Biophysical Chemistry 309 (2024) 107233

A BIOPHYSICAL
CHEMISTRY

Contents lists available at ScienceDirect

Biophysical Chemistry

journal homepage: www.elsevier.com/locate/biophyschem

ELSEVIER

t.)

Check for

New insights into the interaction of emodin with lipid membranes e

a,b,*

Antonio R. da Cunha
M. Teresa Lamyb

, Evandro L. Duarte ”, Gabriel S. Vignoli Muniz b¢ Kaline Coutinho ”,

2 Universidade Federal do Maranhao, UFMA, Campus Balsas, 65800-000, Maranhao, Brazil
b Instituto de Fisica, Universidade de Sao Paulo, Cidade Universitaria, Sao Paulo 05508-090, Brazil
¢ Instituto de Quimica, Universidade de Brasilia, Campus Universitario Darcy Ribeiro, Brasilia 70910-900, Brazil

ARTICLE INFO ABSTRACT

Keywords:

Emodin

Lipid bilayer

Optical spectra

Lipid partition coefficient
Differential scanning calorimetry
ESR spectroscopy

Emodin is a natural anthraquinone derivative found in nature, widely known as an herbal medicine. Here, the
partition, location, and interaction of emodin with lipid membranes of 1,2-dimyristoyl-sn-glycero-3-phosphocho-
line (DMPC) are experimentally investigated with different techniques. Our studies have considered the neutral
form of emodin (EMH) and its anionic/deprotonated form (EM™), and their interaction with a more and less
packed lipid membrane, DMPC at the gel and fluid phases, respectively. Though DSC results indicate that the two
species, EMH and EM ™, similarly disrupt the packing of DMPC bilayers, spin labels clearly show that EMH causes
a stronger bilayer disruption, both in gel and fluid DMPC. Fluorescence spectroscopy shows that both EMH and
EM™ have a high affinity for DMPC: the binding of EM™ to both gel and fluid DMPC bilayers was found to be quite
similar, and similar to that of EMH to gel DMPC, K, = (1.4 & 0.3)x1 0°%. However, EMH was found to bind twice
more strongly to fluid DMPC bilayers, K, = (3.2 & 0.3)x10°. Spin labels and optical absorption spectroscopy
indicate that emodin is located close to the lipid bilayer surface, and suggest that EM ™ is closer to the lipid/water
interface than EMH, as expected. The present studies present a relevant contribution to the current under-
standing of the effect the two species of emodin, EMH and EM™, present on different microregions of an or-
ganism, as local pH values can vary significantly, can cause in a neutral lipid membrane, either more or less
packed, liked gel and fluid DMPC, respectively, and could be extended to lipid domains of biological membranes.

The interaction of a pharmacophore with cell membranes is a topic of
great interest in biology and pharmacology due to the fact that the ab-

1. Introduction

Emodin (1,3,8-trihydroxy-6-methyl-9,10-anthraquinone, Fig. 1) is a
natural pharmacophore extracted from medicinal herbs, such Polygonum
cuspidatum, Rheum palmatum, Polygonaceae, and Cassieae, which are
traditionally used in Chinese medicine [1-3]. It is a natural anthraqui-
none derivative, also known to have anti-cancer [4-8], antiviral [9-11],
anti-bacterial [12-14], anti-inflammatory [15-18], diuretic and vaso-
relaxant effects [19-21]. Previous studies have revealed that emodin has
anti-cancer efficacy in different cancer types, including cervical cancer
[22], breast cancer [23], and tongue cancer [24]. Recent studies have
indicated that emodin could induce apoptosis in many cancer cells, such
as lung cancer cells [25], glioma stem cells [26] and colon cancer cells
[27], and could also exhibit strong inhibitory effect on cancer cell
migration [28] and invasion [29]. However, the real molecular mech-
anism and details regarding how emodin induces apoptosis and sup-
presses invasion and migration in cancer cells are still not clear.

sorption, distribution, metabolism, and excretion of a drug involve many
types of interactions in its passage across the cell membrane [27,30-33].
A wide range of experimental techniques has been used to investigate
the interaction of emodin with phospholipids and its effect on model
membranes, like UV/Visible absorption [34] and fluorescence spec-
troscopy [35,36], differential scanning calorimetry (DSC) [35,37], nu-
clear magnetic resonance (NMR) [37,38], light scattering [35], infrared
spectroscopy and X-ray powder diffraction [37].

Emodin is a small amphiphilic anthraquinone insoluble and dis-
playing a yellow colour in water at acidic pH, but red and soluble in
water at alkaline pH. Previous studies have shown that this noticeable
change in colour of emodin in solution with different pH values is due to
a deprotonation process [39-41]. Varying the pH of the solution from
acidic to alkaline shifts the emodin optical low energy absorption/
emission band by several tens of wavenumbers, due to the change of its
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Fig. 1. Chemical structure and atomic numbering of the neutral form of
emodin (EMH).

protonation state. Based on UV/Visible spectrophotometric titration
technique, a pK, of 8.0 + 0.1 was previously reported for emodin in
water [41]. Thus, in aqueous solution, for acidic values of pH (< 7.0)
emodin is mostly in its neutral form (EMH), but for alkaline values of pH
(> 9.0) the anionic/deprotonated form of the emodin is prevalent
(EM).

