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In this study, the influence of plant hormones, negatively charged indolilo-3-acetic acid (IAA) and positively charged
zeatin, on lipid membranes was studied. As models of negatively and positively charged biological membranes,
monolayers of 1,2-dimyristoyl-sn-glycero-3-[phospho-L-serine] (DMPS) and 1,2-dipalmitoyl-3-trimethylammonium-
propane (DPTAP) at the water/air interface were used, respectively. Additionally, the effect of cadmium and selenium
ions on the interactions between hormones and lipids was studied. Surface pressure and surface potential measurements,
Brewster angle microscopy (BAM), and grazing incidence X-ray diffraction (GIXD) were used for that purpose. Both
IAA and zeatin led to an expansion of the lipid monolayer caused by electrostatic interactions between oppositely
charged groups: negatively charged polar group of DMPS and positively charged zeatin or positive DPTAP headgroup
and negative IAA. The addition of ions to the subphase containing hormones causes competitive interactions of both
solutes with oppositely charged lipid polar heads. The largest effect was observed for IAA.While zeatin does not change
the domain shape of DMPS, IAA causes the complete disappearance of characteristic DPTAP domains. Addition of
SeO4

2- ions causes restoration of DPTAP domains observed on pure water.

Introduction

Biological membranes generally contain mixtures of lipids that
vary with respect to both their polar headgroups and their acyl
chains. It has been admitted that the primary organizing force in
the formation of these systems is dominated by the contribution
of hydrophobic and hydrophilic hydration effects.1 The modifi-
cation of membrane composition as a result of direct interaction
with signal molecules present in the aqueous phase is a crucial
factor for induction of many physiological processes in biological
cells. Hormones are the group of substances essential for gene-
rating and controlling a wide range of responses in plants. It is
now believed that some binding sites located on the plasmalemma
play an essential role in the recognition of the information signals
from the signalingmolecules such as hormones.2,3Unfortunately,
the mechanisms by which hormones are recognized and through
which their signal is transformed into the response are poorly
understood. From our previous studies, performed in model
systems based on natural lipid mixtures characteristic of embryo-
and nonembryogenic calli, it was concluded that hormones,
especially auxins, can affect changes in head-headgroup dis-
tances4-6 and electrokinetic potentials.7 It was also observed that
processes of embryogenesis and regeneration were more effective

in the presence of small amounts of some ions, especially
selenium.8 However, higher concentrations of this substance as
well as other metal ions lead to the destruction of cells.9,10

A variety of toxic contaminants, including cadmium and sele-
nium, are a result of increased environmental burdens from
industrial, agricultural, energy, and municipal sources.11-13 Plants
can absorb and accumulate a large amount of Cd and Se in their
tissues, and thus, they are transmitted to other organisms. At least
70% of the Cd intake by humans originates from plant foods.14

Selenium hyperaccumulation occurs mainly in naturally selenife-
rous soils and causes disease and death in animals.15,16The question
about how Cd and Se act at the cellular level and how cells may
defend themselves against these pollutants is receiving increasing
attention.13 To understand the mode of action leading to heavy
metal function in living cells, physicochemical properties of lipid
monolayers (as a model of the biological membrane) can serve
as the source of many theoretical data concerning the structural
andmechanical properties of themolecules building these layers.1,17
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The model membranes are characterized by specific hydration
levels and a specific distribution of water and water-soluble
substances.18

Thus, the aim of this study was to describe the surface proper-
ties of lipidmodelmembranes in the presence ofCd2þ and SeO4

2-

ions with selected hormones. As a model of negatively charged
biological membranes, DMPS was chosen. DPTAP was mimick-
ing the positive parts inmembranes. IAA, representing a group of
negatively charged hormones (auxins), and zeatin, representing
positively charged hormones, were dissolved in the water sub-
phase. The effect of cadmium and selenium ions on the interac-
tions between hormones and lipids was studied by π-A

isotherms, in combination with Brewster angle microscopy
(BAM) and surface potential measurements. Both methods
provide characterization of monolayers at different length scales
and are based on differences between a bare water surface and a
monolayer-covered surface.

Experimental Section

Materials. Indolilo-3-acetic acid (IAA), 6-(4-hydroxy-3-
methylbut-2-enylamino)purine (zeatin), cadmium dichloride,
and sodium selenate (>98% pure) were obtained from Sigma
Aldrich Company (St. Louis, MO). The following compounds
(>99% pure) were purchased from Avanti Polar Lipids
(Alabaster, AL): 1,2-dimyristoyl-sn-glycero-3-[phospho-L-serine]
(DMPS) and 1,2-dipalmitoyl-3-trimethylammonium-propane
(DPTAP). Chloroform (Merck, Germany) was the spreading
solvent. The subphase for all experiments was water first distilled
and then purified by a Millipore system with a specific resistance
above 18 MΩ 3 cm.

