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Pentacyclic triterpene acids (PTAs): betulinic (BAc), oleanolic (Ola) and ursolic (Urs) are potent pharmaceuticals
applied in the therapy of cancer and bacterial infections. The mechanism of PTA action is multifactor, but the
important step is their interaction with the lipids of mitochondrial and bacterial membranes. In our studies we
applied the Langmuir monolayer technique to investigate the interactions between PTAs and cardiolipins (CLs)
and phosphatidylglycerols (PGs). We applied two different mammalian mitochondrial CLs and one species
extracted from the membrane of Escherichia coli. For comparison we performed the same experiments on the
systems containing PTAs and 3 PGs strictly correlated structurally to the applied CLs. Our studies proved that
PTAs can disturb the organization of CL-rich domains and affect the bacterial membrane fluidity by the interactions
with phosphatidylglycerols, so anionic phospholipids are the targets of their membrane action. The thermodynam-
ic interpretation of the results indicated that Urs has the highest membrane disorganizing potential among the 3
studied PTAs. The studies performed on model systems proved also that BAc can discriminate over structurally
similar animal cardiolipin species, interacts specifically with BHCL — the main mammalian CL and can disturb its
organization in the membrane. In contrast, Ola and Urs are much active as far as the interaction with bacterial
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CLs and PGs is concerned.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Betulinic (BAc), oleanolic (Ola) and ursolic (Urs) acids are isomeric
pentacyclic triterpene carboxylic acids (PTAs) of high pharmacological
potential, which are isolated worldwide from different medicinal plants
used in folk medicine [1-3]. The structures of these bioactive PTAs are
summarized in Scheme 1.

As it is visible, PTAs are isomers which differ only in the structure of
the last E ring. In BAc the ring E is five-membered and the carbon atoms
C20, C29 and C30 are shifted to the isopropene substituent. In Ola and
Urs ring E is six-membered cyclohexane. Ola and Urs differ in the location
of the C30 carbon atom (CHj3 group). Additionally, in BAc all the rings are
trans-fused leading to their coplanar location, whereas in Ola and Urs the
junction between D and E rings is cis leading to the distortion of the E ring
from the plane defined by A-D rings [4].

BAc, Ola and Urs are intensively investigated because of their multiple
pharmaceutical activities combined with relatively low toxicity to nor-
mal eukaryotic cells. The most important here are the anticancer and
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chemopreventive properties [5-9]. Generally, PTAs are able to induce
apoptosis of cancer cells on the mitochondrial pathway [10-13]. The
mechanism of their action is not exactly elucidated but it is believed
that their incorporation into mitochondria triggers the generation of
reactive oxygen species (ROS) leading to the peroxidation of some
mitochondrial membrane phospholipids and the following permeation
[14]. The leak of mitochondrial complexes like cytochromes into the
cytosol activates the caspase cascades leading finally to apoptosis. Tak-
ing into consideration the number of scientific papers, the next in the
order of importance is the antimicrobial activity of PTAs [15,16]. Indeed,
they proved to be bactericides both against Gram-positive and Gram-
negative bacterial strains, and what should be here underlined, in
some cases they were also active against bacterial strains exhibiting
multidrug resistance [17,18]. PTAs were also promising antiviral sub-
stances, especially in HIV infections [19,20]. PTAs were also tested as
drugs against diseases of different etiology from inflammation treat-
ment [21], via obesity prevention [22] to Alzheimer disease therapy
[23], to mention only some extremes of the research.

The described PTAs here differ significantly in their pharmaceutical
potential, depending on the area of the research. In the field of antican-
cer therapy BAc turned out to be the most active and most versatile of
them [8]. However, as far as the antibacterial activity is concerned,
BAc is considered inactive in most of the performed studies in contrast
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Scheme 1. Structural formulas of: a) BAc, b) Ola, and c) Urs. Black — skeletons of the ground triterpene alkanes: a) lupane, b) oleanane, and c) ursane. Red — polar groups and the additional
double bond in ring C of Ola and Urs. Blue — the important chiral center on the ring D-ring E junction.

to isomers Ola and Urs [16]. Regarding Ola and Urs, they also differ
mutually in their activity depending on the particular case. PTAs are
surface active compounds which are structurally similar to steroids,
originating also from squalene [24]. Therefore, their interactions with
mitochondrial and bacterial membranes can be the crucial step in the
mechanism of their action [25,26]. The hypothesis claiming that mito-
chondria evolved from bacteria is widely accepted, and one of the argu-
ments of its supporters is the presence of unique phospholipids in the
membranes of both mitochondria and bacteria [27]. These unique
phospholipids which do not occur in normal cellular membranes are
cardiolipins — dimeric phosphatidylglycerol molecules possessing 4 acyl
chains bound to one head-group [28-30].

