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It is of nutritional significance to fortify processed dairy products (e.g., cheese, yogurt, and ice cream)
with vitamin D3; however, the inherent complexity of these foods may influence the stability and
bioavailability of this nutrient. In the present study, the interactions of vitamin D3 with -lactoglobulin
A and -casein were investigated under various environmental conditions (i.e., pH and ionic strength)
using fluorescence and circular dichroism spectroscopic techniques. The results indicated that vitamin
D3 was bound to both j-lactoglobulin A and S-casein depending on the solution conditions. The
apparent dissociation constants ranged from 0.02 to 0.29 uM for S-lactoglobulin A, whereas the
p-casein apparent dissociation constants ranged from 0.06 to 0.26 M. The apparent mole ratios
were also comparable, i.e., 0.51—2.04 and 1.16—2.05 mol of vitamin D3 were bound per mole of
p-lactoglobulin A and f-casein, respectively. It was concluded that these interactions may strongly
influence vitamin D3 stability and, hence, bioavailability in processed dairy products.
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INTRODUCTION American fortification procedures do not provide sufficient

vitamin D in the human diet. Part of this inadequacy is also
because a growing section of the population does not drink milk
at all (7). As well, the current legislation assumes that half of
our vitamin D daily requirements are met through exposure to
sunlight, even though sufficient evidence indicates otherwise
3,7).

Therefore, it is of nutritional significance to fortify processed
dairy products (e.g., cheese, yogurt, and ice cream) with vitamin
Ebg. Such fortification would benefit the general population by
offering an additional source of this essential nutrient. However,
very little has been reported on the stability of vitamig iD
processed dairy products with the exception of two cheese-
related studies (69). The compositional complexity of dairy
products may influence the stability and availability of this
nutrient, especially in low-fat or nonfat products where vitamin
D3 would be void of its protective matrix. It was the objective
of this study to characterize the interactions of vitamgwiith
dairy proteins. As suchp-lactoglobulin A (3-LG A) and
[-casein -CN) were chosen because they are major whey and
casein proteins, respectively.

The primary biological function of vitamin Ps to maintain
serum calcium and phosphorus concentrations within the normal
range (1). In addition to its classic role in mineral metabolism,
other positive attributes include roles in osteoblast formation,
fetus development, pancreatic function, neural function, and
immunity (2). Several studies also suggest that higher serum
vitamin Dz concentrations are associated with lower rates of
breast, ovarian, prostate, and colorectal cancers, as well as
decreased risk of developing multiple sclerosis (3).

Vitamin D is naturally found in very few foods4]. The
richest source is cod liver oil (210g/100 g), while smaller
amounts are found in the edible portion of fatty fish6—22
©9/100 g), mammalian liver (0.78g/100 g), eggs (1.7xg/
100 g), and dairy products, including unfortified milk (0,08/

100 g) 6). The primary source of this essential nutrient is
produced in the skin via exposure to sunlight; however, living
in northern latitudes minimizes skin exposure to ultraviolet
radiation, particularly during the winter months (8). Thus,

populations in North America depend largely on fortified foods

and dietary supplements to meet their vitamin D needs, given B-Lactoglobulin A. The structure off-LG A is composed

that f(r)]OdS qaturally nchﬂm_ V|ta_|rE|n D are rlz(ther I|m|te|d. h of eight up and down antiparallgd-strands (labeled A—H)
In the United States, fluid milk and breakfast cereals are the ¢4 intg a flattened cone or a calyx, which is closed at one

chief vehicles for vitamin D consumption, whereas in Canada end by Trps while the EF loop (residues 8%0) acts as a door
the main sources are found in fluid milk and margarine. Through ; e open end10).

cross-sectional studies, Calvo et &) found that current North In vitro research has shown tha4.G A can bind a variety

of hydrophobic ligands (11—20); however, results from inves-
* To whom correspondence should be addressed. Phone: 416-979-500Qigati0ns aimed at identifying the precise binding site(s) remain

eth' 82&%&3&%&%2?5204' E-mail: rousseau@ryerson.ca. controversial. It is unclear whether ligands bind within the

