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HIGHLIGHTS

e La, Nd and Lu stimulate the leakage of electrolytes from cells and have no effect on the water permeability of membranes.
e Lanthanide treatment resulted in the decreased water diffusive permeability of the membrane lipid bilayer.
e Lanthanides facilitate the change in the spontaneous curvature of the membrane lipid layer.
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Changes of diffusive permeability of membranes of Elodea nuttallii cells following a short-term (60 min)
treatment with high concentrations of lanthanides were recorded by the 'H NMR-diffusometry and
conductometry methods. The 1-h infiltration of segments of Elodea nuttallii internodes in 10 mM solu-
tions of nitrates of La, Nd and Lu resulted in the increased leakage of electrolytes from cells, but has no
effect on a water diffusive permeability of membranes. In samples subjected to a 30 min pretreatment
with a water channel inhibitor HgCl, the water diffusive permeability of membranes (Pq) drops down
under the influence of lanthanides, as well as an outcome of electrolytes. To explain the observed effects
the change of spontaneous curvature of membrane lipid layer has been taken into consideration. The
interaction of lanthanides with lipids of plasmalemma leads to the negative spontaneous curvature of
lipid layer at which membrane channels are unclosed. Blocking of the ionic and water channels by
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mercury ions compensate the effect of change of spontaneous curvature of lipid layer.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

An increased application of lanthanides in industry and agri-
culture, and, hence, a growing extraction of rare earth element
(REE) containing minerals leads to amplification of concentration of
elements of this group in the environment (Kulaksiz and Bau,
2013). The majority of REEs is adsorbed by soil particles, but
approximately 10% remain solvable (Pang et al, 2001). These
solvable lanthanides can migrate through soil, getting to ground
waters, and invoking the pollution of rivers and lakes. The extensive
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use of gadolinium in medical researches has led to the increase of
its concentration in lakes, drowned rivers, neritic and groundwater,
and also in tap water (Bau et al., 2006; Kulaksiz and Bau, 2013,
2007; Lawrence, 2010; Moller et al., 2002; Morteani et al., 2006;
Rabiet et al., 2009).

Submersed aquatic plants, including Elodea nuttallii, play a key
role in the functioning of freshwater ecosystems being natural
sorbents of heavy metal ions (Jeppesen et al., 1998). The sorption
capacity of cell walls of Elodea nuttallii causes a high tolerance of
this plant to mercury, cadmium and lanthanum (Larras et al., 2013;
Zhang et al., 2015). Biological effects of metals appear after filling of
sorption capacity of cell wall and are caused by interaction of
metals with cell membranes.

The main function of plasma membranes is the regulation of
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water-ion homeostasis of a cell. It is obvious that the secondary-
water plants would firstly modify the permeability of plasma
membrane in the 'above-ground' organs to conform to the ion
change caused by the altering of their inhabitancy place. Mineral
nutrition of submersed macrophytes in most cases is provided by
whole surface of a plant, whereas the root system can function only
as an anchoring organ. Secondly, they adapted water exchange
processes to the absence of one of the main driving forces - the
hydrostatic pressure created by transpiration. It is known that in
the absence of a pressure gradient water flow through membrane is
determined by osmosis and described by the following equation
(Steudle, 1994; Zimmermann and Steudle, 1998):

Jw =P(Cp — Cex) (1)

where P — membrane permeability coefficient, G, and Cex — con-
centration of osmotically active molecules inside and outside the
cell.

The intercellular water exchange depends on the amount and
functional activity of water channel proteins, known as aquaporins,
and the permeability of lipid bilayer of cell membrane (Li et al.,
2014; Maurel, 1997; Maurel et al., 2015). Currently it is pointed
out that lipids play an important role in regulation of cellular
metabolism not only on the biochemical level, but also through the
changes of physical parameters of membranes. It is known that an
increased cholesterol content in membranes of animal cells has a
negative influence on water conductivity of aquaporins which is
caused by a decreased lateral mobility of lipids in membrane bilayer
(Tong et al., 2013, 2012).

In the majority of researches the main indicator of biological
activity of lanthanides is the disbalance of various biochemical
processes - development of oxidative stress, weakening of photo-
synthetic pigments, disruption of absorption of nutrients (Zhang
et al, 2015). But the change of water permeability of cellular
membranes was out of focus. Therefore the main objective of the
present work is the assessment of the effect of lanthanide-
membrane interaction on the integral water permeability of
cellular membranes of Elodea nuttallii and the revealing of the
underlying mechanism.

