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Abstract—Binding to human serum albumin (HSA) of the natural, achiral carotenoid crocetin, having hypocholesterolemic and
antitumour effects, was investigated in detail by circular dichroism (CD) and absorption spectroscopy. It has been shown that in
the visible absorption region the crocetin–HSA complex exhibits a well-defined induced circular dichroic spectrum with two major
bands of opposite sign, proving excitonic interaction between carotenoids bound in a left-handed chiral arrangement on the
albumin molecule. In the course of CD titration experiments, palmitic acid gradually decreased the exciton band intensities
indicating that crocetin and palmitic acid have common binding sites on HSA. To investigate potential sources of the
intermolecular excitonic interaction, molecular modeling studies were performed fitting crocetin molecules to the long-chain fatty
acid binding sites of HSA, determined recently by X-ray crystallographic measurements. The results suggest that binding of
crocetin to domain III of the albumin might be responsible for the observed intermolecular exciton coupling. Crocetin binding was
accompanied by a significant red shift in the visible absorption spectrum which has showed no excitonic contribution but rather
indicates the higher polarizability of the protein environment. © 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Crocus sativus L., commonly known as saffron, is used
in folk medicine for various purposes.1 Modern phar-
macological studies have demonstrated that saffron
extracts have anti-tumor and hypolipidaemic effects.2

Among the constituents of saffron extract, crocetin
(8,8�-diapocarotene-8,8�-dioic acid),3 is mainly responsi-
ble for these pharmacological activities (Fig. 1). Cro-
cetin was shown to be effective against malignant cells
in vitro4,5 and in vivo6 exhibiting dose-dependent
inhibitory and cytotoxic effects. Also, crocetin has been
suggested to enhance the diffusion of O2 through
plasma increasing oxygen available to the capillary
endothelial cells.7–9 In addition, several studies have
indicated that experimental animal atherosclerosis can
be reduced by crocetin treatment10–12 and that these
effects can be related with crocetin binding to plasma
proteins.13

Human serum albumin (HSA), the most abundant
serum protein, is a single-chain 66 kDa protein, which

is largely helical and contains 585 amino acids with
known sequences.14,15 The three-dimensional structure
of HSA was determined through X-ray crystallographic
measurements.16,17 It consists of three structurally
homologous domains (I–III) organized into a heart
shape. Albumin binds a variety of substrates, including
numerous endo- and exogenous hydrophobic molecular
species e.g. fatty acids, hormones and several therapeu-
tic drugs.14,15,18 The distribution, free concentration and
the metabolism of various drugs can be significantly
altered as a result of their binding to HSA. One of the
most important functions of albumin is to bind and
carry strongly hydrophobic fatty acids.19,20 Long-chain
fatty acids (e.g. palmitic and stearic acid) have high
affinity to albumin and their multiple binding sites have
been the subject of several biochemical investiga-
tions.21–24

Multiple association constants for palmitic acid to HSA
were found to be 14.5, 13.0, 7.1, 1.2, 0.8 and 0.3×107

M−1.24 Recently, X-ray crystallographic studies per-
formed on HSA identified several binding sites occu-
pied by medium-chain and long-chain fatty acids.25–27

For the latter ones, the primary binding sites were
suggested to be located in domains I and III,
respectively.
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Figure 1. Chemical structures of crocetin (8,8�-diapocarotene-8,8�-dioic acid), cis-parinaric acid (9,11,13,15-cis,trans,trans,cis-
octadecatetraenoic acid) and palmitic acid (hexadecanoic acid).

cis-Parinaric acid, an 18-carbon conjugated polyene
fatty acid (Fig. 1), was used as a probe for lipid–protein
interactions.28,29 Titration experiments showed that
defatted bovine (BSA) and HSAs bind 5 and 6 mol
parinaric acids with binding constants of �106 to 108