¥ Ryerson University. central calyx or to an external hydrophobic surface patch found
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between thex-helix and the surface of thé-barrel; however, the sample. This blank was subtracted from a second blank containing
prevailing evidence points toward the inner cavifyl,(17— N-acetylt-tryptophanamide (NATA). NATA displays a fluorescence
20). On the other hand, it is clear that binding to either of these SPectrum typical of tryptophan yet is unable to interact with vitamin
sites is strongly dependent on pBl1j. Access to the internal Ds. NATA was qsed to exclgde the pOSSIbI|I.ty of unspecific |nFeract|o.ns
binding site is moderated by the EF loop region that moves of the vitamin with the protein’s tryptophan indoles, where at increasing

o vitamin D; concentrations the vitamin may absorb light, which would
from a closed to an open position betweepH 6.2 and 8.2 otherwise excite the indole groups, and thus fluorescence would

(22,23). decrease for this reasoB?, 33). The NATA solution had an absorbance
B-Casein.The N-terminal portion (residues-25) of 3-CN at 287 nm equal to that of the protein solution and was titrated in a
contains four out of the five anionic phosphoserine residues andmanner similar to all samples (32).
carries the bulk of the protein’s net charge, whereas the After correcting for the NATA blank according to the method of
C-terminal essentially carries no net charge and is primarily Birdsall et al. (34), differences in fluorescence intensity at 332 nm
composed of hydrophobic residues. As syBGN is the most between the complex gnd f_ree_ protein were monitored in order to
hydrophobic, and more importantly, the most amphipathic of measure the apparent_dlssouatlor_l constah) (ar_1d the apparent mole
all caseins (2425). 5-CN can exist in solution as a monomer:; rgtlo of ligand to pr(_)teln at saturation)( according to the methods of
however, its distinctly amphiphatic structure is responsible for Eisenthal and Cornish-Bowde8s) and MacL.eod et al36). It should

. - L . be noted that prior to using the direct linear plotting method, binding
micelle formation, where hydrophobic interactions are the constants were determined using Cogan’s method by constructing a

pr_incipal gttra_lctive force26). Recent eviden_ce _indicates that  piot of Py, versusRr [o/(1 — a)]. In theory, this plot was supposed to
micellization is dependent on temperature, ionic strength, andyield a straight line with an intercept df'¢/n and a slope of I

pH when the critical micellar concentration (CMC) (i.e., 85 according to the eq (31):

mg/mL) is exceeded (227). Hydrophobic ligands have also

been shown to induce micelle formatio28). Pro = () L1 /(1 — )] — (K'y/n) (@)
The few reported studies investigating the binding of lipo-

philic molecules tg3-CN suggest that hydrophobic forces are where Pr = total protein concentrationl.r = total vitamin D

largely responsible and'1 mol of ligand interacted with each ~ concentrationp = apparent mole ratio of ligand to protein at saturation,
B-CN monomer (2429). K'q = apparent dissociation constant, ane= fraction of unoccupied

L . . binding sites on the protein molecule.
The objective of the present study was to investigate the However, a plot of the data points was not linear. MacLeod et al.

Inte_ractlons of Vltaml.n.@WIth.ﬁ_LG A andﬁ_—CN under various (36) made similar observations and noted that the linearization of the

environmental conditions (i.e., pH and ionic strength) using cypilinear data misrepresentécy andn. On the basis of that report,

fluorescence and circular dichroism spectroscopic techniques.it was determined that the method of Eisenthal and Cornish-Bowden
(35) was more appropriate as it eliminates transformation errors.