Mitochondrial and bacterial membranes are complicated multicom-
ponent systems; therefore the reductive approach is here necessary and
appropriate model environment should be applied. In our preliminary
studies we do not intend to model the membranes but to investigate
the interactions of the terpenes with cardiolipins and phosphatidylglyc-
erols in simplified binary systems. To achieve this aim we applied
Langmuir monolayers formed by these substances at the air/water in-
terface as the versatile platforms enabling such investigation. Although
Langmuir monolayers can be considered extremely artificial compared
to real biomembranes, numerous studies regarding the interactions of
various membrane active drugs with membrane phospholipids were
performed with their application providing valuable results. The Lang-
muir monolayer technique is beneficial in some aspects compared
with other membrane mimicking systems: the composition of the
monolayer and the number of film forming molecules are strictly con-
trolled, while by the film compression that required organization of
the molecules can be achieved [31].

In our studies we applied three different cardiolipins: BHCL —
tetralinoleoyl CL, the cardiolipin species most populated in mammalian
mitochondria, TOCL — tetraoleoyl CL, the cardiolipin dominating in
human lymphoblasts and ECCL — bacterial CL extracted from Escherichia
coli. Cardiolipins are not the only anionic phospholipids present in bacte-
rial membranes. They are accompanied by phosphatidylglycerols (PGs)
[32]. Therefore, in our studies we also investigated binary monolayers
formed by the three PTAs and three different PGs. The PGs were selected
in such a way that the investigated cardiolipins can be considered dimers
of the particular PGs. Such an approach enabled us the comparison of the
interactions of PTAs with CLs and PGs and the elucidation of the question
which of the anionic phospholipids is targeted by the PTAs in bacterial
membrane: CLs or PGs? In our studies we recorded surface pressure
(m)-mean molecular area (A) isotherms for different compositions of
the binary film. This technique was combined with the visualization
of the investigated monolayers by Brewster angle microscopy (BAM).
We also performed thermodynamic analysis of the registered data,
calculating the excess functions of mixing. The combination of these
methods enabled the thorough characterization of the interactions of
anionic membrane phospholipids with the bioactive PTAs in the model
environment.

2. Experimental
2.1. Materials

Betulinic acid (98%), oleanolic acid (99%) and ursolic acid (99%) were
purchased from Sigma Aldrich. All the phospholipids were supplied by
Avanti Polar Lipids. We bought 6 anionic lipids in the form of lyophilized
powders of high (>99%) purity. There were: beef heart CL (BHCL,
tetralinoleoyl CL) extracted from the beef heart, tetraoleoyl CL (TOCL,
synthetic sample), cardiolipin extracted from E. coli (ECCL), dilinoleoyl
PG (DLPG, synthetic sample), dioleoyl PG (DOPG, synthetic sample)
and the PG extracted from E. coli (ECPG). The exact names and structures
of the investigated compounds as well as the information about the fatty
acid distribution can be found in Supplementary materials and on the
producer's website [33]. For the preparation of solutions we applied
HPLC grade chloroform (99%) stabilized by ethanol and HPLC grade
methanol (99.9%). As the subphase ultrapure water of the resistivity
18.2 MQ-cm was applied, the ultrapure water was produced on site
with the Millipore Synergy system.

2.2. Solutions

The investigated PTAs and anionic phospholipids were dissolved in
chloroform/methanol 9/1 v/v mixture. The concentrations of the solutions
oscillated between 0.2 and 0.3 mg/ml, which gives PTA molar concentra-
tions from 4.4 t06.6 - 1074 M, ca. 1.3t0 2.0 - 10~* M for CLs and from 2.7
to 4.0 - 10~* M for PGs. The binary mixtures were prepared from the
stock solutions in darkened glass vials just before the given experiment.
In this paper we present the data for 18 binary systems (6 phospholipids
combined with 3 terpenes). The applied surfactants differ in the cross sec-
tion, thus it was preferable to keep constant surface proportions of the
molecules and not mole ratios. For each of the 18 binary systems we
investigated 5 different surface proportions of the surfactants (terpene:
phospholipid): 1:4, 1:2, 1:1, 2:1, and 4:1. In Supplementary materials
the problem of the recalculation of the surface proportions into mole
ratios is covered in details.

