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Abstract

Interaction between the Vitamin A derivative all-frans retinoic acid and the lipocalin member bovine B-lactoglobulin (BLG) was
studied by circular dichroism (CD) and electronic absorption spectroscopy at different pH values. In neutral and alkaline solutions achiral
retinoic acid forms a non-covalent complex with the protein as indicated by the appearance of a negative Cotton effect around 347 nm
associated to the narrowed and red shifted n—n* absorption band of the ligand. The induced optical activity is attributed to the helical
distortion of the conjugated chain caused by the chiral protein binding environment. As the disappearing CD activity showed in the course
of CD—pH titration experiment, retinoic acid molecules dissociate from BLG upon acidification but this release is completely reversible as
proved by the reconstitution of the CD and absorption spectra after setting the pH back to neutral. This unique behavior of the complex is
explained by the conformational change of BLG (Tanford transition) which involves a movement of the EF loop at the entrance of the
central cavity from open to closed conformation in the course of pH lowering. From these results it was inferred that retinoic acid binds

within the hydrophobic calyx of the B-barrel.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

All-trans retinoic acid (Fig. 1), a member of the retinoid
family, plays an important role in morphogenesis [1,2]
differentiation [3] and homeostasis during embryonal and
postnatal life [4,5]. This Vitamin A derivative affects
retinoid receptors and retinoid target genes in both normal
and malignant tissues [6,7] and causes differentiation and
apoptosis of immature malignant cells e.g. leukemic pro-
myelocytes. The influence of all-trans retinoic acid and its
9-cis and 13-cis isomers on cell maturation has resulted in
its use in a number of clinical disorders including certain
human leukemias [8,9] several skin cancers, psoriasis [10]
and acne [11]. Therefore, it has a great potential as a
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pharmaceutical agent. Owing to their polyenic structure,
the hydrophobic retinoids are hardly soluble and chemi-
cally unstable in water which makes their manipulation
difficult. In the biological fluids, however, specific proteins
can be found which are able to bind and carry these
hydrophobic compounds [12]. Constituting more than 40
proteins, the so-called lipocalins bind and transport a
variety of physiologically important endogenous and exo-
genous ligands such as retinol, pheromones, prostaglan-
dins, carotenoids etc. [13]. Lipocalin crystal structures are
highly conserved and comprise a single eight-stranded
continuously hydrogen-bonded anti-parallel p-barrel,
which encloses an internal ligand-binding site [14]. The
lipocalin member B-lactoglobulin (BLG) found in large
quantities in the milk of several mammals is a globular
protein with a molecular weight of 18,362 for genetic
variant A and 18,276 for B, corresponding to 162 amino
acids [15]. The two genetic variants differ in two amino
acid residues; Asp 64 and Val 118 in variant A are replaced
by Gly and Ala in variant B, respectively. Its structure is
represented by a B-barrel, with an added o-helix lying on
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Fig. 1. Chemical structure of all-trans retinoic acid.

the surface. BLG from ruminant species is dimeric around
neutral pH but between pH 2 and 3 it tends to dissociate
into monomers due to electrostatic repulsion between the
subunits [16]. Despite of intensive research, biological
function of this protein has not yet been satisfactorily
resolved. A remarkable property of BLG is its ability to
bind in vitro several hydrophobic molecules such as reti-
noids, fatty acids, Vitamin D, cholesterol etc. Several
studies suggest that there are at least two binding sites
for hydrophobic molecules in the BLG monomer; one in
the internal cavity and the other on the outer surface
located between the B-barrel and the o-helix. In the case
of long-chain fatty acids recent X-ray crystallographic
studies proved these molecules to accommodate within
the central cavity [17,18]. However, the exact binding
location and nature of retinoids is a matter of debate.
Monaco et al. deduced from X-ray diffraction analyses
of the retinol-BLG complex that retinol is bound by the
superficial binding pocket of the protein [19]. Chen et al.,
using proteolysis techniques, found that the central core of
the B-barrel, with the o-helix removed, still bound to
immobilized retinal in a manner similar to the intact
protein [20]. Furthermore, site-directed mutagenesis in
the putative interior and surface pockets proposed that
retinol binds in the conserved interior cavity rather than
the surface pocket [21]. Contrary to this, it was concluded
from results of fluorescence energy transfer measurements
that retinol and retinoic acid bind to the surface pocket
rather than the interior cavity [22].

