
Tetrahedron: Asymmetry 18 (2007) 2061–2068
Bile pigment complexes with cyclodextrins: electronic and
vibrational circular dichroism study
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Abstract—Chiral recognition of bilirubin IX-a, biliverdin IX-a, and bilirubin ditaurate dianions by cyclodextrins was studied using a
combination of vibrational and electronic circular dichroism. Biliverdin forms inclusion complexes with b-cyclodextrin and b-methyl-
cyclodextrin. Bilirubin bonds to both cyclodextrins by means of hydrogen bonds and only shallow inclusions that are restricted by
the presence of COO� in the pigment structure. Bilirubin ditaurate complexes are realized by a weak inclusion of the whole molecule,
or some part of it, into the cyclodextrin cavity and stabilization of the conformation by hydrogen bonds. Bilirubin and bilirubin ditaurate
can be recognized by cyclodextrin and methylcyclodextrin in the form of opposite conformers. Spectroscopic characteristics of the
different conformations of the bile pigments were obtained for the first time by vibrational circular dichroism techniques.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Heme, the prosthetic group of hemoglobin and other mam-
malian heme proteins, is degraded by oxidation in the
spleen to produce biliverdin IX-a. Biliverdin (BV) under-
goes reduction at the methylene bridge to form bilirubin
IX-a (BR). Although the chemical structures of these bile
pigments are very similar, their solution conformations
differ greatly. The structures are closely approximated in
Figure 1. In BR intramolecular hydrogen bonding occurs
between the carboxylic acid groups of the propionate side
chains and the lactam and pyrrole groups of the opposite
dipyrrole units. The extent of hydrogen bonding in aque-
ous solutions at physiological pH is currently under debate,
but it is well established that BR adopts this ‘ridge-tile’
conformation1–4 where the planes of the two dipyrrole
units are at an angle of 95–100�. This structure is stabilized
by six hydrogen bonds in the case of the diacidic form of
the pigment. In contrast, BV adopts a helical ‘lock-washer’
conformation (helices like chiral ‘clamps’) in aqueous solu-
tion.2,5–9 The helical inversion equilibrium between the two
enantiomeric helices M and P (Fig. 1) is typical for these
pigments in solution. Both BR and BV are poorly soluble
in water at physiologic pH (�70 ng) and their transporta-
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tion into the liver occurs in the form of a noncovalent com-
plex with serum albumin. BR is esterified with o-glucuronic
acid in the liver prior to excretion. Conjugation of the
sugar moieties prevents the formation of intramolecular
hydrogen bonds and renders conjugated BR water-soluble.
Bilirubin glucuronides are reactive, undergoing acyl migra-
tion and facile hydrolysis, and they are not readily avail-
able. In contrast, bilirubin ditaurate (TB) is far more
stable and is commercially available. Consequently, it has
been used as a surrogate for bilirubin diglucuronide
in vitro and in animal studies where it was smoothly
excreted by the liver.10

In solution, a rapid interconversion between the M- and
P-helical conformers of the pigments occurs via the
breaking and reforming of intramolecular hydrogen bonds.
BR binds to deoxycholate micelles,11 human serum albu-
min,12,13 cinchona alkaloid,14 nucleosides,2 cyclodextrins
(CDx)15–19 and, in solution, exhibits bisignate Cotton
effects detected by means of electronic circular dichroism
(ECD) spectroscopy. These effects have been explained by
the proposal that the pigment molecule preferably forms
one of the diastereoisomers upon complexation with a
chiral host. The pigment helical conformer adopts a chiral
‘ridge-tile’ structure, and an exciton coupling between two
dipyrrinone chromophores splits the excited state of BR
into two energy levels leading to a bisignate ECD Cotton
effect.2,12,14 When the orientation of the transition dipoles
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Figure 1. Formulas of biliverdin-IX a (BV), bilirubin-IX a (BR), and
bilirubin ditaurate (TB) showing the interconversion of the intramolecular
hydrogen-bonded ridge-tile conformers of bichromophoric BR and the
helical enantiomers of BV.
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of the two dipyrrinone chromophores adopts the M-helix
configuration, the ECD spectrum of BR is split into two
bands in the wavelength region of the electronic transition,
where negative and positive ECD signals appear at longer
and shorter wavelengths, respectively, forming a so-called
negative couplet. An oppositely signed positive couplet is
observed for P-helix BR.