Methods. Film Balance and Surface Potential Mea-

surements. Surface pressure-area isotherms (π-A isotherms)
were measured on a homemade Teflon trough. The surface
pressure was recorded with a continuousWilhelmy-type pressure
measuring system using filter paper as Wilhelmy plate with an
accuracy better than 0.1 mN 3m

-1. The substances were spread
from 1 mM chloroform solutions onto the water surface using a
100 μL syringe. The monolayers were compressed at a rate of
5 Å2

3molecule-1
3min-1 after allowing about 10min for evapora-

tion of the solvent. The concentration of hormones was 1 μM,
chosen on the basis of earlier experiments. The salts were used in
concentration inducing heavy metal stress in natural plant cells in
in vitro wheat cultures, that is, 5 mM (data in preparation).

Surface potential-area (ΔV-A) isotherms were recorded
using the above-described trough. During monolayer compres-
sion, π and ΔV were recorded simultaneously. The surface
potential sensor consists of a vibrating electrode (constructed by
V. L. Shapovalov, N. N. Semenov Institute of Chemical Physics
RAS,Moscow,Russia),which is suspendedabove themonolayer.
The isotherms were measured several times and have a good
reproducibility.

Brewster Angle Microscopy. The morphology of the mono-
layers was visualized using the Brewster angle microscope (BAM-
1 fromNFTG€ottingen, Germany). The resolution is about 2 μm.
The optical system and the Langmuir film balance are mounted
on an antivibration table. A p-polarized beam of a diode laser is
reflected at a mirror and strikes the water surface under the
Brewster angle to give zero reflection.19,20 The presence of a
monolayer alters the optical properties of the interface, resulting
in enhanced reflectivity in film-covered regions, and thus permits
domains to be visualized with an appropriate detector. Mono-
layer compression is recorded on videotape, and frames are
grabbed and digitized by a computer.

Grazing Incidence X-ray Diffraction. Grazing incidence
X-ray diffraction (GIXD) experiments were performed at the
undulator beamline BW1 at HASYLAB, DESY (Hamburg,
Germany) using the liquid-surface diffractometer. The incident
angle,Ri, of themonochromatic beam (λ≈ 1.3 Å) was kept below
(Ri=0.85Rc) the critical angle of total reflection for the air/water
interface,Rc=0.13�, and the diffracted intensity was recorded as
a function of the horizontal and vertical scattering angles 2θxy
and Rf, respectively, by a linear position sensitive detector (OEM-
100-M, Braun, Garching, Germany). A Soller collimator giving a
horizontal resolution of 0.008 Å-1 was placed in front of the
detector, and the entire system (collimator and detector) was
rotated to set the horizontal scattering angle. The out-of-plane
(Qz ≈ (2π/λ) sin(Rf)) and in-plane (Qxy ≈ (4π/λ) sin(2θxy/2))
components of the scattering vectorQ provide information about
the laterally periodic structures of the monolayer in terms of
lattice parameters, tilt angle, tilt direction, and lattice distortion.
Detailed descriptions of the experimental setup and the theore-
tical background of the GIXD experiment can be found in the
literature.21-26 The tilt angles of the aliphatic chains have error
bars below (1�.

Results

The surface pressure-area isotherm of DMPS spread at the
air-water interface at 20 �C is shown in Figure 1. The isotherm is
in good agreement with the reports of other authors.27 The
isotherm shows a plateau region where the surface pressure varies
very slowly with area. Such drastic changes in the slope of the
isotherm are interpreted as phase transition from the liquid
expanded (LE) to a liquid condensed (LC) phase in the mono-
layer. The transition into the LCphase starts at 1.8mN 3m

-1. The
presence of zeatin in the subphase has a clear expanding effect.

Figure 1. Surface pressure versus mean molecular area isotherms
of DMPS monolayer on water, water with zeatin, and water with
zeatin and cadmium dichloride.
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Additionally, the phase transition pressure is increased to
2.6 mN 3m

-1. When CdCl2 was added to the subphase (water
with zeatin), a condensation of theDMPSmonolayer is observed:
The plateau pressure is diminished to 0.3 mN 3m

-1. However,
both zeatin and cadmium ions do not influence the limiting area
value observed for DMPS monolayer on pure water at high
pressure.