MATERIALS AND METHODS The direct linear plotting method of Eisenthal and Cornish-Bowden
(35), where the corrected fluorescence is plotted directly against vitamin
Vitamin D3 (C-9756, crystalline cholecalciferol, purity 99%), Ds concentrations, was used to obt#ih directly from the median of
bovine -lactoglobulin A (L-7880, purity 91%), and bovingcasein intersecting regression lines representing individual observations on the

(C-6905, purity 95%) were purchased from Sigma-Aldrich Canada Ltd. abscissa. The method of MacLeod et &6 was used to obtain
(Oakville, Ontario, Canada.) and used without further purification. To from the direct linear plot by extracting the vitamir, Boncentration
prevent oxidation and isomerization, vitamin §tock solutions of the using predicted curve values correlating to the saturation point.
appropriate concentrations (w/v) were prepared in reagent alcohol,  Circular Dichroism (CD). The CD spectra were measured at room
purged with nitrogen gas, and stored in the dark&t'C. The vitamin temperature (from-22 to 25°C) on a Jasco J-600 spectropolarimeter,
D3 concentrations were confirmed by measuring the absorbance at 265using a quartz cell with a path length of 0.1 cm in the far-UV spectra
nm and dividing by the mol extinction coefficient of 18 300 AU  (186—260 nm) and 1 c¢m in the near-UV spectra (2360 nm). The
(absorbance units)/mol/L (3). Protein solutions of the appropriate volume of the (3 mM for far-UV or 30 mM for near-UV) vitaminD
concentrations (w/v) were prepared fresh daily in a 25 mM phosphate stock solution mixed with the (8M far-UV (for both proteins) or 65
(pH 2.5, 6.6, and 8.0) or 25 mM acetate (pH 4.6) buffer. Each buffer ;M for 5-LG A and 55uM for 5-CN in the near-UV) protein solution
was prepared using deionized water and carried a final ionic strength varied as a function of pH and ionic strength. Added volumes were
of 0.08 M or 0.15 M through the addition of NaCl while taking into  calculated to correspond to thevalues previously obtained from
consideration the initial ionic strength of the buffer. The concentration fluorescence spectroscopy results. Prior to measurement, the freshly
of B-lactoglobulin A was determined by measuring the absorbance at prepared samples were vortexed fet5 s, filtered with a 0.22:m
280 nm with an extinction coefficierf (1%/1 cm) of 9.6 (30). The  syringe filter, and degassed for 15 min. Triplicate measurements were
concentration ofi-casein was determined by measuring the absorbance made in the presence or absence of vitamirBRseline spectra of the
at 280 nm with an extinction coefficielit (1%/1 cm) of 4.6 (27). buffer and alcohol or vitamin Psolution were subtracted from the
Fluorescence Spectroscopyluorescence spectra were recorded at sample spectra. Spectra were taken with a step resolution of 0.2 nm, a
room temperature (fromy22 to 25°C) on a Perkin-Elmer luminescence  time constant of 2 s, and the mean of three measurements. The
spectrometer LS50B using an excitation wavelength of 287 nm and an secondary structure was estimated by fitting the far-UVv CD spectra to
emission wavelength of 332 nmk¥). The excitation and emission slit  a combination of reference spectra using the methods of Chang et al.
widths were set at 6 and 4 nm, respectively. The binding of vitamin (37) and Yada and Nakai (38).
D3 was followed by measuring the fluorescence quenching of protein  Statistical Analyses.Results were analyzed with SPSS 11.0 statisti-
tryptophanyl residues. The procedures of Cogan et al. (31) and Dufour cal software.t-Tests or one-way ANOVAs were used to assess
and Haertle(32) were used to titrate the proteins with vitamin. D statistically significant differences between means. Following the one-

Accordingly, 3 mL of 8uM protein (filtered with a 0.22¢m syringe way ANOVA, a Duncan’s post hoc test was used to examine the
filter) solutions were placed in a cuvette and small increments (1 to 5 differences between the means. Statistical analyses were made with a
uL) of a 3 mM vitamin D; stock solution (filtered with a 0.22m level of significance ofP < 0.05.

