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ABSTRACT: Fatty acids are the natural ligands associated with the bovine milk lipocalin, S-lactoglobulin (BLG), and were
identified by means of mass spectrometry. The naturally bound ligands were found to contribute to the stability of the proteins
toward denaturation by both temperature and chaotropes. To assess the nature of the structural regions involved in this stabilization,
the thermodynamic and kinetic aspects of the stability of various structural regions of the proteins were studied in the presence of
bound palmitate, which is the most abundant natural ligand. Binding of a single palmitate molecule was found to affect not only the
stability of the calyx region, where palmitate is bound, but also that of the region at the hydrophobic interface between the barrel itself
and the long helix in the protein structure, where the thiol group of Cys121 is buried. This region is known to be essential for the
stability of the BLG dimer and is relevant to the generation of “reactive monomers” that are involved in covalent and noncovalent
polymerization of BLG and in the formation of covalent adducts with other milk proteins.
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B INTRODUCTION

The globular protein [-lactoglobulin (BLG) is found in the
whey fraction of the milk of many mammals, where its function is
still not clearly understood."”” The crystal structure of BLG
reveals a marked similarity with the plasma retinol binding
protein and the odorant binding protein, which all belong to
the lipocalin superfamily.> > All of these proteins share the same
structural elements and are characterized by a 3-barreled central
cavity, mainly responsible for the binding of hydrophobes, and by
additional elements of secondary structure that often act as
determinants of their biological function.

In the case of BLG, these additional structural features are
represented by a sizable 0t-helix region, which is involved in the
formation of a noncovalent dimer at neutral pH by establishing
intermonomer hydrophobic contacts and electrostatic interac-
tions (Figure 1). The helix face opposing the dimerization
interface forms a hydrophobic groove with respect to the
B-barrel. The lone free thiol of Cys121 is buried in this groove,
and its exposure has been correlated to dimer dissociation in the
earhest phases of reversible events in the physical denaturation of
BLG,® ® as well as to disulfide exchange events in the irreversible
phases of physical’ and chemical'® denaturation, which are of
interest for food processing.

Denaturation of BLG by physical means is a complex phe-
nomenon that occurs through a series of intermediate steps, the
rates and/or equilibria of which depend on the treatment
conditions, on the protein concentration, and on the interaction
with other components when complex systems such as milk and
whey are considered. Most of the steps occurring below a given
intensity threshold of physical treatment (temperatures below
60—65 °C or pressures below 400 MPa'"'?) are fully reversible
in solutions of the pure protein at neutral pH. Transient BLG
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conformers are formed by either physical treatment, and the
properties of these conformers have been investigated in some
detail > 3713 also by using limited proteolysis approaches. 16

In view of their practical relevance, the thermodynamics and
the kinetics of the various steps in the physical denaturation of
BLG have been investigated extensively. By combining various
experimental approaches, two independent energetic domains
were found to be sequentially and independently altered as
temperature increases: a first, low-temperature domain was
associated with modifications in the helix—barrel hydrophobic
contacts,® whereas modifications at higher temperatures have
been interpreted as due to alterations aﬁectmg the hydrophobic
cavity outlined by the B-barrel structure.®

Modifications leading to transiently or permanently modified
structures of BLG are expected to affect the ligand binding
properties of the protein. In turn, as observed for many other
proteins, the presence of protein-bound ligands is expected to
affect the stability of the various structural regions on proteins
involved in their recognition. Also, ligand binding or dissociation
from “flexible” regions of protein structure is often involved in
triggering responses of physiological relevance, as well as in
fundamental processes such as transport or cofactor uptake.

A number of studies involving likely physiological ligands of
BLG proved that BLG is capable of binding dlﬁerent hydro-
phobic molecules,'”'® some of them simultaneously,' and that
ligands having some hydrophobic “tail”, such as fatty acids and
retinol, bind to the calyx region of the molecule.”® BLG retains its
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Figure 1. Cartoons depicting some structural features of the BLG
monomer: (top) palmitate bound to the [-barrel calyx shown in
spacefilling, CPK coloring; (bottom, same orientation as top) side
chains of amino acid residues relevant to this study. Backbone is given
as ribbons: helices are in red, S-strands in yellow. Graphs were generated
by using RASMOL,”” from coordinates deposited in file 1GXA® in the
Protein Data Bank.

binding capacity toward fatty acids over a wide pH range'” and
even at very high concentrations of chemical denaturants.”'
However, little is known about the stability of these interactions
in the case of thermal treatments and whether these interactions
affect the stability of the protein as a whole rather than limited
regions relevant to its treatment-dependent modifications. Be-
cause BLG is likely present in milk and in milk-derived ingre-
dients as a mixture of complexes with various (but yet poorly
defined) ligands, ligand-dependent stabilization of structural
features affecting its behavior and reactivity may be of practical
relevance.