The π-A isotherm of DPTAP is presented in Figure 2. The
transition from the liquid-expanded to a condensed phase starts
at around 8 mN 3m

-1. The plateau region is far from being
horizontal. Obviously, the transition into the condensed phase
is not very cooperative. The addition of organic and inorganic
substances to the subphase induces the same type of changes as
observed for the DMPS monolayer. The presence of IAA shifts
the π-A isotherm to much larger molecular areas (Alim extra-
polated to zero pressure is 53.6 Å�2 3molecule-1 for pure water and
86.2 Å�2 3molecule-1 for water with IAA). The monolayer is more
expanded, and the LE/LC transition disappears. The addition of
salt (Na2SeO4) to the subphase (water with IAA) causes a
reduction of the molecular area in the liquid-expanded state
and shifts the transition pressure to 6.6 mN 3m

-1. The two-phase
coexistence region is now better pronounced. The limiting area in
the condensed state is slightly larger comparedwith that onwater.

BrewsteranglemicrographsofDMPSaredisplayed inFigure3,
for areas per molecule marked by arrows in Figure 1. While a
homogeneous fluid film was observed at the lowest surface
pressures (A), bright domains appear during film compression
at the onset of the plateau in the corresponding isotherms (B).
These domains represent a condensed phase surrounded by the
liquid-expanded phase within the two-phase coexistence region.
With decreasing area per molecule, the domains grow and form
several arms (C). Finally, during further compression, they tend
to fuse (D, E). The overall impression from Figure 3 is that the
shapes of the domains are not very sensitive to the presence of salt
or/and hormone in the subphase. However, the size of condensed

Figure 2. Surface pressure versus mean molecular area isotherms
of DPTAP monolayer on water, water with IAA, and water with
IAA and natrium selenate.

Figure 3. Brewster angle micrographs of DMPS monolayer on (a) water, (b) water with zeatin, and (c) water with zeatin and cadmium
dichloride.
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domains is strongly dependent on the type of solutes in water.
Domains similar to those on pure water (Figure 3a) can be
observed in the case of zeatin (Figure 3b), whereas the addition
of salt reduces the size and increases the number of the LC
domains drastically (Figure 3c).

Figure 4 shows BAM images for DPTAP on different sub-
phases taken at molecular areas marked by arrows in Figure 2. In
the case of water (Figure 4a), one can observe the appearance of
LC domains, their growing in number and size, and finally
coalescence with increasing surface pressure. When IAA is added
to the subphase, no domains of condensed DPTAP are observed
(Figure 4b). However, domains with similar shape and size
compared with those observed on pure water can be seen in the
presence of salt (Figure 4c). The disappearance of domains on the
IAA containing subphase is in agreement with the expanded
isotherm.

GIXDexperimentswereperformedonwater, on the IAA,aswell
as on the IAA andNa2SeO4 containing subphases to determine the
monolayer structure in the angstrom range. Figure 5 shows selected
contour plots of the corrected X-ray intensities as a function of the
in-plane and the out-of-plane scattering vector components. On
water, DPTAP exhibits an unusual phase sequence: orthorhombic
withNN(nearest neighbor) tilt (L2phase)-oblique-orthorhombic
with NNN (next nearest neighbor) tilt (Ov phase) on compression.
This shows that the tilt direction does not change at a defined
transition pressure (second order phase transition) as observed for
fatty acids and fatty acid esters,28but there is a continuous transition

fromNN (L2 phase) toNNN (Ov phase) tilt over a certain pressure
range. On the subphase containing IAA and 5 mM Na2SeO4, the
intensity distribution with two Bragg peaks (one at zeroQz and the
second one atQz>0) shows only the L2 phase (orthorhombic unit
cell with NN tilted molecules) at all pressures investigated. The tilt
angle is drastically increased (Figure 6). This is obviously the reason
for the missing transition to the Ov phase, which occurs at smaller
tilt angles. Plotting 1/cos(t) versus the lateral pressure gives a linear
relation.29The extrapolation to zero tilt allows the determination of
the transition pressure to the nontilted state. This nontilted state can

Figure 4. BrewsterAngleMicrographsofDPTAPmonolayer on (a)water, (b)waterwith IAA, and (c)waterwith IAAandnatrium selenate.

Figure 5. Selected contour plots of the corrected X-ray intensities
as a function of the in-plane and out-of-plane scattering vector
components Qxy and Qz, respectively, of DPTAP on a subphase
containing IAA and Na2SeO4. The results obtained at 15, 25, and
35 mN 3m

-1 (from left to right) are shown.
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be reached on water at 48 mN 3m
-1, whereas the presence of IAA

and Na2SeO4 in the subphase shifts the transition to 74 mN 3m
-1.