syringe filter) were added until saturation was reached. At the end of

the titration, the alcohol added with the vitamin @id not exceed 3% RESULTS

(v/v). The protein/vitamin solutions were vortexed ferl5 s and .

allowed to equilibrate for 5 min prior to fluorescence measurement. ~ Fluorescence Spectroscopy anfi-Lactoglobulin A. Two
Al titration points were run in triplicate. For each titration point, a  tryptophanyl residues (Tipand Trpy) are found ins-LG A,
buffer/ethanol blank was prepared and treated in the same manner ahiowever, it has been suggested thal.G A’s intrinsic
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Figure 1. Mean fluorescence titration curve of 7.38 uM p-lactoglobulin A
in a 25 mM phosphate buffer, pH 8.0 (/ = 0.08 M), as a function of
vitamin D3 concentration. Data are shown as observed fluorescence
intensity (#); fluorescence intensity corrected for fluorescence contribution
of free vitamin D; (M); and fluorescence intensity of free vitamin D3 in
N-acetyl-L-tryptophanamide solution (A). Reported data are means + SDs
of triplicate analyses (except N-acetyl-L-tryptophanamide blank).

Table 1. Apparent Mole Ratios (n) of S-Lactoglobulin A and Vitamin
Ds?

n (Mol Vitamin/Mol Protein)

ionic strength

pH 0.08 M 0.15M

25 204+027Aa 111+0.12Ab
4.6 084+0.11Ba 051+0.10Bb
6.6 127+031Ca 136+0.12Ca
8.0 147+0.15Ca 154+0.14Ca

2 Reported data are means + SDs of triplicate analyses; A, B, C means results
within the same column without a common letter are significantly different (P <
0.05); a, b means results within the same row without a common letter are
significantly different (P < 0.05).

fluorescence is almost exclusively attributed to 1brfdl 1, 12).
This residue is found at the bottom of the calyx, whereagiTrp
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Table 2. Apparent Dissociation Constants (K'g) of S-Lactoglobulin A
and Vitamin D2

Ky (uM)
ionic strength
pH 0.08 M 0.15M
25 0.29+0.05Aa 0.20+0.01Ab
46 0.06+0.01B,a 0.02+0.02B,b
6.6 0.14+0.06 B,a 0.16+0.01C.a
8.0 0.12+0.02B,a 0.18£0.02Cb

@ Reported data are means + SDs of triplicate analyses; A, B, C means results
within the same column without a common letter are significantly different (P <
0.05); a, b means results within the same row without a common letter are
significantly different (P < 0.05).

Table 3. Secondary Structure Content of 5-Lactoglobulin A in the
Absence and Presence? of Vitamin D; as Calculated from the Far-UV
Circular Dichroism Spectra?

secondary structures (%)

ionic strength o-helix p-sheet p-tun random
pH (M) PF [P [P [P [P [P Pl [P
25 0.08 182A 176A 321A 341A 252A 259A 246A 225A
0.15 19.3A 192A 258A 234A 246A 265A 30.7A 310A
46 0.08 73A 57A 467A 503A 179A 191A 282A 249A
0.15 68A 45A T710A 499B 29A 142B 192A 315B
6.6 0.08 129A 131A 433A 434A 167A 180A 27.1A 256A
0.15 126 A 173B 39.0A 265B 17.3A 221A 311A 341A
8.0 0.08 102A 134A 445A 359A 163A 166A 292A 341A
0.15 180A 187A 261A 239A 227A 237A 333A 336A

2 Vitamin D3 concentrations added to individual samples correspond to n values
obtained from fluorescence spectroscopy results. ? Reported data are means of
triplicate analyses. SDs were omitted to facilitate table interpretation. A, B means
comparing the absence and presence of vitamin Ds at constant pH and ionic strength
without a common letter are significantly different (P < 0.05). ¢ 5-Lactoglobulin A.
d B-Lactoglobulin A and vitamin D.

had the lowest number of binding sites but the strongest affinity
(P < 0.05). An opposite trend was observed at pH 2.5 (
0.08 M), where the weakest observed affinity was associated
with the highesn value (P < 0.05).