M−1.29,30 Added quantities of palmitic acid decreased
the binding capacity of parinaric acid on BSA. As has
been observed, vibronically coupled, negative–positive
Cotton effects (CE) appeared upon binding of parinaric
acid to BSA and HSA28,29,31 that have been attributed
to an excitonic interaction among two ligands bound in
domain III, close to each other.31

It is known from the work of Miller et al. that crocetin
and palmitic acid have common binding sites on human
and bovine serum albumins.13 These authors utilized
absorption and fluorescence spectroscopy techniques to
characterize the crocetin–albumin interaction. They
found a red shift in the crocetin visible absorption
spectrum and reduced tryptophan fluorescence upon
albumin binding. For the first crocetin binding site of
HSA, the affinity binding constant is 4×106 M−1. Stimu-
lated by these findings, we applied circular dichroism
(CD) spectroscopy, an essential tool for probing chiral-
ity, to further investigate this notable carotenoid–
protein interaction. After finding a strong and very
characteristic induced excitonic CD couplet an attempt
was made by the aid of molecular modeling studies to
correlate it with the stereochemical properties of the
known fatty-acid binding sites of HSA.

2. Results

The most characteristic feature of the carotenoid struc-
ture is the long system of alternating double and single
bonds that forms the central part of the molecule. This
constitutes a conjugated system in which the �-electrons
are effectively delocalized over the entire length of the
polyene chain. This feature is responsible for the molec-
ular shape, chemical reactivity and light-absorbing
properties, and hence the color of carotenoids. The
structure of crocetin features a linear, symmetrical pla-
nar polyene chain32 composed of alternating car-
bon�carbon single and double bonds (Fig. 1). Similarly
to other carotenoids, its hydrophobic character is dom-
inant in spite of the end-chain carboxyl groups. As a
consequence, in aqueous solution crocetin tends to
form aggregates accompanied with profound changes in
the absorption spectrum.13 At basic pH, however, the
ionized carboxyl groups significantly increase the water
solubility allowing a true solution to be prepared.
Therefore, crocetin was dissolved in a 0.2 M borate
buffer (pH 8.5) at a concentration of 10 �M. Fig. 2
displays the crocetin ultraviolet–visible (UV–vis)
absorption spectrum between 205 and 550 nm. The
origin of the intense absorption band in the visible
region is assigned to the electronically allowed but
magnetically forbidden singlet–singlet 1Ag�1Bu transi-
tion of the � electrons due to the C2h symmetry of the
conjugated polyene chain, and the direction of the
transition moment is parallel to the long molecular
axis.33 The main absorption band carries characteristic
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Figure 2. UV–vis absorption spectrum of crocetin at room temperature in borate buffer, pH 8.5. Concentration is 10−5 M, optical
path length is 1 cm. Inset shows the peak positions and the molar extinction coefficients in M−1 cm−1.

vibrational fine structure assigned mainly to the C�C
stretching vibration. According to this, the progression
is built up by 1550, 1556 and 1557 cm−1 vibrational
series obtained from the second derivative spectrum
(not shown). The weak, high energy band at 312 nm
corresponds to a cis-isomer of the crocetin molecule.
Lacking molecular chirality, the CD spectrum of cro-
cetin is a zero line (not shown).

2.1. Binding of crocetin to HSA

In the course of investigations of crocetin–albumin
interaction increasing amounts of HSA were added to
the carotenoid solution keeping its concentration at
1×10−5 M while varying the crocetin/albumin molar
ratios from 20.2/1 to 1/15.7 (see Section 4). Unfortu-
nately, limited solubility of crocetin did not permit the
reversed titration. In agreement with the earlier obser-
vations,13 the visible absorption curve of crocetin is
shifted to longer wavelengths in the presence of albu-
min (Fig. 3). The red shift is practically complete at
equimolar crocetin/HSA ratio and the peak positions
and band shape are not altered by further albumin
addition (Fig. 4).

Human serum albumin does not absorb light at wave-
lengths above 300 nm, therefore, despite its high degree
of chirality, it has no CD activity in the visible region.