For these reasons, in this work we assessed at first the nature of
the ligands associated with BLG when isolated from milk, and
then we studied how this association affects the chemical and
physical denaturation of the protein. Having confirmed a ligand-
dependent stabilization of the “as-isolated” protein structure of
BLG toward denaturants, we used palmitate-saturated BLG to
carry out a detailed structural, thermodynamic, and kinetic
characterization of ligand-dependent stabilization.

B MATERIALS AND METHODS

Protein and Chemicals. BLG was purified from cow's milk
according to the literature* and defatted when indicated by stripping
the natural ligands on a Lipidex-1000 column as in ref 22. Aliquots of
the defatted protein in 50 mM phosphate buffer, pH 6.8, were dialyzed
in an Amicon ultrafiltration cell and concentrated by using a Centr-
icon YMS membrane (Amicon). Unless otherwise specified, S0 mM
phosphate buffer, pH 6.8, was the buffer used in all of these studies.

Palmitate-saturated BLG was prepared by adding to the defatted BLG
(1 mg/mL) a 20-fold molar excess of palmitic acid (from a stock solution
S0 mM in ethanol). After 16 h of incubation at room temperature,
palmitate-saturated BLG was separated from the unbound palmitic acid
by ultrafiltration in a Centricon YMS device (Amicon).

Analytical and Spectroscopic Measurements. Circular di-
chroism (CD) studies were carried out on a Jasco J810 spectropolari-
meter. Spectra of a 2 mg/mL protein solution were recorded ina 1 cm
path length cell and analyzed by means of Jasco J800 software. In
temperature ramp experiments, the temperature was increased from 20
to 95 °C at 0.5 °C/min. T,, values were calculated from the first
derivative of the recorded traces.

Spectrofluorometric studies were carried out in a Perkin-Elmer LS50
instrument. Tryptophan emission spectra were collected by using A., =
298 nm. Surface hydrophobic properties of the proteins were analyzed
by titration with the fluorescent probe 1,8-anilinonaphthalenesulfonate
(ANS), at Ao, = 390 nm and A.,,, = 480 nm. Accessible protein thiols were
detected spectrophotometrically in a Perkin-Elmer Lambda S2 instru-
ment by using 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB).2

Denaturation kinetics were monitored by diluting BLG solutions with
urea solutions of appropriate concentration. The volume ratio BLG/
urea was 1/5, and the final protein concentration was 1 mg/mL. Thiol
exposure was measured by adding 0.2 mM DTNB to the urea solution
and monitoring the absorbance increase at 412 nm following BLG
addition by manual mixing techniques.*'’

Stopped-flow CD and fluorescence measurements were carried out at
25 °C by using a stopped-flow apparatus (BioLogic, France; model SEM 20)
with a four-optical surface and 2 mm path length quartz cell. The
stopped-flow apparatus was attached to a J810 spectropolarimeter
operating at 292 nm and fitted with a fluorescent detector placed
orthogonally to the CD light beam. This experimental setup allowed
simultaneous recording of the sample fluorescence (emission at 345 nm)
and of changes in ellipticity at 292 nm. In all cases, kinetics were analyzed
by using standard software tools.

Analysis of Unfolding Equilibria. Chaotrope unfolding curves
were analyzed using a two-state mechanism. Unfolding curves for the
N<>U transition were normalized to the apparent fraction of the
unfolded form,** and data were analyzed by assuming the free energy
of unfolding or refolding, AG®, to be linearly dependent on the urea
concentration (denoted here by C):**

AG°® = AG®, —mC = m(Cyp, — C) (1)

AG°,, and AG° represent the free energy of unfolding or refolding in the
absence and presence of urea, respectively; C,, is the midpoint con-
centration of urea, that is, at K = 1 for unfolding or refolding equilibria;
and m stands for the slope of the unfolding or refolding curve at C,,,. A
least-squares curve fitting analysis was used to calculate the values of
AG°®,, m, and C,, by a software routine.