Circular Dichroism and pg-Lactoglobulin A. Secondary
structure results obtained with far-UV CD are presentelhinle

is more accessible to solvent and thus only able to make a minor3, Few |igand-induced changes were observed, except at pH

contribution to fluorescence emissiof9). Thus, tryptophan

4.6 (1= 0.15 M) where a notable change occurred as evidenced

technique to study the dynamics of ligand interactiok3) (

A typical fluorescence titration curve following-LG A’s
tryptophan quenching as a function of vitamig &ncentration
is shown inFigure 1. Tryptophan quenching leveled off atl1
uM vitamin Ds, suggesting that the saturation point of the
corrected curve was reached at a vitamin/protein ratie hb:

1. A direct comparison of all correctgiLG A titration curves
clearly indicates variability among saturation points, supporting
the hypothesis that changes in pH and ionic strength aff&cs

A’s binding properties.

Binding constants, derived using the direct linear plotting
method, are presented ifables 1and 2. The listed values
indicate that binding occurred under all conditions but varied
as a function of pH and ionic strength.

Irrespective of ionic strength, samples at pH 6.6 and 8.0
displayed similaK'y andn values. However, values measured
below the pl (pH 5.2) significantly differed whereby an increase
in ionic strength led to strongét’'q and reduced binding (B
0.05). Among all the samples investigat@dl.G A at pH 4.6

of f-sheets (P< 0.05). Other ligand-induced changes were
found at pH 6.6 (= 0.15 M) and were characterized by an
increase ir-helical structures with a concomitant decrease in
p-sheets (P< 0.05).

Near-UV CD results showed that the addition of vitamig D
elicited changes in tertiary structure only at pH &@gre 2).
The deepened troughs observed near 258 and 266 nm upon
ligand addition were attributed to phenylalanine residues (Phe
82, 106, 136, and 151) that dominate at those wavelengths.

Fluorescence Spectroscopy anfl-Casein.Unlike -LG A,
B-CN is not regarded as a "classic” ligand-binding protein due
to its rheomorphic conformation, which may explain why its
ligand-binding properties have remained largely unexpldzéy (
The authors are aware of only two fluorometric titration studies
investigating the binding of ligands t3-CN (24, 29). By
assuming the lipophilic vitamin  would bind near the
hydrophobic cluster containing a single tryptophanyl residue,
it was in theory possible to follow the fluorescence quenching
of Trpia3in a fashion similar to that gf-LG A.
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Figure 2. Near-UV circular dichroism spectra of 57.6 uM f-lactoglobulin

Ain a 25 mM phosphate buffer at pH 8.0 (/ = 0.15 M) in the absence

(- - -) and presence (—) of 88.7 uM vitamin D;. Reported spectra are

means of triplicate analyses.
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Figure 3. Mean fluorescence titration curve of 7.07 uM S-casein in a 25
mM phosphate buffer at pH 8.0 (/ = 0.08 M) as a function of vitamin D3
concentration. Data are shown as observed fluorescence intensity (#);
fluorescence intensity corrected for fluorescence contribution of free vitamin
D; (m); and fluorescence intensity of free vitamin D3 in N-acetyl-L-
tryptophanamide solution (A). Reported data are means + SDs of triplicate
analyses (except N-acetyl-L-tryptophanamide blank).

Forrest et al.

Table 4. Apparent Mole Ratios (n) of 5-Casein and Vitamin D3?

n (Mol Vitamin/Mol Protein)

ionic strength
pH 0.08 M 0.15M
6.6 1.33+£0.03 194+0.24
8.0 2.05+0.16 1.16 £0.03

2Reported data are significantly different means + SDs of triplicate analyses
(P =< 0.05).