Molecular recognition phenomena involve only noncova-
lent interactions, such as electrostatic (ion–ion, ion–dipole,
dipole–dipole, dipole-induced dipole, and higher order
terms), van der Waals, hydrophobic, hydrogen bonding,
charge transfer, and p–p stacking interactions, and steric
effects. It is interesting to note that the weak interactions
in general are not sufficient individually to lead to the spe-
cific association of two molecules. Usually, molecular asso-
ciation is made possible not by a single weak interaction
but through the simultaneous cooperation of several weak
interactions.20 Thus, molecular recognition phenomena
may be described as due to the chemistry of cooperative
weak interactions. In molecular recognition processes
cooperativity plays a central role in controlling the struc-
ture and function of the host–guest complexes. An example
of such a system is the cyclodextrins, which are widely used
for recognition.20,21 However, they are not flexible enough
to allow allosteric conformational changes. Indeed, in the
case of the cyclodextrin inclusion complexes, weak forces
that work locally are not always cooperative in nature,
but instead may act independently or sometimes even
counteract one another. The most important contributions
to the complexation of cyclodextrins are believed to origi-
nate from the penetration of the hydrophobic part of the
guest molecule into the cyclodextrin cavity and hydrogen
bonding interactions, which contribute to the stabilization
of cyclodextrin complexes with guest molecules.

Lightner et al.15 reported that BR could be stereoselectively
recognized by CDx in water and shows the negative ECD
couplet, suggesting that the transition dipoles of the two
dipyrrinone chromophores of BR take an M-helix configu-
ration. CDx and its complexes have been characterized by
spectroscopic methods in reviews.17,20 When an achiral
guest is included in the cavity, induced Cotton effects have
been observed by ECD spectroscopy.22–24 The sign and
intensity of the induced ECD signals reflect the orientation
of the guest chromophore in the cavity.

Although BR and other derivatized pigments have been
studied by various spectroscopic methods, vibrational
circular dichroism (VCD) spectroscopy has so far been
neglected. VCD spectroscopy is widely used for conforma-
tional studies of chiral molecules (see, e.g., Ref. 25–29), and
it is also an efficient tool for studying complexes where
chiral molecules are involved.29–32 In VCD spectra, the
functional groups participating in complex formation can
be assigned on the basis of characteristic vibrations. In a
published VCD study33 of the host–guest binding
between CDx and several nonaromatic substances, for
example, methyloxirane, 1-propanol, substituted cyclo-
hexanones, copper ions, and also the aromatic compound
methyl orange, no noticeable changes in the VCD spectra
induced by interactions with nonaromatic compounds have
been found; however, significant variations in the VCD
patterns have been observed for methyl orange. Setnička
et al.34 reported VCD studies of the inclusion of aromatic
compounds into b-, a-, and c-CDx complexes and showed
changes in the dextrin part of b-cyclodextrin upon inclu-
sion complex formation.

In this paper, we describe a systematic study of diastereo-
discrimination of the bile pigments bilirubin, biliverdin,
and bilirubin ditaurate by means of two types of b-cyclo-
dextrins: native b-cyclodextrin (CDx) and randomly meth-
ylated b-cyclodextrin (MCDx). The main aim of this work
is an attempt to elucidate the mechanism of complexation
between the pigment stereoisomers and cyclodextrins using
ECD and, for the first time, VCD spectroscopy. Taking
into account that CDx may serve as an excellent model
of an artificial enzyme,21 spectroscopic studies of the con-
formational changes of the bile pigments by means of
ECD and VCD techniques may help to explain some un-
known aspects of pigment metabolism. From a practical
point of view, using CDx as a selector is advantageous in
the VCD study because the CDx vibrational spectrum does
not overlap the BR bands in the mid-IR region and enables
identification of a characteristic ‘IR marker’ of the pigment
species.
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2. Results and discussion

2.1. Electronic circular dichroism

The left panel of Figure 2 shows the ECD spectra of aque-
ous solutions of the dianion BR prepared by neutralization
of the diacid with NaOH and measured at pH 10.8 in the
presence of CDx and MCDx with and without cyclohexa-
nol. While an aqueous solution of pure BR possesses no
ECD, the negative couplet induced by CDx or MCDx
was observed in agreement with previous reports.15,16,19