BLG is an attractive candidate for protein engineering
and modification of its structure via chemical or enzymatic
way opens possibilities to alter its binding properties
[23,24]. Complexation of retinoids with BLG alleviating
the solubility problems can increase the bioavailability of
retinoids and might be a potential method to enhance their
therapeutic effects. Therefore, in an attempt to better
understand retinoid binding properties of BLG we have
used the circular dichroism (CD) spectroscopy as an assay
to investigate retinoic acid binding properties of BLG.
Although CD spectroscopy is a very informative method
for probing and determining ligand—biopolymer interac-
tions its possibilities are largely unexploited in the field of
ligand binding of lipocalins [25]. To date, only the work of
Fugate and Song has been published applying CD, UV and
fluorescence measurements to characterize the retinol—
BLG complex [26]. Their findings were as follows:

BLG dimer binds two retinol molecules with a binding
constant (K,;) of 2 x 1078 M calculated from fluorescence
titration data. The complex exhibited a negative, induced
CD band associated to the red shifted vibrationally
resolved absorption band of retinol. The induced optical
activity was attributed to an excitonic coupling between the
retinol and a tryptophan residue at or near the binding site.
Retinol binding of BLG did not show pH dependence as
inferred from fluorescence spectroscopy measurement.

Since retinoic acid is an optically inactive molecule, the
induced CD band found in our experiments clearly indi-
cated that this ligand binds to the asymmetric protein
environment in neutral and alkaline solutions as well.
Due to the accommodation of retionic acid to its binding
site its conjugated chain becomes helically twisted which
is responsible for the observed CD activity. Furthermore,
we demonstrated and discussed the pH-dependent binding
of retinoic acid to BLG which is evidence for binding in the
central cavity.

2. Materials and methods

Cow milk B-lactoglobulin (mixture of A and B variants,
approximately 90% purity grade) was obtained from
Sigma and used as supplied (catalog no. L-3908, lot no.
119H7008).

All-trans retinoic acid was purchased from Aldrich and
was used without further purification. All other chemicals
used were of analytical grade. Buffer solution used to
prepare B-lactoglobulin solutions was: 0.01 M phosphate
buffer at pH 7.0.

2.1. Preparation of BLG solution

For spectroscopic sample preparation, BLG was dis-
solved in a buffer solution. Its concentration was deter-
mined by absorbance at 278 nm with an ¢ of
17,600 M~ em ™' [23].

2.2. Preparation of ligand solution

Retinoic acid stock solution was freshly prepared using
absolute ethanol which had been purged with nitrogen gas.
The concentration of retinoic acid was determined spectro-
photometrically by its molar extinction coefficient (¢) at
350 nm (45,000 M~' cm™") [23].

2.3. Titration of BLG with retionic acid

The following procedure was used for titration of BLG
with all-trans retinoic acid at pH 7.0: 2 mL of 4.5 x 1073
or 2.35 x 107> M protein solution was placed in a rectan-
gular cuvette with 1 cm optical path-length and small
amounts of the ligand stock solution were added with
an automatic pipette in 8 puL aliquots to achieve the values
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of ligand/protein molar ratios from 0.065 to 0.91 and 0.5 to
1.36, respectively. Ethanol added with the ligand never
exceeded 6% (v/v).