Table 5. Apparent Dissociation Constants (K'g) of 5-Casein and
Vitamin D32

Ka (uM)
ionic strength
pH 0.08 M 0.15M
6.6 0.13+0.01 0.26 £ 0.03
8.0 0.24+£0.01 0.06 £ 0.02

2 Reported data are significantly different means + SDs of triplicate analyses
(P < 0.05).

Table 6. Secondary Structure Content of 5-Casein in the Absence
and Presence? of Vitamin D3 as Calculated from the Far-UV Circular
Dichroism Spectra®

secondary structures (%)

ionic strength o-helix p-sheet p-tun random
pH (M) Pe PO Pl PO Pl P[Pl [P
6.6 0.08 101A 64A 254A 354A 167A 149A 478A 43.3B
0.15 16.2A 179B 134A 7.2B 198A 231A 50.7A 518A

8.0 0.08 182A 187A 41A O59A 264A 249A 513A 504A
0.15 192A 164A 73A 13.0A 226A 209A 509A 498A

2 Vitamin D3 concentrations added to individual samples correspond to n values
obtained from fluorescence spectroscopy results. © Reported data are means of
triplicate analyses. SDs were omitted to facilitate table interpretation. A, B means
comparing the absence and presence of vitamin D3 at constant pH and ionic strength
without a common letter are significantly different (P < 0.05). ¢ 3-Casein. 98-
Casein and vitamin Ds.

Circular Dichroism and pf-Casein. Calculated secondary
structural contents determined from far-UV CD spectrg-@iN,
with and without, vitamin [ are presented ifiable 6. At pH
8.0, no large differences were observ&> 0.05); however,
at pH 6.6 ( = 0.08 M), there was a significant reduction in

The corrected fluorescence titration curves suggested thatrandom structures (B 0.05). Increasing the ionic strength at
vitamin D3 was bound in proximity to the indole chromophore this pH led to an increase in-helical formations with a
as evidenced by Tips quenching. A typical fluorescence concurrent decrease frsheets (P< 0.05).
titration curve presented iRigure 3 indicates that tryptophan Although caseins are known not to have any stable tertiary
quenching leveled off at15 uM vitamin Ds suggesting that  structure, the near-UV CD spectra were recorded to observe
saturation was reached at a vitamin/protein ratio of ap- any qualitative changes induced by ligand addition. Although
proximately 2:1. Furthermore, a direct comparison of the rather noisy, the addition of vitaming@appeared to elicit a slight
saturation points indicated that binding constants differed as ashift in the phenylalanine peaks centered near 260 and 267 nm
function of measured experimental conditions. The derived (Figure 4), which was observed in all samples except at pH
binding constants are presentedables 4and5. As previously 8.0 (I=0.15 M).
pointed out from the titration curves, results differed as a
function of pH and ionic strengttP(< 0.05).

At pH 8.0 ( = 0.15 M), the strongest affinity was observed  g-Lactoglobulin A. Binding capacities mediated by pH were
in addition to the lowest number of binding sites; conversely, a evident in the present study. At pH 2.5 & 0.15 M),
decrease in ionic strength led to the highestalue and the approximately one molecule of vitaminsDwvas bound per
weakest affinity P < 0.05). A reduction in pH led to the reversal monomer with a relatively weak affinity(q = 0.20uM). Since
of this trend. As the ionic strength increased, so did the numberthe EF loop is in a closed position at this pH, the results suggest
of binding sites (P< 0.05 M). that loose binding occurred at the external hydrophobic surface

DISCUSSION
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Ds's ability to simultaneously occupy both binding sites with a
strong affinity (Kg = 0.04 uM).