The crocetin–HSA complex, however, shows definite,
opposite CD bands with nearly equal intensities (Fig.
5). Similarly to the absorption band, the negative and
positive Cotton effects carry vibrational fine structure
with negative maxima at about 470 and 445 nm and a
positive one at 402–405 nm (a positive shoulder appears
at 426 nm). The band positions correspond to the
crocetin visible absorption but does not match exactly
the absorption maxima. CD signals were even detected
at the highest carotenoid/albumin ratio (1/15.7) used in
the titration experiment. CD band shapes and peak
positions have not changed during the titration. The
observed Cotton effects were most intense when the
crocetin–HSA ratio was 1/0.9 and reduced gradually as
the albumin concentration increased. However, taking
into account the fact that the chiral signal stems from
carotenoid–protein complexes and that the albumin
concentration was varied in the course of the experi-
ment, maximum CD intensities measured at 403 nm
were divided by the corresponding amounts of albumin
and plotted against values of the crocetin/HSA molar
ratios (Fig. 6). As can be seen the curve has a maximum
around the value of 4.2 suggesting that this ratio gives
the highest fraction of albumin molecules binding cro-
cetin molecules which are responsible for the exciton
signal. Upon further addition of albumin to the sample,
the CD intensity increases, although it lags behind the
increase in albumin concentration. This finding is in full
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Figure 3. UV–vis spectra of crocetin in the presence and absence of HSA.

Figure 4. The changes of the absorption peak positions of crocetin upon binding to HSA.

harmony with the results obtained from the absorption
spectral data. The albumin-bound fractions of crocetin
was calculated at the different protein concentrations
(see Section 4) and was used to express the average
values of the bound crocetin molecules/albumin reach-
ing its maximum—1.6 crocetin molecule/albumin—at
4.2 ligand/protein ratio. Fig. 6 shows that the two
curves obtained from different experimental data and
treatment are in excellent agreement.

2.2. CD/UV–vis titration of 1:1 crocetin–HSA complex
with palmitic acid

Fig. 7 shows the effect of palmitic acid addition on the
CD and absorption spectra of crocetin–HSA complex.
The increase in fatty acid concentration reduces both
positive and negative CD bands and shifts the visible
absorption spectrum to shorter wavelengths indicating
the displacement of crocetin molecules from HSA.
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Figure 5. Circular dichroism and UV–vis spectra of crocetin bound to HSA. The concentration of crocetin was constant (10−5 M).
HSA was added as aliquots of a stock solution. Selected spectra are shown at different crocetin–HSA molar ratios.

2.3. Fitting of crocetin molecules to the long-chain
fatty acid binding sites of HSA

In agreement with the earlier observation,13 our CD
titration experiment also suggests the binding of cro-
cetin to the fatty acid sites of HSA. As numerous
biochemical studies proved, fatty acids have multiple
binding sites on albumin but, until recently, there were
no exact data available on their nature and localization.
Fortunately, in the last years precise X-ray crystallo-
graphic studies have been published identifying and
featuring distinct binding sites of HSA occupied by
medium-chain and long-chain fatty acids. Focusing the
latter (C16 palmitic and C18 stearic acids), the most
important conclusions are briefly summarized:27

(i) The high-resolution structures revealed seven,
asymmetrically distributed sites on HSA which
bind long-chain fatty acids (Fig. 8a).

(ii) Site 1 corresponds to a D-shaped cavity of subdo-
main IB. Site 2 featured with considerably
enclosed binding environment lying between sub-

domains IA and IIA. In subdomain IIIA, a pair
of long-chain fatty acid molecules occupies sites 3
and 4 approximately in a T-shape formation. As a
hydrophobic channel, site 5 spans the width of
subdomain IIIB binding a single fatty acid
molecule in an extended linear conformation. Site
6 located on the outer portions of the protein with
contribution of subdomains IIA and IIIA, respec-
tively. Within subdomain IIA, site 7 (suggested to
be a primary binding site for shorter-chain fatty
acids) binds long-chain fatty acids in a curved
configuration.