The cross-sectional area of the lipid chains is also slightly increased:
20.2 Å�2 on water and 20.5 Å�2 on the hormone/salt solution. The
observed increase of the tilt angle leads to a larger in-plane area of
DPTAPon the hormone/salt solution comparedwithwater,what is
in perfect agreement with the observed shift in the isotherm. GIXD
experiments of DPTAP on the IAA solution did not show any
Bragg peaks indicating the disordered state of the monolayer in
correspondencewith the expanded isotherm.Additionally,DPTAP
has been measured on 5 mM salt solutions (Na2SeO4 or NaCl) for
comparison. In both cases, the same phase behavior as on the
salt/hormone solution has been observed; that is, only the L2 phase
can be seen in thewhole pressure region. The surprising observation
is that the different anions influence the DPTAP monolayer
structure in a slightly different way. Previous experiments have
shown that a critical charge density is essential to observe size effects
of ions participating in the electrical double layer.30,31The tilt of the
chains increases in both cases comparedwith the structure onwater.
The effect is larger for the selenate counterion compared with the
chloride anion (Figure 6).

Figure 7 shows the surface potential measurements (ΔV) for
DMPS monolayers on different subphases. The ΔV-A isotherm
in the absence of any solutes in water demonstrates a sharp rise of
ΔV near 100 Å�2 3molecule-1, which is approximately the mole-
cular area at which the pressure in the liquid-expanded phase
starts to increase, followed by a slow increase during further
compression until ΔV = 170 mV. At that point, which corres-
ponds approximately to the end of the LE/LC phase transition
region, the slope of the ΔV-A isotherm is changing and the
surface potential rises more rapidly until 300mV. The presence of
zeatin in the subphase does not cause any change in the surface
potential. Addition of cadmium causes an increase in ΔV values
(by ∼200 mV), but the slope of the ΔV-A isotherm is almost
unchanged.

DPTAP on water (Figure 8) shows similar behavior of surface
potential as that described forDMPS.One can distinguish a sharp
increase inΔV from360 to 610mV, a slow rise until 720mV, and a
change in slope of theΔV-A isotherm leading to a faster increase
until 1040mV.When IAA is injected into the subphase, the surface

potential values of DPTAP are very close to those on pure water.
However, thatΔV-A isotherm, unlike the others, is characterized
by a constant slope, indicating that there is no change in the phase
state of themonolayer. The addition of SeO4

2- and IAAdecreases
the surface potential values (by ∼170 mV) and restores the slopes
(corresponding to the observed phase transitions) measured for
the DPTAP monolayer on pure water.

Discussion

In this study, the surface pressure-molecular area measure-
ments supplemented with BAM, surface potential and GIXD
experiments offer a unique set of tools for monitoring the
interaction of hormones and ions with model membranes.

From the π-A isotherms it is evident that both hormones,
zeatin and IAA, led to an expansion of the lipid monolayer.
Such an expansion effect, induced by hormones present in
the water phase, was also observed for monolayers of phospho-
lipids extracted from natural plant membranes.32 As a result of
electrostatic interactions between oppositely charged groups

Figure 6. Tilt angles of the aliphatic chains of (b) DPTAP on
water, (2) on a subphase containing IAA and Na2SeO4, (1) on
5mMNaCl, and (9) on 5mMNa2SeO4 as a function of the lateral
pressure.Note thatDPTAPdoes not forma condensedmonolayer
on the IAA containing subphase.

Figure 7. Surface potential versus meanmolecular area isotherms
of DMPS monolayer on water, water with zeatin, and water with
zeatin and cadmium dichloride.

Figure 8. Surface potential versus meanmolecular area isotherms
of DPTAP monolayer on water, water with IAA, and water with
IAA and natrium selenate.
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(negatively charged polar group of DMPS and positively charged
zeatin or positive DPTAP headgroup and negative IAA),
hormones penetrate into the fluid monolayers. The expansion
effect of zeatin ismuch smaller comparedwith that of IAA.Zeatin
expands the fluid state of the monolayer and shifts the LE/LC
transition pressure to slightly higher values. Upon compression, it
is squeezed out from the condensed monolayer at high pressure
indicated by the same molecular area of DMPS on the different
subphases. In contrast, IAA interaction with DPTAP leads to the
complete suppression of the condensed phase. Both BAM and
GIXD experiments show that there is no transition into a
condensed phase.While zeatin does not change the domain shape
of DMPS, IAA causes the complete disappearance of character-
istic DPTAP domains. The ΔV-A isotherms are also almost not
influencedby the hormones. In the case of zeatin, the same change
in slope connected with the LE/LC phase transition has been
observed. The ΔV-A isotherm of DPTAP on IAA is similar to
the one on water until the phase transition into the condensed
phase. At higher pressure, the ΔV values of the disordered
DPTAP on IAA are smaller compared with the ordered DPTAP
on water. The large effect of IAA on the structural properties of
model lipid membranes was also observed by X-ray experiments
in bulk systems.4

