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In this study, vibrational circular dichroism (VCD) spectroscopy was employed for the first time to study the
bilirubin (BR) interactionwithmodelmembranes andmodels formembrane proteins. An enantioselective inter-
action of BR with zwitterionic 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and sphingomyelin (SPM)
liposomes was observed by VCD and electronic circular dichroism (ECD) complemented by absorption and fluo-
rescence spectroscopy. TheM-form of BRwas preferentially recognized in the BR/DMPC system at concentration
above 1 × 10−4 M, for lower concentrations the P-form of BR was recognized by the DMPC liposomes. The VCD
spectra also showed that the SPM liposomes,which represent themain component of nerve cellmembrane,were
significantly more disturbed by the presence of BR than the DMPC liposomes—a stable association with a strong
VCD signal was observed providing the explanations for the supposed BR neurotoxicity. The effect of time and pH
on the BR/DMPC or SPM liposome systemswas shown to be essentialwhile the effect of temperature in the range
of 15–70 °C was negligible demonstrating the surprisingly high temperature stability of BR when interacting
with the studied membranes. The influence of a membrane protein was tested on a model consisting of poly-L-
arginine (PLAG) bound in theα-helical form to the surface of 1,2-dimyristoyl-sn-glycero-3-phospho-(1′-rac-glyc-
erol) liposomes and sodium dodecyl sulfate micelles. VCD and also ECD spectra showed that a variety of BR dia-
stereoisomers interacted with PLAG in such systems. In a system of PLAG with micelles composed of sodium
dodecyl sulfate, the M-form of bound BR was observed.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Bilirubin (BR), the final product of the hem catabolism in the human
body, is formed at a rate of about 300 mg per day and performs both
positive and negative functions [1]. Although, this pigment has been
known for more than a century, its exact effects are still being debated
[1–3]. Most BR is promptly eliminated from the body [2,4]. However,
in the pathologic state, BRmay accumulate and at higher concentrations
its negative effects may appear [1,4]. During the hyperbilirubinemia of
newborns, the deposition of unconjugated BR in the central nervous
system is the major factor causing bilirubin encephalopathy.

In this article, we have focused on BR and membranes, the system
modeling BR attack on the cell membrane surface related to BR neuro-
toxicity. The interaction of BR with cell membranes may have several
different mechanisms which result in the differences in cell function
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or in cell death [5]. It is thought [2,6,7] that these neurotoxic effects of
BR are caused by its bond to the membrane which is enantioselective.

Although BR is a linear tetrapyrrolic pigment, its structure is not pla-
nar. It takes helical forms composed of two rigid planar dipyrrole units,
which may have either a P- or M-sense of helicity with different dihe-
dral angles between the dipyrrole units [8–14] (Scheme 1). As the race-
mization barrier between these two forms is low, a racemic mixture of
BR in a homogeneous solution without chiral agents is formed. Never-
theless, it has been observed previously [6,15] by the method of elec-
tronic circular dichroism (ECD) that the P- or M-form of BR interacted
preferentiallywithmodels ofmembrane surfaces. This interaction prob-
ably caused damage [7,16–21] to themembranewhichmay result in the
cell apoptosis. The ECD observations showed [6,7,22] that the BR inter-
action with membranes is strongly influenced by the chemical compo-
sition of the membrane.

The liposomes composed mainly of a phospholipid bilayer probably
do not significantly change their structure after an interaction with BR
[23] and mainly fulfill the role of its transporter. However, the interac-
tion of BR with sphingomyelin (SPM) and gangliosides, which are the
main components of nerve cellmembranes, differs from thatwith phos-
pholipids [6,15–17].

Different spectral methods [6,7,16,22–32] have been already
employed to study the interactions of BR with model membranes.
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Scheme 1. Structure of the P- and M-helical form of BR in their global energy minimum with marked hydrogen bridges and the characteristic positive and negative ECD couplet
for the P- and M-forms, respectively, observed in the region of BR absorption.
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Most of these studies focus on the lipid part of the system. In this
study, we employed mainly vibrational circular dichroism (VCD), a
chiroptical method suitable for the simulation of locally high concentra-
tions of BR, which are thought to be themain cause of its negative effects.
Another advantageous aspect of thismethod is its local sensitivity to the
chiral structures of BR [33–35] as well as model membranes [36]. In
addition, ECD, the transmission absorption in the both IR (infrared)
and UV–vis (Ultraviolet–visible) regions and fluorescence emission
spectroscopy were employed.

The main aim of this article was to study the interactions of BR with
model membranes and to show their mutual influence. We chose three
different compositions of model membranes. Zwitterionic liposomes
from 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) were cho-
sen to simulate the phospholipid bilayer and sphingomyelin (SPM) li-
posomes were used as a model for nerve cell membranes. The models
used enabled the study of the influence of temperature and pH changes
on these systems. Negatively charged liposomes composed of 1,2-
dimyristoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DMPG) or 1,2-
dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DPPG) and
micelles composed of sodium dodecyl sulfate (SDS) were then used
to investigate the interactions of BR withmembranes in the presence
of a positively charged polypeptide poly-L-arginine (PLAG), which in-
teracts with the DMPG or DPPG liposomes and the SDS micelles in its
α-helical form [36]. PLAG represents a suitable model for membrane
protein as it enabled the study of the interaction of BR with two differ-
ent secondary conformations of a polypeptide: the α-helix when PLAG
was bound to the membrane and a polyproline II-like structure in the
solution.
2. Material and methods

2.1. Materials

The lipids 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC),
sphingomyelin (SPM) and 1,2-dipalmitoyl-sn-glycero-3-phospho-
(1′-rac-glycerol) sodium salt (DPPG) were purchased from Avanti
Polar Lipids (Alabaster, AL). Lipid 1,2-dimirystoyl-sn-glycero-3-
phospho-(1′-rac-glycerol) sodium salt (DMPG) was purchased from
(CordenPharma International, Germany). Bilirubin-IXa (BR) was pur-
chased from Frontier Scientific (USA). The sodium dodecyl sulfate
(SDS), human serum albumin (HSA) protein and the poly-L-arginine
hydrochloride polypeptide (approximately 184 amino acid units,
PLAG) were purchased from Sigma Aldrich. Deuterated water (99.9% D,
Chemotrade, Czech Republic) was used for the VCD measurements. All
of the chemicalswere usedwithout further purification. For the structure
of the used polypeptide and lipids, see Fig. S1 in Supplementarymaterial.
2.2. Preparation of large unilamellar vesicles