Differential Scanning Calorimetry (DSC). Calorimetric mea-
surements were carried out on solutions with a protein concentration of
10 mg/mL in S0 mM phosphate buffer, pH 6.8, with a third-generation
Setaram Micro-DSC apparatus at 0.5 °C/min scan rate. Data were
analyzed by means of the software THESEUS.> The excess molar heat
capacity (AC,) or C,(T), that is, the difference between the apparent
molar heat capacity C,(T) of the sample and the molar heat capacity of
the “native state”, CP,N(T), was recorded across the scanned tempera-
ture range. Details on the raw data treatment methods, (baselines
scaling, etc.) were reported elsewhere.® The heat capacity drop across
the signal, AyC,, was affected by a rather large error (about 8 + 4 kJ
mol ') and was therefore not taken into account in the present work.

The theoretical models used to fit the experimental data were tested
through the nonlinear Levenberg—Marquardt method.*® The best fit
was obtained by using the same model as in the case of free BLG,® that s,
by assuming that two protein domains could undergo denaturation
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independently, with an equilibrium mechanism followed by an irrever-
sible step.

N, <D, — I (l = 1,2) (2)

For each domain the excess heat capacity can be given by the
equation27

P (K+1)°\B T RT K+1 G)

. KAH (k,- AdHf> kK
_ exp
where f3 is the scanning rate (K min~ ).
K; is given by eq 4

K(T) = exp —%(l—i) @)

where A4H? and T} are the standard denaturation enthalpy and
denaturation temperature, respectively, for each independent domain.
Both a zero reaction enthalpy® and first-order kinetics were assumed for
the irreversible step, with a kinetic constant obeying the Arrhenius

equation:
E,i[1 1
Ki == —— T Tx 5
exp( — (T T,-> ()

E,; here is the activation energy of the irreversible step (D,—1;), and
T} is the temperature at which the apparent kinetic constant k; = 1
in". The overall CE(T) therefore is

C(T) = Z G (T) (6)

Mass Spectrometry and GC-MS. Mass Spectrometry of BLG
Adducts. A Q-TOF Ultima mass spectrometer (Waters, U.K.) was used
in positive ion mode in all of the experiments. Ten microliter aliquots of
reaction mixture were introduced through a Rheodyne external loop
injector into the ion source at a flow rate set to 1 #L/min by a Phoenix 20
CU HPLC pump driving a gastight syringe connected to the instrument
capillary. To obtain maximum signals for the ions of the putative
molecular complex, a solution of 5% acetonitrile in 10 mM ammonium
hydrogen carbonate, pH 7.0, was used. Different conditions of orifice
voltage (20—80 V) and temperature (40—100 °C) were tested, and a
declustering potential of 40 V and a source temperature of 60 °C were
chosen because under these particular conditions no fragmentation was
observed and optimum sensitivity for the adduct peaks was attained.
Spraying was achieved by charging the probe at 3.6 kV using nitrogen as
the nebulizing gas. Calibration of the mass scale was performed using the
multiple charged ions of horse heart myoglobin from a separate sample
introduction in positive ion mode. Full-scan mass spectra were gener-
ated in continuous data acquisition mode. The spectra reported are an
average of three scans from m/z 800 to 2200 (scan rate = 10 s/scan).
Quantitative analysis of components was performed by integration of
the multiple-charge ions relative to each species.

GC-MS Analysis of Ligands. For GC-MS analysis, organic extracts
from BLG samples were dried, redissolved in hexane, and transmethy-
lated by addition of 0.1 mL of saturated methanolic KOH. A sample
aliquot (1 #L) was injected in an HP6890 gas chromatograph (Agilent
Technologies, Santa Clara, CA) coupled to a $973N quadrupole mass
spectrometer (Agilent) operating in positive electron impact ion mode.
The gas chromatograph was equipped with an HP-S ms capillary column
(30 m x 0.25 mm i.d.), and the carrier gas was helium. The GC oven
temperature was programmed from 40 °C (hold for 7 min) to 180 °C at
§ °C/min. The masses were scanned over an m/z range of 45—350 amu.
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Figure 2. MS identification of natural ligands in BLG: (A) ESI-MS
spectra of as-isolated BLG (before Lipidex treatment) (the dashed box
points out the region of the complex between BLG and the natural
ligands); (B) magnification of the box in panel A (naturally occurring
complexes between isoforms A and B of BLG (indicated by subscripts)
and palmitic acid (PA), stearic acid (ST), lactose (LAC), and phosphate

(P).