(iii) At all sites, except for 6 and 7 which have been
suggested to have low affinity toward long-chain
fatty acids, the carboxylate groups are involved in
definite electrostatic interactions with basic and
polar side-chains of amino acids.

(iv) Highest affinity binding sites were suggested to
belong to the set of sites 1–5. Among them, at
least one is located in domain I (site 2) and in
domain III, respectively.
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Figure 6. —�— (left axis): Plot of the CD intensities (mdeg) at 403 nm divided by the corresponding amounts of HSA
(nanomole) against the crocetin/HSA molar ratios. —�— (right axis): Plot of the average values of mole of bound crocetin/albu-
min.

Figure 7. Effect of the palmitic acid addition on the CD and visible absorption spectra of crocetin–HSA (1:1) complex. —�—
represents the CD intensity measured at 470 nm; —�— shows the longest wavelength absorption peak position in nm.

Taking into consideration its molecular dimensions,
palmitic acid is the most similar to crocetin, therefore,
the X-ray crystal structure of HSA–palmitic acid com-
plex (Fig. 8a) was used to perform molecular modeling
operations fitting six carotenoid molecules to the long-
chain fatty acid binding sites of 1–6 (Fig. 8b). Since the

explicit position and electrostatic interactions of the
long-chain fatty acid carboxylate groups at site 7 could
not be determined,27 it was excluded from this opera-
tion (on Fig. 8a and b the palmitic acid bound at site 7
was left in its original location). Consistent with the
crystallographic results, carboxylate groups of the cro-
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Figure 8. X-Ray crystallographic structure of HSA complexed with seven palmitic acids (PDB ID code: 1e7h). The ligand
molecules are shown in a space-filling representation and are colored by atom type (carbon, pink; oxygen, red). (b) Structure of
the crocetin–HSA complex resulted by fitting of six crocetin molecules to the long-chain fatty acid binding sites 1–6 (the site 7
palmitic acid is in its original position; see text).

cetins were found within hydrogen bonding distances
with amino acid residues.

It is worth mentioning that both carboxylate groups of
crocetin in site 4 were found to be involved in hydrogen
bonding, suggesting extra stabilization factors for cro-
cetin binding at this site (Fig. 9). Crystallographic
analysis of palmitic acid–HSA and stearic acid–HSA
complexes suggested that only fatty acids containing at
least 18 carbon atoms are able to bridge the distance
between the polar ends of the site 4 pocket. Including
its carboxylate groups, the crocetin backbone is com-
posed only of 16 carbon atoms, but the conjugated
double bonds make it a rigid, stick-like molecule show-
ing minimal conformational mobility.

In contrast to this, saturated fatty acids, having single
C�C bonds, may readily adopt several conformations,
it is not surprising, therefore, that their chains are not
fully extended in the hydrophobic channel of site 4
(Fig. 8a) as quantified by the distances between their
terminal carbon atoms (16 A� for palmitic acid and 18.2
A� for stearic acid, respectively). On the other hand, for
crocetin bound at site 4, this value is 18.7 A� confirming
its ability to participate in hydrogen bonding simulta-
neously at both ends (Fig. 9). Furthermore, it should be
noted that only subdomain IIIA contains such binding
sites which hold their potential ligands in close proxim-
ity (within 15 A� ).