2.3. Langmuir technique

In our experiments we used a KSV (KSV, Helsinki, Finland) double-
barrier Langmuir trough with nominal area of 273 cm?. BAM experi-
ments were performed on a larger instrument with an area of 840 cm?
designated by KSV for microscopic experiments. Surface pressure was
monitored with a Wilhelmy-type tensiometer with a filtration paper
strap (Whatman, ashless) as the pressure sensor. Surface pressure was
acquired with a 1 s time log and every m value is an average of 5 single
measurements. The accuracy of the sensor was 0.1 mN/m.

Before an experiment the Langmuir trough was carefully cleaned,
after which it was filled with ultrapure water. The appropriate volume
of the chloroform/methanol solution of investigated surfactant(s) was
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deposited at the water/air interface with a Hamilton microsyringe.
5 min were left for the spreading solvent evaporation, after which the
monolayers were compressed with the barrier speed of 20 cm?/min.
All the m-A isotherms were registered at least three times (the experi-
mental error did not exceed 1 A%) and the average curves were taken
for the calculation of the thermodynamic functions. The subphase
temperature was 20 4- 0.1 °Cin all the experiments and was controlled
by Julabo water circulating bath.

24. Calculations

Compression modulus Cs ! was calculated according to its defini-
tion: Cs ' = —Adm / dA.

The excess free energy of mixing was calculated according to its
definition [34]:

n
AGexc _ /Aexcdn
0

where A€ is the excess area defined as follows:
AT = App-(A1 X4 -AgX,)

where A, is the mean molecular area at a given 1 value for the binary
monolayer, A; is the molecular area at the same 1 for the surfactant1
(one component) monolayer, and A; is the molecular area at the same
1 value for the surfactant2 (one component) monolayer. X; and X,
are mole ratios of surfactant1 and surfactant2 in the binary monolayer
Xi +X;=1).

2.5. Brewster angle microscopy

Brewster angle microscopy experiments were performed with an
UltraBAM instrument (Accurion GmbH, Goettingen, Germany) equipped
with a 50 mW laser emitting p-polarized light at a wavelength of 658 nm,
a 10 x magnification objective, a polarizer, an analyzer and a CCD camera.
The spatial resolution of the BAM was 2 pm. The instrument was coupled
with the KSV 2000 Langmuir trough and installed on an antivibration
table.
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3. Results

The article concerns mixed binary systems; however, it would be
reasonable to start from a short description of one-component mono-
layers formed by the investigated chemicals. The monolayers of the
six investigated anionic lipids have an expanded character and their
state can be characterized as liquid expanded (LE). The m-A isotherms
and Cs '-m curves are shown in Supplementary materials. The mono-
layers of the investigated anionic phospholipids were visualized with
the application of the BAM technique; however, as it is typical for the
LE state, the monolayers were homogenous within the whole range
of compression. Regarding the PTAs, the monolayers of Urs have not
been characterized in the last decades, whereas the data regarding
BAc and Ola are scattered in the literature [35,36]. Therefore, it was rea-
sonable to summarize the characteristics of the monolayers together.
Fig. 1 shows the m-A isotherms, Cs -1 dependences and representative
BAM images for these three compounds.

The m-A isotherms of the three investigated PTAs have similar char-
acteristics. The slow rise of the surface pressure starts at ca. 80 A% and at
ca. 60 A2 a rapid rise of surface pressure can be observed in the course of
the isotherms. The monolayers are very stiff and the Wilhelmy plate can
be deformed during the compression [36] which can result in lower
reproducibility of the isotherms, especially as the value of the collapse
pressure is concerned. The values of Cs ! are rather low and hardly
achieve the limit of 100 mN/m. Thus, the interpretation of C5 '-m
dependence can lead to the misleading conclusion that the monolayers
are in the liquid expanded state. The wrongness of such an interpreta-
tion is proved by the BAM images. The BAM photos of the monolayers
of the three terpenes are mutually similar. At first glance they are
heterogeneous as brighter domains with sharp edges can be observed
on a black background. The acids are bolaamphiphilic; but their stiff
skeleton of fused cycloalkane rings cannot be bent, so they cannot
achieve the U-shaped conformation at the water/air interface [37]. As
it was proved in the scientific literature, the packing abilities of
triterpene acids in monolayers depend on the orientation of the mole-
cules at the interface. If the —OH group is in contact with water, the
molecules are oriented perpendicularly and can form crystalline
domains of solid character [35]. On the contrary, when the —COOH
group is in contact with water, the molecules are tilted in the monolay-
er, the domains formed by them are amorphous, and the state of such
domains is liquid expanded. Both orientations coexist in monolayers;