The NIST library and/or comparison with spectra and retention times
of standards was used for the identification of compounds. Quantitative
analysis was carried out through calibration in matrix in the range of
verified linearity; multiple replicates (n = 3—6) of the samples were
analyzed, using a 1 mg/mL solution of methyl nonadecanoate as internal
standard.

B RESULTS AND DISCUSSION

Characterization of Naturally Occurring BLG Ligands and
of Their Effects on Protein Stability. The nature of ligands
remaining bound to minimally treated, as-isolated BLG was
investigated by two different methods, namely, ESI mass spectro-
metry of the protein—ligand complexes and GC-MS analysis of
the lipid components remaining bound to the Lipidex resin used
for obtaining the ligand-free form of the protein. The ESI-MS
spectra of the as-isolated BLG are shown in Figure 2 and indicate
that this preparation contained ligand-free BLG along with
bimolecular complexes between BLG and individual heteroge-
neous ligands. Saturated fatty acids were the most common
ligands, and palmitate was the most abundant among them.
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Figure 3. Naturally occurring ligands stabilize BLG against thermal and
urea denaturation: (top) unfolding titration curves, monitored by
circular dichroism at 292 nm, of the ligand-free (solid symbols) and
as-isolated (open symbols) BLG as a function of urea concentration
((inset) near-UV CD spectra of as-isolated (dashed line) and Lipidex-
treated, ligand-free BLG (solid line)); (bottom) temperature ramp
monitored by circular dichroism at 292 nm for the ligand-free (solid
line) and as-isolated (dashed line) BLG.

These hydrophobic ligands were completely removed after
Lipidex treatment as confirmed by ESI-MS spectra of the
Lipidex-treated protein (not shown). GC-MS analysis of the
nonpolar fractions bound to the Lipidex column, eluted with
appropriate organic solvents (Figure 1S of the Supporting
Information) showed the presence of various saturated fatty
acids and of oleic acid. Palmitic acid was the most abundant
species, confirming the information provided by MS studies on
the as-isolated protein.

The presence of naturally occurring ligands did not alter the
spectral features of BLG related to its tertiary structure (Figure 3,
inset), confirming a number of previous reports.”"*> However, as
shown in Figure 3, naturally occurring ligands greatly influenced
the sensitivity of these spectral features to chemical and physical
denaturants. Ligand-free BLG was more sensitive to urea-in-
duced loss of tertiary structure than as-isolated BLG. The C,, for
urea-induced loss of CD-detectable tertiary structure, calculated
from urea titrations such as those in Figure 3, was 5.6 M for as-
isolated BLG and decreased to 4 M after the removal of the
naturally occurring ligands. As also shown in Figure 3, progressive
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Figure 4. Thermal denaturation of ligand-free and palmitate-saturated
BLG: DSC traces (A) and variation of CD signal as a function of
temperature (B) for ligand-free (solid line) and palmitate-saturated
(dashed line) BLG. The DSC trace for ligand-free BLG was taken from
ref 8.

heating experiments gave a T, for the loss of the near-UV CD
signal associated with native tertiary structure in as-isolated BLG
of 78 °C, that is, ~6 °C higher than the value measured for
ligand-free BLG.

Given the presence of multiple forms of BLG in our as-isolated
material, differing as to the amount and the nature of the
associated ligand, we prepared a palmitate-saturated protein by
exposing ligand-free BLG to saturating amounts of palmitate.
This protein—ligand complex was used to assess which structural
regions are relevant to ligand-dependent stabilization.

