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Abstract—The tetrahydrochloride salt of astaxanthin di-L-lysinate (lys,AST) is a highly water-dispersible astaxanthin—amino acid
conjugate, with an aqueous dispersibility of >181.6mg/mL. The statistical mixture of stereoisomers has been well characterized
as an aqueous-phase superoxide anion scavenger, effective at micromolar (uM) concentrations. In the current study, the aqueous
aggregation behavior and in vitro plasma protein binding [with fatty-acid-free human serum albumin (HSA) and o;-acid glycopro-
tein (AGP)] were investigated with a suite of techniques, including circular dichroism (CD) and UV-vis spectroscopy, ultrafiltration,
competitive ligand displacement, and fluorescence quenching. Induced CD bands obtained in Ringer buffer solution of HSA dem-
onstrated high affinity monomeric binding of the compound at low ligand per protein (L/P) ratios (in aqueous solution alone the
carotenoid molecules formed card-pack aggregates). The binding constant (~10°M™!) and the binding stoichiometry (~0.2 per
albumin molecule) were calculated from CD titration data. CD displacement and ultrafiltration experiments performed with marker
ligands of HSA indicated that the ligand binding occurred at a site distinct from the main drug binding sites of HSA (i.e., Sites I and
IT). At intermediate L/P ratios, both monomeric and aggregated (‘chirally complexed’) binding occurred simultaneously at distinct
sites of the protein. At high L/P ratios, chiral complexation predominantly occurred on the asymmetric protein template. The tenta-
tive location of the chirally-complexed aggregation on the HSA template was identified as the large interdomain cleft of HSA, where
carotenoid derivatives have been found to bind previously. Only weak binding to AGP was observed. These results suggest that
parenteral use of this highly potent, water-dispersible astaxanthin—amino acid conjugate will result in plasma protein association,
and plasma protein binding at sites unlikely to displace fatty acids and drugs bound at well-characterized binding sites on the
albumin molecule.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The Cy4 carotenoids—of which B-carotene and lycopene
(‘carotenes’), as well as lutein, zeaxanthin, and astaxan-
thin (‘xanthophylls’) are prototypes—are potent biolog-
ical antioxidants that are practically insoluble in water.!
Of the greater than 700 described naturally-occurring
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carotenoids, the vast majority have limited or undetect-
able solubility in aqueous solution.? To increase the util-
ity of these compounds for evaluation in aqueous-phase
model systems and potential clinical applications, vari-
ous techniques have been utilized to increase the solubil-
ity and/or dispersibility in various vehicles.’~> Recently,
investigations of the synthesis and characterization
of water-soluble and water-dispersible Czq and Cyg
carotenoid derivatives have appeared.®'3 A critical first
step in the evaluation of the utility of these compounds
in aqueous applications is the assessment of radical
scavenging behavior in aqueous solution.” Due to their
large hydrophobic surfaces, carotenoid molecules read-
ily form self-assemblies in an aqueous environment. If
such assemblies are built up by chiral monomers,
they often exhibit strong excitonic-type CD activity,
which originates from the excited state coupling of the
neighboring  chirally-arranged polyene chains.!*!3
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Supramolecular helicity of these aggregates is governed
by noncovalent intermole- cular interactions that have
arisen between the chiral end groups of the monomers.
Achiral carotenoid compounds show no optical activity
either in molecular or aggregated states, however, defi-
nite supramolecular chirality can be detected if the mol-
ecules aggregate on an asymmetric template—for
example, a protein surface—where the chiral environ-
ment initiates and sets the handedness of the helical
stacking of carotenoid molecules.® Thus, after investiga-
tion of supramolecular assemblies of carotenoid deriva-
tives in aqueous formulations, a logical second step is an
assessment of the plasma protein binding of these com-
pounds in vitro, prior to parenteral administration in
relevant animal models. In certain cases, aqueous dis-
persibility achieved by supramolecular assembly may
be viewed as an artifact of aqueous formulation; an
immediate and preferential binding to human serum
albumin (HSA), the most abundant protein in mamma-
lian blood, makes parenteral applications relevant and
successful.’