X-Ray crystallographic analysis of the HSA–myristate
complex suggested that within the IIIA pocket fatty
acids may bind cooperatively.25 This observation is in
accordance with an earlier binding experiment per-
formed on BSA in which C16 dicarboxylic fatty acids
were found to bind cooperatively to domain III.34

3. Discussion

It is well known from a large body of spectroscopic
studies that albumin may serve as a chiral template for
optically inactive compounds producing induced CD
bands according to the absorption region of ligands.18

Among these examples, bilirubin–albumin binding is
one of the most studied cases when intense, bisignate,
exciton-coupled CD bands reveal how protein binding
results in a chiral conformation.35 Analogously, the CD
spectrum appearing upon binding of crocetin to HSA is
very characteristic of a chiral exciton splitting between
the polyene chromophores. It is important to note,
however, that for bilirubin, the excitonic interaction
takes place between the covalently linked dipyrrinone
chromophores (intramolecular exciton coupling). Bind-
ing of a single crocetin molecule to HSA would produce
only a monosignate, presumably weak CD band in the
visible region, associated with the ���* excitation of
the conjugated bonds perturbed by the stereogenic cen-
ters of the amino acids. Additionally, cis–trans isomer-
ization of the polyene chain as a source of the observed
CD bands can also be excluded. Thus, the experimen-
tally found CD spectrum refers to an exciton system in
which intermolecular exciton coupling arises between at
least two crocetin molecules bound to HSA. Vibra-
tional fine structure of the CD bands indicates that the
vibronic components split individually. Experimental
CD and UV–vis spectra of the equimolar crocetin–HSA
solution were resolved to Gaussian components to
demonstrate how these splittings occur (Fig. 10). The
Gaussian analysis of the main absorption band shows
four components centered at 457.5, 428, 402.5 and 375
nm corresponding to the 0-0, 0-1, 0-2 and 0-3 vibronic
transitions, respectively.
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Figure 9. Crocetin molecules fitted to sites 3 and 4 in sub-domain IIIA. Carboxylate group of site 3 crocetin is in hydrogen
bonding distance to Ser342 and Arg348 from IIB subdomain. At one end, site 4 ligand carboxylate group is in suitable position
for hydrogen bonding by Tyr411 and Ser489 and at the other end by Ser419 and Thr422 (these amino acids belong to subdomain
IIIA). Carotenoid molecules are shown as ball-and-stick models. Ligand and side chain atoms and bonds are colored by atom type
(C, gray; O, red; N, blue; H, light blue).

Figure 10. Gaussian subband analysis of the CD and visible absorption spectra of crocetin–HSA solution (molar ratio is 1/0.9).
[—] experimental spectrum; [- - - -] simulated spectrum; [—] deconvoluted Gaussian components (simulation of the CD and UV–vis
absorption curves of crocetin–HSA solution (1/0.9) were performed by nonlinear regression analysis applying four Gaussian
functions fitted to the experimental spectra).
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Accordingly, there are four Gaussian CD couplets each
of which having minus-plus order of the sign from the
longer wavelength side leading of their coalescence to
the CD curve measured experimentally.

Palmitic acid competes with crocetin for common bind-
ing sites of HSA in agreement with Ref. 13 and reduce
the induced CD intensities. In Fig. 7 the negative CD
extrema measured at 470 nm and the position of the
longest wavelength visible absorption peak were plotted
together against palmitic acid/crocetin molar ratios.
Between 0.1/1 and 2/1 ratios there is only a minor
wavelength shift (456�455 nm), while the CD values
decrease approximately by half (−11.3�−6.25 mdeg).
This suggests, on the one hand that in the above range
the majority of crocetin molecules are bound to HSA
and only a small fraction is displaced by the fatty acid.
On the other hand, it seems that this displacement
involves just the site(s) which play a decisive role in the
excitonic interaction while crocetin bound at other sites
are excitonically ‘silent’. Furthermore, of note that the
positive CD band becomes unmeasurable when the
palmitic acid/crocetin ratio is �2.85, but a weak nega-
tive band still persists (Fig. 7) presumably due to the
chiral perturbation of a single crocetin bound in the
chiral protein environment.