‘

Fig. 1. Left, m-A isotherms and Cs '-m curves (inset) for the investigated triterpene acids. Right, representative BAM images. a-c) BAc, d—f) Ola,and g-i) Urs; a,d, g —m = 2 mN/m; b,e,h —

m =10 mN/m; ¢, f,i —m= 20 mN/m.
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therefore, the films are so heterogeneous. Upon the compression
some molecules are switched from their tilted to upright orientation
and the condensed crystalline domains dominate in the monolayer;
however, even at high surface pressures the monolayers are not fully
homogeneous.

3.1. Interactions of triterpene acids with cardiolipins

For the studies of the interactions of PTAs with cardiolipins three
different terpene acids and three cardiolipins were applied which
gives 9 binary systems, which were investigated. In each system 5
different proportions of the components were investigated as it is
described in the Experimental section. The registered m-A isotherms
and calculated Cs '-m dependences are shown in Supplementary mate-
rials. On the basis of the measured m-A isotherms thermodynamic anal-
ysis was performed and the calculated excess free energy of mixing
(AG™“)-X(terpene) plots are gathered in Fig. 2.

As it is visible in Fig. 2 the interactions between PTAs and CLs
expressed in the form of AG**“~X(terpene) plots strongly depend on
the applied terpene. In all three systems with Urs AG®* acquires posi-
tive sign and the values are relatively high. The highest values are
observed in the system Urs/TOCL, whereas in the systems of Urs/BHCL
and Urs/ECCL, for higher Urs proportions, AG®™*“ values are close to 0.
In the systems with Ola and BAc AG®* values are close to 0 or negative.
Only in the system BAc/BHCL positive values can be noticed for lower
BAc ratios. On the other hand, only BAc can be treated as a terpene
which discriminates over the CLs, as in all systems with Urs the AG®*¢
values are positive and in systems with Ola close to 0 or slightly
negative. The most striking observation is the discrimination over the
tetralinoleoyl (BHCL) and tetraoleoyl (TOCL) cardiolipins manifested
by BAc. In the system BAc/BHCL AG®*€ values are positive for lower
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BAc proportions and close to 0 for higher proportions, whereas in the
system BAc/TOCL all AG®*€ values are significantly negative.

For the better characterization of the investigated systems collapse
pressures and maximal Cs ! values were drawn against the terpene
mole ratio and such plots are presented in Fig. 3.

As far as the m.o;—X(terpene) plots are considered, the systems with
BAc differ profoundly from the systems with Ola and Urs. 1y falls here
quite linearly with increasing X(terpene). On the contrary, the collapse
pressures in the systems with Urs are on a constant level regardless
of X(terpene) or even slowly growing with the increasing X(terpene)
in the system with Ola. For immiscible monolayers two collapse pres-
sures typical for pure components are observed upon compression,
whereas for miscible films one collapse pressure depending on the com-
position is expected [34]. In our case there are no two separate collapses,
so the T, —X(terpene) plots corroborate mutual miscibility in the sys-
tems. The systems with BAc behave in a way which can be predicted
for typical miscible films — 1., decreases linearly from the highest
value observed for CLs to the lowest value observed for BAc. The situa-
tion for the systems with Ola and Urs is different — there is only one col-
lapse pressure observed, which is higher than the collapse pressures of
both components. Such behavior can suggest that a kind of a complex of
fixed stoichiometry is formed in the binary films. However, if this inter-
pretation is true, a new kind of phase separation is here possible, that is
the separation of the terpene-CL complex from the terpene-rich phase.
The validity of such hypothesis can be verified by BAM visualization of
the investigated monolayers.