In the current study, the binding of astaxanthin di-L-
lysinate tetrahydrochloride (the statistical mixture of
stereoisomers, lys, AST) to the two main human serum
proteins—albumin (HSA) and o;-acid glycoprotein
(AGP)—was studied by circular dichroism (CD), ultra-
violet-visible (UV-vis), and fluorescence spectroscopic
methods. Competitive displacement binding studies
were also undertaken with model ligands with known
and well-characterized binding sites on HSA. Strong
binding to HSA at a binding site discrete from the two
main drug binding sites (Sites I and II)'® was observed;
only weak binding to AGP was noted. Comparison with
similar data obtained for a novel anionic C49 bolaamphi-
philic derivative® suggests that an increased strength

of association was noted for the cationic derivative in
the current study, attributed at least in part to the nature
of the L-lysine moieties in the conjugated compound.

In addition, the aqueous aggregation behavior of
lys,AST was also investigated using chiroptical spectro-
scopy. The synthesis, characterization, and superoxide
scavenging (in an aqueous model system) of this novel
Cy4o carotenoid derivative had been described previ-
ously.!3 Preliminary evidence, utilizing UV—-vis spectro-
scopy, had been obtained in that study on the
probable H-type (‘card-pack’) time-dependent aggrega-
tion of the compound in aqueous formulation.

2. Ligand test material

Nonesterified astaxanthin (as the statistical mixture of
stereoisomers 3S,3'S, meso-3R,3’S, and 3R,3'R in a
1:2:1 ratio; Buckton Scott, India; Fig. 1a) was used as
starting material for the synthesis of astaxanthin di-L-
lysinate tetrahydrochloride (lys,AST) (Fig. 1b) by
Hawaii Biotech, Inc.; methods for synthesis and charac-
terization have been published previously.'> The test
compound also consists of a mixture of stereoisomers
lacking optical activity. The purity had been determined
by HPLC as 97.0% (as area under the curve, AUC).

3. Other chemicals

Fatty-acid-free HSA (Sigma), HSA-fraction V (Sigma),
AGP (Sigma), (rac)-warfarin (Fig. 2), rac-['*C]warfarin
(2.07GBg/mmol, Amersham Pharmacia Biotech), rac-
flurbiprofen (Sigma), palmitic acid (Sigma), sodium
(Na)-salicylate (Reanal, Hungary), buffer constituents

*411CI

Figure 1. Chemical formulae of (a) nonesterified astaxanthin (3,3’-dihydroxy-p,B-carotene-4,4’-dione) utilized as a synthetic scaffold for
retrometabolic (i.e., ‘soft-drug’) synthesis of (b) lys;AST utilized in the current study. The compound is supplied commercially as the ‘racemate’
(i.e., statistical mixture of stereoisomers 3S5,3’S, meso-3R,3’S, and 3R,3'R in a 1:2:1 ratio).
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Figure 2. Chemical formula of rac-warfarin used as a model ligand in
the current study. rac-Warfarin is a marker of drug binding to Site I of
HSA.

(o]

HNJ#OH

=N

Figure 3. Chemical formula of rac-oxazepam used as synthetic scaffold
for generation of hemisuccinate'” used as a model ligand in the current
study. (S)-Oxazepam hemisuccinate (diazepam analog) is a marker of
drug binding to Site IT of HSA.

cl

(Reanal, Hungary), and organic solvents (HPLC grade)
were obtained commercially and used as supplied. rac-
Oxazepam (Fig. 3) hemisuccinate synthesized as de-
scribed!” was used. Binding studies were performed in
physiologic (pH 7.4) Ringer buffer.

4. CD measurements

CD and UV-vis spectra were recorded on a Jasco J-715
spectropolarimeter at 37°C, in a rectangular cell with
10mm pathlength equipped with magnetic stirring. The
spectra were accumulated three times with a bandwidth
of 1.0nm. Induced CD spectra were obtained as the
difference of spectra of the lys;AST-protein mixture
and that of the protein solution alone. Ellipticities were
expressed in millidegrees (mdeg). Ligands (L) were added
in small aliquots of stock solutions in dimethyl sulfoxide
(DMSO) to protein solutions (P), and the L/P ratio was
recorded.