Amplitudes of excitonic Cotton effects are inversely
proportional to the square of the interchromophoric
distance and proportional to the square of the extinc-
tion coefficients.36,37 Furthermore, the amplitude is also
dependent on the angle between the electric transition
dipoles of the interacting chromophores. There is no
coupling, if this angle is 0 or 180°, whereas coupling is
maximal at an angle of ca. 70°.36 According to the
exciton chirality rule,36,37 the signed order of the bisig-
nate Cotton effects can be utilized to assign the relative
orientation of the electronic transition moments (ori-
ented along the long axis of the polyene chromophore).
The observed sign order, a negative CE at long wave-
length followed by a positive one at shorter wavelength,
corresponds to the case termed by negative or left-
handed chirality. Stereochemically, this means that
there is a negative angle between the coupled transition
dipoles. Therefore, it is reasonable to examine the
molecular model of HSA fitted with six crocetin
molecules in order to find correlation between experi-
mental and computational results. On the basis of our
molecular model, Fig. 11 shows some examples to
illustrate left-handed and right-handed geometrical
positions of fitted molecules of crocetin leading to
negative and positive chirality, respectively. Table 1
summarizes all intermolecular angles and distances
measured between crocetin molecules fitted to the long-

Figure 11. Pictorial representation of right (a) and left-handed (b,c,d) geometrical arrangements of crocetin molecules fitted to the
long-chain fatty acid binding sites of HSA (drawn on the basis of the molecular model showed in Fig. 8b). In the case of a, the
longer wavelength Cotton effect should be a positive; b, c and d give the sign order found experimentally. For intermolecular
distances see Table 1.
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Table 1. Intermolecular angles (expressed in degrees) and distances [in A� ] measured between the six crocetin molecules fitted
to the long-chain fatty acid binding sites of HSA (intermolecular spacings were taken between the geometrical centers of the
molecules)

Site 1 Site 2 Site 3 Site 4 Site 5

+80 [20] –Site 2 – – –
+55 [34] +84 [40]Site 3 – – –
−83 [34] �0 [40]Site 4 −75 [11] – –
+150 [42] −80 [55]Site 5 −107 [25] −73 [20] –
�0 [37] +114 [30] −120 [27] −80 [30]Site 6 −140 [50]

chain fatty acid binding sites 1–6. Combinations with a
positive angle should give right-handed chirality and
can therefore be neglected (sites 1–2, 1–3, 1–5, 2–3 and
2–6). Additionally, zero angle gives no excitonic CD
bands (sites 1–6 and 2–4). Although the carotenoid
polyene chain is exceptionally strong chromophore,
developing measurable excitonic splitting is unrealistic
at intermolecular distances of about 30 A� or more.
Furthermore, site 6, exposing its ligand to the polar
environment, was stated to be low affinity toward
long-chain fatty acids.27 Finally, we have only three
suitable combinations (sites 3–4, 3–5 and 4–5) which
may be responsible for the induced CD spectrum. All of
them are located on domain III, which is thought to
contain high affinity binding sites for long-chain fatty
acids. Most probably, the chiral exciton signals may
stem from the interaction of crocetin molecules bound
at sites 3–4 and/or sites 4–5.

The measure of chirality is the so called g or anisotropy
factor defined as �A/A where �A is the difference in
absorption of the left and right circularly polarized
light (Al−Ar) and A is the sample absorption. �A values
can be obtained from the CD spectra measured in
millidegrees according to the equation of �A=4��

(degrees)/180ln10. Plotting absolute values of g calcu-
lated at 470 nm against the crocetin/HSA molar ratios
(Fig. 12) shows that the maximum value (1.3×10−3)
belongs to the equimolar solution (1/0.9) because it has
the largest absolute amount of albumin molecules bind-
ing two carotenoids in a left-handed geometry. In order
to the comparability, CD data are commonly expressed
in molar units i.e. ��, which can be obtained from
�A/cl, where c is the concentration of the optically
active compound in mol/dm3 and l is the optical path-
length in cm. In our case, however, only the total
concentration of crocetin is known (10−5 M), but not of
the part of bound fraction being responsible for the
excitonic CD activity. Trying to get an approximate
value for it, an important property of fatty acid binding
can be utilized. As was demonstrated by Spector and
Fletcher,15 in oleate–HSA solution with 1/1 molar ratio,
31% of the albumin molecules have no oleate, 43%
binds 1, 22% 2 and 4% 3 oleates, respectively. Obvi-
ously, multiple binding sites with different affinities
(association constants are ranged from 11.8×107 to
5.5×107 M−1 for 4 binding sites) result in this dynamic,
complex equilibrium. As a first approximation, we
assumed that a similar distribution exists in the 1/0.9
crocetin/HSA solution (this solution contains 2×10−8