Therefore, in the present work we investigate the interaction of the
two different species of emodin, EMH and EM ", with membranes of 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC), used as a model
system, considering that PC is ubiquitous in cell membranes. It is
important to have in mind that different emodin protonation states are
expected to be present in different microregions of an organism, as local
PH values can vary significantly. And the polarity, or the electric charge
of a molecule, usually plays an important role in its interaction with lipid
membranes [42-44].

We chose 14-carbon atom chains DMPC because it makes possible to
monitor the membrane in different conditions of packing by varying the
temperature from 5 to 40 °C, as the gel-fluid transition of DMPC is
around 23 °C. Hence, fluid and gel DMPC bilayers could somehow mimic
different packing regions in a biological membrane.

By differential scanning calorimetry (DSC), the present work ana-
lyzes the effect of both species of emodin, EMH and EM™, on the ther-
motropic behavior of DMPC membranes. The structural alterations these
two emodin species cause on the membranes are monitored by electron
spin resonance (ESR) of spin probes incorporated in the bilayer at
different depths. Moreover, the location of the two emodin species, in
both gel and fluid DMPC membranes, is discussed based on their optical
spectra, and their membrane/water partition coefficient is evaluated by
fluorescence spectroscopy.

2. Materials and methods
2.1. Reagents

1,2-dimiristoyl-sn-glycero-3-phosphocholine (DMPC) and the spin
labels 1-palmitoyl2-(n-doxylstearoyl)-sn-glycero-3-phosphocholine (n-
PCSL, n = 5 and 16) were obtained from Avanti Polar Lipids (Birming-
ham, AL, USA). Emodin (C;5H100s, Fig. 1), sodium hydroxide (NaOH),
hydrochloric acid (HCI), sodium bicarbonate (NaHCOs3), sodium car-
bonate (NayCOg), sodium biphosphate monohydrate (NaH;PO4.H50),
sodium phosphate dibasic heptahydrate (NapHPO4.7H20), boric acid,
acetic acid sodium salt trihydrate and the solvents were purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA). Emodin stock solution (10 mM)
was prepared in ethanol/methanol (4:1) and stored at —20 °C. All re-
agents were used without further purification. Milli-Q water was used
throughout.
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2.2. Lipid dispersion preparation

Binary mixtures were prepared from a 10 mM DMPC (chloroform
stock solution) and a 10 mM emodin (ethanol/methanol (4:1, v:v) stock
solution) at the desired molar ratios. The organic solvents were dried
under a stream of N while slightly vortexed, forming a homogeneous
thin film at the bottom of the vial. The films were left under reduced
pressure for at least 2 h in order to remove all traces of organic solvents.
For ESR measurements, 0.8 mol% of 5-PCSL or 0.3 mol% of 16-PCSL,
relative to the lipid concentration, were added to the binary mixtures
of lipid/emodin when preparing the films. No spin-spin interaction was
identified for the spin label concentrations used.

Lipid dispersions were prepared by adding buffer solution to the
films, vortexing and heating them at 30 °C, i.e., above the DMPC gel-
fluid phase transition temperature (Ty, = 23 °C) [45,46]. As DMPC in
aqueous medium forms large multilamellar vesicles (LMVs) [47], which
quickly precipitate, interfering in the optical absorption and emission
spectroscopic results, for the samples containing DMPC, a process of
extrusion was performed in order to reduce the polydispersity and in-
crease the dispersion stability, resulting in a less turbid sample, with
large unilamellar vesicles (LUVs). So, DMPC dispersions were extruded
using a mini-extruder by Avanti Polar Lipids where the solution passed
31 times through polycarbonate filters with 100 nm pores (Whatman
plc, Maidstone, Kent, UK), at 30 °C. All lipid dispersions were extruded,
except those used on DSC experiments. Lipid dispersions containing
predominantly one of the emodin species, EMH or EM ™, were obtained
using buffers at different pH values, 6.0 or 10.0, respectively, as previ-
ously reported [34]: the lipid/emodin films were hydrated in sodium
biphosphate/phosphate buffer (pH 6.0) or bicarbonate/carbonate buffer
(pH 10.0).

2.3. UV/Vis spectrophotometry

Optical absorption measurements were performed with a Varian
Cary 50 UV-Vis Spectrophotometer, at two different temperatures
(15°Cand 30 °C), i.e., at temperatures below and above the lipid phase
transition of DMPC, controlled by a Cary Peltier thermostat. Samples
were placed in quartz cuvettes 4.0 x 10 mm, the concentration of
emodin was kept constant at 0.025 mM, and the lipid concentration
varied from 0 to 2 mM. All spectral curves were subtracted from base-
lines obtained from samples without emodin.

