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How does ytterbium chloride interact with DMPC bilay-
ers? A computational and experimental study

Miguel A. Gonzalez,** Hanna M. G. Barriga,™ Joanna L. Richens,$” Robert V. Law,*
Paul O’Shea,’c and Fernando Bresme*¢

Lanthanide salts have been studied for many years, primarily in Nuclear Magnetic Resonance
(NMR) experiments of mixed lipid-protein systems and more recently to study lipid flip-flop in
model membrane systems. It is well recognised that lanthanide salts can influence the behaviour
of both lipid and protein systems, however a full molecular level description of lipid-lanthanide
interactions is still outstanding. Here we present a study of lanthanide-bilayer interactions, using
molecular dynamics computer simulations, fluorescence electrostatic potential experiments and
Nuclear Magnetic Resonance. Computer simulations reveal the microscopic structure of DMPC
lipid bilayers in the presence of Yb?*, and a surprising ability of the membranes to adsorb signifi-
cant concentrations of Yb?* without disrupting the overall membrane structure. At concentrations
commonly used in NMR experiments, Yb3* ions bind strongly to 5 lipids, inducing a small de-
crease of the area per lipid and a slight increase of the ordering of the aliphatic chains and the
bilayer thickness. The area compressibility modulus increases by a factor of two, with respect to
the free-salt case, showing that Yb3+ ions make the bilayer more rigid. These modifications of the

bilayer properties should be taken into account in the interpretation of NMR experiments.

1 Introduction

Lipid membranes play a vital role in the compartmentalisation
and regulation of cellular contents, providing a physical outer
barrier to the cell and its organelles, whilst still enabling com-
munication with the extracellular environment.! The complex
mixture of lipids and proteins that form the cellular membrane
determine the dynamics and structure of the bilayer. In order
to explain the role that lipids play within the cell both in struc-
ture and signalling events! it is vital to understand the behaviour
of lipids within the membrane, and their partitioning between
the two leaflets in a bilayer. Model membrane systems provide
a unique opportunity to study the behaviour of the lipid bilayer
using a bottom up approach. Whilst relating these studies back
to the native in-vivo membrane can be challenging, the simplifi-
cation in a model system is ideal for understanding specific in-
teractions which are difficult to decouple in a cellular environ-
ment due to the complexity of the cell membrane. There are a
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plethora of established techniques for studying bilayer-charge in-
teractions in model membrane systems, including solid state NMR
and fluorescence based assays which use a membrane incorpo-
rated fluorescent probe to measure changes in the surface electro-
static potential. This fluorescence assay has previously been used
in model membrane systems to show adsorption of Ca’* ions,
study membrane-peptide interactions and insertion and to quan-
tify the effects of mineral oils on the binding of oleic acid.3 In
this study, we use these techniques to characterise the adsorption
of lanthanide ions onto a DMPC bilayer. Lanthanide ions have
applications in clinical research including the treatment of burns,
anticoagulants, anti-tumour therapy and imaging studies as well
as acting as a tool for fundamental studies on model membrane
systems.? In order to exploit these applications from both a fun-
damental and clinical perspective, a more detailed understanding
of the lanthanide membrane interaction is necessary.

Lanthanides are also widely used in solid state NMR and have
been employed during the past two decades in applications rang-
ing from protein structure elucidation to lipid-protein interactions
and lipid flip-flop. In the latter application, lanthanide ions ap-
plied externally to extruded phospholipid vesicles are used to dis-
tinguish between the signal from the inner and outer lipids of the
membrane. > The difference in signal is attributed to lanthanide
induced chemical shifts in the NMR signal from the outer head
groups of the vesicle. By monitoring the change in this signal
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over time the intrinsic rate of lipid flip-flop within a model mem-
brane system can be quantified.” These NMR experiments rely on
the asymmetric addition of lanthanide ions thereby creating and
maintaining a gradient of salt ions across the lipid membrane.

The use of salt to perform the NMR experiments raises several
questions. One that is relevant to our ongoing work is how the
salt influences the bilayer structure, and consequently its dynamic
properties, particularly flip-flop rates. A microscopic view on how
lanthanides interact with bilayer is still lacking. This fact pre-
vents a full validation of a particular method of detection within
an assay. Therefore it is necessary to advance in our understand-
ing on the fundamental behaviour of the lipid bilayer, before re-
sults from different approaches can be interpreted reliably. To
advance in the solution of this problem, we have performed com-
puter simulations of atomistic lipid bilayers in the presence of yt-
terbium chloride. Our aim is to provide a microscopic view of the
lanthanide-bilayer interactions of Yb3*, using conditions guided
by solid state NMR and electrostatic potential fluorescence ex-
periments on DMPC bilayers in the presence of ytterbium and
dysprosium salts.