The far-UV CD spectra reflectingd-LG A’s secondary
structural changes upon vitaming@ddition showed no sig-
nificant differences indicating that the structure was preserved
(P > 0.05). However, differences were noted at pH 4.6 and 6.6
at the higher ionic strength @& 0.15 M). Since secondary
structural changes were not observed at lower ionic strengths,
the results suggest that electrostatic interactions affected the
surface area available for binding in such a way that vitamin
D3 disrupted the secondary structure. Far-UV CD results at pH
6.6 indicated that the proportion @fsheets decreased with an
increase ina-helical structures. Since the EF loop is only
partially open at this pH, introduction of vitaminsDikely
255 260 265 270 275 280 resulted in some change in secondary structural elements that
surround this site. At pH 4.6, where the tightest binding
occurred3-sheet content decreased with a concomitant increase
in -turn and random structures, indicating that the introduction
of the bulky moiety in the tight cavity disturbed some secondary
structural elements such Asl or §-A strands which surround
this site (23).

Near-UV CD spectra of-LG A, with and without vitamin
D3, also suggested that the structure was preserved in most
samples except those at pH 8.0. At this pH, 4glof the EF
loop is completely exposed to solvent thus permitting full ligand
access (23). Near-UV CD spectra suggested that vitamin D
was positioned in close proximity to a phenylalanine residue
(Phe 82, 105, 136, or 151). Binding is believed to have occurred
near Phes located in the interior of the calyx based on
published results by Zsila et alLl§) who were able to describe
the close proximity of the bound ligand to this residue.

The present results indicate thatLG A is able to bind
vitamin Ds at both proposed binding sites. In addition, it would
appear that independent and simultaneous ligand binding occurs

to bind per dimer at an order of magnitude greater than that for When the EF loop is in an open conformation, since the internal
the monomer. Observations consistent with these researcher$/t€ 1S accessible; otherwise, ligands loosely bind in the
were found in the present study at pH 4165(0.15 M) where monomeric hydrophobic surface patch or tightly at the dimeric
f-LG A has been found to form octamers in solutid0), Since ~ Interface.

the EF loop is blocking ligand access, it is believed that a single  On the basis of the present results, further insight regarding
vitamin Ds molecule was t|ght|y bound between the monomers the strength of individual blndlng sites can be deduced. At pH
found within the octamers as evidenced by the strongest 6.6 and 8.0, where simultaneous binding occurred, the affinity
observed affinity K'¢ = 0.02 uM). Lowering the NaCl  (K'q~ 0.154M) was stronger than that at pH 2.8’ ~ 0.25
concentration was followed by an increase in binding capacity #M), where binding occurred at the external hydrophobic surface
(n = 0.84). Since intermolecular repulsive forces are increased patch, yet weaker than at pH 4§ { ~ 0.04uM), where binding
after lowering the NaCl concentration, some monomers may occurred between monomers. Accordingly, this indicates that
have existed in solution. As SUCh, one Vitamiﬂ[m|ecu|e may the weakest afflnlty site is found at the hydrOphObiC surface
have been bound to the monomer’s external hydrophobic surfacePatch. Conversely, this same site found at the dimer interface
patch, while most of the vitamin Pmolecules were shared is the highest affinity site as previously proposéd,(15).
between dimeri@3-LG A monomers. This latter phenomenon p-Casein. The binding constants support that vitamin D
would account for the increased apparent mole ratio and lower binding was dependent on pH and ionic strength. At pH 6.6,
affinity (K'q = 0.06uM) found at this ionic strength. Irrespective  binding increased as a function of ionic strength, similar to the

A€ M'em™) x 107
w

Wavelength (nm)

Figure 4. Near-UV circular dichroism spectra of 54.0 uM f-casein in a
25 mM phosphate buffer at pH 6.6 (/ = 0.08 M) in the absence (- - -)
and presence (—) of 71.8 uM vitamin Ds. For clarity, only a selected
portion is shown. The reported spectra are means of triplicate analyses.