The liposomes were prepared using the standard procedures [37].
The appropriate amount of dried lipid was weighed and dissolved in
chloroform or a chloroform/methanol (for DMPG and DPPG) mixture
(2:1, v/v) and vortexed for 5 min. The sample was dried under low
pressure to form a thin film on the vial wall, after which it was left
under high vacuum for 6 h. The filmwas then hydrated via the addition
of a 1 × 10−2 Mphosphate buffer with an appropriate pH and vortexed
extensively. The resulting multilamellar liposome suspension was then
reduced to uniform large unilamellar vesicles (LUVs) by passing
twenty-three times through a polycarbonate membrane with a mean
pore diameter of 100 nm using a Mini-Extruder (Avanti Polar Lipids).
After extrusion, the LUVs were allowed to equilibrate for at least 2 h
before use. The final lipid concentration was calculated based on the
weight of the dried lipid [38–42]. For the VCDmeasurements, a deuter-
ated phosphate buffer was used. During the liposome preparation, the
D-H exchange took place, which can be observed in the mid IR.

The dynamic light scattering (DLS) method confirmed the narrow
size distribution of the LUVs with the maximum at (110 ± 2) nm.

2.3. Sample preparation

The sodium salt of BR was prepared to obtain a BR of higher solu-
bility [33]. Powdered BR was dissolved in a 3:1 excess of a sodium
hydroxide aqueous solution. A complete neutralization was achieved
and the solution was centrifuged. The dissolved part was cooled to
the temperature of liquid nitrogen and lyophilized in the dark. The
powder obtained was stored at −20 °C for no longer than 24 h.

The spectral measurements were conducted in the solutions of
a phosphate buffer (deuterated for VCD). BR was dissolved in the
1 × 10−2 M phosphate buffer and its stock solution was then slowly
added to the solution of the liposomes or micelles. Afterwards, themix-
ture was mildly vortexed and allowed to equilibrate. In the systems
with polypeptides, the solution of polypeptide with liposomes or
micelles was prepared first and then BR was added.

For the VCD measurements, the BR concentration was 5 or
7 × 10−2 M. The PLAG concentration was 6.5 g/L, which represented
the molar concentration of 4.2 × 10−2 M per amino-acid residuum.
The concentration of the lipids was 1.4 × 10−1 M and that of SDS was
5.6 × 10−1 M. The small signalsmeasured in VCD cause that an optimal
energy throughput on a detector is needed which represents the desir-
able entire absorption in the IR region of measured solutions of A ~ 0.4.
This fact prohibits extending the concentration range in several
orders by an increase of the path length because this simultaneously
increases the absorption of solvent and significantly decreases the energy
throughput [43,44].
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For the ECD measurements, the BR concentration was in the
broad range of 1 × 10−5–5 × 10−2 M. The highest concentration
corresponded to the concentration used for the VCD measurements
and enabled the comparison between both techniques. The PLAG con-
centration was 6.4 × 10−4 M. The concentration of DMPC and SPM
was given by the desired ratios of the component. The concentration
of DMPG and DPPG was 2.8 × 10−3 M and that of SDS 1.1 × 10−2 M.

For the fluorescence emission measurements, the BR concentration
was 1 × 10−5 M, the concentration of the DMPC and SPM liposomes
was 1 × 10−3 M, and HSA concentration was 1 × 10−5 M.

All measured solutions did not show presence of aggregates or
precipitates as was confirmed by their centrifugation. The aggregation
was observed for pH N 8 and prevented the spectral measurements in
the broader range of pH.

2.4. Vibrational circular dichroism and transmission Fourier transform
infrared spectroscopy

The VCD and IR absorption spectra in the 1800–1400 cm−1 region
were measured on a FTIR IFS 66/S spectrometer equipped with a PMA
37 VCD/IRRAS module (Bruker, Germany).

The samples were placed in a demountable cell (A145, Bruker,
Germany) composed of CaF2 windows separated by a 23 μm Teflon
spacer that was suitable for the concentrations used. All of the VCD
spectra were recorded at a spectral resolution of 8 cm−1 and are the
average of the 15 blocks of 3686 scans (20 min). The OPUS 6.5 software
(Bruker, Germany) was used for the VCD spectra calculations. The
VCD and IR spectra were corrected for a baseline, which was obtained
as a spectrum of the buffer measured under the same experimental
conditions. The composition of the mixture of deuterated and non-
deuterated phosphate buffer used as a solvent for the baseline correc-
tion corresponded to the H to D exchange during the extrusion and
was obtained from the IR absorption spectra.

The temperature dependence of the spectra was measured in a
demountable electric heated cell P/N20500 (Specac, UK) constructed
of the CaF2windows separated by a 23 μmTeflon spacer. A heated jack-
et controller 3000 series (Specac, UK) adjusted the temperature.