Regarding the Cs 'max-X(terpene) plots important differences can
be observed between the systems with BAc and those with Ola and
Urs. Moreover, these plots differentiate the bacterial cardiolipin from
the two eukaryotic species. In systems with Ola and Urs the maximal
value of compression modulus grows linearly with X(terpene) with
the exception of the highest terpene proportion which has a significant
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Fig. 2. AG*“-X(terpene) dependences for the systems containing cardiolipins.
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Fig. 3. Collapse pressures-X(terpene) dependences for the systems with: a) BAc, b) Ola, and c¢) Urs. Maximal compression modulus values vs X(terpene) dependences for the systems
with: d) BAc, e) Ola, and f) Urs. X axis in panels d-f — upper labels for systems with BHCL and TOCL and lower for systems with ECCL.

positive deviation from the linear trend. On the contrary, in the systems
with BAc the maximal value of C5 ! decreases with growing X(BAc) till
the mole ratio of 0.71. For the ratios of 0.83 and 0.91 an increase in
film condensation is observed, which is much higher in the system
with ECCL than in the systems with eukaryotic CLs.

All the monolayers within the 9 discussed systems here were
visualized by BAM upon their compression. It turned out that most of
the monolayers were homogenous similarly to the one-component
cardiolipin films. Homogenous BAM images were observed in some sys-
tems even at the highest X(terpene) of 0.91. The only systems for which
at some X(terpene) 2D and 3D domains were visible in BAM images
were BAc/BHCL and Ola/ECCL. The representative images are shown in
Fig. 4.

From the three systems containing BAc and CLs, positive AG®™ values
are observed only in the system BAc/BHCL, so in this system immiscibility
of the components is most probable. This assumption is corroborated by
BAM images at high BAc proportion. For X(BAc) = 0.83 and 0.91 at it
exceeding 10 mN/m the monolayers were heterogeneous proving the
co-existence of separated phases. At the panels a-c large condense
domains coexist with small circular structures. Moreover, some of the
domains are very bright which suggests that they are rather 3D crystal-
lites. At lower X(BAc) the monolayers were completely homogenous,
so it can be supposed that BAc and BHCL were miscible even though
the AG®*¢ acquired positive values. At the highest X(BAc) phase separa-
tion is observed; however, a question of what was the composition of
the separating phases can be asked. The large condense islets visible in

Fig. 4. Representative BAM images for the systems: a-c) BAc/BHCL and d-f) Ola/ECCL: a) X(BAc) = 0.83, m = 11.8 mN/m, b) X(BAc) = 0.83, m = 14.3 mN/m; c¢) X(BAc) = 091,m =
15 mN/m, d) X(0la) = 0.50, m = 14.2 mN/m e) X(Ola) = 0.66, m = 21 mN/m, and f) X(Ola) = 0.89, m = 6.1 mN/m.
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panels a-c of Fig. 4 are in some aspects similar to the domains observed
for one-component BAc monolayers (Fig. 1). Thus, it is probable that
the condensed islets are composed solely of BAc molecules oriented
uprightly at the interface, whereas the numerous small domains are a
two component phase containing both BAc and the remaining BHCL.
Interesting phase separations were observed in the system Ola/ECCL
(panels d-e). Upon the compression of the binary films at a surface
pressure of ca. 15-20 mN/m numerous bright points appeared in the
BAM photos. Such behavior was not observed only at the lowest X(0Ola)
of 0.34. Such bright points are usually interpreted as the manifestation
of 3D phase expulsion from the monolayer. One-component ECCL mono-
layers had the liquid-expanded character and such bright domains were
not observed for them, so in the case of the mixed Ola/ECCL films it is
probable that the aggregates are formed by the Ola molecules. It is inter-
esting that the expulsion of Ola molecules is not manifested in the course
of the m-A isotherms and consequently in the Cs '~ curves (the depen-
dences are presented in Supplementary materials). Similar phenomena
were observed in the artificial membranes composed of membrane
phospholipids and cholesterol [38]. There the expelled cholesterol mole-
cules were treated as excess — a certain stoichiometry of the cholesterol-
phospholipid domains was assumed and the domains were observed
when the proportion of cholesterol was too high.