Figure 12. Absolute values of the g factor calculated at 470 nm plotted against the crocetin/HSA molar ratios.
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Figure 13. Right-handed intramolecular exciton coupling of 5-cholestane-3�,6�-bis-(2-anthroate). Redrawn from Ref. 38.

mol albumin and 2.13×10−8 mol crocetin). Assuming
that 25% of the 2×10−8 mol albumin binds two crocetin
molecules, the concentration of the complex which
gives rise to excitonic CD bands is 2.3×10−6 mol/dm3

(sample volume is 2.13 mL). Using this value to calcu-
late molar CD intensities we obtain +136 �� at 401.5
nm and −186 �� at 470 nm (for 10−5 M crocetin
concentration the calculation gives +32 and −44 ��
values, respectively). This result was compared with a
model compound, a very rigid steroidal skeleton substi-
tuted with two anthroate moieties having very similar
molar extinction coefficient to crocetin (Fig. 13). The
exciton splitting between the anthroate chromophores
held in a right-handed position gives rise to a typical
positive–negative couplet (+240 and −240 ��) in the
250–280 nm region.38 Thus, the above estimation seems
to be concordant with the notion that since more than
two potential binding sites exist, within the 25% frac-
tion probably not every albumin molecule binds from
their two ligands in a suitable position for the chiral
exciton coupling.

The red shift of the visible absorption spectrum also
results from this intimate carotenoid–protein interac-
tion. In general, four mechanisms may cause absorption
spectral shifts. Rhodopsin is a well known example for
the charge-induced energy shift.39 The second type are
the spectral changes due to excitonic interactions.36,37

The third one is the shift induced by dispersion interac-
tions. Finally, conformational variations may also
modify the electronic excitation energy. The first mech-
anism cannot be invoked for the observed small excita-
tion energy lowering. As the CD spectrum proves, there
is a chiral exciton coupling between the bound polyene
chromophores which might have an effect on the
absorption band either. However, according to the
molecular exciton model, a red shift occurs only if the
absolute value of the angle between the coupled elec-
tronic transition moments is larger than 90°. Crocetin

pairs in sites 3–4 and 4–5, do not fulfill this condition
(see Table 1). Furthermore, if the crocetin–crocetin
excitonic interaction would be responsible for both CD
and absorption spectral changes then the visible band
should be blue shifted (back to its original position
measured in the absence of albumin) parallel with the
decreasing crocetin/HSA ratio. The CD band ampli-
tudes decrease (Fig. 4) because the HSA excess shifts
the equilibrium to the 1 crocetin molecule/HSA com-
plex having no excitonic CD activity. Contrary to this,
the red-shifted visible absorption band does not show
significant changes from 1/0.9 to 1/15.7 ligand/HSA
ratio. It can be concluded, therefore, that the
bathochromic shift has no excitonic contribution.

It is well established, that the polyene absorption spec-
trum is shifted to lower energy as the solvent polariz-
ability increases.40 Fatty acid binding pockets on
albumin are featured with strongly apolar environment.
When crocetin binds to the protein, the low polarizabil-
ity medium (water) is exchanged by the high polariz-
ability protein surroundings which promotes the
induced dipole–induced dipole interactions (dispersion
forces) causing the bathochromic shift.41 Taken
together, dispersion interactions seem to be responsible
for the decrease in the excitation energy of the 1Ag�1Bu

transition.

