY-Watergate spectrum of 1 mM BLG in 12 mM NaCl, pH 2.34, H,0/D,0 90%/10% v/v at 37 °C. Only

the residues of interest are labeled.

with perturbation of residues centered on Trp19 (Val43, Leu46,
Ile56, Ala73, Leul03, and Phel05). On the other hand, binding
of isoamy] acetate and ethyl pentanoate onto the protein surface
was highlighted by the perturbation of residues between the
calyx and a helix. Perturbations of Glu108, Leul17, and Cys121
were induced by the presence of isoamyl acetate, and residues
Glul08, Vall23, Thrl125, Metl45, and Ser150 were affected
by the addition of ethyl pentanoate. For the two ligands, the
loop EF seemed to be affected by the binding because chemical
shift changes of Asp85 were observed. Under our experimental
conditions, we cannot identify the central cavity or the external
site as the primary binding site.

Panels e and f of Figure 5 show the significant NH and CH,,
chemical shift changes of protein amino acids upon addition of
B-ionone and eugenol, respectively. The presence of -ionone
induced significant NH variations of GInl3, Thrl8, Ser30,
Glu51, Ala80, Glull4, Aspl29, Alal32, and Hisl46. The
residues Ser30 (loop AB), Glul14 (loop GH), Asp129 (. helix),
Alal32 (o helix), and His146 (strand -1) draw a binding site
between the calyx and a helix of BLG. The binding of 3-ionone
onto the protein surface is consistent with previous 2D NMR
study (32). In addition, NH chemical shift changes of seven
residues (Glul3, Lys14, Ser30, Glu51, Ala80, Aspl129, and
Alal32) were induced upon addition of eugenol. Among them,
six were affected also by the presence of S-ionone. Under our
experimental conditions, an external site was evidenced as the
primary binding site for -ionone and eugenol. The perturbations
shared by f-ionone and eugenol are similar in sign and size,
reinforcing the hypothesis of similar binding behaviors for these
two ligands.

BLG—aroma compound solutions with a-ionone, linalool,
guaiacol, and carvone were investigated also (data not shown).

No change of NH and CH,, chemical shifts was observed upon
addition of o-ionone in the studied conditions. Very few
perturbations were induced by the presence of linalool, guaiacol,
and carvone under our experimental conditions. The perturba-
tions of residues at the entrance of the calyx for linalool (Lys70
and Ile72) and guaiacol (GIn59, GIn68, and Ile72) suggest a
primary binding site within the central cavity. The perturbations
observed for carvone would indicate a binding within the central
cavity (Ile72 and Val92) and also onto the protein surface with
chemical shift changes of Glul08 (strand 5-G), Aspl129 (a
helix), and GIn155.

DISCUSSION

The FT-IR and NMR data provide different but complemen-
tary information on BLG—aroma compound interactions. FT-
IR experiments highlight spectral changes of BLG amide I band
due to the presence of aroma compounds and allowed us a
screening among a wide range of ligands (terpenes, phenols,
ketones, and esters). Although FT-IR experiments suggest
different spectral changes depending on the added ligand, this
method is not suitable to assign a binding site location. This is
due mainly to a lack of precision in the assignment of the protein
structure. To determine ligands binding sites on BLG, our 2D
NMR study was performed on 10 aroma compounds of interest.
Among them, the addition of 8 showed a significant effect on
protein IR spectrum, whereas the 2 others, guaiacol and carvone,
induced no significant change of protein amide I band (position
in the middle of PCA plot).

The aim of the present discussion is not to compare the results
from the point of view of ligands themselves. It is made rather
to get complementary data and formulate general features that
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Figure 5. Significant chemical shift variations of BLG NH and CH,, protons upon addition of aroma compound: (a) BLG/y-decalactone solution 1:2; (b)
BLG/y-decalactone solution 1:1; (c) BLG/isoamyl acetate solution 1:10; (d) BLG/ethyl pentanoate solution 1:10; (e) BLG//3-ionone solution 1:1; (f) BLG/
eugenol solution 1:1. Only the residues of interest are shown. Secondary structure involved in binding is shown at the bottom of each graph.

can be helpful for a better understanding of the retention/release
of aroma compounds from foods containing proteins.

In regard to the PCA from FT-IR data (Figure 3a), the
distribution of ligands in the principal plane suggests different
behaviors as a function of chemical class. Surely, the PCA
shows discriminations between ethyl phenols, methyl ketones,
ethyl esters, and terpenes. The effect observed within a chemical
class for methyl ketones and ethyl esters depends also on the
chain length, consistent with hydrophobic interactions as sug-
gested previously by Pelletier et al. (/5). However, for the
ligands belonging to different chemical classes, NMR spectros-
copy revealed no link between the hydrophobicity of the aroma
compounds and their binding site(s). Obviously, the presence

of S-ionone (log P = 4.42) and eugenol (log P = 2.73) affected
the chemical shifts of similar BLG residues, although their
hydrophobicity values are very different (Table 1).