2. Materials and methods
2.1. Plant material and metal treatment

Vegetative shoots of Elodea nuttallii were grown in 5% Hoagland-
Arnon solution in controlled laboratory conditions (illumination
intensity - 114 pmol/m?/s, a 14 h photoperiod, 25°C/20°C day/night
temperature). After removal of leaves the shoots were cut into
segments (15—20 mm length) and vacuum infiltrated at a pressure
of 10 Pa during 60 min in: a) a nutrient solution for a Control; or one
of the following lanthanide-containing 10 mM solutions: b)
La(NO3)3 (La>* 1.4 g L™1); ¢) Nd(NO3)3 (Nd>* 144 g L71); d)
Lu(NO3)3 (Lu>* 1.74 gL ).

To inhibit the functioning of water conducting channels the
segments were vacuum infiltrated in HgCl, 100 pM (Hg?*
20 mg L) solution for 30 min prior to the infiltration with one of
the lanthanide-containing solution or nutrient solution. In such a
case the resulted overall duration of infiltration was 90 min.

2.2. Determination of lipid peroxidation

The level of lipid peroxidation in the segments of shoots (0.2 g)
was determined by thiobarbituric acid reaction according to Heath
and Packer (1968) just after the infiltration in control or one of
lanthanide solutions. The concentration of MDA was calculated

using 155 mM cm™! as extinction coefficient in terms of nmol g~}
fresh weight. Measurements were performed on spectrophotom-
eter Unico-2800 UV/VIS (USA) at wave length of 532 nm, as well as
at 600 nm for an adjustment of nonspecific absorption (Hodges
et al., 1999).

2.3. Determination of barrier properties of membranes

The barrier properties of cellular membranes were assessed by
the extent of electrolyte release from the 0.2 g segments of shoots
(Kholodova et al., 2005). After infiltration the segments were
shaken for 15 min in 10 ml of distilled water — to remove any
extracellular electrolytes and remnants of the cells damaged upon
cutting. The segments were quickly dried with filter paper and
placed into clean tubes with 20 ml of deionized water (Millipore
Milli-Q, Germany), with their subsequent incubation during
120 min at 20°C. The concentration of electrolytes after the incu-
bation indicated the extent of membrane leak. To extract the
remaining electrolytes, the sections were boiled for 30 min in a new
portion of water and then shaken for at least an hour. Electro-
conductivity of extracts was measured using a PWT (HI 98308)
conductometer (HANNA Instruments, Germany). The extent of
membrane leak was calculated as a percentage of the electrolytes
released after the 1st, 60-min, incubation to the total cellular
electrolytes extracted.

2.4. Cytoplasmic streaming

The rotational protoplasmic motion was registered by detecting
the chloroplast motion velocity. The method of synchronous
tracking (Vorob'ev et al., 2002) was used to register the chloroplast
motion. The measurements were carried out on the cells of the leaf
rear layer where the central rib begins at room temperature. There
were no any signs of plasmolysis detected under lanthanide
treatment.

2.5. Determination of water permeability of membranes by pulsed
field gradient NMR

After infiltration the segments were gently wiped with a filter
paper. 20—25 arranged in parallel segments were placed into a
glass test-tube for NMR measurements. Experiments were carried
out at 25°C on the time-domain 'H NMR-analyzer “Spin Track”
(Resonance Systems Ltd., Yoshkar-Ola, Russia) operating at
19.1 MHz and equipped with the permanent magnet. A three-pulse
stimulated echo sequence with pulsed field gradient was used to
measure the translational diffusion coefficient of water (Tanner,
1970). The pulsed magnetic field gradient was applied perpendic-
ularly to the test tube. Thus the water self-diffusion in a cross di-
rection of the segments (radial transport) was observed.

During the experiments the attenuation of spin echo signal as a
function of the strength of magnetic field gradient pulse (g)
changing up to 3 T/m with fixed values of the pulse duration (6) of
350 ps and the diffusion time tq of 700 ms was registered. An initial
part of signal attenuation plot (at g — 0) was fitted with Eq. (2)
resulting in a mean water diffusion coefficient (D)

A(g)/A(0) = exp| — v*9°g?t4D| (2)

where A(0) is the echo amplitude in the absence of the magnetic
field gradient; v is the proton gyromagnetic ratio.

At tq equal to 700 ms, the displacement of water molecules
becomes comparable with the transverse size of Elodea nuttallii
internodal cells which was measured to be about 50 um. Thus, the
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