3.2. Interactions of triterpene acids with phosphatidylglycerols

Similar studies have been performed for 9 systems containing
phosphatidylglycerols correlated with the investigated cardiolipins as
it was described in the Experimental section. The m-A isotherms regis-
tered for these systems and the related Cs '-m plots are presented in
Supplementary materials. Here we present the results of the thermody-
namic analysis in the form of AG™“~X(terpene) plots (Fig. 5).
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Similarly to the systems with CLs also here BAc can be considered as
the terpene discriminating over the eukaryotic PGs as the AG®*“ values
in the system with DLPG are significantly negative, whereas in the sys-
tem with DOPG positive for lower BAc ratios of 0.34 and 0.5 and close to
0 for higher ratios. Ola does not discriminate over DLPG and DOPG as the
AG®*“-X(Ola) dependences are similar for both PGs — AG®*“ has positive
sign for lower X(Ola) and negative for higher X(Ola). The results for the
system Ola/ECPG differ from those with eukaryotic PGs, as here AG®*¢
values are close to 0 regardless of the Ola ratio. Urs also does not
discriminate over eukaryotic PGs as for both investigated compounds
here AG®™*¢ acquires positive sign. On the other hand, it can be stated
that this triterpene acid discriminates over prokaryotic and eukaryotic
PGs as in the system Urs/ECPG AG®*€ values are slightly negative. The
differences between the systems with CLs and PGs should also be
underlined. For all systems containing Urs and CLs the sign of AG®*¢
was positive and the values at higher surface pressures exceeded
1000 J/mol. The main difference here is the negative sign of the AG**“-
X(Urs) dependence in the system Urs/ECPG. Important differences can
be also observed between the systems with BAc. For example the sign
of AG®* for lower X(BAc) ratios was positive in the system BAc/BHCL,
whereas in the system BAc/DLPG it is negative for all mole ratios. In the
systems with Ola discernable differences can be observed between the
systems Ola/TOCL and Ola/DOPG. In the former case AG™* is close to 0
for all Ola proportions, whereas in the latter it is positive for X(Ola) < 0.66.

Similarly to the systems with CLs, we also chose m.;—-X(terpene)
and Cs 'max-X(terpene) dependences for the illustration of the effect
of the alterations in component proportions on the monolayer proper-
ties for the systems with PGs (Fig. 6).

Regarding the m.,;-X(terpene) plots the trends observed here for
the systems with BAc and Ola are identical as for the systems with
CLs. The collapse pressure falls linearly with X(terpene) in the former
case and remains on a constant level regardless of X(terpene) in the
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Fig. 5. AG*“-X(terpene) dependences for the systems containing phosphatidylglycerols.
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latter. Some differences can be noticed between the systems containing
Urs. A constant value of 1y is observed in the systems with TOCL and
ECCL similarly to the systems with CLs. In contrast, the fall of collapse
pressure with X(terpene) can be observed in the system Urs/BHCL,
whereas in the analogous system with CLs (Urs/ECCL) the collapse
pressure remained at a constant level regardless of X(Urs).

Regarding the Cs 'max-X(terpene) dependences much larger differ-
ences can be observed between ECPG and the eukaryotic PGs, as it was in
the systems with CLs. Generally, the monolayers containing ECPG are
significantly more condensed than those containing eukaryotic PGs at
the same X(terpene). These differences are most profound between the
systems with Ola, where the C5 'max values at a given X(terpene) are
approximately two times higher than those in the systems Ola/DLPG
and Ola/DOPG. Special attention should be paid regarding the very high
values of C5 'max observed at X(terpene) = 0.66 and 0.8 in the systems
0Ola/ECPG and Urs/ECPG. The Cs ! values exceed the limiting value of
250 mN/m [39], thus, according to the classical description of the physical
states of 2D films, it can be stated that the state of these monolayers is
solid.

All the monolayers within the 9 systems containing PGs were visual-
ized by BAM upon their compression. Similarly to the systems with CLs
most of the films were homogenous regardless of surface pressure
value. In the systems BAc/DLPG, BAc/ECPG and Ola/ECPG at some com-
ponent proportions condense domains were visible. However, the ob-
served textures were not conclusive for the interpretation of the PTA-
PG interactions; thus the selected BAM images for the mentioned sys-
tems together with their description are presented in Supplementary
materials.