2.5. Electronic circular dichroism, fluorescence emission spectroscopy and
absorption in the ultraviolet and visible region

The ECD, fluorescence emission and UV–vis absorption spectra were
measured on a J-810 spectrometer equipped with a fluorescence acces-
sory FDCD-404 L (Jasco, Japan). The ECD and UV–vis absorption spectra
were measured in a quartz cuvette with an optical path length of 1 cm,
1 mm, 0.5 mm, 100 μm and 10 μm (Starna, USA) and the fluorescence
emission spectra in a quartz cuvette with an optical path length of
1 cm (Helma, Germany). The conditions of the ECD and UV–vis absorp-
tionmeasurements were as follows: a spectral region of 200–600 nm, a
scanning speed of 5 nm/min, a response time of 16 s, a resolution of
0.5 nm, a bandwidth of 1 nm and a sensitivity of 100 mdeg. The final
spectrum was obtained as an average of 8 accumulations. The spectra
were corrected for a baseline by subtracting the spectra of the corre-
sponding buffer. The conditions of the fluorescence emission measure-
ments were as follows: a spectral region of 460–800 nm, excitation
wavelength 435 nm, a response time of 2 s, a resolution of 1 nm, a
bandwidth of 10 nm and a sensitivity of 900 V. The final spectrum
was obtained as an average of 5 accumulations. All the measurements
were conducted at room temperature (25 °C).

3. Results and discussion

3.1. Bilirubin interaction with zwitterionic liposomes

The previously published ECD studies of the interaction between BR
and liposomes have shown that BR is enantioselectively recognized by
the liposomes of a certain composition [6,15]. The ECD spectral features
were typical of the P-form of BR. However, the ECD spectra can bring
only information on the BR part of the molecular system. No informa-
tion about the lipid part of the system could be obtained. The VCD
method, which we employed, is closely related to IR method and does
not depend on the UV–vis chromophores and may describe both of
the components of the system.

We studied the interactions between the BR and the zwitterionic
liposomes composed of DMPC, a lipid similar to the lipids of usual cell
membranes. In a solution, BR exists as a racemic mixture of two rapidly
interconverting enantiomers with P- and M-forms. Therefore, although
the pattern with local maxima localized at 1617 cm−1 and 1557 cm−1

was observed in the IR spectrum for the BR solution (Fig. 1A), no VCD
signal was observed for the racemate. The IR band with the maximum
at 1617 cm−1 is broad and the second derivative analysis showed that
another two bands at 1650 and 1630 cm−1 were overlapped by a
band of higher intensity. The band at 1617 cm−1 was assigned to pyr-
role ring deformation in a molecule with hydrogen bonds, the band at
1630 cm−1 was assigned to vinyl coupled lactam and pyrrole ring
stretching vibrations and the band at 1650 cm−1 was assigned to the
stretching C_O vibration [45,46]. The band at 1557 cm−1 also consisted
of several signals: pyrrole C_C, N\H and lactam C\N stretching vibra-
tions at 1545 cm−1 and an asymmetric COO\ stretching vibration at
1557 cm−1.

Despite the chiral center in the DMPC molecule (for structure see
Fig. S1), the solution of the DMPC liposomes also had no observable
VCD signal (Fig. 1A).Without additional chiral agent, the conformation-
al diversity of the long non-rigid lipid chains diminished the optical
activity of the chiral center and caused observedweak signal of the lipo-
somes. A lipid signal in the studied IR region localized at 1735 cm−1

was assigned to the C_O lipid groups. For the solution of BR with
DMPC liposomes, several VCD signals were observed (Fig. 1A): a nega-
tive couplet localized at 1643(−)/1680(+) cm−1 corresponding to
the IR peak at 1650 cm−1 and a negative VCD signal at 1743 cm−1 cor-
responding to the IR signal at the same position. Interestingly, the IR
spectra were stable in the time domain, while the intensity of the VCD
signal at 1743 cm−1 increased and a new negative signal localized at
1567 cm−1 was observed with time. The VCD pattern of BR/DMPC
reached its stable shape in six hours and became stable for tens of hours.

The IR and VCD peaks in the mutual solution of both BR and DMPC
were assigned based on the spectrameasured for the compounds them-
selves. The negative VCD band at 1743 cm−1 was assigned to the C_O
groups of DMPC [45]. The negative couplet localized at 1643(−)/
1680(+) cm−1 was assigned to the stretching vibration of the C_O
groups of BR. The negative signal at 1567 cm−1 was assigned to the IR
peak at 1557 cm−1 of an antisymmetric COO\ stretch and previously
was used as a marker for BR helicity [33–35]. According to these previ-
ous results, the negative sign of this bandwas assigned to theM-form of
BR, which suggested that BR was recognized by the chiral DMPC lipo-
somes also in the M-form.

The previously published study [6] concluded that BR bound to the
DMPC membrane in its P-form, which was based on the observation
of a positive BR couplet in the ECD spectra for a BR concentration of
10−5 M. To explore the discrepancy between our VCD findings at
the BR concentration 5 × 10−2 M and ECD results at concentration of
10−5 M, we measured the ECD and UV–vis spectra of the BR/DMPC so-
lutions in the broad concentration range of BR: 1 × 10−5–5 × 10−2 M
and documented their concentration dependence. The positive couplet
observed at 1 × 10−5 M was converted to a more complex spectral
form with the concentration increase. For the high concentrations un-
usual for the ECDmeasurements of BR, a negative couplet was observed
as amain spectral feature (Fig. 2A) confirming that at higher BR concen-
trations in the presence of DMPC, BR preferentially existed in its
M-form. A significant blue shift was observed in the UV–vis spectra for
high concentrations. As Person et al. [47] suggested, the intensity of
the higher energy transition in the UV–vis would be increased for a