5. Ultrafiltration

Ultrafiltrations were performed in the Amicon MPS-1
system, using YMT30 membranes at 25°C. The
free fraction of ['*C]warfarin was measured by liquid
scintillation counting. The free fraction of (S)-oxazepam
hemisuccinate was determined by HPLC analysis on a
Chiral-AGP column [100 x4mm internal diameter
(i.d.), ChromTech AB, Sweden], using mobile phase of
0.01 M phosphate buffer with 3% acetonitrile.!”

6. Fluorescence quenching

Fluorescence measurements were obtained in a Shim-
adzu RF-1501 spectrofluorophotometer at 25°C. The
native tryptophan (Trp) fluorescence of HSA and
AGP solutions were measured using excitation and

emission wavelengths of 280 and 335nm, respectively.
Carotenoid was added in small aliquots of 3mM stock
solution in DMSO. The quenching effect of the DMSO
vehicle alone has been found to be negligible.®!3

7. CD spectrum of lys,AST in ethanol and in buffer
solution

Definite Cotton effects with signs and spectral positions
strongly resembling those of the sodium salt of 3S,3'S-
astaxanthin bis-hemisuccinate (Lockwood, unpublished
data) were obtained after solvation of the test sample
in EtOH (Fig. 4). Assuming that the asymmetric centers
of the L-lysine moieties have negligible influence on the
CD spectrum (which is determined essentially by the
absolute configuration of the 3 and 3’ carbon atoms in
the astaxanthin chromophore), the lys,AST mixture
contained an excess of the 3S,3’S stereoisomer in rela-
tion to 3R,3'R stereoisomer content (the meso form is
optically inactive). This observation was corroborated
by UV-vis and CD spectra obtained in Ringer buffer
(Fig. 5). The blue-shifted and hypochromic main
absorption band of the carotenoid indicated the forma-
tion of H-type (‘card-pack’) aggregate; the appearance
of two opposite, rather weak induced CD bands in the
principal absorption region proved left-handed chiral
organization. It is noteworthy that strictly racemic
carotenoid mixtures should not show CD activity in
either organic or aqueous solutions.’

8. Binding of lys,AST to human serum albumin

8.1. Investigation by CD and UV-vis spectroscopy

Titration of fatty-acid-free HSA with lys,AST gave rise
to binding-induced Cotton effects between 280 and
570nm (Fig. 6). Two Cotton bands in the near-UV re-
gion were of opposite sign, while a broad negative
extrinsic CD band developed in the visible spectral re-
gion. The Cotton effects increased with the increasing
concentration of ligand, and reached saturation around
0.36 ligand/protein ratio (L/P). The shape and wave-
length position of the absorption band showed no
sign(s) of aggregation in the early stages of titration,
however, a 10nm blue shift was observed upon further
addition of the ligand. At L/P > 0.4 a right-handed exci-
ton couplet developed in the visible spectral region coin-
ciding with the blue-shifted absorption band (Fig. 7).
Since this exciton couplet was far more intense and
oppositely-signed compared to the one which developed
without HSA (Fig. 5), it clearly indicated chiral aggrega-
tion of carotenoid ligand molecules on the asymmetric
protein host.

Induced Cotton effects characteristic of monomeric
carotenoid ligand binding to HSA were also detected
when the aggregate-induced exciton couplet appeared
(Fig. 7), indicating the co-existence of the HSA-bound
monomer with the aggregated form. Only the positive
band at 375nm lost intensity and shifted to lower
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Figure 4. CD and UV spectra of lys,AST (solid line, right axis, ¢ =44.4pM) and of 3S,3’S-astaxanthin disuccinate (dotted line, left axis,
¢ =77.3uM). lys,AST was tested as the statistical mixture of stereoisomers in a 1:2:1 ratio (see text). Optical pathlength: 1cm; solvent: EtOH;

temperature: 25°C.

wavelength due to interference with the neighboring
negative exciton band. The molar dichroic absorption
coefficients (Ae¢) of the near-UV CD bands (based on
the total concentration of the ligand at the lowest L/P
ratios) were very high, +60 and —70M 'cm™! at 374
and 305nm, respectively.