The addition of ions to the subphase containing hormones
causes competitive interactions of both solutes with oppositely
charged lipid polar heads. It is possible that divalent ions bridge
adjacent lipid molecules, promoting monolayer condensation,
what is easily seen from the π-A isotherms. The LE/LC phase
transition pressure is decreased in both cases. The condensed part
of the DMPS isotherm is almost not influenced if Cd2þ ions are
present together with the zeatin, whereas condensed DPTAP is
shifted to larger molecular areas upon interaction with SeO4

2-

ions in the presence of IAA. This expanding effect is the result of
the increased effective area of the headgroup seenby themeasured
increase of the tilt angle of the aliphatic chains of DPTAP. The
phase sequence on the subphase containing IAA and SeO4

2- ions
is also changed compared to that on water. The tilt angle is much
larger and does not reach the value of approximately 15� which
seems to be crucial for the formation of the Ov phase
(orthorhombic packing of NNN tilted chains) in the DPTAP
monolayer on water. It is worth mentioning that the unusual
continuous transition from the L2 to the Ov phase via an oblique
phase has beenpreviously observedonly inbinarymixtures.33The
GIXD experiments using different anions (SeO4

2- or Cl-)
showed an unexpected ion size effect.30,31 The larger anion
induces a larger tilt of the aliphatic chains of DPTAP. This
indicates that the area requirement of the headgroup increases
comparedwith that on the purewater subphase. The charge of the
headgroup is not influenced, but obviously it is not the only
reason (electrostatic repulsion between like charges) for the large
area requirement. The bulky trimethyl group contributes to a
certain extent to this area requirement. The increase of the tilt
angle cannot be explained by screening the electrostatic repulsion
as may be expected. The counterions interact strongly with the
cationic headgroup and penetrate into the headgroup region,
leading to the observed increase of the headgroup area. The larger

anion has the larger effect. Taking this into account, the observed
further increase of the tilt angle on the IAA/Na2SeO4 subphase
shows that there is a competition between the counterions and the
hormones for the interaction with the cationic headgroup. How-
ever, IAA is not completely replaced by SeO4

2- but is still present
to a small extent in the headgroup region leading to the further tilt
angle increase.

Ions introduced into the subphase cause also large changes in
the surface potential, in the order of 200 mV, by forming the
electric double layer around the charged headgroups. Such a big
increase or decrease in surface potential might cause membrane
destruction under natural conditions. In natural cells, different
stress factors (including chemical substances) induce depolariza-
tion and/or hyperpolarization of membrane potential.34-36 Such
electric changes serve as messenger in cell signal transduction.
High increase or decrease of surface potential induced by SeO4

2-

and Cd2þ ions confirm the stress character of these ions on cell
membranes. The outer plant cell membrane (plasmalemma) is
built mainly by phospholipids and proteins and contains nega-
tively and positively charged centers. The strong binding of
SeO4

2- and Cd2þ ions to these centers may be responsible for
the maintenance of membrane potential on higher/lower levels in
comparison with the resting membrane potential. That effect can
cause stress observed in natural cells under the influence of ions in
concentrations used in our experiments (data in preparation).
Competition in interactions of zeatin and Cd2þ with negatively
charged monolayers leads to the decreased size of condensed
domains observed by BAM. Bridging of adjacent lipid molecules
by the Cd2þ ions decreases the distances between molecules in
the monolayer and increases the nucleation rate, and as a result
many small condensed domains can be observed. In the case
of a positively charged monolayer, the presence of ions
(SeO4

2-) causes restoration of domains observed on pure water.
IAA has a strong fluidizing effect on the positively charged
DPTAP monolayer, which is reduced by the SeO4

2- ions. There-
fore, the competitive interaction of inorganic ions and organic
hormones is a predominant factor to suppress the influence of
organic ions.

Concluding Remarks

In our model system, where DMPS and DPTAP monolayers
represent negatively and positively charged centers of mem-
branes, respectively, cadmium and selenate ions modify the
interactions of hormones with these centers. Probably, the pre-
sence of ions hinders the penetration of the hormones into the
membrane. That is especially important in the case of positively
charged centers, where negatively charged solutes significantly
modify the membrane structure. As regards negatively charged
centers, positively charged ions induce structural changes in spite
of hormone presence in the system.
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