Fig. 1.A. The VCD (top) and IR (bottom) spectra of the DMPC liposomes (dashed), BR and of the BRwith the DMPC liposomes 20 min after sample preparation and 6 h after sample prep-
aration, and BR with DMCP liposomes with 10 mol% of cholesterol. (cBR = 5 × 10−2 M, cDMPC = 1.4 × 10−1 M, cDMPC + Cholesterol = 1.4 × 10−1 M). B. The VCD (top) and IR (bottom)
spectra of the SPM liposomes (dashed), BR and the spectral changes over time for a BR solution with the SPM liposomes. (cBR = 5 × 10−2 M, cSPM = 1.4 × 10−1 M).
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more closed porphyrin-like BR conformation, which is high in energy
(~20–30 kcal/mol above the isoenergetic global minimum energy con-
formations), so the UV–vis spectral pattern should be blue-shifted, and
the ECD intensitywould be significantly decreased, whichwas observed
(Fig. 2A) as the observed negative couplet had low intensity. Although
Fig. 2. The ECD spectra of BR with the DMPC liposomes (A) and with the SPM liposomes (B) i
(a 1 mm cuvette, dashed line), 10−3 M (a 10−1 mm cuvette, dotted line), 10−2–5 × 10−2 M (
centration of DMPC and SPMwas in the range 1 × 10−3–1.4 × 10−1 M. The ratio of BR and lipi
low concentrations and 0.35 for high concentrations.
the suspected porphyrin-likeM-form of bound BR at high concentration
would be quite high in energy, it is possible that it was stabilized by the
DMPC membrane. It should be noted that it is not possible to measure
the VCD spectra for lower concentrations aswas described in paragraph
2.3. However, the obtained ECD results indicated that BR bound to the
n the concentration range of BR: 10−5 M (a 10 mm cuvette, dot-and-dash line), 10−4 M
a 10−2 mm cuvette, solid lines, concentrations in M are denoted in the spectra). The con-
dwas adjusted to optimized conditions for themeasurement and was in the range 0.01 for

image of Fig.�1
image of Fig.�2
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DMPCmembrane in a P-formup to a concentration of 1 × 10−4 Mof BR
and predominantly in the M-form at higher concentrations (Fig. 2A).
Besides the negative couplet, a positive couplet localized at the low
energy side of the BR absorption band was observed as well in the
ECD spectra for high concentrations of BR. This indicated that part of
the BRwas bound also in the P-form. For all themeasured BR concentra-
tions, a shoulder at ~507 nm was observed in the UV–vis absorption
spectra indicating that a part of BR was in the colloidal state [48,49]
which reflected a low solubility of BR in an aqueous solution. Neverthe-
less, the measured intensity of the ECD spectra demonstrated that the
major part of BR participated in diastereoisomeric interactions.

In this study, the VCD spectra were also used to follow the lipid part
of the system. In the presence of BR, a new VCD signal was observed at
1743 cm−1 assigned to the C_O groups of the lipid. This indicated
that these groups,whichwere close to the lipid chiral center, were influ-
enced by the interacting BR. Because the C_O groups of the lipid were
not localized on the surface of the bilayer, we may assume that BR
entered into the bilayer closely to the C_O lipid groups. This was also
observed in a former IR absorption study [25]. However, the VCD spec-
tra revealed the influence of BR on the C_O region of DMPC, which had
not been observed before. Observed VCD signal assigned to the lipid
part documented that chiral discrimination of BR decreased the confor-
mational diversity of the lipids documented by non-measurable optical
activity of alone lipids in the solution.

The interaction of BRwith theDMPC liposomeswas observed also by
the fluorescence emission spectroscopy (Fig. 3). The strong quenching
prohibited the measurement of the BR fluorescence in the phosphate
buffer solution; therefore a spectrum of BR interacting in the primary
binding site of HSA [48] was used in the comparison with the spectra
of BR in the liposomal solutions. Fig. 3 shows that within the spectral
resolution the position of the emission maxima of the BR solution
with the DMPC liposomes was the same as in the solution with HSA.
This indicated that BR interactingwith theDMPCbilayerwas in a similar
environment as when bound to HSA, i.e. less polar than water [50], and
therefore probably buried in the bilayer.

The VCD and ECD spectra indicated that BR was recognized by the
membrane in different chiral forms depending on its concentration
and its spatial form was probably changed during the interaction,
which was also confirmed by the fluorescence emission and UV–vis
spectra. Similar behavior of BR has been observed before [15] for BR in
different a model system consisting of a single layer and was explained
as the inducement of a different organization of aggregates or a different
Fig. 3. The fluorescence emission spectra of BRwith theDMPC liposomes, BRwith the SPM
liposomes and BR with HSA (top), and of BR, HSA, the DMPC liposomes, the SPM lipo-
somes and phosphate buffer (bottom). (cBR = 1 × 10−5 M, cDMPC = 1 × 10−3 M,
cSPM = 1 × 10−3 M, cHSA = 1 × 10−5 M).
site of binding of BR because of concentration changes. According to our
VCD and ECD observation for the bilayer system, a significant part of BR
entered thebilayer and at its lower concentrationspreferred the P-form.
At higher concentrations, restrictions in the bilayer arose (higher BR/
lipid ratio) and BR was forced to take more flat porphyrin-like confor-
mation in the M-form, influenced also by the chiral center of the
DMPC lipidswhich is located closely to the C_O groups in themolecule
(Fig. S1 in Supportingmaterial). The time changeswhichwere observed
in the VCD of the lipid part of the system and also in the negative BR
band at 1567 cm−1 (antisymmetric COO\ stretch) which indicated
the M-form, confirm this suggestion. As the IR spectra were stable in
terms of time, the changes in the VCD spectra were caused by the reor-
ganization of the bilayer in the presence of BR. The time changes were
also observed in the ECD spectra for the BR part at lower concentrations
of BR (Fig. S2). After the BR interaction with the bilayer occurred, the
lipids probably slowly organized (over hours) in order to arrange the
BR molecules, which was connected to the observed VCD pattern.

SPM is one of themost common lipids that occur in neural cellmem-
branes. The solution of the SPM liposomes had only one IR band in the
studied region localized at 1632 cm−1 which was assigned to the
C_O vibration (Fig. 1B). The IR spectrum of BR alone was described
above. The solution of BR with the SPM liposomes had several IR and
VCD signals (Fig. 1B). The IR spectra were stable over time and two
broad bands with maxima localized at 1628 and 1562 cm−1 were
observed. However, the VCD signal changed quite rapidly during the
measurement (one spectrum was measured for 20 min) as shown in
Fig. 1B: for the fresh mixture, a negative couplet localized at 1614(−)/
1637(+) cm−1 was observed and this gradually changed to a positive
couplet localized at 1608(+)/1649(−) cm−1. In addition, a negative
signal localized at 1572 cm−1 was observed. These newly formed sig-
nals were stable for tens of hours.