Molecular dynamics simulations offer a unique approach to
study the molecular interactions of model membranes systems
with surrounding ligands/molecules and ions. Recent develop-
ments on computational methods and force fields have expanded
the scope of lipid simulations,® enabling the modelling of highly
complex systems with increased numbers of particles. It has been
possible to model multicomponent mixtures consisting of lipids,
membrane proteins and steroids, ? which take us closer to the real
composition of cell membranes. The impact of different ions on
the membrane structure has also been considered from a compu-
tational perspective. 1024 These simulation studies show that the
ions can influence the permeability and the stability of the lipid
membrane, e.g., by promoting the formation of pores,2>-31 which
can act as transient structures that facilitate flip-flop processes.
These observations are relevant to NMR experiments that involve
charge imbalance across the vesicle walls, although not necessar-
ily to experiments that involve a concentration imbalance only,
such as the ones considered in this work.

The majority of the simulation studies performed thus far have
focused on the alkali halide ions ([Na™,K*],Cl7), which are com-
monly present in a physiological environment. However, there is
less information available on lanthanides, which are commonly
used in NMR experiments. Understanding the interactions of
these ions with biological membranes can help to assess the relia-
bility of the NMR experiments in the determination of rare event
dynamic processes (flip-flop).

In this work, we have combined experimental and computa-
tional approaches to investigate the impact that lanthanide salts
have on bilayer membranes. We have focused our study on a
DMPC model membrane system, which is widely used in bio-
physics. Our article is structured as follows. Firstly, we report
details on the experimental and molecular dynamics methods em-
ployed in our work. A section containing our results for lan-
thanide:lipid interactions follows. We close our paper with a
discussion of our main conclusions regarding the impact of lan-
thanides on the bilayer structure.
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2 Methodology

'H NMR was performed on extruded DMPC (1,2-dimyristoyl-sn-
glycero-3-phosphocholine) vesicles and the chemical shift and
quenching due to the external addition of lanthanide salts was
calculated. These experiments have been explained in de-
tail in the Supplementary Information (SI) and show similar
trends and shifts when compared to previous literature investigat-
ing phospholipid-lanthanide interactions. 3233 These experiments
formed the basis for the model system around which the compu-
tational calculations and additional experimental investigations
were designed. Briefly, the model systems comprised of a pure
DMPC membrane in excess water with a fixed concentration of ei-
ther YbCl; or DyClj salt in contact with the outer membrane lipids
in the bilayer. A schematic of this is shown in Fig. 1 illustrating
the interplay between the simulations and experimental length
scales. In addition to the NMR experiments we used a fluores-
cence based assay in which the DMPC vesicles were labelled with
the charge sensitive fluorescence probe? inducing an increase in
fluorescence when the positive cation is adsorbed onto the mem-
brane. These experiments enabled the calculation of the maxi-
mum number of ions associated with each DMPC lipid molecule
and a comparison to the computational result. Finally, we per-
formed a protein leakage assay using DMPC vesicles loaded with
the pH sensitive dye pyranine to explore the effects of ytterbium
salt on membrane permeability and the possible existence of pore
formation. Detailed methods and analysis have been provided in
the Supplementary Information (SI).
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Fig. 1 (Left) Sketch of the experimental set up. On top, a pipette filled
with Yb3*, represented using dark blue circles, adds increasing
concentrations of YbCl; to a solution containing vesicles of DMPC.
Some DMPC lipid are replaced by fluoresceinphosphatidylethanolamine
(FPE) (green circles in the bilayer). (Right) Snapshot of the molecular
dynamics model mimicking the experimental set up. Blue spheres —
Yb3+, cyan sphere — aliphatic chains, red spheres in bilayer — oxygen
atoms in phosphate group. Water is represented with red and white
small spheres.

Molecular Dynamics simulations of a DMPC bilayer in an aque-
ous solution of ytterbium chloride were performed using a combi-



nation of force-fields: GROMOS 43A1-S334 for the lipids, OPLS-
AA parameters as starting point to model the short range interac-
tions for the Yb*+ and Cl~ ions, 3> and the SPC/E model for wa-
ter. 36 SPC/E provides a good prediction of the dielectric constant
of water, and it has been used extensively in the simulation of
aqueous solutions and interfaces. We note that the combination
of GROMOS 43A1-S3 and OPLS-AA parameters is not commonly
used in computer simulations. However, we have shown that it
can, in combination with the SPC/E model, accurately predict the
coordination number of Yb3*. For this force-field parameters the
coordination number, 8, was found to be in good agreement with
the experiment. 37 The force-fields employed to model the DMPC
bilayer (see Supplementary Information) predict structural prop-
erties (see results section below), such as area per lipid, thickness
and aliphatic chain order parameters that are in good agreement
with previous simulation and experimental data. 38

To simulate the systems represented in Fig. 1, and take into
account the presence of salt in one leaflet of the bilayer, we per-
formed our simulations under confinement conditions. Far from
the bilayer we set two soft "walls", which kept the solution in one
region of the simulation box (see Fig. 1 and the SI for further de-
tails). We performed simulations in the presence and absence of
salt, and in the case of pure water we performed additional com-
putations with full periodic simulation boxes, in order to test the
validity of our "wall" approach. We find that the "wall" approach
predicts properties in good agreement with a full periodic system.