Since monomeric binding of lys;AST on HSA showed
saturation, the association constant and the binding stoi-
chiometry could be determined. Exploiting the linear
part of the binding isotherm, CD values measured at
374nm (L/P: 0.04, 0.07, 0.11, and 0.14) were plotted
against the concentration of the ligand, and the slope
of the resulting line was used to calculate monomer-
bound and unbound ratios for higher concentrations.
Scatchard plot was constructed (Fig. 8) from which
the values of the binding constant gK.d) and number of
binding sites (n): K, =2.3x 10°M~"; n=0.24 could be
derived. Nonlinear regression analysis, fitting the best
curve to experimental near-UV CD band intensities
plotted against L/P ratios (Fig. 9), yielded binding
parameters of 1.1x10°M~" and 0.20 for K, and n,
respectively. The low value obtained for the number of
binding sites suggested that the contribution of one dia-
stereomer only of the lys;,AST mixture dominated in the
induced CD spectra; thus, the association constant cal-
culated from the chiroptical data refers to this species
only.

9. Binding interaction studies on HSA

9.1. Effect of the lys,AST on the binding of marker
ligands to the two main drug binding sites of HSA
evaluated by ultrafiltration

The UV-vis and CD spectra described above indicated
that 1ys,AST could bind to HSA in monomeric as well
as in aggregated forms. Binding studies were performed
to determine whether the binding of rac-warfarin (mar-
ker of drug binding Site I)'° or (S)-oxazepam hemisucci-
nate (diazepam analog; drug binding Site IT marker)'” to
HSA were altered in the presence of lys,AST.

The binding of 10uM rac-['*Clwarfarin to 15uM HSA
was studied in 0.01 M phosphate buffer pH7.0 at 25°C.
Free fraction values were determined by liquid scintilla-
tion counting of ultrafiltrates, as well as of the starting
ligand solutions. The free fraction value of the control
was 0.22 + (0.01). In the presence of 20 and 40 uM lys,-
AST, no significant change in free fraction value could
be measured. Therefore, it was concluded that the bind-
ing of lys;AST to HSA was independent of drug binding
Site I, which is located in subdomain ITA of HSA.

Similarly, the binding of 50 uM rac-oxazepam hemisuc-
cinate to 45uM HSA was studied in Ringer buffer
pH7.4 at 25°C. Free fraction values were determined



F. Zsila et al. | Bioorg. Med. Chem. Lett. 14 (2004) 5357-5366

5361

10 -

5

()]

(0]

©

E o

a

3)
-5
7777

I,—\‘\
1.6 ! N
g i ‘\‘

o 1.2 / s

[$)

o

©

£

O

(72}

]

<

T T T
300 350 400

J
650

T
600

T T T
450 500 550

Wavelength (nm)

Figure 5. CD and UV-vis spectra of lys,AST obtained in Ringer buffer

(solid line) and EtOH (dotted line); the absorption maximum is blue-shifted

from 485.5nm in EtOH to 428.5nm in Ringer buffer. Carotenoid concentration is 15.3 pM in both solutions [optical pathlength: 1cm; temperature:

37°C; (in EtOH 25°C)].
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Figure 6. Titration of fatty-acid-free HSA with lys,AST: part I (L/P varies from 0 to 0.36). Blue shift of the absorption maxima is seen from 485 to

476nm as the L/P ratio increases. The CD bands in A units (M ™!