2.4. Fluorescence measurements

Steady state fluorescence emission measurements were performed
with a Varian Cary Eclipse Fluorescence spectrophotometer (Santa
Clara, CA, USA), with a Peltier temperature controller. Samples at low
pH were excited at 446 nm whereas the samples at high pH were excited
at 519 nm. For all fluorescence measurements, the sample was placed in
a quartz cuvette 4.0 x 10 mm, with the excitation optical pathway of
4.0 mm. The temperature was controlled with a Carry Peltier thermo-
stat. We performed inner filter corrections to obtain accurate emission
spectra, as previously reported [48-50] [51], and described below.

The inner filter correction was applied by using Eq. (1):

Feorr(2) = Fopy ()10 10! e

where F.o()) and F,ps(\) are the corrected and observed fluorescence
intensity at a given A, Ay and Agps are the absorbance per unit of
pathway at the excitation and emission wavelengths, respectively. [ and
[ are the optical pathways for excitation (0.2 cm), and for emission (0.5
cm), respectively, considering the cuvette center. The base line with
pure DMPC was subtracted from the spectra before the due correction.

It is important to mention that the DMPC dispersion of LUVs, at the
highest concentrations used here, causes a significant light scattering. A
comparison between the uncorrected and corrected emission spectra of
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emodin in DMPC vesicles is shown in Fig. SM1 in the Supplementary
Material.

2.5. Determination of emodin partition into DMPC membranes

The apparent membrane partition coefficients, K, for the neutral
and deprotonated species of emodin in DMPC membrane, were deter-
mined from the increase in the fluorescence intensity of these species in
the presence of unilamellar vesicles, as compared with that in the
aqueous phase. K, is defined as:

_ n,‘/VL
"aifV,,

@

P

where n; and n,q are the number of moles of EMH or EM ™ in the lipid and
aqueous phases, respectively. Vg4 is the volume of the aqueous phase
which is in a good approximation equal to the total volume (Viyq1),
taking into consideration both phases, aqueous and lipid. Vj, is the vol-
ume of the lipid phase.

The calculation of K, was done as described in the literature [52,53],
using the following equation,

_ ALl @)
/Ky + 1]
where AI (AI = I — Iy) stands for the difference between the fluorescence
intensity of emodin measured in the presence (I) and in the absence of
the phospholipid vesicles (Ip). Almax = Io — Ip, Where I, is the limiting
value, upon increasing the phospholipid concentration [L], and v is the
molar volume of the phospholipid membrane (for DMPC, in gel- and
fluid-phases, the values of y are 0.62 and 0.70 M}, respectively [45]).
The concentration of emodin was kept constant at 0.025 mM, and
phospholipid concentration was varied from 0 to 2 mM. The samples
containing predominantly EMH at pH 6.0 and EM™ at pH 10 were pre-
pared in universal buffer (borate, acetate, phosphate), controlling the pH
by the addition of NaOH and HCI at concentrations according to the
desired pH value. The measurement of the fluorescence spectra of
emodin were performed with DMPC vesicles in both gel phase, at 15 °C,
and fluid phase, at 30 °C.

2.6. Differential scanning calorimetry (DSC)

DSC measurements were performed with a Microcalorimeter
(Microcal VP-DSC, Northampton, MA, USA), controlled by the VP-
viewer program and equipped with 0.5 mL twin total-fill cells. Sam-
ples were heated from 3 to 65 °C at a scan rate of 20 °C/h. Scans were
performed at least in duplicate. Baseline subtractions and peak integrals
were done using the Microcal Origin software with the additional pack
for DSC data analysis provided by Microcal. DMPC concentration was
fixed at 5 mM whereas emodin concentration was varied from O up to 20
mol% of emodin relative to the lipid concentration.

2.7. ESR spectroscopy

ESR measurements were performed with a Bruker EMX spectrom-
eter, at X band (9.33 GHz). The sample temperature was controlled
within 0.1 °C by a Bruker BVT2000 variable-temperature device and
varied from 5 to 50 °C. To ensure thermal equilibrium, before each scan,
the sample was left at the desired temperature for at least 10 min. The
ESR data were acquired immediately after sample preparation. Field-
modulation amplitude of 1 or 2 G and microwave power of 10 mW
were used. The ESR spectra were analyzed using the software WINEPR.
DMPC concentration was fixed at 10 mM whereas emodin concentration
was varied from O up to 20 mol% of emodin relative to the lipid
concentration.

Empirical parameters obtained directly from the spectra, give us
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information about dynamics, polarity and packing of the membrane.
Accordingly, the maximum hyperfine splitting value, Apqx, measured on
the 5-PCSL spectrum (Fig. 6), decreases with the label increasing
mobility. When the same spin label probes an ordered but more fluid
environment, the minimum hyperfine splitting value, A;;, can be
measured directly on the spectrum (Fig. 6). With both empirical pa-
rameters, the effective order parameter, Sgg, can be calculated as follow
[54]:
AH —A 1 d’o

Seff - Azz - (1/2) (Axx +Avy) ;0 “

A—~Auin
Az—(1/2) (Axx+Ayy)
and A, are the principal values of the hyperfine tensor for doxylpropane
[551.