2.4. CD-pH titration of the retinoic acid—BLG complex

An amount of 0.5 mL ethanolic ligand solution
(c=115x103M) was added to 14mL of a
4.78 x 107> M BLG solution prepared in double distilled
water. After measuring its pH (6.97) 2 mL was placed in a
rectangular cuvette with 1 cm optical path-length and the
CD and absorption spectra were registered. Then volumes
(uL) from 0.1 M HCI solution were pipetted consecutively
to achieve pH 6.66, 6.40, 6.18, 5.80, 5.18, 4.47 and 3.22,
respectively, and the spectra were measured at each pH
values. Finally, the opalescent solution (pH 3.22) was
reneutralized by 1 M NaOH (pH 7.03, clear solution).

For pH measurements a digital pH meter (Radelkis,
Budapest) with a combined glass electrode was used.

2.5. Circular dichroism and UV-VIS absorption
measurements

CD and UV-VIS spectra were recorded between 250
and 450 nm on a Jasco J-715 spectropolarimeter at
25 + 0.2° in a rectangular cuvette with 1 cm path-length.
Temperature control was provided by a Peltier thermostat
equipped with magnetic stirring. All spectra were accu-
mulated three times with a bandwidth of 1.0 nm and a
resolution of 0.2nm at a scan speed of 50 nm min .
Induced CD is defined as the CD of retinoic acid-BLG
mixture minus the CD of BLG alone at the same wave-

lengths and is expressed as ellipticity in millidegrees.

2.6. Molecular modeling and semiempirical quantum
mechanical calculations

Initial optimization of retinoic acid was carried out by
the Gaussian 98W program using AMI1 semiempirical
quantum chemical method. Docking of the resulted struc-
ture to the inner cavity of B-lactoglobulin was performed
by the FlexiDock package of Sybyl 6.6 molecular model-
ing program (Tripos Inc., St. Louis, MO) on a Silicon
Graphics Octane workstation under Irix 6.5 operation
system. The three-dimensional coordinates of B-lactoglo-
bulin complexed with palmitic acid were obtained from the
Protein Data Bank (entry PDB code 1B0O). Then the
resulting complex was energy minimized with Gaussian
98W program by QM/MM method within which AM1
method was applied to the ligand atoms and UFF mole-
cular mechanics force field to the protein using tight
convergence criteria.

To obtain the rotatory strength of the chiral conformer of
retinoic acid in the complex, INDO/S quantum mechanical
calculation was taken employing the BDZDO/MCDSPD
program package [27].

3. Results

3.1. Electronic absorption spectrum of
all-trans retinoic acid

The room temperature electronic absorption spectrum of
all-trans retinoic acid taken in ethanol is shown in Fig. 2.
Between 210 and 450 nm only a single, intense, smooth
absorption band can be seen centered at 345.6 nm with a
weak tailing on the higher energy side. It is assigned to a T—
n* type, electronic dipole allowed but magnetically for-
bidden excitation having a transition moment oriented
along the long axis of the conjugated chain. The bandwidth
at half-maximum of the absorption band is 5817 cm™"
(FWHM value). It should be noted that the complete lack
of vibronic structure and band broadening in the absorption
spectra of retinal and retinoic acid derivatives even at low
temperatures are attributed to the presence of the cyclo-
hexene ring. Open chain polyenals and carotenoids having
carboxylic end groups show distinct vibrational fine struc-
ture in their principal absorption bands [28,29]. Non-
bonding interactions arising from steric crowd of methyl
groups on the B-ionone ring and the C;, Cg hydrogens of
the polyene chain cause twisting around the C¢—C; bond,
which produces a large number of conformers that have
slightly shifted vibronic excitations respective to each
other; so their superposition leads to a broad, vibrationally
unresolved band in the absorption spectrum [30-32]. Con-
sequently, any impact which, more or less, restricts this
conformational variability would decrease the absorption
bandwidth. Because retinoic acid lacks molecular chirality
its CD spectrum gives a zero line (not shown).