~1): +63 and —71 at 374 and 305nm, respectively (see text). Optical pathlength:

1 cm; temperature: 37°C; in Ringer buffer (pH 7.4); cuysa: 45 uM; ¢(lys,AST): from 1.6 to 16.1 uM.

by chiral-HPLC analysis of the ultrafiltrates, as well as
of the starting ligand solutions. Since the binding of
the (R)-enantiomer of oxazepam hemisuccinate is negli-
gible, only the free fraction value of (S)-oxazepam hemi-
succinate was determined (0.13 + 0.02) in the starting

ligand solution. In the presence of 20, 40, and 80uM
lys,AST, no significant change in free fraction value
could be detected, suggesting that drug binding Site II,
located in subdomain IIIA of HSA, is not involved in
the lys,AST-HSA interaction.
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Figure 7. Titration of fatty-acid-free HSA with lys,AST: part II (L/P varies from 0.39 to 0.89). Optical pathlength: 1 cm; temperature: 37°C; in
Ringer buffer (pH 7.4). Blue shift of the absorption maxima is seen from 471.5 to 451.5nm. Positive exciton CD band at 498nm (Ae: +27M'em™).
Crossover point at 462nm. Negative exciton CD band at 433nm (Ae: —41 M~ em ™). cysa: 45uM; ¢(lys,AST): from 17.7 to 39.8 uM.
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Figure 8. Scatchard plot for monomeric binding of lys;AST to HSA
based on CD titration results (Fig. 6). Key: r, the ratio of monomer-
bound ligand divided by the concentration of HSA; c¢np, concentra-
tion of nonbound ligand. Values for the binding constant
(K, =23%x10°M7") and number of binding sites (n=0.24) are
derived.

9.2. Effect of marker ligands on the binding of lys,AST to
HSA evaluated with CD spectroscopy

Several marker ligands were tested as to whether their
presence could alter the induced CD signals of mono-
meric binding of lys,AST at low L/P ratios. The binding
locations of the ligands utilized were well known, and
they do not exhibit induced CD bands in the near UV
region. The ligands investigated included rac-warfarin
(Site I), Na-salicylate (Sites I and II), rac-flurbiprofen
(Site 1I), and palmitic acid.

The induced CD of 10uM lys,AST binding to 45uM
HSA was recorded in the 280-650 nm range. The bipha-
sic signal belonging to the primary binding of lys,AST

25—

154
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CD (mdeg) at 374 nm

0.0 0.1 0.I2 O.I3 OAI4 0.15
[lys,ASTJ[HSA]

Figure 9. Nonlinear regression analysis (least squares fit) to experi-
mental near-UV CD band intensities (Fig. 6) as a function of L/P
ratios. Values for the binding constant (K, =1.1x10°M~") and
number of binding sites (n = 0.20) are derived.

to HSA was unchanged by the addition of rac-warfarin
and Na-salicylate in the investigated 3:1 and 10:1 L/P
ratios, respectively. However, addition of rac-flurbipro-
fen (up to a 4:1 L/P ratio) significantly increased both
the positive and negative extrinsic CD signals (Fig.
10). Enhancement of the CD amplitudes in the presence
of flurbiprofen could not be detected when non-fatty-
acid-free HSA was used.

Addition of palmitic acid induced a special effect on the
binding of lys;,AST to HSA, as shown in Figure 11.
When the ratio of palmitic acid to HSA was 3.85, the
induced CD spectra showed only a slight change
above 350nm. Upon further increase of fatty-acid
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Figure 10. Effect of rac-flurbiprofen on the induced CD spectrum of
6.5uM lys,AST in 45uM HSA solution in Ringer buffer, pH7.4 at
37°C. Flurbiprofen to HSA molar ratio was 0 (solid line) or 4 (dashed
line). A¢ values calculated on the basis of total carotenoid concentra-
tion are shown in parentheses.

concentration, a substantial change was detected. At
palmitic acid to HSA ratios of 4.81 and above, the
biphasic Cotton effects at 305 and 374nm were strongly
diminished, with simultancous development of the
familiar positive-negative exciton couplet at 430 and
492 nm suggesting that at higher concentrations of pal-
mitic acid, lys,AST binding changed from monomeric
to aggregated form. This result was supported by a blue

shift of the main absorption band. Addition of excess
flurbiprofen to the lys,AST-HSA solution prior to that
of palmitic acid resulted in the appearance of the aggre-
gated form at a lower palmitic acid to HSA ratio (3.85)
and even more intense excitonic Cotton effects were in-
duced: Ae = +86.8 (495nm) and —106.1 (430.5nm).