A bisignate ECD spectrum indicates that the dipyrrinone
moieties of BR bond to CDx selectively and take on an
M-helical conformation. Kano et al.16,18,19 assumed that
BR complexes with CDx through a hydrogen bonding
interaction between the COO� groups of BR2� and the sec-
ondary hydroxyl groups of CDx and that the absorption of
the BR molecule on the CDx outside walls takes place in
this case. As for MCDx, the mechanism of complex forma-
tion is the same; however, only nonmethylated OH groups
are involved in the interaction. This fact explains the
weaker signal observed in the BR–MCDx system (cf.
curves a and b). Here we anticipate that hydrogen bonds
are the only reason for complex formation with stereoselec-
tive recognition of the pigment.

Figure 2 also shows the effect of cyclohexanol addition to
the systems BR–CDx (curve c) and BR–MCDx (curve d)
and the effect of dimethylsulfoxide (DMSO) when used as
the solvent (curve f). Addition of cyclohexanol induces a
pronounced increase in signal; DMSO used as a solvent
produces a significantly diminished ECD signal for
BR–CDx. Cyclohexanol forms inclusion complexes with
CDx and MCDx19,20 and, therefore, was used here as a
Figure 2. ECD spectra of bilirubin (BR), bilirubin ditaurate (TB), and biliverd
cyclohexanol (c), MCDx and cyclohexanol [c(cyclohexanol) = 0.02 mol L�1 (b
pigment was added after cyclohexanol addition [c(cyclohexanol) = 0.04 mo
c(BR) = 7 · 10�5 mol L�1, c(BV) = 7 · 10�5 mol L�1, c(TB) = 8 · 10�5 mol L�
competitive inclusion agent. The magnitudes of the signals
increased upon the addition of cyclohexanol, which serves
as a co-existing guest molecule, in accordance with previ-
ous observations.16 This was interpreted as a consequence
of an increase in hydrophobicity at the rims of the cyclo-
dextrins, which provide a more favorable environment
for hydrogen bond formation between the COO� groups
of BR2� and the secondary OH groups of CDx or MCDx.
We suppose also that this condition enables an additional
shallow inclusion of BR into the cavities. Our supposition
about the inclusion nature of the complexes with BR is sup-
ported by the data obtained for the BR–CDx system in
DMSO solution.

Although no ECD signal for BR with CDx was observed in
DMSO, the results obtained from an 1H NMR study16

show the possibility of a hydrogen-bonded complex in
DMSO. In this case, hydrogen bonding only, without the
inclusion of BR into the CDx cavity, may result in com-
plexation without stereoselectivity. When we used BR in
the form of a dianion in our study of the pigment-CDx
interaction in DMSO, a weak ECD signal of opposite sign
was observed (curve f), which suggests a weak stereoselec-
tivity may be caused by shallow penetration of the BR
chromophore into the cavity, permitted by the dissociation
of intramolecular hydrogen bonds. As a consequence,
intermolecular hydrogen bonds between the COO� of
BR2� and OH of CDx are also formed. Hence, hydrogen
bonds solely are not sufficient for stereoselective recogni-
tion of BR by CDx. A complex mechanism that involves
shallow inclusion into the cyclodextrin cavity and stabiliza-
tion of the helical conformations formed by means of
short-range forces such as hydrogen bonds is necessary
for the formation of these complexes.
in (BV) dianions in aqueous solutions with CDx (a), MCDx (b), CDx and
roken line), c(cyclohexanol) = 0.04 mol L�1 (dotted line)] (d), CDx when
l L�1] (e), and interaction of the pigments with CDx in DMSO (f).
1, c(CDx) = c(MCDx) = 0.01 mol L�1.
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The middle panel of Figure 2 shows ECD spectra of pure
TB dianion in the presence of CDx with and without cyclo-
hexanol. Although TB possesses a conformation in solu-
tion that is similar to BR,10 their ECD signals induced by
CDx are reversed (cf. curves a in panels BR and TB).
The observed positive couplet at 470(+)/420(�) nm sug-
gests that TB interacts with CDx in the form of a P-helical
conformer instead of the M-helical conformer that is
formed in the case of the BR–CDx system. The magnitude
of the signals is the same for TB with MCDx (spectra not
shown) and, as methylation of the OH groups in CDx dis-
rupts hydrogen bonding formation, this shows that it is not
the main factor for recognition in this case. Instead, inclu-
sion may be the main reason for stereoselective complex
formation in these systems. This observation is consistent
with the fact that there are two taurine groups
NHCH2CH2SO3