Structural Features of Ligand-free and Palmitate-Satu-
rated BLG. The procedure used for preparing palmitate-satu-
rated BLG gave a protein containing >90% of a species in which
one palmitate residue was bound per BLG monomer. ESI-MS
characterization of the palmitate-saturated BLG ruled out the
possibility that more than one palmitate molecule was bound per
BLG monomer, in agreement with Iprevious crystallographic
evidence®® and with data obtained in ”F NMR and MS studies
on complexes of BLG with 2-fluoropalmitate.*”

As discussed in the previous section, and as shown in a further
section, the near-UV CD spectra and the tryptophan emission
fluorescence spectra of native BLG were only very marginally
affected by bound palmitate.”® We carried out ANS titration
studies to assess whether bound palmitate caused any rearrange-
ment in the surface hydrophobicity of BLG.>*° Whereas the
number of ANS-binding surface sites was unaffected by the
presence of palmitate, we noted that the palmitate-saturated
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Figure 5. Best fit of the DSC trace of palmitate-saturated BLG. The
experimental tracing is given as a solid line. Dash-dot-dotted and dotted
lines correspond to the contributions attributed to the first and second
energetic domains, respectively. The overall fit is given as the dashed line.

protein had a lower affinity for ANS. The dissociation constant
for the supposedly bimolecular ANS—BLG complex'®***° in-
creased about 25% in palmitate saturated-BLG (from 57 to
72 uM).

Bound Palmitic Acid and Stability toward Denaturants:
Kinetic and Thermodynamic Aspects. Palmitate-saturated
BLG was characterized for its thermodynamic stability toward
chemical and physical denaturants by following spectroscopic
changes (near-UV CD and tryptophan fluorescence) in the
course of urea titration and temperature ramp experiments.
The signature spectroscopic features of the protein were also
used to assess the reversibility of changes induced by either type
of denaturants. Furthermore, the thermal stability was also
assessed by DSC.

The increased thermal stability of palmitate-saturated BLG
with respect to the free BLG is evident when one considers the
DSC traces presented in Figure 4A, where the presence of
palmitate influences the stability of both the energetic domains
recognized in previous studies and associated with defined
regions of the protein structure® and increases the denaturation
temperature.

To quantify such qualitative evidence, the DSC trace of
palmitate-saturated BLG was fitted using the same denaturation
model proposed for palmitate-free BLG.® The fitting results are
presented in Figure S, and the best-fit parameters are reported in
Table 1. The Ty of the second and most evident energetic
domain (associated mainly with the [-barrel region of the
protein®) increases more than 10 °C in the presence of palmitate
(from 70.5 to 83.5 °C), with no significant variation of the
denaturation enthalpy. Palmitate also stabilizes the first energetic
domain, associated mainly with the interactions between the
C-terminal long helix and the B-barrel region,” by shifting
upward its denaturation temperature (from S5 to 63 °C) with
a concomitant broadening of the associated signal and a decrease
of the associated denaturation enthalpy. According to these
pieces of evidence, it may be concluded that the stabilization of
both domains by bound palmitate is due to entropic factors.

Furthermore, both the DSC profiles and the kinetic data in
Table 1 show that the presence of palmitate does not affect
substantially the irreversible step that leads to denaturation of the

Table 1. Best-Fit Parameters for the DSC Tracing Obtained
for Free BLG and Palmitate-Saturated BLG”

AGH® iy E, T
(mol™)  (°C) (K mol™") (°c)
BLG
first domain 180410 550403 250415 Ty+ 500405

second domain 205410 70.54+03 240+ 15 T4+ 277+ 0.5
BLG + palmitate
first domain 135£10 63.0£03 250+1S T4+ 55.0=£0.5
second domain  2204+10 83.54+03 240+ 15 T4+ 27.0+0.5

“The fit parameters for palmitate-free BLG (taken from ref 8) are
compared with the fit parameters calculated for a palmitate-saturated
BLG from the data in Figures 3 and 4, according to a model including an
aggregation step and assuming two independent energetic domains.

second energetic domain (if not for an overall shift of the
aggregation temperature range), but does affect that of the first
domain (resulting in a higher value of T*, which represents an
estimate of the kinetic component of the process).

The overall palmitate stabilization effect was also con-
firmed spectroscopically. Although these experiments are
not directly comparable with the DSC traces because of the
different protein concentrations of the samples (that influ-
ence the T, due to the irreversible aggregation step, which is,
obviously, a concentration-dependent event), they confirm
that the presence of palmitate increases the denaturation
temperature.

As shown in Figure 4B, progressive heating of either protein
from 20 to 95 at 0.5 °C/min resulted in irreversible loss of most
of the near-UV CD features of BLG, in particular in the 292 nm
region, as reported elsewhere.® However, the midpoint tempera-
ture for the CD-detectable transition is significantly higher in the
palmitate-saturated (81 °C) than in the ligand-free BLG (72 °C)
or in as-isolated BLG in the presence of naturally occurring
ligands (78 °C, see Figure 3).

