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Simple biomembrane models, namely micellar aggregates formed by enantiopure sodium N-acylproli-
nates, are able to convert the racemic mixture of bilirubin-IXa into an enantiomerically enriched mixture,
thus suggesting a possible role of chirality in bilirubin toxicity due to the perturbation of neuron mem-
brane dynamics. The length of alkyl chain does not influence the extent of equilibrium displacement,
however, it affects the conformation of bilirubin, thus confirming the role of lipid structure in the mem-
brane/bilirubin interaction, and suggesting a non-superficial main site of association.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Bilirubin is a yellow-orange lipophilic bile pigment produced
in mammals by catabolism of heme proteins, principally from
haemoglobin of red blood cells. It is an unsymmetrically substi-
tuted linear tetrapyrrole dicarboxylic acid consisting of two
dipyrrole halves joined by a methylene group. However, the most
stable conformation in solution is a folded ridge-tile structure
stabilized by intramolecular hydrogen bonds [1]. The engage-
ment of the polar groups in the hydrogen bonds renders the moi-
ety lipophilic and has important implications for biological and
methabolic functions. In fact, due to its poor solubility in aque-
ous media, bilirubin is intrinsically unexcretable by living organ-
isms where it is transported to the liver as an association
complex with albumin, and there enzymatically converted to
water-soluble glucuronides that are promptly secreted into bile
[1]. Impaired excretion of the glucuronides and bilirubin is man-
ifested in jaundice. In some cases abnormal accumulation of bil-
irubin in the central nervous system can cause irreversible brain
damages, a condition known as bilirubin encephalopathy. It has
been proposed that bilirubin neurotoxicity may be due to cell
death by apoptosis and that the perturbation of membrane
ll rights reserved.
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dynamics in neurons might be an early event in the bilirubin in-
duced apoptosis [2,3]. In other words, the perturbation of cell
membrane structure, lipid polarity and fluidity, protein order, re-
dox status, are immediate components of the apoptotic pathway
triggered by bilirubin.

It is well known that the folded ridge-tile conformation of bili-
rubin is dissymmetric and that bilirubin is a racemic mixture of
conformational enantiomers that interconvert with a barrier of
18–20 kcal/mol [4], and it is also known that displacement of the
equilibrium toward one of the enantiomers takes place in the pres-
ence of chiral selectors such as albumins [5,6], chiral amines [7],
cyclodextrins [8].

1.1. Bilirubin structure

Though the potential role of chirality in bilirubin methabol-
ism had been suggested previously [8], in particular in the enzy-
matic glucoronidation probably involving diastereoselective
complexation, at the best of our knowledge, the possibility that
chiral recognition might have a role in the destabilization of
membrane organization, and thus in bilirubin toxicity, has not
been taken into consideration. However, the components of cell
membranes are chiral and enantiopure and therefore it is possi-
ble that chiral recognition might play a role in the interaction of
bilirubin with cell membrane and in its destabilization by
bilirubin.
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Here, we report a circular dichroism, CD, investigation on the chiral
recognition of bilirubin in a membrane model that we have largely
investigated and that features a high extent of organization [9–11],
namely micellar aggregates of sodium N-acyl-L-prolinates, 1. We

also explored the role of the length of alkyl chain in the interaction of bil-

irubin with the micellar aggregates.
2. Materials and methods

Sodium N-acyl prolinates were prepared and purified as previ-
ously described [12].

The CD spectra of 10 lM bilirubun-IXa in aqueous solution of
aggregates formed by surfactants 1 were recorded on a Jasco spec-
tropolarimeter J-715, using a 1 cm quartz cuvette. Experiments
were performed at pH 9, at the same aggregate concentration, i.e.
taking into account the different critical micellar concentration
(cmc), and the different aggregation number (n) [11], summarized
in Table 1, therefore, aggregate concentration = ([1] � cmc)/n.