10. CD and UV-vis spectroscopic investigation of binding
of lys,AST to ay-acid glycoprotein

UV-vis and CD spectra of 5 and 10uM lys,AST ob-
tained in 58 uM AGP solution, together with the spec-
trum of 15uM lys,AST in plain buffer, are shown in
Figure 12. The CD and UV-vis curves obtained in
AGP solution were similar to those obtained in buffer
alone. Therefore, AGP was not effective in prevention
of the supramolecular association of lys,AST, and only
weak interaction was suggested.

11. Fluorescence quenching studies

The binding of certain drugs to HSA and AGP can be
monitored by following the quenching of the native trypto-
phan fluorescence of the protein after addition of lig-
and.'® We, therefore, studied the effect of lys;AST on
the native fluorescence of HSA and AGP by gradual in-
crease of the ligand concentration in 2 uM protein solu-
tions. Considerable quenching effect was detected in
each case (51% with HSA and 44% with AGP at
L/P=5), and the profile of the fluorescence quenching
curves was quite similar (data not shown). Since
the binding of 1ys,AST to AGP was postulated to be

20

0
280 300

Wavelength (nm)

Figure 11. Effect of palmitic acid on the induced CD and UV-vis spectra of 7uM lys,AST and 45uM HSA solution (Ringer buffer, pH7.4 at 37°C).
Palmitic acid to HSA ratios are 0 (a), 3.85 (b), 4.81 (c¢), and 5.78 (d). Molar CD intensities of curve (d): at 430nm Ae = —62.2; at 492nm A¢ = +48.7.
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Figure 12. CD and UV-vis spectra of lys;AST SpM (dotted line) and 10pM (dashed line) in 58 uM o, -acid glycoprotein solution, and spectra of

15uM lys,AST in plain buffer (solid line). (Ringer buffer, pH7.4 at 37°C).

significantly weaker than to HSA (see above), the ob-
served fluorescence quenching was attributed to the
absorbance of aggregated carotenoid molecules.

12. Discussion

Induced CD spectra obtained at L/P < 0.4 demonstrated
monomeric binding of 1lys,AST to HSA under represent-
ative physiologic conditions. The large Ae¢ values of the
positive and negative peaks in the near UV region
(Fig. 6) suggested that the binding site strongly preferred
a particular chiral conformation of the ligand, in which
both terminal ring double bonds are twisted around the
C(6)-C(7) and C(6')-C(7') bonds in the same direction
relative to the planar polyene chain. The optical activity
of such a molecule can be interpreted by invoking the
so-called ‘twisted diene’ rule, since there is a relationship
between the helicity defined by the end-ring double
bonds and the sign of the rotational strengths of the
electronic transitions of the polyene chromophore.
Accordingly, the negative—positive—negative pattern of
the visible and near UV CEs corresponded to the left-
handed chiral conformation of the HSA-bound ligand,
that is the terminal ring double bonds close a negative
torsion angle (the conjugated backbone can formally
be treated as a ‘single’ middle bond as in 1,3-butadiene).
The association (binding) constant calculated from the
CD titration data suggested high affinity binding, while
the stoichiometry of the binding suggested that only a
portion of the molecules present in the ligand mixture
were subject to Cotton effect-inducing protein binding.
While it is likely that only one of the stereoisomers

accounted for the observed extrinsic chiral signal, all
stereoisomers did in fact bind to HSA—as demonstrated
by the lack of any sign of aggregation in the absorption
curves.

To obtain more insight into the lys,AST-HSA interac-
tion, we compared the binding-induced CD spectra of
lys,AST with those previously reported® for the diso-
dium disuccinate derivative of meso-astaxanthin
(dAST):

(a) Monomeric binding of dAST to HSA (L/P<0.2)
produced opposite, less intense CEs at considerably
longer wavelengths in the near UV region [Agnax
(339nm) = +23, Aepy, (407nm) = —25].

(b) Magnitudes of the anisotropy factor (g = A ¢&/¢), the
concentration-independent measure of molecular chiral-
ity, showed notable differences in the two cases:
+3.6x 1072 (373nm) and —4.4x10"* (306nm) for
lys;AST, and —6.0x10™* (402nm) and +6.4x10~*
(341 nm) for dAST, respectively.