The experimental and theoretical isotropic hyperfine splitting, ag

where A| = Amax; AL = Amin + 1.4|1 — , and Ayy, Ayy

and a, respectively, can be calculated from the expressions:
ay = (1/3)(A) +AL) ay = (1/3) (Au + Ay, +Ac). )

For the spin label near the center of the bilayer, as 16-PCSL, the ratio
between the low and central field line amplitudes (h1/ho) and the high
and central field line amplitudes (h_1/hg) are the best parameter to be
directly taken from the spectra (see Fig. 6). Both ratios tend to unit when
the viscosity at the microenvironment probed by the spin label de-
creases. For more details see [56].

3. Results and discussions

3.1. Effect of emodin on the gel-fluid thermal transition of DMPC
membrane

The effect of emodin on the thermotropic behavior of DMPC mem-
branes was investigated by using the technique of differential scanning
calorimetry (DSC). Membrane gel-fluid thermal transition is a collective
process which depends on lipid-lipid interaction and may be profoundly
affected by an exogenous molecule if it alters the lipid bilayer packing.
Therefore, DSC technique might provide information about possible
structural modifications induced by emodin on membranes.

Several studies have investigated the effect of pH on pure DMPC
membrane, at different temperatures. As expected, at pH values from 6
to 10, where PC displays no titratable group, there is almost no influence
of pH on the structure and dynamics of the membrane: DMPC displays a
rather sharp/cooperative gel-fluid transition around 23 °C, and a pre-
transition around 12 °C [57]. Fig. SM2, in the Supplementary Mate-
rial, shows the DSC profiles of pure DMPC dispersions at both pH = 6.0
and pH = 10.0.

Fig. 2 shows the DSC profiles of DMPC dispersions in the absence and
presence of emodin, at different concentrations of the anthraquinone (5,
10, 15, and 20 mol% relative to the lipid concentration), at both pH =
6.0 and pH = 10.0. Interesting to find that in the presence of the two
species, either the non-charged EMH or the anionic EM~, DMPC DSC
profiles are rather similar. Table 1 shows that the measured DSC pa-
rameters are also similar, within their uncertainties: the DMPC gel-fluid
transition temperature, Tp,, and the transition enthalpy, AH, for the
different percentages of emodin. Accordingly, the DSC profiles are
similar to those obtained for emodin at pH = 7.4, in DMPC membrane,
by Alves et al. [35], where the predominant species should be EMH,
considering the emodin pK, of 8.0 found by us [41]. Like many other
molecules that bind to lipid membranes (see, for instance, barbaloin
[35]), the binding of emodin to DMPC membranes makes the bilayer
pretransition peak to disappear, and gradually broadens the main gel-
fluid transition, till it nearly disappears with 20 mol% of emodin (see
also Table 1). Hence, this is a clear indication that both species of
emodin penetrate the DMPC bilayer, strongly disrupting the membrane
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pH 6 (EMH)
2 keal/mol/’C /L

pH 10 (EM)

2 keal/mol/’C

DMPC
L+5 mol% +5 mol%
+10 mol% +10 mol%
/ L +15 mol% J\ +15 mol%
— 20 mol%)| +20 mol%

10 20 30 4

0 10 20 30 40

Temperature (°C)

Fig. 2. Typical DSC heating thermograms of DMPC dispersions (5 mM) con-
taining neutral emodin (EMH) at pH = 6.0, and anionic/deprotonated emodin
(EM7) at pH = 10.0, at different emodin/DMPC molar concentrations,
as indicated.

Table 1

The DMPC gel-fluid transition temperature, T,,, and the transition enthalpy, AH,
obtained from DSC profiles in the presence of increasing amounts of emodin in
the lipid dispersion. All data shown are means of the results of at least two ex-
periments and the uncertainties are the standard deviations.

emodin/DMPC (mol PpH 6 (EMH) PH 10 (EM)
0
%) Tm (°C) AH (kcal/ Tm (°C) AH (kcal/
mol) mol)
23.3 23.2
0 (0.1 6.6 (+£0.1) (+0.1) 6 (+1)
22.9 22.4
5 0.1 6.2 (+£0.3) (+0.5) 6 (+1)
10 226 6.0 (£0.7) 21 (+£1) 6 (+1)
(+0.1) : :
22.2
15 (+0.1) 6.1 (+0.4) 20 (£2) 5(£2)
20 21 (+2) 3 (+2) 19 (+2) 4.2 (£0.7)

structure. Moreovet, it is important to point out that the broadening of
the DMPC gel-fluid transition indicates a homogeneous perturbation of
the lipids due to emodin binding, decreasing the cooperativity of the
transition. That is, there is no indication of the coexistence of emodin-
bound and emodin-free regions (bulk lipid) in the bilayer, as observed
with some molecules (see, for instance [48]).