3. Results and discussion

All CD spectra of bilirubin in aqueous 1 show a conservative
bisignate band of the same intensity. In this kind of system, lacking
additional chromophores adsorbing in the same region of the spec-
trum as bilirubin, a CD bisignate band had been reasonably as-
cribed to the deracemization of bilirubin [9,13]. In the
bichromophoric bilirubin structure, the interaction of the locally
excited states of the twin dipyrrinone chromophores yields exciton
splitting that, in the CD spectra, leads to two transitions with oppo-
sitely signed Cotton effects (CEs), that, however, can only be ob-
served if one of the two enantiomers is in excess in solution. The
possibility of a difference between the CD spectra of diastereo-
Table 1
Aggregation parameters of surfactants 1 measured at 298 K

Surfactant cmc, M n

1a (9.6 ± 0.8) � 10�2 46 ± 2
1b (7.1 ± 0.11) � 10�4 60 ± 1
1c (2.4 ± 0.12) � 10�5 84 ± 5
meric complexes of aggregates with equal amounts of both biliru-
bin enantiomers is unlike, in fact, it had been reported that spectra
of diastereomeric bilirubins feature very similar intensities [13]. In
Fig. 1, we report, as an example, only the spectrum of 10 lM bili-
rubin in aqueous 100 mM 1a, because the position, signs and
intensity of CD bands do not change with the length of the hydro-
phobic chains in 1a–c, indicating that the corresponding aggre-
gates apparently generate the same enantiomeric imbalance in
terms of both molecular chirality and extent of enrichment.

The observed negative bisignate band correspond to an enan-
tiomeri excess of the left-handed (M) enantiomer. The value of
obtained CD CEs (|De| � 40 L mol�1 cm�1) is in the average of
values (20–50 L mol�1 cm�1)more typically seen in tight, highly
enantioselective heteroassociation complexes between a chiral
selector and bilirubin [7,8]. The extent of deracemization cannot
be determined without quantitative CD for the pure diastereo-
meric complex bilirubin enantiomer/aggregate, however it can
be estimated �15% on the basis of reported data relative to a
computed CD spectrum of bilirubin [7]. Note that this value is
underestimated because De obtained in aggregating conditions
were calculated by normalizing for the analytical concentration
of bilirubin rather than for the concentration of bilirubin bound
to the aggregates.

The UV–vis spectra obtained in the different aggregates (Fig. 2)
suggest that bilirubin responds to variations in the micellar envi-
ronment by changing its conformation (but retaining the overall
chirality). In particular the UV–vis spectrum of bilirubin in aggre-
gates of 1c, showing the two transition of the exciton splitting of
comparable intensity, corresponds to a conformation where the
dihedral angle between the dipyrrinone planes of bilirubin is
h�100�, whereas the spectra of bilirubin in 1a and 1b that show
the higher energy transition of exciton splitting as more intense,
correspond to conformations featuring smaller h values [1]. The
different conformations observed in the diverse aggregates and
the dianionic form of bilirubin at the experiment pH (pH 9) are
in favor of a site of binding far from the negatively charged surface
of the aggregate.

On the other hand, bilirubin is scarcely deracemized by so-
dium N-acyl-L-prolinates in non aggregating conditions, in fact,
a methanol solution of 10 lM bilirubin and 100 mM 1a and
an aqueous solution of 10 lM bilirubin and 100 mM sodium
N-acetyl-L-prolinate show CD bands of only modest intensity
(Fig. 3), thus demonstrating its very modest affinity for the
head group fraction as such. This last result demonstrates that
the deracemization observed in aqueous 1 occurs, for the most,
Fig. 1. CD spectrum of 10 lM bilirubin in aqueous 100 mM 1a.



Fig. 2. UV spectra of aqueous bilirubin (10 lM) in 100 mM 1a (solid line); 135 mM
1b (dotted line); 189 mM 1c (dashed line).

Fig. 3. CD spectra of 10 lM bilirubin in: (a) a methanol solution of 100 mM 1a
(dotted line); (b) aqueous 100 mM sodium N-acetyl-L-prolinate (solid line).
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in the aggregates and therefore that their chirality has a role in
the interaction with bilirubin.

4. Conclusions

Indeed, the induction of a certain conformation in correspon-
dence of a specific molecular structure confirms the finding, re-
ported previously [3], that the interaction of bilirubin with cell
membrane is controlled by the lipid molecular structure. The ste-
reochemical information of chirality is part of the molecular struc-
ture and, as such, it might control the lipid/bilirubin interaction;
actually the enantioselection of bilirubin in these simple mem-
brane models support this hypothesis and raises new perspectives
in the investigation and in the comprehension of the mechanism of
bilirubin toxicity.
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