� in TB2� instead of the COO� groups
in BR2�, and the interaction with the secondary OH
groups of CDx is suppressed compared to BR. Gradual
addition of cyclohexanol, the competitive inclusion agent,
substantially changes the ECD spectrum in the TB–CDx
system (curves c, broken and dotted lines). The magnitude
of the negative band at 420 nm gradually decreases and a
new negative band arises at 470 nm. Finally, two pro-
nounced negative bands, the weaker and the stronger at
420 and 470 nm, respectively, were detected in this case.
It follows from the observed induced ECD that the com-
plex is formed in this case, too, but the mechanism is differ-
ent from the system without cyclohexanol. Addition of
cyclohexanol increases the hydrophobicity near the CDx
rims, which may cause a weak inclusion of TB chromo-
phores into the cavity and the stabilization of the helical
conformation with the help of hydrogen bonding and
London forces.

The mechanism of the induction of optical activity in
bilirubin and related compounds has been described and
discussed in detail.14 It was shown that monosignate
ECD is not characteristic of bichromophore rubin
pigments; instead the ECD spectrum of bilirubin is the
result of a typical excited state interaction in a weakly
coupled electronic system (exciton coupling) and there is
no sum of ECD signals independently acted pyrromethe-
none chromophores. The apparent monosignate ECD
spectrum of the TB–CDx system obtained in this study
may reflect the coexistence of two conformers with different
molecular geometries that possess the negative and positive
couplets with different intensities. The sum of the couplets
leads to the monosignate spectrum observed. Complexa-
tion of TB with CDx in DMSO does not show a detectable
induced ECD, which can be explained by the fact that: (i)
the absence of COO� groups in the TB2� structure com-
pared to BR2� restricts nonselective complexation via
hydrogen bonding to the OH groups of CDx; (ii) the
complex formation depends on the dielectric constant of
the solvent. The aqueous medium has a higher dielectric
constant compared to DMSO and is more likely to favor
partial penetration of the pyrromethenones into the hydro-
phobic cavity of CDx.

The right panel of Figure 2 shows the ECD spectra of
aqueous and DMSO solutions of BV dianion at pH 10.8
in the presence of CDx and MCDx. Similarly to the other
bile pigments, BV alone without CDx or MCDx does not
exhibit significant optical activity because it exists as a
racemic mixture of two enantiomeric conformers of equal
stability in solution.2,5 BV with CDx shows a strong mono-
signed positive ECD pattern at 380 nm in the UV region in
contrast to the bisignate signal that was observed for BR
and TB in this region. While the origin of the optical activ-
ity of BV lies in the helical geometry of the single dipyrrin
chromophore, in the case of BR and TB the bisignate sig-
nal is explained by the exciton splitting interaction between
two dipyrrinone chromophores. In addition, a strong nega-
tive ECD pattern was observed at 680 nm in the VIS
region (curve a). Using MCDx instead of CDx reverses
the signs of both the UV and VIS signals, which simulta-
neously become weaker (curve b). The structure of BV in
the BV–apomyoglobin complex, which possesses negative
UV and positive vis patterns, was identified as a P-helical
conformation via X-ray.35 Therefore we interpret our
observations as enantioselective recognition of P-helical
conformers by MCDx and enantioselective recognition of
M-helical conformers by CDx. The spectra obtained are
in accordance with previous results in systems with apo-
myoglobin,36 amino acids,7 peptides, and proteins,6,9,37,38

where induced ECD signals were ascribed as a consequence
of the host CDx forcing the guest chromophores to form a
chiral conformation. The process of complexation may
involve specific intermolecular interactions, mostly electro-
static interactions and hydrogen bonding. We think the
crucial factor for chiral discrimination in systems with
CDx and MCDx is the entrance of the chromophore into
the cavity. Our study has shown that the induced ECD pat-
terns observed for the BV–CDx and BV–MCDx systems
are opposite. The observed differences between the ECD
spectra of BV in complexes with CDx and MCDx can be
correlated with the specific structural characteristics of
the two cyclodextrins. In particular, the methylation of
the hydroxyl groups in the CDx structure usually leads to
an increase in both internal diameters of the cavities.20