Upon addition of 1 of the 10 selected aroma compounds, the
2D NMR data evidenced at least the two binding sites on BLG,
the central cavity and one external site as described in literature
(Figure 1). The residues affected by the addition of one aroma
compound draw one or two binding sites on BLG 3D structure
as a function of the ligand. On the one hand, the location of
one aroma compound within the central cavity involved strongly
strands 3-C and 3-D with the highest perturbations for residues
Lys70, 1le71, 1le72, and Glu74. Thus, the residues located at
the entrance of the calyx may control ligand access to the central
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cavity as suggested by other works (/8—20, 24). In addition,
NMR data highlighted perturbations of Trpl9 and several
residues around it belonging to the hydrophobic buried cluster
identified at pH 2 by Ragona et al. (6). Moreover, as previously
displayed for the accommodation of retinol and palmitate (20, 25),
the residue Metl107 pointing toward the interior of protein is
affected by ligand binding within the central cavity. It is worth
noting the behavior of loop EF (residues 85—90) of the protein,
which acts as a gate over the central calyx and is in its closed
conformation at pH 2.6 (5). Although loop EF may be folded
over the entrance of the calyx, the NMR data evidence binding
within the central cavity of BLG. The strong perturbation of
the amino acid residue Asp85 upon binding of one aroma
compound within the central cavity suggests a conformational
change of this gate, modulating access to the calyx and allowing
the binding, which is in agreement with the literature (33). On
the other hand, the location of one aroma compound onto the
protein surface may occur in a site located between the calyx
and a helix. NMR showed the perturbations of several residues
belonging to the a helix or pointing toward the helix, indicating
interactions onto the protein surface through strands -G, -H,
and fB-1. All of the highlighted residues are close to the
hydrophobic surface of BLG defined by Monaco et al. (/1) for
retinol binding.

The NMR study suggests at least two binding behaviors with
a primary binding site depending on the aroma compound added.
Whereas y-decalactone, 2-nonanone, isoamyl acetate, and ethyl
pentanoate may have a similar behavior with binding in both
BLG sites, the external site was evidenced as the primary
binding site for S-ionone and eugenol under our experimental
conditions. Additionally, no primary site was highlighted for
linalool, guaiacol, and carvone as very few perturbations of
protein amino acids were observed. The particular behavior of
p-ionone and eugenol was suggested also by FT-IR because
these ligands are the only ones having a significant contribution
on axis 3 (8.3%) of the PCA (data not shown). Concerning
guaiacol and carvone, investigated by FT-IR with an even
greater excess of aroma compound, they had a low impact on
the structural components of BLG amide I band.

Contrary to the FT-IR data, NMR did not evidence the
binding between BLG and o-ionone. The binding of a-ionone
has been also controversial in the literature. No binding was
monitored for BLG variant B at pH 3.0 using fluorescence (22),
and only at pH 9.0 for the mixture AB by a diffusion-based
NOE method between pH 3.0 and 11.0 (34). However, a-ionone
was found to interact with BLG variant A at pH 2.0 using
infrared spectroscopy (28), with variants A, B, and AB at pH
3.0 using affinity chromatography (27), and with a mixture of
A and B variants at pH 3.0—9.0 using dynamic coupled column
liquid chromatography (35).

With regard to the structures of the two ionones, the location
of the ionone cycle and the isoprenoid chain in two different
planes could induce a steric hindrance for a-ionone binding.
Dufour et al. suggested also that fluorescence may be unable to
detect the interaction between o-ionone and BLG because of
the insufficient distance between the residue Trp-19 and the
o-ionone binding site (22). In the present study, the higher
concentration of a-ionone used for FT-IR could explain the
different conclusions obtained with the two methods. To
determine the binding site(s) for a-ionone, it should be necessary
to increase its concentration, which was not possible in the
solvent used for NMR experiments.

From NMR data and looking at the structure of aroma
compounds, the central cavity may accommodate easily the
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elongated structures, whereas the external site may fit the
compact structures preferentially. FT-IR data tend also to show
different binding behaviors between the elongated and compact
structures. In fact, PCA discriminated methyl ketones from -
and fS-ionones. Considering the binding behaviours displayed
by NMR for y-decalactone, 2-nonanone, isoamyl acetate, and
ethyl pentanoate, the presence of a flexible acyl chain may allow
the ligand to bind to both sites. Other works showed that ligands
with a long and flexible chain such as palmitate bind within
the central cavity (20) or onto the outer surface (/9). Ligands
with a long acyl chain may fold to adopt a more compact
structure and fit in the external site. The position of 2-hexanone,
2-heptanone, 2-octanone, ethyl hexanoate, and ethyl heptanoate
in the middle of the PCA plot may suggest that the flexibility
of these ligands requires less arrangement of BLG structure to
make room for their accommodation.

In conclusion, the present study shows that aroma compound
binding to BLG can be evidenced by protein spectral changes
through amide I band or amino acid chemical shifts from FT-
IR and NMR investigations, respectively. The combined data
point out that the chemical class, the hydrophobicity, and the
structure of aroma compounds influence the ligand binding.
Under our experimental conditions, at least two binding
behaviors were suggested as a function of aroma compounds.
2D NMR spectroscopy allowed the location of the two binding
sites for BLG in its monomeric form, that is, the central cavity
and an external site onto the protein surface. The NMR data
displayed the binding specificity of 10 selected ligands indicating
that their structure directs the aroma compound onto a primary
binding site. The central cavity, to which access may be
controlled by the protein residues located at the entrance of the
calyx, accommodates the ligands with an elongated structure.
The binding of aroma compound onto the protein surface occurs
in a site located between strand -G, a helix, and strand j3-I.
The external site fits the ligands that have or can adopt a
compact structure by folding.

The present study gives new insights into the binding
mechanisms of the native BLG, furthering our understanding
of retention/release mechanisms of aroma compounds in dairy
foods. Moreover, BLG can undergo structural modifications
during the dairy process. To complete our data, additional studies
are in progress to investigate the impact of a modification of
the protein conformation, due to heat denaturation, for instance,
on ligand binding.

ABBREVIATIONS USED

2D, two-dimensional; BLG, $-lactoglobulin; FT-IR, Fourier
transform infrared; NMR, nuclear magnetic resonance; NOE,
nuclear Overhauser effect; PC, principal component; PCA,
principal component analysis.
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