4. Experimental

4.1. Materials

Essentially fatty acid free HSA, palmitic acid and cro-
cetin (pyridine salt, 95% purity grade) were purchased
from Sigma Co., and used as supplied. Double distilled
water and HPLC grade ethanol (Chemolab, Hungary)
were used. All other chemicals were analytical grade.
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4.2. Absorbance and CD measurements

CD and ultraviolet–visible (UV–vis) spectra were
recorded on a Jasco J-715 spectropolarimeter at 25±
0.2°C in a rectangular cuvette with 1 cm pathlength.
Temperature control was provided by a Peltier ther-
mostat equipped with magnetic stirring. The spectra were
accumulated three times with a bandwidth of 1.0 nm and
a resolution of 0.5 nm at a scan speed of 100 nm/min.

In order to avoid molecular aggregation, crocetin was
dissolved in a 0.2 M borate/boric acid buffer (pH 8.5) at
1×10−5 M. To keep the crocetin concentration constant
during spectrophotometric titration, this solution was
used to prepare the HSA stock solution (5×10−4 M).

4.2.1. CD/UV–vis titration of crocetin with HSA. A 1 cm
cuvette was filled with crocetin solution (1×10−5 M, 2
mL). After recording the CD and absorbance spectra
between 205–550 nm, a volume of HSA solution (5×10−5

M, 20 �L) was added and the spectra were taken from
240 to 550 nm under mild magnetic stirring. This
procedure was performed five times to obtain spectra at
20.2/1, 10.2/1, 6.9/1, 5.2/1 and 4.2/1 crocetin/HSA molar
ratios. To decrease further this ratio, 10, 20, 40, 80, 80,
80, 80, 80, 160, 160 and 160 �l of 5×10−4 M HSA solution
was added consecutively to achieve 2.11/1, 1/0.9, 1/1.8,
1/3.55, 1/5.1, 1/6.6, 1/8, 1/9.3, 1/11.7, 1/13.8 and 1/15.7
crocetin/HSA molar ratios respectively. The spectra
showed no time dependence.

4.2.2. CD/UV–vis titration of crocetin–HSA (1:1) com-
plex by palmitic acid. In a 1 cm pathlength cell HSA
solution (5×10−4 M, 40 �L) was added to crocetin
solution (1×10−5 M, 2 mL) to obtain 1:1 molar ratio.
After measuring the CD/UV–vis spectra between 240–
550 nm, �L volumes of palmitic acid solutions (10, 10 and
10 �L from 2×10−4 M solution, 10, 10 and 15 �L from
4×10−4 M solution and 10, 10, 20, 20, 30, 20, 50, 100 and
50 �L from 1×10−3 M solution) were added to achieve
the required ratios (from 0.1/1 palmitic acid/crocetin
molar ratio to 14/1). Palmitic acid solutions were pre-
pared with ethanol containing 1×10−5 M crocetin.

4.3. Calculation of the albumin-bound fraction of
crocetin

The visible absorption spectra measured at different
crocetin/HSA molar ratios were reconstructed by the
combination of the absorption spectra obtained in a
buffer solution (100% unbound species, see Fig. 2) and
in the presence of the highest albumin concentration
(100% bound species, cHSA=160 �M) using a nonlinear
regression analysis. The corresponding numerical factors
found in each case (not shown) were used to calculate the
protein-bound part of crocetin.

4.4. Molecular modeling calculations

All computer modeling procedures were carried out using
the Sybyl 6.6 program (Tripos Inc., St. Louis, MO) on
a Silicon Graphics Octane workstation under Irix 6.5
operation system. The three-dimensional coordinates of

HSA complexed with palmitic acids were obtained from
the Protein Data Bank (entry PDB code 1e7h27).

First, six molecules of palmitic acid bound to sites 1–6
were replaced by crocetin molecules using the multifit
command.

The resulting complex was then energy-minimized with
the Powell Conjugate Gradient method applying Tripos
Force Field until the convergence was less than 0.01
kcal/(molA� ).
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