The ECD and UV–vis spectra shown in Fig. 2B indicated concentra-
tion dependence in the region of the BR signal: for the concentration
of 10−5 M, previously used in [6], a positive couplet was observed indi-
cating the P-formof interacting BR (centered at 442 nm, Fig. 2B). For the
same concentrations and conditions as used for VCD (5 × 10−2 M,
Fig. 2B), a low intensity positive couplet was observed as well but at a
slightly different position (centered at 460 nm). The observed ECD
signal is typical for the overlapped positive and negative couplets,
meaning that the observed positive couplet was complemented by a
low intensity negative couplet at higher energy. The UV–vis spectra
also differed for the low and high concentrations. The high energy part
of the absorption band localized at 412 nm became more intensive
than the low energy one at 450 nm compared to the spectra measured
for low concentrations.

We assume that the changes over time in the VCD spectra of BR/SPM
system and their reason were analogous to the BR system with DMPC
liposomes. The signal intensities for BR with the SPM liposomes were
approximately three times higher than in the case of the BR with the
DMPC liposomes. A negative couplet of lower intensity overlapped by
the previously discussed VCD signals of stronger intensity was observed
at 1656(−)/1672(+) cm−1 in the BR/SPM system (Fig. S3 in Supple-
mentary material). The position of this couplet is nearly the same as
the negative couplet at 1643(−)/1680(+) cm−1 for the BR/DMPC lipo-
somes system. The shape of this signal is the same over the course of
time, with the exception of the last spectrum where the overlapping
signal at 1608(+)/1649(−) cm−1 is so strong and wide that it made
observation of the less intense BR signal impossible. Hence, the spectral
shape that changed over time (to 1608(+)/1649(−) cm−1) was pref-
erentially assigned to SPM, which was slowly reorganized because of
the presence of BR, with the possibleminor contribution of BR. The neg-
ative band at 1572 cm−1 was in the region of BR absorption and was
assigned to BR. However, it is overlapped by the intensive couplet at
1608(+)/1649(−) cm−1 and this and the overlapping couplets in the
ECD spectrum made it impossible to determine the conformation of
the bound BR.

image of Fig.�3
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The assignment of the other VCD signals to the IR peaks and to the
functional groups of either SPM or BRwasmore complex for the system
with the SPM liposomes than that with the DMPC liposomes. The IR
peaks of the C_O groups of SPM and BR strongly overlapped and
this made the assignment of the VCD bands ambiguous. However, the
intensity of the induced VCD signal was about three times higher for
the BR/SPM than for the BR/DMPC system. Note the different scale
used for the VCD spectra in Fig. 1. These observations implied that BR
formed a stable associatewith both the liposomes and that this complex
did not decompose over time. Moreover, the BR/SPM associate ap-
peared robust because the induced VCD signal showing the mutual in-
fluence of BR and SPM was very strong. When compared to the DMPC
liposomes, the SMP liposomes showed a significantly stronger impact
of BR on the membrane structure which may be connected to the neu-
rotoxicity of BR.

The fluorescence emission spectrum of BR with the SPM liposomes
(Fig. 3) was red shifted compared with the spectra of BR interacting
with the DMPC liposomes or interacting in the primary binding site of
HSA. This suggests that BRwas probably bound in amore polar environ-
ment and therefore was located closer to the surface of the SPM lipo-
somes than of the DMPC liposomes.

It should be noted that the VCD signal of BR for the stretching C_O
vibration localized at 1643(−)/1680(+) cm−1 and at 1656(−)/
1672(+) cm−1 for BR/DMPC liposomes and BR/SPM, respectively,
(Fig. 1 and Fig. S3 in Supplementary material) did not change over
time, while the signals at 1557 and 1572 cm−1 for the BR/DMPC lipo-
somes and BR/SPM liposomes, respectively, changed manifestly. These
observations and the fact that the C_O liposome bands at 1743 cm−1

and at 1614(−)/1637(+) cm−1 changed over time as well suggested
that the changing bands of BR belonged to BR groups that were strongly
affected by the liposomes, mainly COO\, and their changing VCD signal
might be result of their chiral orientation induced from the lipids.
Hence, the non-changing signals of BR were probably connected to its
inherent chirality that arose from the structural arrangement.

3.1.1. Influence of cholesterol
Cholesterol is a very important and vital part of human cell mem-

branes. It mainly fulfills the role of a membrane strengthener. Hence
we prepared the liposomes composed of 0-10 mol% of cholesterol
and of DMPC. The size of these liposomes was about 30% bigger
((130 ± 4) nm) than without cholesterol because the particles were
more robust and so even larger particles were able to penetrate through
100 nm pores of the membrane during the extrusion.

However, the VCD (Fig. 1A) and also the ECD spectra (results not
shown) of BR with liposomes containing cholesterol did not differ
from the spectra with liposomes composed only of DMPC. Even the
cholesterol bands in the IR did not change in the presence of BR.
Hence we may assume that BR preferred the interaction with DMPC
over cholesterol. However, the changes in the range of hours were not
observed in these systems unlike the liposomes without cholesterol.
This may have been due to the strengthening properties of cholesterol.
The lipids in liposomeswere probably not able to rearrange over time as
was observed for the DMPC without cholesterol and SPM liposomes.

3.1.2. Influence of pH and temperature
As the physiological conditions may differ from those in the labora-

tory, we investigated the influence of pH and temperature on the BR
systems with the DMPC and SPM liposomes. Especially the effect of
pH on these systems is very important, because acidosis may strongly
influence the BR interaction with membranes [7].

Both types of the studied liposomes with BR had a very strong re-
sponse to pH changes. As shown in Fig. 4 (See Fig. S4 in Supplementary
material for the ECD spectra), the decrease of pH from pH 7.5 to pH 6
caused a decrease of the VCD signal, while the IR absorption spectra
remained unchanged. At pH 6, the observed signals were very weak
and determined the lower limit of the used pH range. The VCD signal
also decreased in the case of increasing pH. Only spectra up to pH 8
were measurable, because the system aggregated above pH 8 and we
were not able to measure the aggregated suspension. Detailed pH
changes showed that both the systemswere invariable (the VCD signals
did not change) from pH 7.3 to 7.6.