(c) While the absorption maximum of dAST showed a
bathochromic shift (481 nm =- 496nm) in the presence
of albumin, a similar shift was not observed with the
lys,AST.

(d) A¢ values of the dAST-HSA complex remained con-
stant within the monomeric binding range (no sign of
saturation observed), but Ae values of the lys,AST
steadily decreased with increasing ligand concentration
(up to L/P =0.6), indicating saturation of the binding
site.

(e) Contrary to the previous observations with dAST, in
addition to the chiral aggregation of the carotenoid
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molecules on the asymmetric protein host in the range of
higher L/P ratios, monomeric binding-induced Cotton
effects of 1lysoAST could still be detected at these higher
ratios.

These differences emphasized the greater affinity and
chiral discriminating power of HSA toward the lysinate
derivative. The different wavelength positions of the
extrinsic CD and UV-vis peaks of dAST and lys,AST
suggested distinct local microenvironments for the two
molecules in the presence of HSA. Since the highly
polarizable protein microenvironment is responsible
for the bathochromic shift of HSA-bound carotenoid
molecules,®?? it can be concluded that bound lys,AST
was more accessible to water molecules, while bound
dAST was more completely surrounded by the albumin
residues. Points (d) and (e) above suggested that while
dAST interacted with the same region of HSA both as
a monomer and in aggregated form, different locations
existed for lys,AST monomer binding and HSA-induced
chiral aggregation.

These results are most likely related to the different
physicochemical properties of the two ligands:

e lys;AST and dAST are oppositely charged (cationic
and anionic, respectively) at physiologic pH;

e the L-lysine moiety has an asymmetric center that
may contribute to the molecular recognition process
at the protein binding site;

o lys;AST may establish stronger noncovalent interac-
tions with the binding environment due to simultane-
ous hydrogen donor and acceptor abilities of the
lysine moieties.

The displacement experiments performed with site mar-
ker ligands of HSA demonstrated that lys,AST bound
to neither of the main albumin drug binding sites. More-
over, the monomeric binding site of lys,AST was allo-
sterically influenced by flurbiprofen and palmitic acid
in different directions. Flurbiprofen increased the mono-
meric binding of the ligand, while an excess of fatty acid
diminished monomeric binding with a simultaneous in-
crease of aggregate binding. The positive cooperative
interaction was presumably caused by the secondary
binding of flurbiprofen to HSA, the high-affinity pri-
mary binding of which occurs at drug-binding Site 11
on HSA.?! The flurbiprofen-mediated binding enhance-
ment of lys,AST was not observed with non-fatty-acid-
free albumin, suggesting that the secondary binding
location of flurbiprofen was identical to a palmitic acid
binding site. The complex effect of palmitic acid may be
explained by the dramatic conformational change of
HSA upon fatty acid binding, as demonstrated in X-
ray studies;?? widening of the central crevice (inter-
domain cleft) of HSA was favorable for accommodating
the chiral lys,AST aggregate. The exact location of the
monomeric binding site for lys,AST, indeterminate from
the current set of experiments, might be amenable to X-
ray crystallographic experiments.

The cationic carotenoid derivative astaxanthin dilysi-
nate tetrahydrochloride formed H-type (card-pack)

aggregates in aqueous solution, and bound to HSA with
high affinity. It did not form precipitates in the presence
of albumin in vitro. At low ligand per protein ratios,
monomeric binding occurred, which did not interfere
with established main drug binding sites (Sites I and
IT) on HSA. At higher L/P ratios, the carotenoid mole-
cules formed aggregates on the asymmetric protein host,
most likely in the large central crevice of HSA.

The presence of an excess of fatty acids allosterically
favored aggregate binding. The chiral binding stoichio-
metry, as determined by CD spectroscopy, was
approximately 0.20-0.24 per HSA molecule suggesting
that only one of the stereoisomers of the lys,AST was
subject to protein-induced chiral signals. Only weak
binding of the test ligand to AGP was observed in the
current study.
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