3.2. Circular dichroism spectrum of BLG in buffer
solution

The near-UV CD spectrum of BLG (Fig. 3) shows a
negative band with prominent fine structure due to the
presence of chirally perturbed aromatic residues [33].
Since the absorption of tryptophans (Trp 19 and 61) occurs
at longer wavelength and is dominant relative to that of
tyrosines (Tyr 20, 42, 99 and 102) and phenylalanines (Phe
82,105, 136 and 151) the negative peaks observed at 293.2
and 286.2 nm can be accounted for the asymmetrically
perturbed indole chromophores while the CD contribution
below 280 nm is mainly due to the chiral environment of
phenylalanine and tyrosine residues [34,35].

3.3. Circular dichroism and electronic absorption
spectra of retinoic acid—-BLG complex at neutral pH

All-trans retinoic acid was added progressively to the
4.5 x 107> M BLG solution (pH 7.0) to achieve ligand/
protein ratios from 0.065 to 0.91. Upon ligand addition a
negative CD band appears centered about 347 nm and its
intensity increases with the ligand concentration up to
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Fig. 2. Ultraviolet-visible absorption spectrum of all-trans retinoic acid in ethanol at room temperature (/ = 1 cm; ¢ = 1.7 x 107> M).
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Fig. 3. Circular dichroism and absorption spectra of BLG between 250 and 350 nm in 0.01 M phosphate buffer at pH 7.0 (/ = 1 cm; ¢ = 4.5 x 107> M;
t=25°).
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Fig. 4. Induced circular dichroism and UV-VIS spectra of retinoic acid bound to BLG. The concentration of BLG was 4.5 x 107> M; the ligand was added as
aliquots of ethanolic stock solution (I = 1 cm; ¢ = 25°). For clarity, only selected curves are shown. Italicized numbers denote the increasing ligand/protein ratio.

—14.5 millidegree (Fig. 4). The shape of this induced
Cotton effect (CE) is similar to the corresponding absorp-
tion band but the wavelength positions of their maxima do
not match each other since the CD band is always blue
shifted by ~3 nm relative to the absorption maxima. In
order to gain further information from the CD spectral data,
the optical rotatory strength (R) of the induced CD band
was calculated at 0.52 ligand/protein ratio using the equa-
tion: R = 2.296 x 107 [7! (Ae(0) /o) do where A is the
molar dichroic absorption coefficient (M~ cm™") and o is
the wave number. The integration was performed between
34199.7 and 23474.2 cm™' (292.4 and 426 nm) and the
rotatory strength was found to be —5.43 x 1073 cgs unit
or —0.586 Debye—Bohr magneton.

It is worth mentioning that the absolute value of this
rotatory strength is similar to those that were obtained from
CD spectra of retinol bound to BLG (—0.347 Debye—Bohr
magneton, [36]) and of all-frans retinoic acid bound to
human retinol binding protein (+0.77 Debye—Bohr mag-
neton, [37]). Furthermore, the magnitude of the rotatory
strength and the molar dichroic absorption coefficient
(Ae = —12M 'em™' at 347 nm) of the retinoic acid—
BLG complex suggest that the induced optical activity
results not only from mixing of electronic and magnetic
transitions of the amino acid residues and the polyene

chromophore; other significant contribution to the induced
chirality comes from the chiral conformation of the ligand
caused by steric interactions with the binding site.

The UV band of retinoic acid is red shifted by ~6 nm
(345.6 nm — 351-352 nm, Av = 500 cm_l) in the pre-
sence of BLG relative to the spectrum taken in ethanol.
This shift is accompanied by the alteration of the absorp-
tion bandwidth (Fig. 5). At first, the FWHM values (full-
width at half-maximum) gradually decrease showing a
minimum (5300 cm™") between 0.55 and 0.60 ligand/
protein ratios (Fig. 5) and then, upon further ligand addi-
tion, begin to increase but remain significantly smaller in
the course of the whole titration than the corresponding
bandwidth value obtained in the ethanolic solution
(5817 cmfl). Therefore, it can be concluded that the
BLG-bound percent of retinoic acid is largest between
0.55 and 0.60 ligand/protein ratios.