patch. Upon lowering the ionic strength=€ 0.08 M), binding
increased to approximately two molecules of vitamig fir
monomer. Since solubility is increased after lowering the NaCl
concentration, it is believed that the increased available surface
area permitted greater ligand acce89)( Furthermore, the
increased capacity of the external hydrophobic surface patch
was accompanied by relatively loose binding as evidenced by
the lowest observed affinityk(q = 0.29uM). Similarly, Wang

et al. (15) found that monomer#:LG A was capable of weakly
binding a large number of palmitate molecules at the surface
site. Moreover, they noted that dimer formation decreased the
surface area responsible for palmitate binding, but a higher
affinity site was created allowing two molecules of palmitate

of ionic strength, it is assumed that vitamig'®polar hydroxyl findings of Lietaer et al.Z9). Presumably, the increased masking
group is pointed outward, since this orientation would permit of the charges on the protein by the ions lead to reduced
the greatest amount of hydrophobic interactions. solubility of the protein and enhanced hydrophobic interactions,

At pH 6.6 and 8.0, few differences were observed between creating more surface area available for bindi2g (However,
samples, likely because they share similar characteristics; dimerancreased binding was associated with a weaker affitity €
predominate, and the EF loop is flipped open allowing internal 0.26uM), compared to the lower ionic strength where binding
ligand access. Since ~ 1.5 andK'q ~ 0.15uM, the results was stronger'q = 0.13uM). These results suggest that weaker
suggest that one vitaminsDmolecule was bound within the  binding was associated with the protein interface where more
central cavity and another molecule was tightly shared betweenprotein—protein interactions occurred. Monomers likely pre-
monomers. Strong, simultaneous binding inside the calyx and dominated in solution since the concentration use® (2 mg/
hydrophobic surface patch was also observed by Narayan andmL) did not exceed the CMC (0.5 to 2 mg/mL25). It is
Berliner (16), and Wang et all1p). Furthermore, the current  presumed that the rheomorphic natureeEN allowed the
results support the findings of Wang et dl3] outlining vitamin hydrophobic portion to tightly interact with the vitamin’'s
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hydrophobic moiety in the most thermodynamically stable «M. These values suggest that each protein can strongly bind
conformation. However, it is believed that interactions were vitamin D;, where strong binding is defined &4 < 10 uM
stronger at the lower ionic strength where less protein interac- (33). The number of binding sites was also comparable, where
tions occurred. On the other hand, the results at pH 8.0 were0.51 to 2.04 and 1.16 to 2.05 mol of vitamin; ere bound
contrary to the results found at pH 6.6 since binding decreasedper mol of 3-LG A and 3-CN, respectively.

as a function of ionic strength. No explanation for the discrep-
ancy can be given.

If vitamin D3 were void of its protective fat matrix (e.g., fat-

free dairy products), it is believed that vitamin fund in the

On the basis of the far-UV CD results, it was evident that Whey or casein fraction would be stabilized BL.G A and
B-CN did not contain a high percentage of secondary structure 5-CN, since these proteins would protect vitamig flbm an

content since all samples containe®&0% random structures,
as has been noted by othe#d). Despite5-CN’s low amount

otherwise polar environment. If vitaminzBstability is main-
tained, it can be further assumed that vitamig \Bould be

of regular secondary structure, it was worthwhile to investigate available for absorption within the human body. However, these
if ligand binding could induce more ordered structure. The strong binding affinities may impact on its bioavailability, which

addition of vitamin 3 did induce some significanP(< 0.05)
secondary structural changes at pH 6.6 (i.e., increaskellix

can only be assessed with clinical trials.

and decreasef-sheet); however, no structural changes were ABBREVIATIONS

induced at pH 8.0F > 0.05). Caessens et a.1() found similar

K'q, apparent dissociation constant; apparent mole ratio;

results with adsorbef-CN, whereby lowering the pH increased  cp, circular dichroism; CMC, critical micellar concentration;
structure induction upon adsorption. They assumed the reductionyATA, N-acetylt-tryptophanamide.

of net charge created favorable conditions for a more ordered

structure. Presumably, the same theory could be applied to ligand, | TERATURE CITED

binding.
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