As already pointed out in ref 8 and as made evident from the
comparison of panels A and B in Figure 4, the second, high-
temperature domain corresponds to loss of tertiary structure in
the central barrel, which harbors the spectroscopically relevant
Trp19 residue (see Figure 1). The first, low-temperature thermal
transition has been associated with structural changes in the
helical region involved in dimerization and in the shielding of the
Cys121 thiol group.® The fact that the palmitate molecule bound
within the barrel cavity’>*" exerts a structural protection on this
region as well appears to be worth investigating, in terms of the
reported significance of the overall structural flexibility of this
protein with respect to its ligand binding properties."®

Despite the practical relevance of the different temperature
sensitivities of the two BLG forms, the irreversibility of the
temperature-induced modifications beyond a given temperature
threshold (~65 °C at the pH and protein concentrations used in
our studies) makes it difficult to carry out a quantitative analysis
of the temperature effects.

On the other hand, we found that the structural modifications
induced by urea were almost completely and promptly reversible,
at least in terms of the recovery of spectroscopic signals,
following a 10-fold dilution in plain buffer of the urea-treated
protein, regardless of the presence/absence of palmitate. This
allowed a more thorough thermodynamic analysis of the dena-
turant effects on both protein forms.
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Figure 6. Tryptophan fluorescence emission spectra of ligand-free (A)
and palmitate-saturated (B) BLG at various urea concentrations (arrows
indicate increasing urea concentration). (Inset) relative fluorescence
intensity (Fiss nm/F33s nm) @s a function of urea concentration for
ligand-free BLG (solid symbols) and palmitate-saturated BLG (open
symbols).

Changes in the elipticity at 292 nm and in the intensity of
protein fluorescence at equilibrium as a function of the urea
concentration were used for calculating the thermodynamic
parameters for chaotrope denaturation of the various protein
forms, as shown in Figures 6 and 7, which are summarized in
Table 2. The concentration of urea at denaturation midpoint
(Cpn) detected with both spectroscopic approaches was higher
for the palmitate-saturated BLG. The data presented in Table 2
also indicate that the tryptophan fluorescence is much more
sensitive to urea than the tryptophan contribution to the near-
UV CD signal. This effect is observed both in ligand-free BLG
(4 vs 4.5 M) and in palmitate-saturated BLG (4.8 vs 5.7 M).

However, fluorescence spectra measured at increasing urea
concentration in the presence of palmitate (Figure 7) show a
pattern of changes that differs from that recorded on ligand-free
BLG. However, the emission fluorescence spectra recorded in
the presence of palmitate (and the resulting denaturation curve,
Figure 7, inset) are consistent with a two-state model, which
seemingly also applies to the spectral changes observed in the
absence of the ligand.

Variation in the wavelength of Trp fluorescence maximum
emission during denaturation of ligand-free BLG is reportedly
ascribed to the Try19,”” which is located at the bottom of the
protein [-barrel (see Figure 1). This particular tryptophan
residue is well conserved in all of the lipocalins, suggesting that
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Figure 7. Urea dependence of tertiary structure features in palmitate-
saturated (open symbols) and ligand-free (solid symbols) BLG: (A) Trp

fluorescence emission signal; (B) intensity of the CD signal at 292 nm.

it may play a fundamental role in the folding of this protein
family.>>** Conversely, contributions to the CD signal are expected
to come from both Trp19 and Trp61. Figure 1 shows that this latter
residue is located in a surface region close to the pH-sensitive E—F
loop “lid” that modulates ligand access (see ref 21 and references
cited therein). The surface location and the solvent exposure of
Trp61 make unlikely any change in its chemical environment
(and thus any marked change in the position of its fluorescence
maximum) when the protein structure is altered.

The data in Table 2 also made it evident that, both in the
absence and in the presence of palmitate, the chemical environ-
ment of the “buried” Trpl9 is altered at lower chaotrope
concentration than that of the exposed Trp61. However, the
palmitate-dependent upward shift in C,, is higher for the CD
signal (from 4.5 to 5.7 M urea) than for the fluorescence signal
(from 4 to 4.8 M urea). In view of the complexity of this situation,
we resorted to a kinetic analysis of the dependence of the rate of
the observed changes (and of other structural indicators), as
detailed in the following section.