The pH changes were probably caused by BR ionization dependence
on pH. As there is a constant debate in the literature on the pKa values of
BR [51–54], which strongly depend on the solution environment, we
were not able to use the precise values. However, it is probable that
BR was non-charged at lower pH and had two negative charges at
higher pH. The non-charged BR probably did not interact with zwitter-
ionic liposomes. On the other hand, the doubly charged BR may have
worked as a bridge between two liposomes and that is why the system
aggregated and the spectra were not measurable for higher pH. The pH
dependence suggested that only the singly charged molecules may
interact with the bilayer.

The solution pH influenced the time dependence of the VCD spectra.
For the DMPC liposomes with BR, the C_O lipid signal did not change
with time outside the pH interval 7.3–7.6. The VCD spectrum intensity
was low and stable over time. On the other hand, for the SPM liposomes
with BR, the signal increased over time but it did not reach the intensity
observed for pH from 7.3 to 7.6. Hence, the systemwith the DMPC lipo-
someswasmore sensitive to pH and the lipids did not rearrange to form
a highly ordered system characterized by a strong VCD signal. In the
more robust systemwith the SPM liposomes, BR interacted with the bi-
layer and influenced its VCD signal in nearly samemanner as at pH 7.5.

We observed that even slight changes in pH strongly influenced the
BR binding to the model membranes.

The effect of temperature on the studied systems (Fig. 5, Fig. S5 in
Supplementarymaterial for the ECD spectra) reflected themelting tem-
perature of the bilayers which is below 25 °C for DMPC and slightly
above 40 °C for SPM. For BR with the DMPC liposomes, the VCD signal
measured at 15 °C, i.e. below the temperature of the phase transition,
was weak. It significantly increased at 25 °C and then gradually de-
creased with increasing temperature, but the signal was measurable
even at 70 °C. For the BR with the SPM liposomes, the VCD signal
slightly increased when the temperature was increased up to 40 °C
where the phase of the membrane is changed and then it also started
decreasing for higher temperatures up to 70 °C. Interestingly, the tem-
perature changes were reversible in both the systems. When we cooled
themdown to 25 °C, the initial signalswere restored. OurVCDmeasure-
ments showed a surprisingly high stability of BR interacting with the
studied membranes which was not observed for the BR solutions. The
temperature reversibilitywas confirmed also by the ECDmeasurements
(Fig. S5 in Supplementary material).

The spectral changes dependent on the temperature clearly reflected
the melting temperatures of the bilayers for the both studied systems.
From 15 to 25 °C (25 to 40 °C for SPM), the VCD signal of DMPC slightly
increased because the membrane became more flexible but it was still
quite rigid and so it was able to accommodate more BR molecules. The
DMPC bilayer melted above 23 °C (40 °C for SPM) and this phase change
probably caused a biggerflexibility and afluidity of thewhole systemand
BR was again bound less strongly in such free surroundings. Because of
this, the observed VCD signal decreased in both the studied systems.

The signals were restored in both systems after the decrease of the
temperature to 25 °C which indicated that the temperature variation
in the range of 25–70 °C did not hamper the BR-liposome interactions.
Even the DLS measurement of the liposome size distribution confirmed
that as with the liposomes alone, the size distribution of the liposomes
in the presence of BR was not strongly influenced by the temperature
changes.

3.2. Bilirubin-model membrane with bound polypeptide

The BR interaction with membranes might be influenced by the
presence of membrane proteins which either penetrate throughout



Fig. 4.A. The VCD (top) and IR (bottom) spectra of the DMPC liposomes (dashed), BR and the BRwith the DMPC liposomes for different pH. (cBR = 5 × 10−2 M, cDMPC = 1.4 × 10−1 M).
B. The VCD (top) and IR (bottom) spectra of the SPM liposomes (dashed), BR and the BR with the SPM liposomes for different pH. (cBR = 5 × 10−2 M, cSPM = 1.4 × 10−1 M).
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the membrane or are bound to its surface. In this study, we focused on
the second case, which is more probable to influence the BR interaction
with the membrane, as BR may prefer to bind to the polypeptide
instead.

As a model for the membrane proteins, synthetically prepared PLAG
was chosen. This polypeptide has served previously as an appropriate
model for antimicrobial α-helical peptides [55]. We have shown [36]
that PLAG binds to the negatively charged model membranes in the
Fig. 5. A. The VCD (top) and IR (bottom) spectra of the DMPC liposomes (dashed), BR and the B
after a cool down to 25 °C. (cBR = 5 × 10−2 M, cDMPC = 1.4 × 10−1 M). B. The VCD (top) and I
for different temperatures. The dot-and-dash line depicts the increased signal after the increase
(cBR = 5 × 10−2 M, cSPM = 1.4 × 10−1 M).
α-helical structure while it takes the polyproline II-like conformation
(also called random coil) in the plain solution of a phosphate buffer.
Previously, we observed that BR was able to bind to the polypeptide in
the α-helical conformation and did not bind to the polyproline II-like
polypeptide [34]. Negatively charged model membranes, liposomes
composed of DMPG or DPPG and micelles composed of SDS, were
chosen, because BR does not tend to bind to such membranes as it has
a negative charge as well. Two negatively charged lipids of different
Rwith the DMPC liposomes for different temperatures. The dashed line depicts the system
R (bottom) spectra of the SPM liposomes (dashed), BR and the BRwith the SPM liposomes
of the temperature to 40 °C. The dashed line depicts the system after a cool down to 25 °C.

image of Fig.�4
image of Fig.�5
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hydrocarbon chain lengthwere used in this study. The DMPGwas of the
same length asDMPC in the first part of the study andDPPGwas used as
a connection to our previous study of polypeptide interactions with li-
posomes [36]. The results obtained for these two model membranes
did not show a dependence on the hydrocarbon chain length.