3.2. Location of emodin in DMPC membranes by optical absorption
spectroscopy

In a previous study, we discussed the location of EM™ in fluid DMPC
bilayers [34], considering the sensitivity of its optical absorption spec-
trum to the polarity of the microenvironment. Here, we found important
to extend that work, discussing the optical absorption spectrum of the
molecule in the presence of both gel (15 °C) and fluid (30 °C) phases of
the membrane, to mimic different packing regions in a biological
membrane, as mentioned above. Fig. 3 shows the UV/Visible spectra of
emodin in aqueous buffer solution and in the presence of DMPC mem-
brane (1 mM), at two different temperatures, T=15°Cand T = 30 °C, i.
e., below and above the lipid gel-fluid phase transition (T, = 23 °C), and
at two different pH values, 6.0 and 10.0, where there is a high pre-
dominance of EMH and EM ™, respectively, considering the emodin pK,
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T=15°C | pH 6 (EMH)
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Fig. 3. Optical absorption spectra of 0.025 mM of emodin, neutral at pH 6.0
(EMH, black lines) and anionic at pH 10.0 (EM ", blue lines), in buffer solution
(solid lines) and in DMPC (1 mM) dispersion (dash lines and dash dot lines), at
T = 15 °C (gel phase) and T = 30 °C (fluid phase). Emodin/DMPC = 2 mol%.
Dashed vertical red lines are just guides for the eyes, drawn at wavelength
values 446 and 519 nm. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

value of 8.0 [41].

As it is well known [34,39-41], EMH (pH 6) aggregates in aqueous
solution, and displays a broad band around 450 nm (Fig. 3). However,
Fig. 3 shows that it binds to both gel and fluid DMPC membranes, dis-
playing a much well-defined optical absorption band around 446 nm
(see Table 2). As discussed before [34], the optical absorption spectrum
of EMH in the presence of DMPC membrane is similar to that of EMH in
different solvents where it is not aggregated, but monomeric, as the
spectrum is not sensitive to the medium polarity [41]. Accordingly,
apart from the knowledge that monomeric EMH is imbedded in both gel
and fluid DMPC membranes, no information about EMH position in the
DMPC membrane can be obtained from its optical absorption spectrum.

Table 2

The wavelength at the maximum absorption intensity (Ayax in nm) and molar
absorptivity (¢ in m?/mol) of the lowest energy band of EMH and EM™ in buffer
and in DMPC suspensions, at two different temperatures: T = 15 °C (gel phase)
and T = 30 °C (fluid phase).

PH 6 (EMH) pH 10 (EM)
Temperature Medium Amax (nm) & (m?/mol) Amax (nm) & (m?/mol)
15°C buffer ~% 0.15 492 0.76
DMPC 446 0.83 510 0.63
30°C buffer ~ 0.17 492 0.77
DMPC 446 0.85 514 0.73
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Opposite to that, the position of the maximum of the EM ™ absorption
band was shown to be dependent on the medium polarity [41], its peak
position shifting to higher wavelengths, lower energies, as EM~ goes
from water to less polar solvents. As discussed before, in fluid DMPC
membranes, the EM™ band position centered around 514 nm is lower
than those obtained with emodin in ethanol, 2-propanol or acetonitrile
[341, so the molecule chromophore moiety is supposed to be localized
close to the bilayer interface, and not deep in the hydrocarbon chains.
Fig. 3 shows that the optical absorption spectrum of EM ™ in both gel and
fluid DMPC membranes is similar, but not identical: in DMPC gel phase,
EM™ lower energy band is slightly broader and shifted to higher energies
as compared with the molecule in fluid bilayer (see also Table 2). That
could be due to different hydration and/or packing of the two lipid
phases, and/or to slightly different locations of the charged molecule in
the membranes.

3.3. Structural changes caused by emodin in DMPC membrane monitored
by ESR

Fig. 4 shows the ESR spectra of 5-PCSL and 16-PCSL inserted into gel
(15 °C) and fluid (30 °C) DMPC membranes, in the absence (black lines)
and presence (red lines) of 20 mol% of emodin (EMH or EM ). The ESR
spectra were also obtained at the emodin concentrations of 5, 10, 15 mol
%, shown in the Supplementary Material (see Fig. SM3).

15°C 30°C
gel phase fluid phase
pH6 (EMH)  pH 10 (EM) pH=6 (EMH)  pH=10 (EM)
5-PCSL

DMPC

o~
{\/«

+20 mol% EM

22

16-PCSL e
h+1? -E-ho
e
+20 mol% EM
:<2.a.:'

Fig. 4. ESR spectra of 5-PCSL (top lines) and 16-PCSL (bottom lines) embedded
into pure 10 mM DMPC membranes (black lines), and DMPC in the presence of
20 mol% emodin (red lines), at pH 6.0 and 10.0, as indicated. The spectra were
obtained with the membrane in the gel (15 °C) and fluid phases (30 °C). The
maximum and minimum hyperfine splitting (Amax and Apmin, respectively), the
isotropic hyperfine splitting (a,) and the amplitudes of the features at low
(h.1,), central (h,) and high (h_;) field are indicated. The total spectra width is
100 G. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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It is well established that spin-labels inserted into a lipid environ-
ment with high order, as the environment monitored by 5-PCSL in
DMPC membranes, close to the bilayer surface, give rise to highly
anisotropic ESR spectra. On the other hand, spin-labels located at the
bilayer core, such as 16-PCSL, yield more isotropic spectra [55,56]. All
these characteristics can be clearly observed by comparing the spectra of
5-PCSL and 16-PCSL in Fig. 4, in the absence or presence of emodin.
Moreover, as expected, the spectra of both spin labels indicate a much
more rigid environment in DMPC gel phase (15 °C) than in the fluid
phase (30 °C).