Kinetic Aspects of the Stabilizing Effects of Bound Palmi-
tate. The maximum intensity of the negative CD contribution of
the tryptophan residues in BLG is at 292 nm, which is also the
maximum for excitation of the Trp fluorescence. This made it
possible and convenient to study simultaneously changes in both
spectroscopic parameters upon mixing of BLG with urea solu-
tions of various concentration in a stopped-flow cell.

Pseudo-first-order rate constants for spectroscopically detect-
able changes are listed in Table 3. No changes were detectable at
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Table 2. Thermodynamic Parameters for Urea Denaturation of Free and Palmitate-Saturated BLG”

tryptophan fluorescence emission maximum intensity of tryptophan CD signal in the near-UV region

BLG BLG + palmitate BLG BLG + palmitate
AG®,, (k] mol™") 11.7 14.8 13.9 16.3
Con (M) 4.0 4.8 4.5 5.7
m (k] mol M) 2.9 3.1 3.1 2.9

“Thermodynamic parameters are calculated from urea titration experiments similar to those reported in Figure 6.

Table 3. Kinetic Parameters for Urea-Induced Unfolding of BLG"

pseudo-first-order rate constant of observed changes (min ")

tryptophan fluorescence, emission intensity at 345 nm intensity of tryptophan near-UV CD signal at 292 nm

urea (M) ligand-free palmitate-saturated
4 49402 not observed”
S 52408 1.6 £0.2
6 10.8 +0.7 09+ 0.1

ligand-free

palmitate-saturated

not observed” not observed”
5.0+ 0.3

11.7 £ 0.8

not observed”
1.8 + 04

“ Pseudo-first-order rate constants were calculated from semilog plots of the fractional variation of the monitored parameter vs time. These plots were
linear for at least two reaction half-times. ” No detectable changes at these urea concentrations.

urea concentrations below the threshold detected in equilibrium
measurements (Figure 7), indicating the absence of kinetic
intermediates as for attaining the equilibria depicted in Figures 6
and 7. Rates of urea-induced modification in each spectroscopic
parameter were almost identical for ligand-free BLG and de-
creased significantly when palmitate was bound to the protein. At
6 M urea, at which even the palmitate-bound protein is >60%
unfolded, the slowest detectable event is the change in fluores-
cence of Trp19, being slower than CD changes. This implies that
(1) bound palmitate kinetically stabilizes against exposure of
buried Trp19 to the solvent and (2) the contribution of Trp61 to
the CD spectrum is altered independently of that of Trp19, from
both a kinetic and thermodynamic standpoint, because it is faster
than changes involving the calyx bottom, although it requires
higher urea concentrations.

The lone thiol of Cys121 also provides a convenient marker of
structural changes in BLG. This residue is buried in a hydro-
phobic groove between the long helix and the outside of the
p-barrel (Figure 1). At neutral pH, its exposure is the result of
movement of the helix away from the barrel, a process that is
affected even by the mildest denaturing conditions, regardless of
whether physical or chemical agents are used.'® The Cys121 thiol
is known to be involved in disulfide exchange events that
eventually lead to the formation of various types of polymeric
structures upon physical or chemical denaturation of BLG.%'°
Exposure of thiols in BLG also plays a role in the well-known
formation of a mixed disulfide with k-casein in heat-processed
milk, which in turn affects enzymatic curding and cheesemaking.

The rates of exposure of the Cys121 thiol may be monitored
by conventional spectrophotometry by using a suitable excess of
the common thiol reagent DTNB and were found to increase as
an exponential function of urea concentration, as shown in
Figure 8. However, rate changes were appreciable at urea
concentrations well below the threshold required for the mod-
ifications detected by CD and fluorescence studies. This confirms
that exposure of the Cys121 thiol and loss of structure in the
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Figure 8. Effects of urea on the reaction rate of the Cys121 thiol with
DTNB: (open symbols) palmitate-saturated BLG; (solid symbols)
ligand-free BLG.

barrel region are separate events, occurring at independent rates
and with a different sensitivity to urea. This is confirmed by the
observation that at 4 M urea the structural rearrangement leading
to exposure of the Cys121 thiol in ligand-free BLG occurs at
0.297 min ', a much slower rate than that measured for
fluorescence changes (4.9 min ', Table 1).