4. Discussion
In our studies we selected the thermodynamic criterion for the dis-

cussion of the mutual interaction of the PTAs and anionic phospholipids
in the model environment. The negative sign of AG®* indicates that two

different molecules in a binary film attract themselves more strongly
than those identical molecules in one-component monolayers. On the
contrary, the positive sign of AG®™*¢ indicates that the interactions
between two different molecules are not energetically favorable as
referred to pure one-component monolayers [34]. There appears a
problem of how to transfer the trends observed for the investigated
artificial systems to real biomembranes, and especially how to interpret
the information hidden in the AG®*“-X(terpene) plots. We expect that
PTA molecules acting as an effective drug should exert destructive
effects on the organization of the bacterial or mitochondrial mem-
branes. As destructive for membranes we can understand significant
changes in membrane fluidity and changes in permeation. Both phenom-
ena can be triggered when additional 2D or 3D lipid domains separate
within the CL-rich regions or when triterpene molecules incorporated
between CL molecules disturb their packing. For all such cases the
terpene-CL interactions would be energetically unfavorable and AG®*¢
values would be positive. Therefore, we should look for the systems
were AG™“ values are positive. In such systems the probability of the
abovementioned phenomena is increased. Positive values can be found
for all the systems with Urs, thus this PTA can be considered as the com-
pound of choice. Urs exhibits high antibacterial activity, which was
proved by different studies; however, these studies usually estimated
Ola to have similar activity.

Our results show also significant differences between BAc and the
other two PTAs. Such differences were also observed in the studies per-
formed on cancer or bacterial cell lines as well as in-vivo on laboratory
animals [8,16]. BAc turned out to be most effective as an anticancer
drug but was not effective as bacteriocide [16]. Our results obtained
on artificial model systems are in agreement with those observations.
AG®€ is positive for most compositions in the system BAc/BHCL but
close to 0 in the system BAc/ECCL. Thus, a question of what is the origin
of the differences between BAc and the other two PTAs arises. As it was
mentioned in the Introduction the three PTAs differ in the structure of
the E ring and in its substitution. BAc has there a smaller pentacyclic

m DLPG DOPG A ECPG
HEEoLPc Il porc Ml ECPG
50, @ s0, b 50, C
aaat aadt
45, a5g o & W z 45l 92 0 @
x 4 m o i ; . ¢
g 404 'Y E 40 'g 40 "I
= * 4 2 =
Zz = 2.4 E 3 ’ £ s § .
= . - A A = =
o o -]
£ 304 : o i & 30 § o 30
25 i 25 25 ¥
20 . 20 20
4004 “"07070.2 044 0.6 0.8 1.0 4007 “"00 0.2 0.4 0.6 0.8 1.0 400, “70.0 0.2 0.4 0.6 0.8 1.0
X(terpene) X(terpene) X(terpene)
— 3001 — 300+ -
g0 d 3 E
= =z =
E E £
E £ E
) T )
O 100 o Q

0 0.20 0.34 0.50 0.66 0.80 1

0 0.20 0.34 0.50 0.66 0.80 1

(terpene)

0 0.20 0.34 0.50 0.66 0.80 1
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cyclopentane ring, whereas the other two have there cyclohexane.
Moreover, BAc is structurally similar to hopane pentacyclic triterpenes
[16] (structures in Supplementary materials). It can be of utmost impor-
tance because hopanoids are often present in bacterial membranes
where they are hypothesized to play the same role as sterols in eukary-
otic membranes [40,41]. The structural similarity of lupanes to hopanes
may render these terpenes inactive when incorporated into bacterial
membranes [16]. Writing about BAc it should be underlined that our
results indicated that this terpene can discriminate over BHCL and
TOCL. For BHCL AG®*¢ values were positive (or close to 0 for higher
X(BAc)), whereas for TOCL the values of AG™*“ were significantly
negative. Moreover, the discussed problems here found also manifesta-
tion in BAM images. The monolayers in the system BAc/TOCL were
homogenous regardless of X(BAc), whereas in the system BAc/BHCL at
the highest X(BAc) of 0.83 and 0.91 condensed domains were visible.
At these terpene proportions the separation of multiple small 3D
domains was observed at ca. 15 mN/m. It was not the monolayer
collapse as the m-A isotherm increased smoothly to much higher
surface pressures. It seems that BAc molecules separated from the
mixed film as multilayer crystallites. Similar phenomena were also ob-
served in model multicomponent monolayers containing steroids [38].
Nonetheless, the presence of separated terpene-rich domains can here
be crucial for the understanding of the mechanism of PTA action. PTAs
were reported to generate reactive oxygen species (ROS) which can
lead to cardiolipin peroxidation and the permeation of mitochondrial
membrane [14,42]. Here we have BAc-rich domains which can be treat-
ed as catalytic centers on which ROS can be generated; however, these
centers are in close proximity to cardiolipin molecules which can be
damaged because of ROS appearance. The presence of small 3D domains
was observed also in BAM images registered for the system Ola/ECCL at
some X(Ola). Here a problem arises: taking into consideration AG®* cri-
terion Urs should be more destructive to bacterial membranes than Ola,
but in the system Urs/ECCL all the monolayers were homogenous, re-
gardless of X(Urs). However, in such discussion the scale problem
should be signaled. The resolution of BAM is 2 um, so the fact that a
film is homogenous does not automatically exclude the possibility of
phase separation in Langmuir monolayers. There can form microdo-
mains rich in Urs in the systems containing this terpene, but if they
are smaller than 2 pm, they are invisible in BAM images.