However, in our case, it looks like the presence of CH3

groups in MCDx partly prevents BV inclusion (weaker sig-
nal), and the P-helical conformation of the pigment in this
complex is more favorable. Methylation of the OH groups
in the MCDx structure may be the reason for weaker sta-
bilization of the helical conformation of BV due to fewer
available hydrogen bonds between OH and COO�. The in-
verse ECD spectrum of BV–MCDx confirms the inclusion
character of the stereoselective complexes, where the differ-
ent substitutions in the structure of the cyclodextrin groups
may affect the preference for one of the two helical con-
formers. We think the methylation prevents partial inclu-
sion of the pigment chromophore into the cavity.

When cyclohexanol was added to BV–CDx, no significant
changes in the shape and magnitude of the ECD spectra
were observed. For the MCDx–BV system the signal dras-
tically decreased after cyclohexanol addition and, finally,
no ECD signal was observed. When the cyclohexanol–
CDx complex was formed first and BV was added later
on, a weaker induced ECD signal for BV was observed,
which increased in time. The final magnitude of the spec-
trum was weaker compared to that for the BV–CDx com-
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plex without cyclohexanol (cf. curves a and e). For the sys-
tem MCDx–cyclohexanol, an ECD signal was not obtained
after BV addition; therefore, stereoselective complexation
does not take place in this case. The induced ECD signal
was observed also for the DMSO solution of BV and
CDx, suggesting that stereoselective complexation takes
place also when hydrogen bonding is suppressed. The
experiments with cyclohexanol and DMSO show that the
inclusion mechanism is the most important stereoselective
factor in BV–CDx complexation and that hydrogen bonds
have a stabilizing effect but do not contribute to stereo-
selectivity. Compared to BR and TB, where inclusion of
the chromopores is only shallow and enantioselective com-
plexations are not strong in water and do not take place in
DMSO, BV forms enantioselective complexes even in
DMSO (curve f).

Further information about the interaction between the pig-
ments and both CDx and MCDx can be deduced from the
IR and VCD measurements.

2.2. Vibrational circular dichroism

Figure 3 shows the absorption spectra of the pigments
studied at pH 10.8 in the range 1800–1500 cm�1 where
most of the stretching vibrations of the tetrapyrrole rings
can be observed. Matrices of CDx and MCDx do not ab-
sorb in this region. Assignment of the infrared bands to
the basic functional groups in BR and BV dianions was
done according to results reported previously.39–42 For
BR, the broad band at 1670–1600 cm�1 involves three local
maxima, 1650, 1630, and 1617 cm�1, obtained by second
derivation. The band at 1650 cm�1 can be assigned to the
stretching C@O vibrations, the band at �1630 cm�1 is as-
signed to vinyl coupled lactam and pyrrole ring stretching
Figure 3. Absorption spectra of bilirubin (BR), biliverdin (BV), and
bilirubin ditaurate (TB) dianions in aqueous solution. c(pigments) =
0.08 mol L�1.
vibrations, and the band near 1617 cm�1 to the pyrrole ring
deformation characteristic of molecules possessing intra-
molecular hydrogen bonds. The broad band may also
include the absorption at 1600 cm�1 that was assigned to
the vinyl, lactam and bridged C@C stretching vibrations.
As for the broad band at 1600–1520 cm�1, it consists
mainly of the asymmetric COO� stretching vibrations of
the propionic groups in the BR2� structure (1558 cm�1)
and pyrrole C@C, N–H, and lactam C–N stretching vibra-
tions at 1545 cm�1.