However, as made evident in Figure 8, in the presence of
palmitate the rates of Cys121 exposure were much slower than in
the absence of the ligand, and the urea-dependent rate increase
was much less pronounced. The palmitate-dependent difference
in the reaction rate indeed increased from a factor of ~2 at 1 M
urea to a factor of ~8 at 4 M urea.

Structural Aspects and Practical Implications of Ligand-
Dependent Stabilization. All of our data concur to indicate that
there are several structural regions in BLG, the stability of which
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is affected by the binding of palmitate, which was taken here as
the epitome of natural ligands in view of our MS characterization
of the as-isolated protein. Whereas the protective effect of bound
palmitate on the calyx region of the protein where it specifically
binds was expected, protection of other structural regions, as
recognized by our spectroscopic and analytical approaches, calls
for some additional reasoning and may offer some novel insights
on the interaction between various structural elements of the
protein. Some of the observations reported here may also be of
practical relevance in the dairy industry.

The protective effect of bound palmitate with respect to Trp19
at the calyx bottom seems of straightforward interpretation, but
the observation that its exposure to the solvent occurs at lower
urea concentrations than those required for altering the Trp
contribution to the near-UV CD spectrum of the protein may
seem puzzling at first. Trp61 on the calyx rim contributes to the
CD signal in the near-UV region, and our data suggest that
interactions at the rim region are less sensitive to urea than those
stabilizing a hydrophobic environment around Trpl9 when
palmitate occupies the cavity. Our kinetic data also suggest that
the stabilizing effect is thermodynamic rather than kinetic in its
nature. In conclusion, bound fatty acids (that reportedly bind
“tail down” into the calyx***') make the whole structure of the
barrel sensibly tighter, so that it resists chemical and physical
denaturants acting both on the main body of the barrel (the
actual antiparallel strands) or on its rim. A number of studies have
indicated turns and loops at the barrel rim as being responsible
for controlling access and release of ligands (see ref 21 and
references cited therein).

Changes in thiol reactivity (implying an alteration of the
hydrophobic contacts between the calyx exterior and the a-helix
regions of the protein, see Figure 1) occur at urea concentrations
far below those affecting the two tryptophan residues taken as
reporters of structural changes. This region was also reported to
be the most sensitive to heat treatments,® ® and its modification
has been demonstrated to trigger heat- and chaotrope-induced
aggregation.'”'* Because our MS data give no evidence of
additional palmitate bindin§ to this region (in accordance with
other literature evidence"**), it is the calyx-bound palmitate that
makes slower and more difficult the movement of the helix region
that exposes Cys121 during limited (and reversible) unfolding.

This implies that palmitate bound to the calyx interior acts on
some structural “latch” that stabilizes the closed position of the
helix from the outside of the calyx itself. In this frame, the
observation that the BLG—palmitate complex has a lower affinity
for ANS (a molecule that binds at the hydrophobic patch where
the calyx exterior and the hydrophobic side of the helix came
close®) supports a hydrophobic nature for this hypothetical
latch. This hypothesis is corroborated by the results obtained in
DSC, which clearly show that the stabilizing effect of the
palmitate on the first energetic domain (associated with the
helix—barrel interaction) has an entropic nature, as typical of
hydrophobic interactions. These modifications precede (and
occur independently of) those involving the bottom and the
rim of the calyx region, as discussed above.

The practical relevance of our observations may be regarded as
self-evident. Aggregation of BLG is a major event in the dairy
industry, and its control is of paramount relevance, for instance,
in cheesemaking (where formation of BLG aggregates is desir-
able, but interaction with k-casein is not, see below) or in milk
sanitization treatments (where fouling of heat exchangers repre-
sents a problem), or again in what affects the long-term stability

of dairy products and/or the accessibility of antigenic or im-
munoreactive portions of the molecule. It has been long estab-
lished®® that thiol groups in BLG are responsible for disulfide
exchange events with cysteine residues in other milk proteins,
which include the formation of adducts between x-casein and
BLG itself and may impair or prevent the proteolytic events on
k-casein essential to enzymatic curd formation.

Some of these issues have been addressed from a practical
standpoint by resorting to the addition of various stabilizing
agents or by suggesting alternative treatments. This paper shows
that the thermodynamics and kinetics of the molecular events
that determine unfolding-dependent aggregation relate to the
presence/absence of physiological ligands, an aspect that de-
serves some deeper understanding and thorough consideration
within this particular framework.
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