As it was mentioned at the beginning of the Results section, PTAs are
specific bolaamphiphilic molecules in which the hydrophobic moiety is
stiff and cannot be bent to achieve U-shaped conformation typical for
multiple bolaamphiphiles at the water/air interface [35,37]. Thus, two
different orientations of PTA molecules at the air water interface are
possible — the upright with the — OH group in contact with water and
the tilted with the — COOH group in water [35]. If the two conformations
were present also in the binary mixtures the effective packing of the PTA
and CL molecules would not be possible. Thus it is probable, that
because of the PTA interaction with CLs one of the conformations is elim-
inated. Because at high X(terpene) higher Cs ! values, often exceeding
250 mN/m, were observed it is probable that the tilted conformation of
PTAs is eliminated and the molecules in binary mixtures acquire only
the upright orientation. It is interesting that even at small proportion of
CLs the tilted conformation of PTAs is eliminated — the monolayers are
homogenous and the Cs ! values are very high.

Regarding the results obtained for the systems with PGs the differ-
ences between the bacterial PG (ECPG) and the eukaryotic species should
be underlined. The incorporation of Ola and Urs into ECPG monolayers af-
fects their fluidity leading to a significant increase of the observed Cs !
values, whereas for eukaryotic PGs such condensation is not observed.
PGs are not recognized to be important components of mitochondrial
membranes [43] but in E. coli membranes they constitute 20% of all phos-
pholipids [32]. Therefore, interpreting the results obtained for the inves-
tigated model systems we can distinguish two different mechanisms of
the PTA action on bacterial membranes. The incorporation of Urs into
the CL-rich domains can trigger phase separation within them and by

this phenomenon lead to their destruction. On the other hand the inter-
action of Ola and Urs with bacterial PGs can lead to a significant conden-
sation of the bacterial membrane and by this disturb its function.

5. Conclusions

In our studies we applied Langmuir monolayers as versatile plat-
forms for the investigations of the interactions between pentacyclic
triterpene acids and anionic phospholipids from mitochondrial and bac-
terial membranes. We looked especially for the systems in which AG®*
had positive sign and significant values assuming that in such systems
PTAs would exert the most destructive effect on CL and PG organization.
The studies performed in the model environment indicated that Urs can
be the most destructive agent, the incorporation of which can lead to
the disintegration of CL-rich domains. However, this compound was
not selective — the AG®*“~X(terpene) plots were similar for the three
investigated cardiolipins. On the contrary, BAc exhibited high selectivity
regarding its interactions with CLs. It turned out that mixing of BAc with
TOCL, the main CL of human lymphoblasts, is energetically beneficial;
whereas its interactions with BHCL — the main animal CL are energetical-
ly unfavorable. On the other hand, the model studies proved, that BAc can
be non-active against bacterial cardiolipin. This finding was interpreted
taking into consideration the structural similarity between BAc and
hopanoids — pentacyclic terpenes occurring in bacterial membranes.
For some of the investigated systems extrusions of small 3D domains
were observed in BAM images. It was proposed that these multilayer nu-
clei are PTA-rich domains. The presence of such domains in the bacterial
or mitochondrial membrane can lead to alterations of its structure and
function. It is possible that such domains can become the centers of reac-
tive oxygen species generation, as it was suggested in the scientific liter-
ature. For comparison reasons we performed also similar investigations
on systems composed of the three PTAs and phosphatidylglycerols struc-
turally correlated with the applied cardiolipins. These studies indicated
important differences between the eukaryotic and bacterial PGs.
These differences were especially visible in the significant increases
of the monolayer condensation of the films composed of Urs or Ola
and ECPG. The experiments performed on artificial model systems
proved the direct interactions of PTAs with cardiolipins and bacterial
phosphatidylglycerols; however, the character of the interactions
still requires further elucidation, both on model systems and on
living cell lines.
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