3.4. The pH dependent response of circular dichroism
and electronic absorption spectra of retinoic acid—BLG
complex

In distilled water (pH 6.97) the retinoic acid-BLG
complex shows very similar CD and absorption spectral
behavior to that found in the pH 7.0 buffer. Adding 0.1 M
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Fig. 5. The absorption bandwidth values (FWHM = full-width at half-
maximum) plotted in the function of retinoic acid—-BLG molar ratios.

HCI to this solution (pH is shifted to ~2) significant, time-
dependent spectral changes occur; the negative CD band
begins to lose intensity parallel with the flattening and red
shift of the absorption band. After 10 min, the CD band

completely disappears and the solution becomes strongly
opalescent. These alterations clearly indicate the dissocia-
tion of the complex and the aggregation of free retionic
acid molecules [38]. Reversing the order of the ligand
addition—acidification we obtain the same spectroscopic
results. The solution will promptly be opalescent and no
induced CD band can be seen; instead a noisy, featureless
curve can be measured showing no change with time
(Fig. 6). However, setting the pH to ~9 by adding small
volume of 1 M NaOH the turbid solution becomes instantly
clear and the negative CD band appears again together with
the blue shift and bandwidth narrowing of the absorption
curve (Fig. 6) suggesting the reconstitution of the retinoic
acid—-BLG complex. In order to gain better insight into the
pH dependence of the CD and absorption spectra, a pH
titration experiment was performed. In Fig. 7 CD and
absorption curves of retinoic acid-BLG solution obtained
between pH 6.97 and 3.22 (ligand/protein ratio is 0.87) are
shown. Magnitude of the negative CD band is significantly
decreases already at pH 6.66 and practically disappears
below pH 6 while the solution became opalescent. Below
pH 6.18 only a weak, negative band is present around
407 nm in the CD spectra which corresponds to the red
shifted (384 nm) and broadened absorption band. At the
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Fig. 6. CD and absorption spectra of retinoic acid-BLG mixture. Dotted line: acidified BLG solution (pH =~ 2) after addition of 100 pL retinoic acid
(cBLG = 5.0 X 107° M; Cligang = 3.35 X 107> M). Solid line: spectra of the former solution at pH ~9.
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Fig. 7. pH dependence of the retinoic acid-BLG complex formed in distilled water. CD and absorption spectra were obtained through a titration procedure
adding volumes (uL) of 0.1 M HCI to the 1cm cuvette which contained 2 mL ligand + BLG solution (L/P ratio 0.87; cpg = 4.6 x 107> M;
Cligand = 4.0 X 1075 M). The actual pH values are indicated. Dotted line represents the spectra of the reconstituted complex (pH 7.03) obtained by

neutralization of the pH 3.22 solution by 1 M NaOH.

end of the titration procedure (pH 3.22) the pH was
changed to 7.03 by the addition of 1 M NaOH. Upon doing
this, the induced CD spectrum reappeared (Fig. 7) and it
was identical to that measured at the beginning of the
titration.

3.5. Molecular modeling studies on retinoic acid—-BLG
complex

As a starting point, the crystal structure of BLG com-
plexed with palmitic acid [18] was used to model the
retinoic acid binding in the central cavity. The resulting
molecular model obtained by docking the ligand molecule
into the hydrophobic cavity of the protein is shown in
Fig. 8. The N-terminal end of the BLG is folded around the
back of the barrel, locking that side of the pocket. In
contrast, the front of the B-barrel, containing a flexible
loop region, is open to provide a portal for the ligand. The