As the possible changes induced by emodin on the bilayer structure
cannot be easily evaluated by the simple observation of the ESR spectra,
they were quantified by parameters directly measured on the spectra.
Accordingly, Fig. 5 shows the appropriated empirical parameters [56]
obtained from the ESR spectra with the spin-labels 5-PCSL and 16-PCSL
inserted into the DMPC bilayer, in the absence and presence of emodin
(EMH or EM "), at different concentrations (5, 10, 15, and 20 mol%).

Let us first focus on the interaction of emodin with gel DMPC
membranes. Fig. 5a shows the maximum hyperfine splitting (Amqyx) (see
Fig. 4 and Material and methods). This parameter is very sensitive to
changes of mobility and order of the bilayer in DMPC gel membranes
[56]: Amax increases when the spin-probe is in a more packed lipid
environment. As for the bilayer core, the ESR spectra of 16-PCSL in gel
bilayers can be analyzed monitoring the relative amplitude of the lines
(hy1/h,, see Fig. 4), which gets close to the unit as the membrane gets
less packed and/or ordered [56].

Accordingly, in gel DMPC membranes, EMH (pH 6) causes a signif-
icant increase in the A4 parameter (Fig. 5a), indicating that the neutral
molecule is penetrating into gel membrane, and stiffening the bilayer
region close to the 5th carbon atom of the hydrocarbon chain. On the
other hand, nearly no effect is observed in the presence of EM ™~ (pH 10).
Moreover, we observe in Fig. 5c that the value of h,y/h, increases
consistently upon the addition of EMH, compared to pure lipid. This
result indicates that EMH is making the membrane more fluid, and/or
less organized, in the hydrophobic core of the bilayer. EM™ causes a
similar effect, but much less strong. Similar effect has been observed

T=15"C (gel phase) T=30°C (fluid phase)

312 — ‘ 0.64
a) = pHE(EMH) | | b)
e pH10 (EM)
—_ " } 10.60
T . o w
< 308} * e g
é I f ) 0.56
< $oonnng e g ‘} - L e
1 b
-PCSL 5-PCSL i
304 5 |Cs 1 1 1 ! f 1 1 1 1 052
: : : : : : : : : —0.32
c d
0.52} ) )
n
b 10.28 >
Qo - é ,,,,,,,,,,,, ¥ YRR G e
~ 048} I . &
T
< L5 % 1 H10.24
0.44 |
16-PCSL 16-PCSL
il 1 1 1 1 1 1 1 1 020

0 5 10 15 20 0 5 10 15 20
[emodin}/[DMPC] (mol%)

Fig. 5. Effect of emodin on the membrane structure of 10 mM DMPC, at pH 6.0
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erences to colour in this figure legend, the reader is referred to the web version
of this article.)
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with other molecules bound close to the surface of packed gel mem-
branes [58,59], indicating that the molecule would be inserted close to
the bilayer surface, stiffening that region, and somehow spacing up the
bilayer core.

For fluid DMPC membranes, with 5-PCSL, the best parameter to be
used is the effective order (Se) parameter (see Fig. 4 and Material and
methods), which can be understood as the orientation degree of the spin-
probe relative to the bilayer normal. This parameter increases, and tends
to 1, when the spin-probe gets more oriented parallel to the membrane
normal, indicating an increase on the environmental order [56]. As for
the bilayer core, the ESR spectra of 16-PCSL in fluid bilayers can be
analyzed by the relative amplitude of the two lines corresponding to my
= —1 and 0, h_1/h, (see Fig. 4): h_; /h, tends to unity as the probe
movement becomes less ordered and faster [56].

In fluid DMPC membranes (30 °C; Fig. 5b), both species, EMH and
EM", significantly increase S.q indicating that they penetrate the
bilayer, increasing the bilayer order, EMH causing a stronger effect. At
the bilayer core, EMH increases the packing (decreases the h_,/h, ratio;
Fig. 5d), with almost no effect observed with EM ™ at 30 °C. However, for
higher temperatures, 50 °C, the presence of EM™ clearly decreases the
h_1/h, ratio (Fig. SM4 and SM5), indicating that EM~ also increases the
packing of fluid DMPC.

To complement those results, the changes in the bilayer polarity, due
to the presence of the molecules EMH and EM ™, were evaluated. It has
been shown that, for spin labels inside a lipid bilayer, the magnitude of
the nitrogen isotropic hyperfine splitting, a,, is mainly related to the
nitroxide-water hydrogen bonding [60]. Therefore, the extension of
water presence into the bilayer can be estimated in fluid DMPC by the
magnitude of a,, either by directly measuring on an ESR spectrum like
that of 16-PCSL in fluid DMPC, or by calculating from a spectrum like
that of 5-PCSL in fluid DMPC (See Fig. 4). For 5-PCSL, as mentioned
above, a, = (1/3)(A| + 2A.). It is not possible to directly measure a, in
the ESR spectra of spin probes in gel membranes.