Fig. 6 (see Fig. S6 in the supplementary material for the DPPG re-
sults) shows the VCD and IR absorption spectra of different molecular
systems composed of BR, theDMPG liposomes, and PLAG. In the IR spec-
tra, a band at 1736 cm−1 was assigned to the stretching C_O vibration
of DMPG. Several bands localized at 1658, 1644, 1607 and 1588 cm−1

assigned to PLAG were observed and were slightly shifted in the
presence of the DMPG liposomes and localized at 1644, 1634, 1603
and 1582 cm−1. No VCD signal was observed in the solution of BR, be-
cause it was a racemic solution, and in the solution of DMPG liposomes,
because of conformational diversity in the vicinity of the chiral center
(Fig. 6A, Fig. S6 for the DPPG results). For the solution of PLAG alone, a
negative VCD couplet was observed in the region of Amide I localized
at 1663(+)/1637(-) cm−1 which was complemented by a positive
signal localized at 1607 cm−1, and the same was observed also in the
solution of PLAG with BR (Fig. 6A). The negative couplet observed for
the PLAG solution and BR/PLAG solution was typical of the polyproline
II-like conformation [56–59]. The presence of BR did not influence the
PLAG structure and no chiral recognition of BR was observed in this
secondary system. For PLAG with DMPG liposomes, the VCD signal
significantly changed and three VCD peaks at 1660(−)/1644(+)/
1624(−) cm−1were observed and clearly reflected theα-helical confor-
mation [56,57] with a small fraction of polyproline II-like conformation.

The ECD spectra in Fig. 7A (see Fig. S7 for the DPPG results) con-
firmed the effect of negatively charged liposomes on the structure of
PLAG: the spectrum of the PLAG solution with a weak positive signal
Fig. 6.A. The VCD (top) and IR (bottom) spectra of DMPG liposomes, BR (dashed line), PLAGand
with PLAGandDMPG liposomes, the difference spectrumof BRwithPLAGandDMPG liposomesm
cDMPG = 1.4 × 10−1 M).
at 216 nm and an intensive negative signal at 200 nm, typical of the
polyproline II-like conformation, was converted with the addition of
the DMPG liposomes to two negative signals at 207 and 223 nm and a
positive signal localized below 200 nm, indicative of a significant con-
tent of the α-helical conformation. The presence of BR did not change
the typical α-helical shape of the ECD spectra of the PLAG with DMPG.

In the region of the BR absorption (~350–550 nm), no ECD signal
was observed for the PLAG/DMPG (Fig. 7B, Fig. S7 for the DPPG results).
However, after the addition of BR to this system, an ECD signal was ob-
served also in this region 403(−)/453(+)/508(−) nmwhich indicated
the binding of BR.

Fig. 6B shows the VCD and IR spectra of the BR/PLAG/DMPG ternary
system. A broad negative VCD signal at 1754 cm−1 was observed in the
region of DMPG absorption (two resolved signals were observed for
DPPG, Fig. S6). The amide I region was completely different from that
observed for the BR/PLAG or PLAG solutions. Two negative signals at
1659 and 1627 cm−1 were observed which probably resulted from
the superposition of the BR and PLAG signals. As the ECD spectra of the
BR/PLAG/DMPG solution clearly indicated that BR is diastereoisomerically
bound in this system (Fig. 7B), we expected that BR contributed to the ob-
served VCD signal of the BR/PLAG/DMPG ternary system. The estimation
of the VCD induced by interactions in the ternary system was obtained
when we subtracted the PLAG/DMPG solution VCD spectrum from the
VCD spectrum of the BR/PLAG/DMPG solution (Fig. 6B). We could not
be certain of the PLAG and DMPG spectral pattern, which may have
changed after the addition of BR into the solution. However, the ECD
did not show any changes in the spectral pattern typical of the α-helix
after the addition of BR into the solution. So, we assumed that the PLAG
structure did not change significantly, may be spectrally subtracted and
that the resulting difference spectrum camemainly from BR in the region
BRwith PLAG. B. TheVCD (top) and IR (bottom) spectra of PLAGwithDMPG liposomes, BR
inus PLAGwithDMPG liposomes (dashed line). (cBR = 7 × 10−2 M, cPLAG = 4.2 × 10−2 M,

image of Fig.�6


Fig. 7.A, B. The ECD spectra of PLAG (dot-and-dash line), PLAGwith DMPG liposomes (dashed line) and BRwith PLAG andwith DMPG liposomes (solid line) in the spectral regions typical
of PLAG (A) and BR (B). (cBR = 1 × 10−5 M, cPLAG = 6.4 × 10−4 M, cDMPG = 2.8 × 10−3 M).

Fig. 8. The VCD (top) and IR (bottom) spectra of SDSmicelles, BR (dashed line), PLAGwith
SDS micelles (dot-and-dash line), BR with PLAG and SDS micelles solution, the difference
spectrum of BR with PLAG and SDS micelles solution minus PLAGwith SDS micelles solu-
tion. (cBR = 7 × 10−2 M, cPLAG = 4.2 × 10−2 M, cSDS = 5.6 × 10−1 M).
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of the BR IR absorption (1700–1600 cm−1) and fromDMPG in the region
around ~1750 cm−1 typical of DMPG absorption: We assigned the VCD
signals at 1685, 1644, 1623 and 1602 cm−1 to the bound BR reflecting
theC_Ostretching andpyrrole ring stretching anddeformation vibration
which overlap in this region [33–35,45,46]. The negative VCD signal local-
ized at 1743 cm−1 was assigned to DMPG corresponding to the absorp-
tion band at 1736 cm−1. The VCD signal at 1753 cm−1 was assigned to
DMPG corresponding to the weak absorption which was overlapped by
the 1736 cm−1 signal. Hence, we documented that the spatial arrange-
ment of DMPG in liposomes was influenced by the presence of BR,
although it is not probable that BR would bind directly to DMPG because
of the opposite charges of these two compounds. It should be noted that
the presence of PLAG alone did not induce the VCD in the region that is
characteristic of DMPG (Fig. 6B).