B-ionone ring is buried in the hydrophobic pocket and the
polyene chain is completely surrounded by the B-barrel
(Fig. 8). Trp 19 faced to the base of the hydrophobic pocket
is in the vicinity of the B-ionone ring but it is more distant
from the isoprenoid tail; there is ~12.5 A between the C,
atom of retinoic acid and the center of the indole ring.
Practically the same distance was measured between C,5
and Trp 61 located at the outer rim of the central cavity.
There are a number of hydrophobic residues in the immedi-
ate vicinity of the ligand, mainly leucines and isoleucines.
Among aromatic residues, Phe 82 and especially Phe 105
are in the closest contact to the cyclohexene ring. The ©
cloud of Phe 105 is oriented toward the axial hydrogens of
C;3—C,4 and the C;4 methyl group which is a favourable
situation for CH/m interactions [39,40] and might contri-
bute to the stabilization of the ligand in the hydrophobic
cavity. The B-ionone ring is twisted around the Cg—C5
bond, the Cs—Cg—C7—Cg torsion angle is —62°. The slightly
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Fig. 8. Molecular model of the retinoic acid-BLG complex obtained by docking the ligand molecule into the central cavity of the B-barrel. Retinoic acid
molecule is shown as ball-and-stick model (C, blue; O, red; H, white). Dotted ribbon shows the position of the EF loop at pH 6.2. Locations of aromatic

amino acid residues of the protein are also indicated.

bent isoprene chromophore is streched along the barrel and
it is helically distorted along its long axis. Semiempirical
quantum mechanical calculation was performed on this
chiral conformer which resulted in —1.47 Debye—Bohr
magneton for the rotatory strength associated with the
longest wavelength -1 excitation.

4. Discussion

All spectroscopic changes in CD and absorption spectra
of retionic acid observed in the presence of BLG indicate
that the Vitamin A derivative binds to a specific site of the
protein. The red shift of the principal absorption band is
due to protein binding; decrease of the excitation energy
may be accounted for the hydrophobic, highly polarizable
protein surrounding which favors the induced dipole-
induced dipole interactions [41]. Furthermore, the band-
width narrowing is also the consequence of complex
formation since the binding environment sterically restricts
the number of conformations produced by the twist around
the Cs—C5 bond. It should be noted that no vibrational fine
structure is present in the absorption spectrum of the
complex suggesting that the B-ionone ring preserve some,
although decreased, conformational freedom in the binding
site as well.

The induced CD spectrum of the complex proves that
retinoic acid is bound to the asymmetric binding site of
BLG which enforces a helical distortion along the long axis
of the polyene chain resulting in an inherently chiral,
optically active chromophore [42]. Due to the twist, the
excited electron oscillates along a helical path causing a net
magnetic transition moment associated with the m—m*
electronic excitation. Since the condition of the CD activity
(parallel or anti-parallel electronic and magnetic transition
moments) is satisfied, an induced Cotton effect appears at
the longest wavelength absorption band. The sign of the
CE is determined by the sense of the helical distortion.
Semiempirical quantum mechanical calculation has been
performed on the non-planar conformer of retinoic acid
obtained after the protein docking procedure; this resulted
in negative rotational strength (—1.47 Debye—Bohr mag-
neton) in accordance with the negative value calculated
from the CD spectrum.

It should be noted that the non-degenerate chiral exciton
coupling [43] among the m—7™ transitions of the bound
ligand and one or more adjacent aromatic amino acid
residues is another mechanism which could explain the
induced CD band as has been done by Fugate and Song in
the case of retinol-BLG complex [26]. It is important,
however, that the energies and intensities of the interacting
electronic transitions should be close to each other; large
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differences result in no or very weak coupling. In this
respect the tryptophan residues (Trp 19 and 61) are the
most likely candidates but the molecular model of the
complex (Fig. 8) revealed that there are considerably large
intermolecular distances between the polyene chain and
these residues. Since the magnitude of exciton coupling is
inversely proportional to the square of the interchromo-
phoric distance it seems that excitonic interaction does not
influence the CD spectral properties of the complex. This
conclusion is supported by the fact that the induced CD
spectra of cis-parinaric acid obtained in the presence of
BLG lacks any sign of the excitonic interaction, either [42].