Fig. 6 shows that both species, EMH and EM ", decreases the polarity
of fluid DMPC at the bilayer core, measured with 16-PCSL, but have
nearly no effect on the hydration closer to the bilayer surface, tested
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Fig. 6. Temperature dependence of the isotropic hyperfine splitting (a,)
measured on the ESR spectra of 5-PCSL ((a) and (b)) and 16-PCSL ((c) and (d))
incorporated in 10 mM DMPC at different emodin concentrations, as indicated,
at pH 6.0 ((a) and (c)) and pH 10.0 ((b) and (d)).
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with 5-PCSL. Here, again, the effect of EMH is more pronounced than
that of EM ™. Hence, apart from getting more packed in the presence of
emodin, the fluid DMPC bilayer core gets less hydrated (Fig. 6).

Hence, though the DMPC-DSC traces are not very different in the
presence of EMH and EM™ (see Fig. 2), spin probes indicate that EMH
causes stronger structural changes on the DMPC membrane than the
anionic species EM~, both in the more packed gel phase of the mem-
brane and in fluid bilayers. Also interesting, is to point out that although
EMH absorption cannot distinguish if the neutral molecule is close to the
surface or at the bilayer core, spin labels strongly indicate that, in the
DMPC highly packed gel phase, EMH is deeper in the membrane, as
discussed above.

It is interesting to compare those results with molecular dynamics
(MD) simulations performed with both EMH and EM™~ in DMPC fluid
bilayers in water medium [34]. In accord with our experimental results,
the primary outcome of those simulations was that both EMH and EM
were found to be inside DMPC fluid bilayer, close to the glycerol groups,
with EMH being slightly deeper in the bilayer, closer to the bilayer core.
Also, in accord with the experimental results shown here, the bilayer
disturbances found in the presence of EMH where more relevant than
those found with charged EM™. From [34], it can be seen that MD
simulations indicate that, for the first carbon atoms, both EMH and EM ™
increase the bilayer chain order parameter, mainly that of chain sn-1.
Our experimental results with 5-PCSL, which monitors that region,
agree with those theoretical results, as they show an increase of S, with
the addition of both EMH and EM™ (Fig. 5b). However, for the bilayer
core, 16-PCSL shows a slight increase in the packing of that region
(decrease of h_3/hg, Fig. 5d), while MD simulations indicate a decrease
of the chains order parameter. Therefore, it can be concluded, that
emodin, mainly EMH, possibly makes that region more packed but less
ordered, that is the molecule disrupts the alignment of the chains rela-
tive to the normal to the bilayer.

To check whether the stronger effect detected by ESR with EMH is
due to a stronger binding of EMH to DMPC, as compared with EM~,
membrane partition coefficients of EMH and EM~ were calculated
through fluorescence spectroscopy, as discussed below.

3.4. Partition of emodin in DMPC membrane: Fluorescence data

To investigate the partition of emodin in DMPC bilayers, measure-
ments of emodin fluorescence emission were performed with the sam-
ples at the two pH values, 6.0 and 10.0, and under two different
temperatures, 15 °C and 30 °C, i.e., with the bilayer in the gel and fluid
phases, respectively. Emodin fluorescence can only be detected in
organic solvents or lipid bilayers. Though further studies are necessary,
emodin is supposed to be monomeric in those solvents, as no self-
quenching is detected.

It is interesting to have in mind that emodin in water at pH = 6.0, i.e.,
EMH, aggregates and precipitates very fast, resulting in the quenching of
the fluorescence intensity, as discussed before [36] [41]. The change of
the emodin emission intensity observed in the presence of DMPC vesi-
cles, as compared to that in aqueous phase, was used to quantify emodin
DMPC partition coefficient, K}, (Eq. (3)), from a procedure where DMPC
concentration was varied from 0 to 2 mM and the concentration of
emodin was kept constant, at 0.025 mM.

It is important to have in mind that those are effective K}, values, as
they measure an effective partition between emodin out of the mem-
brane (either aggregated or in solution) and in the membrane. Hence, it
is a good parameter for the comparison between the partition of EMH
and EM™ in membranes, considering the same total emodin concentra-
tions, but it is not a good parameter for calculating the actual amount of
bound emodin in the bilayer.

Fig. 7 shows the emission spectra of neutral (pH 6) and deproto-
nated/anionic (pH 10) species of emodin in DMPC dispersions at
different lipid concentrations, at two temperatures (15 °C and 30 °C). In
this figure, we observe an increase in the emission intensity upon
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Fig. 7. Emission spectra of 0.025 mM neutral emodin (EMH) at pH = 6.0 and
anionic/deprotonated emodin (EM ™) at pH = 10.0, in universal buffer and in
DMPC dispersions at different lipid concentrations, for two different tempera-
tures (15 °C and 30 °C). Spectra were corrected for the inner filter effect as
discussed before [41-44]. The vertical dashed lines show the A, of the
emission band of emodin in phospholipid vesicles of DMPC, 520 nm (EMH) and
610 nm (EM ). Excitation wavelengths were 446 nm for EMH and 519 nm for
EM™ (see Fig. 3).