The absorption spectrum of TB consists of five bands with
maxima at 1650, 1631, and 1609 cm�1, which involve the
same vibration modes as the BR band at 1670–
1600 cm�1, and two weak bands at 1690 and 1562 cm�1.
The simultaneous increase in the intensity of the C@O
stretching vibrations at 1650 cm�1 and the shift and inten-
sity decrease in the band characteristic of intramolecular
bonded molecules at 1609 cm�1 indicate fewer intermole-
cular hydrogen bonds in the dianionic structure of TB in
comparison with BR (Fig. 1). The weak band at
1690 cm�1 is a result of pigment aggregation. The weak
band at 1560 cm�1 is the pyrrole C@C, N–H, and lactam
C–N stretching vibrations, which are located at
1545 cm�1 in the BR2� spectrum.

The BV2� spectrum possesses two pronounced bands. The
band at 1600–1500 cm�1 involves the asymmetric COO�

stretching vibration of the propionic groups at 1560 cm�1

and the stretching pyrrole vibrations C@C, N–H, and the
lactam vibration C–N at 1545 cm�1. These vibrations coin-
cide with the analogous vibrations in the BR dianion spec-
trum. By comparison with TB2�, which does not have the
COO� groups in its structure and possesses only a very
weak band at 1565 cm�1, the assignment of the broad band
centered at 1560 cm�1 as the stretching vibration of the car-
boxylate groups in BV and BR dianions is corroborated.
The second most pronounced band in the BV absorption
spectrum is located at 1660 with a shoulder at 1610 cm�1.
It involves the stretching vibrations of C@O and C@C,
C@N in the rings. BV does not show the strong band at
�1620 cm�1 that is characteristic of the stretching vibra-
tions of the pyrrole rings in BR and TB that are involved
in intramolecular hydrogen bonds. Its spectrum is in accor-
dance with the specific ‘lock-washer’ conformation with
only one or two intramolecular hydrogen bonds compared
to presumably four similar bonds for TB and four to six for
BR.

Figure 4 shows the VCD spectra of BR and TB dianions in
the presence of CDx and MCDx and the influence of cyclo-
hexanol addition to the pigments in the presence of CDx.
The solutions of both pigments without cyclodextrins show
no VCD signal. Pure CDx and MCDx do not possess a
VCD signal in this region either, making them advanta-
geous matrices for VCD study of the conformational
changes of tetrapyrroles caused by interactions with chiral
agents. For TB dianion in the presence of CDx and MCDx
(curves a and b), the positive couplet 1615(+)/
1630(�) cm�1 assigned to vibrations of C@O perturbed
by hydrogen bond to the pyrrole rings and stretching vibra-
tions of the vinyl group coupled to the lactam demonstrates



Figure 4. VCD spectra of bilirubin (BR) and bilirubin ditaurate (TB)
in aqueous solutions at pH 10.8 with CDx (a), MCDx (b), CDx
and cyclohexanol (c). c(BR) = 0.08 mol L�1, c(TB) = 0.08 mol L�1,
c(CDx) = 0.075 mol L�1, c(MCDx) = 0.12 mol L�1, c(cyclohexanol) =
0.06 mol L�1.

Figure 5. VCD spectra of bilivedin (BV) dianion in aqueous solutions with
CDx (a), c(CDx) = 0.08 mol L�1 (unbroken line), c(CDx) = 0.14 mol L�1

(broken line), and MCDx (b). c(MCDx) = 0.12 mol L�1, c(BV) =
0.08 mol L�1.
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the same specific spatially oriented lactam and pyrrole
rings in complexes of TB with both CDx and MCDx at
pH 10.8. Addition of cyclohexanol to the CDx–TB system
reverses this VCD pattern (cf. curves a and c for TB). In
addition, the positive signal at 1610 cm�1 changes into a
negative signal and the negative signal at 1650 cm�1 turns
into a weak positive signal. This supports the opposite
arrangement of hydrogen bonded pyrrinone groups in
complexes with CDx and in complexes with CDx when
cyclohexanol is present. The band at 1660 cm�1 corre-
sponding to the C@O stretching vibrations observed in
the solution without cyclohexanol as a positive signal turns
into a negative one when cyclohexanol is added. The VCD
observations of TB complexes are in accord with the ECD
results that showed significant impact of the presence of
cyclohexanol on the spectral pattern (cf. Fig. 2, the middle
panel).