The VCD spectral results and also the ECD spectra (Figs. 6 and 7)
showed that BR took part in the interaction in the BR/PLAG/DMPG ter-
nary system. The observed signals did not indicate in either VCD or
ECD whether only the P- or M-form of BR bound to the PLAG, rather
they documented the variety of the structural forms of BR bound in
the studied ternary system. Analogical results were obtained also for
the DPPG liposomes (supplementary material) indicating a preference
of BR interaction with PLAG.

The VCD and IR spectral results obtained for the BR/PLAG solution
with the SDS micelles are shown in Fig. 8. No VCD signal was observed
for the solutions of BR and of the SDS micelles. For the PLAG/SDS mi-
celles system, the observed VCD signal in the amide I region localized
at 1662(−)/1647(+)/1620(−) cm−1 was similar to the PLAG/DMPG
system reflecting the α-helical conformation [56,57] with a few rem-
nants of polyproline II-like conformation. This was also confirmed by
the ECD spectra shown in Fig. 9A, where the spectrum of PLAG with
the SDS micelles had two negative bands at 208 and 227 nm and
tended towards a positive signal under 200 nm, which are the ECD
spectral features characteristic of α-helical conformation. In the IR
spectra, peaks localized at 1642, 1633, 1604 and 1584 cm−1 were
observed.

In the region of the BR absorption (350–550 nm), again no ECD sig-
nal was observed for the PLAG/SDSmicelles solutions (Fig. 9B). Howev-
er, after the addition of BR to this system, an ECD signal was observed at
431(+)/483(−)/541(+) nm indicating the diastereoisomeric interac-
tion of BR.

For the BR/PLAG/SDSmicelles system, negative VCD signals localized
at 1656, 1629, 1560 and 1530 cm−1were observed. For an estimation of
the BR contribution,we subtracted the VCD spectrumof PLAG/SDS from
that of the BR/PLAG/SDS system (Fig. 8). In the difference spectrum, two
distinct negative signalswere observed localized at 1643 and 1560 cm−

1. The negative signal at 1560 cm−1 indicated the M-form of BR, which
was also confirmed by the ECD spectra (Fig. 9B). A similar result was
also observed previously for BR in the system with PLAG and
dodecanoate micelles [34].

The study of BR in ternary systems with PLAG and liposomes or mi-
celles has shown that in the presence of PLAG, a model of membrane

image of Fig.�7
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Fig. 9. A, B. The ECD spectra of PLAG (dot-and-dash line), PLAG with SDS micelles (dashed line) and BR with PLAG and SDS micelles (solid line) in the spectral regions typical of PLAG
(A) and BR (B). (cBR = 1 × 10−5 M, cPLAG = 6.4 × 10−4 M, cSDS = 1.1 × 10−2 M).
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protein, BR preferred to bind to this polypeptide and not to the mem-
brane. Although we had deliberately chosen liposomes and micelles to
which BR is not inclined to bind, the VCD clearly showed that the struc-
ture of the whole system including the model membranes was still in-
fluenced by the presence of BR and by its interaction with the helical
polypeptide.

Several tests were also performed with other positively charged
polypeptide, poly-L-lysine, bound to the SDS micelles in the β-sheet
conformation [36] (results not shown). No interaction of BR was ob-
served in this case, which indicated the importance of the α-helical con-
formation but other tests with different β-sheet peptides are needed.

The observed spectral patterns were not the same for BR in the
PLAG/DMPG and PLAG/SDS systems, although PLAG is converted into
the α-helical conformation in both the systems. Other studies suggest
that the size of the head groups of the lipids or surfactants, which
formed model membranes, may have a significant impact [60]. The
SDS head group is smaller than that of DMPG, so it is possible that the
arginine residues are closer when bound to the micelles surface and
this influenced the interaction with BR. It probably allowed one form
of BR (the M-form) to bind preferentially, while the more opened
PLAG/DMPG with a bigger DMPG head group allowed a diversity of BR
structures to bind.

4. Conclusions

In this study, the VCD spectroscopy was used for the first time to
study the BR interaction with model membranes and models for mem-
brane proteins.We observed the enantioselective interaction of BRwith
zwitterionic DMPC and SPM liposomes. No interaction of this kind was
observed for negative DMPG liposomes. The VCD spectra indicated
that BR bound to the DMPC liposomes in theM-form and led to a spatial
restriction of lipids accompanied by an enhanced VCD signal. This was
also observed for the SPM liposomes which were significantly affected
by the presence of BR. The fluorescence emission spectra showed the
BR interaction with less polar parts of the DMPC bilayer while the spec-
tra for BR/SPM liposomes system were red shifted documenting the
interaction in more polar region.

The strong VCD signal which was induced in the BR/SPM system
documented the stability and robustness of the BR/SPM associates
and provided explanations for the BR neurotoxicity. The effect of
time and pH on the BR/DMPC or SPM liposomes system was shown
to be essential while the effect of temperature in the range of 15–70 °C
was negligible suggesting the high temperature stability of BR bound
to membranes.

A possibility of BR binding to amembrane in the presence of amem-
brane protein was tested on a model composed of the DMPG liposomes
or SDS micelles with PLAG bound to its surface. BR clearly interacted
with PLAG, even though its conformation was not easily assigned. In a
system with SDS micelles, BR was preferentially bound in the M-form.

These results suggest that BR may endanger the structure of the cell
membranes especially at locally increased concentrations. The structure
of the SPM liposomes (a simple model for nerve cells) was influenced
gravely as a strong, induced VCD signal was observed. In addition, the
defense of the human organism might not be sufficient as a mild tem-
perature elevation did not help to prevent BR from an interaction with
the model membranes. However, in the presence of α-helical peptide
PLAG, BRmight incline to bind to the peptide and not to themembrane.
Generalization to the effect of α-helical peptides needs further testing
with biologically relevant proteins.
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