addition of DMPC, clearly indicating the binding of the two forms of
emodin to phospholipid bilayers, at both gel and fluid phases. Important
to point out that the shape of the fluorescence spectrum does not change,
just its amplitude (see Fig. SM6). That is a strong indication that the
emodin bound species (either monomeric or aggregated) is the same for
the whole experiment. The increase in the fluorescence emission of a
fluorophore upon binding to lipid membranes in water medium could be
due to both the reduction in non-radiative deactivation processes related
with interactions between the fluorophore and the solvent molecules,
and/or a decrease of the fluorophore's mobility. For EMH, the increase is
mainly related to the reduction of the self-quench due to EMH aggre-
gation in pure water medium.

Considering the fluorescence emission curves (see Fig. 7), we
selected the emission wavelengths of 520 nm for EMH and 610 nm for
EM™ nm to perform the partition curves in terms of A, and used Eq. (3)
to obtain the partition coefficients, K, (see Fig. 8). As defined in Section
2.5, AI (AI = I — Iy) stands for the difference between the emission in-
tensity of the emodin measured in the presence (I) and in the absence of
DMPC vesicles (Ip). From the best fittings of Eq. (3) to the experimental
data shown in Fig. 8, emodin partition coefficients into DMPC were
obtained. For EMH, we obtained K}, = (1.5 + 0.1)x103 at T =15 °C and
K,=(3.2=+ 0.3)x10% at T = 30 °C. For the EM™, we obtained K, = (1.4
+0.3)x10% at T = 15 °C and K,, = (1.5 + 0.5)x10° at T = 30 °C. Hence,
the binding of EM™ to gel and fluid DMPC bilayers was found to be quite
similar, and like the binding of EMH to gel DMPC. But EMH binds twice
more strongly to fluid DMPC bilayers. It is important to mention that K,
values obtained here are much lower than that previously obtained by
Alves et al. [35]. Fluorophores are sensitive to changes in the polarity of
their surrounding environment, and this sensitivity is often exploited in
fluorescence spectroscopy to probe the local environment or study
molecular interactions. When a fluorophore goes from an aqueous
environment to a lipid bilayer, a significant blue shift in its fluorescence
band is expected as a result of the decrease in dipolar relaxation [61].
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Fig. 8. Variation of AI for neutral Emodin (EMH), pH = 6.0, at 520 nm, and for
the anionic/deprotonated Emodin (EM ™), pH = 10.0, at 610 nm, as a function
of DMPC concentration, at two different temperatures (15 °C and 30 °C). AI(AI
=1 — Iy) represents the difference between the emission intensity of the emodin
measured in the presence (I) and in the absence (Ip) of phospholipid vesicles.
The partition coefficient values, K;,, were obtained from the best fitting of Eq.
(3) to experimental data.

However, as EMH does not fluoresce in aqueous solution, there is a lack
of information regarding changes in its surrounding polarity through its
emission.

ESR results which indicated stronger structural alterations caused by
EMH to gel DMPC bilayers, as compared with EM™, is not due to a
stronger binding of EMH to the membrane, but most likely to a deeper
penetration of the neutral molecule into the bilayer. As for fluid DMPC
membranes, ESR results could be reflecting both effects: a deeper
penetration of the neutral species EMH and its stronger DMPC binding.

4. Conclusions

The interaction of emodin with DMPC membranes, and its partition
and location into lipid membranes, were explored here based on
different experimental techniques: DSC, ESR spectroscopy, UV/Vis ab-
sorption and fluorescence spectroscopy. Our results indicate that both,
neutral (EMH) and anionic/deprotonated form (EM ™) of emodin present
a high affinity for DMPC membranes: the binding of EM ™~ to both gel and
fluid DMPC bilayers was found to be quite similar, and similar to that of
EMH to gel DMPC, K, = (1.4 + 0.3)x10°. However, EMH was found to
bind twice more strongly to fluid DMPC bilayers, K, = (3.2 & 0.3)x10°,

Though DSC results indicate that the two species, EMH and EM™,
similarly disrupt the packing of DMPC bilayers, spin labels clearly show
that EMH causes a stronger bilayer disruption, both in gel and fluid
DMPC. The analysis of the spin labels ESR spectra in the presence and
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absence of emodin, strongly suggest that emodin in a lipid highly packed
environment, like a gel membrane, is localized close to the water-bilayer
interface, increasing the packing around the bilayer surface, but spacing
up the lipids, hence making the bilayer core more fluid. In a lipid less
packed environment, like fluid DMPC bilayers, emodin penetrates, in-
creases the packing and decreases the presence of water molecules at the
bilayer core.

In conclusion, our present experimental and past theoretical [34]
studies bring a relevant contribution to the current understanding of the
effect the two species of emodin, EMH and EM™, present in different
microregions of an organism, as local pH values can vary significantly,
can cause in a neutral lipid membrane, either more or less packed, liked
gel and fluid DMPC, respectively. Those results can possibly be extended
to lipid domains of biological membranes.
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