For BR, the spectra of the CDx and MDx complexes and
of the CDx complex with cyclohexanol show a characteris-
tic positive band in the C@O stretching vibrations region in
the lactam rings and a negative couplet 1620(�)/
1640(+) cm�1, which is assigned to the lactam stretching
vibrations of C–N and C@C in the hydrogen bonded mole-
cule of BR. These patterns are opposite to the pattern
observed for TB with CDx and MDx and similar to the
spectral features observed for TB with CDx in the presence
of cyclohexanol. These VCD observations, together with
the ECD presented in Figure 2, reflect the fact that the heli-
cal conformer recognized when BR complexes with CDx or
MCDx is different from the conformer recognized when TB
complexes with CDx or MCDx. While the presence of
cyclohexanol does not change the sign of the ECD or
VCD signals of BR–CDx, the pattern with opposite sign
is observed in both ECD and VCD spectra of TB.

Analysis of the obtained VCD results enables us to define
the ‘VCD markers’ for the M-helical conformation of
BR. The first marker is the negative couplet 1620(�)/
1640(+) cm�1. In addition, the pronounced signal in the
region of the antisymmetric COO� stretching vibration at
�1560 cm�1 can also be considered as characteristic of
the M-helical conformation of BR.

Figure 5 shows the VCD spectra of BV dianion with CDx
at two concentrations and MCDx. The observed VCD pat-
tern differs significantly from that observed for BR and TB
dianions. Three strong negative bands were observed in the
presence of CDx. The band at 1650 cm�1 is assigned to
C@O stretching, the band at 1610 cm�1 to C@N, N–H,
and conjugated C@C stretching and the band at
1560 cm�1 to antisymmetric COO� stretching. Increasing
the concentration of CDx while the pigment concentration
was kept unchanged was accompanied by an increase in
solubility of the complex. Enhancement of the VCD signal
in this case implies a shift of the equilibrium toward com-
plex formation. The VCD spectrum of BV in the presence
of MCDx roughly shows the opposite sign pattern com-
pared to the BV–CDx spectrum. All the signals are in the
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same positions and are weaker than for BV–CDx. The
VCD results together with the ECD results imply that
CDx and MCDx roughly recognize opposite conforma-
tions of BV.

The nature of the interactions of the three bile pigments
with the cyclodextrins was further examined using the
VCD spectra in the region 1400–1280 cm�1, which is char-
acteristic of the cyclodextrins,33,34 and where signals from
the pigments are not manifested. Figure 6 shows the
VCD spectra of aqueous solutions of pure CDx and CDx
with BR, TB, and BV. The VCD spectrum of pure CDx
shows bands at 1366(�) and 1327(+) cm�1, which are as-
signed to C–O–H and C–H deformations. The two bands
are slightly influenced by BR and TB and substantially de-
creased by interaction with BV. This suggests the different
binding mechanisms between BV and CDx on the one hand
and BR and TB on the other hand. These kinds of changes
in the VCD spectrum of CDx were observed previously33,34

and were interpreted as being due to the inclusion of an
aromatic compound. We observed that small changes in
the structure of BV caused different conformations in solu-
tion compared to BR and TB and better stereoselective rec-
ognition by CDx.
Figure 6. VCD spectra of BR, TB, and BV dianions with CDx in aqueous
solutions, and aqueous solutions of pure CDx. c(pigment) = 0.08 mol L�1,
c(CDx) = 0.075 mol L�1.
3. Conclusions

The summarized results described above suggest that
unconjugated and conjugated bilirubins have different
mechanisms of complexation with cyclodextrins. BR2�

bonds to CDx and MCDx by means of hydrogen bonds
and only shallow inclusion that is restricted by the presence
of COO– in the pigment structure. The TB2� complex in-
volves weak inclusion of the whole molecule, or some part
of it, into the CDx cavity and stabilization of the confor-
mation by hydrogen bonds. BV2� forms inclusion com-
plexes and the inclusions are quite deep in this case. The
inclusion nature of such complexes can be proved by the
weak ECD signal in DMSO where formation of enantio-
selective complexes via hydrogen bonds is not possible as
was shown for BR. The formation of complexes with selective
diastereoisomeric preferences and the induced ECD signal
for each kind of recognition can be followed by means of
electronic as well as vibrational CD spectroscopy. The
changes in the region of the VCD spectra where the pig-
ment signals are manifested are reflecting the M-helical
stereoisomers of BR and BV and the P-helical conformer
of TB. The VCD spectroscopic characteristics of the differ-
ent conformations were obtained for the first time. The two
rubin pigments BR and TB have the same conformation in
solution and exist as racemic mixtures of two enantiomeric
conformations and, consequently, the pure pigments have
neither ECD nor VCD signals, but they can be recognized
by CDx or MCDx in the form of opposite conformers. The
VCD spectra of these helical conformers are opposite in the
region corresponding to the lactam and pyrrole ring
stretching vibrations and this characteristic may be used
in future VCD studies of BR and TB pigment interactions
to provide an explanation of unknown aspects of bile pig-
ment metabolism.
4. Experimental

b-Cyclodextrin (CDx) (Sigma), b-methylcyclodextrin
(MCDx) (Aldrich), and ditaurine amide of bilirubin-IXa
disodium salt (bilirubin ditaurate) (Frontier Scientific) were
used without further purification. Bilirubin-IXa and bili-
verdin-IXa hydrochloride (both Frontier Scientific) were
used for salt preparation. Double distilled water and
DMSO (Sigma) were used as solvents for ECD measure-
ments. VCD spectra were recorded in D2O (99.9% D,
Chemotrade). All other reagents used were of analytical
grade.

The disodium salts of the pigments were prepared by
freeze-drying methods. Crystalline bilirubin and biliverdin
were dissolved in a small excess of NaOH for the full neu-
tralization, intensively shaken, and centrifuged. All manip-
ulations were made rapidly in the dark. The centrifugate
was frozen at the temperature of liquid nitrogen and lyoph-
ilized with light protection and stored at �20 �C. Only
freshly prepared salts were used during experiments. All
the experiments were performed at room temperature and
under a nitrogen atmosphere.

The ECD spectra were recorded on a Jasco J-810 spectro-
polarimeter at room temperature using a quartz cell with a
path length of 1 cm, and the samples were flushed with dry
ultrapurified nitrogen before and during the experiments. A
slit program that afforded wavelength accuracy better than
0.5 nm and integration time of 2 s for each spectral point
was used. The pH values of the aqueous solutions were ad-
justed to 10.8 using 0.5 mol L�1 NaOH and controlled via
a Cole Parmer pH meter with glass microelectrode
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(9802BN Orion). No significant change in the pH was con-
firmed after each measurement. The concentrations of the
pigments and CDx (MCDx) were 7 Æ 10�5 and
0.01 mol L�1, respectively. The results are presented as
mean molecular ECD intensities with respect to total pig-
ment concentration. The concentration used for MCDx
was 1.5 times higher than for CDx because of better solu-
bility. Although the VCD patterns for both cyclodextrins
are basically the same, the higher concentration used for
MCDx caused the features to be more pronounced.

For VCD measurements fresh stock solutions of pigment
salts were prepared at concentrations of 0.16 mol L�1 in
D2O and protected from light. Solutions of the cyclo-
dextrins were prepared at concentrations of 0.15 mol L�1

(CDx) and 0.24 mol L�1 (MCDx). The equivalent volume
of the pigment stock solution was added to the same
volume of the CDx stock solution and the mixture was
intensively shaken and protected from light. The final
concentrations of the samples prepared were 0.08 mol L�1

for the pigments and 0.075 and 0.12 mol L�1 for CDx and
MCDx, respectively. The pH of the solutions was adjusted
to 10.8 using NaOD 0.5 mol L�1 solution in D2O (Merck).
No correction for isotope effects was done.

All samples were allowed to equilibrate for 30 min before
the measurements and the stability of the samples was
proved by comparison of the infrared absorption spectra
recorded before and after each VCD measurement.

VCD spectra were recorded in the 1800–1250 cm�1 region
at room temperature with a resolution of 8 cm�1 using a
Fourier transform infrared spectrometer IFS-66/S (Bruker,
Germany) equipped with a VCD/IRRAS module PMA 37
(Bruker) by a procedure that has been described else-
where.43 A demountable cell with the CaF2 windows and
Teflon spacer of a 50-lm pathlength was used.
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