The reversible pH dependent changes of the CD and
absorption spectra give valuable information on the loca-
tion of the primary binding site of retinoic acid. These data
suggest that at low pH, the binding site might become
inaccessible for retionic acid due to changes in the tertiary
structure of BLG. At the same time, high similarity of the
near-UV CD spectra of BLG measured at pH 7.0 and pH 2
(data not shown) suggests that the aromatic amino acid
residues are not involved in this structural change. As
inferred from a variety of chemical and physical evidence,
both bovine BLG variants A and B undergo pH-dependent
conformational changes in the range of pH 6.5-7.5, the so
called N < R or Tanford transition. The EF loop (Asp 85—
Ala 86-Leu 87-Asn 88-Glu 89—Asn 90) forming a lid to
the interior of the calyx is mainly involved in this con-
formational change (Fig. 8); at pH 7 and above this loop is
folded back to reveal the interior of the calyx while at pH
6.2 and below it occludes the entrance of central cavity as
demonstrated by X-ray diffraction methods [44,45]. This
“gating” function is very important for ligands having
binding site in the inner cavity. At low pH, when the EF
loop is in closed conformation the added retinoic acid
molecules are unable to bind into the cavity rather they
form aggregates in the buffer solution. If the ligand is
already bound in the hydrophobic cavity, the EF loop
movement triggered by acidification also leads to the
destabilization and dissociation of the complex, presum-
ably due to unfavorable steric interactions arised between
the loop residues and the polar end of retinoic acid (see
Fig. 8). Thus, it can be concluded that retinoic acid binds
within the hydrophobic central cavity of BLG. This con-
clusion is further supported by the fact that the same
phenomenon was observed by NMR spectroscopy in the
case of palmitic acid-BLG complex; around neutral pH
palmitic acid binds within the central cavity of BLG but
below pH 6 it begins to dissociate reversibly due to the
Tanford transition of the protein [46]. Absence of indica-
tion for ligand-ligand interaction in the CD and absorption
spectra refers to that of retinoic acid bound as a monomer
in the B-barrel.

Our conclusions on the helically twisted conformation
and binding location of retinoic acid are fully supported by
a recent study on the X-ray structure of retionic acid-BLG
complex [47].

5. Conclusion

The main findings of this work are, as follows:

(i) At neutral and alkaline pH all-trans retinoic acid
forms a non-covalent complex with the lipocalin
member bovine B-lactoglobulin.

(i) Upon complex formation the absorption band of
retinoic acid is bathochromically shifted and its
bandwidth is narrowed due to the highly polarizable
protein environment which restricts the [-ionone
ring—polyene chain conformational mobility.

(iii) Corresponding to the red shifted absorption band, a
negative Cotton effect appears in the CD spectrum
induced by the asymmetric protein binding site
which enforces a helical distortion on the polyene
chain turning it into inherently chiral.

(iv) Below pH 7 retinoic acid starts to dissociate from its
protein binding site as indicated by the vanishing CD
band and the free ligand molecules aggregate in the
aqueous environment. The ligand release is comple-
tely reversible upon re-neutralization of the solution
proved by the reappearing of the induced CD band.

(v) Inability of BLG to bind retinoic acid at low pH and
the reversible dissociation of the retinoic acid-BLG
complex upon acidification were interpreted by the
pH-dependent movement of the EF loop, opening
and closing the entrance of hydrophobic central
cavity of BLG.

Our results indicate that all-trans retinoic acid binds to
the hydrophobic internal cavity of BLG. The ligand mole-
cule bind to the BLG as a monomer in a chiral conforma-
tion. This work demonstrates that the circular dichroism
spectroscopy is a valuable tool for the sensitive detection of
retinoid-BLG interaction and offers further possibilities
for studying ligand binding properties of BLG and related
lipocalin molecules having great biological significance.
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