A typical simulation consisted of a DMPC bilayer of 400 lipids,
10 Yb3+ cations plus the corresponding, Cl~, counterions, and
over 5x10* water molecules per leaflet. This corresponds to
a water:lipid ratio of 140:1, which is above the excess water
point of DMPC (31-36:1 water:lipid molecules) for temperatures
in the range 298-323 K.3° The simulations were performed in
the isothermal-isobaric ensemble, and the electrostatic interac-
tions in the two dimensional system were computed using a cor-
rected three dimensional Ewald method.4? The equations of mo-
tion were integrated with a timestep of 2 fs using the leap-frog
algorithm and the parallel code GROMACS4.5.4! The simulation
trajectories were analysed to calculate the area per lipid, bilayer
thickness, ion-lipid coordination, interdigitation coefficients and
deuterium order parameters. Details on the approaches used to
obtain these quantities are explained in detail in the SI.

3 Results and discussion

Our experimental 'H NMR results demonstrating the effects of
lanthanide addition to DMPC extruded vesicles as a function of
temperature are shown in Fig. 2 and Fig. 3 (See SI for more de-
tails). Phospholipids are known to exhibit characteristic 'H NMR
peaks.*2 In the present investigation we focus on the peaks re-
sulting from the protons in the "head group" and in the aliphatic
"chain-region" as labelled in Fig. 2. Lanthanides are known to
cause a chemical shift change and peak broadening and quench-
ing when added to phospholipid moieties. The magnitudes of
these are defined by the effects on electron and nuclear spin re-
laxation which lead to line broadening and chemical shift changes
respectively. 43 The addition of Yb3t induces a positive change
(towards 0 ppm) in the chemical shift whilst Dy3* induces an
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Fig. 2 (Top) DMPC structure including labelling of the principal
hydrogens, a is N-methyl headgroup, b is chain methylenes and c are
terminal methyl protons. (Bottom) Example MAS-'H NMR traces for
(left) DMPC only (solid), 0.025 Yb3+:DMPC ratio(dashed)), (right)
DMPC only (solid), 0.002 Dy3*:DMPC ratio(dashed) at 321K.

opposite effect due to the positive and negative magnetic suscep-
tibility of Yb3+ and Dy>* ions respectively. ##4> These changes are
observed in the example spectra shown in Fig. 2 and quantified
in Fig. 3.

Previous NMR studies of lipid-vesicle interactions with lan-
thanide ions have reported differences between the inner and
outer lipid head group signals upon addition of lanthanide ions.
An example of this is a 3!P-NMR study looking at the addition of
Pr3* to DMPC/5-DOXYL sub 100 nanometer spin labelled lipo-
somes, where splitting of the resonances depends strongly on pH
and Pr3* concentration. *® Notably, the studies that report these
differences were performed using vesicles formed via sonication.
This technique results in vesicles with diameters of the order of
10’s of nanometers. These systems are highly curved and there-
fore, the interpretation of the lanthanide:lipid interaction should
consider both curvature and lanthanide:lipid effects. In our case,
extruded 100 nm phospholipid vesicles were used to minimise
curvature effects and therefore we do not resolve the differing
head group signals. The effects of curvature and the differing in-
ner and outer head group signals are the subject of a separate
investigation.

The addition of Yb’>* and Dy** to DMPC vesicles induces posi-
tive and negative chemical shifts (0ppm) respectively. These dif-
ferences are attributed to the different magnetic susceptibilities.
Above the gel to fluid transition temperature there is little change
in the chemical shift where the mean éppm is -0.04 + 0.02 for
the Dy>* system and 0.26 + 0.03 for the Yb>* system between
298 and 333 K. This behaviour has been previously reported in
the chemical shifts of lipid head groups observed in vesicles of
Egg PC and DPPC upon the external addition of 6 mM Pr3* above
the gel to fluid transition temperatures.® Above the gel transition
temperature there is a significant increased mobility within the
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acyl chain region which is reflected in the motion of the lipid
head groups.” Model membrane systems are impermeable to
lanthanide ions, as supported by the simulation data described in
later sections, which detected no lanthanides crossing the bilayer.
This study therefore focuses on the bilayer-lanthanide surface in-
teractions quantified via the quenching of the N-methyl lipid head
group signal. The NMR data shows no change in line width for
the terminal methyl and methylene chain protons (Fig. 2, top, la-
belled b and ¢) upon the addition of YbCl; above the phase tran-
sition temperature. Interestingly there is a quenching effect in
both the terminal methyl and methylene chain protons upon the
addition of DyCl; above the phase transition temperature. One
possible explanation for this difference is that Dy>* has a larger
magnetic moment (Dy:10.65 vs Yb:4.54) causing pseudocontact
interactions effects on the lipid hydrocarbon chain region inside
the bilayer.*® This implies that YbCl; is more suitable for surface
interaction studies and hence the focus on YbCl; for the simula-
tion studies.
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Fig. 3 Effects of lanthanide addition to DMPC vesicles as a function of
temperature showing changes in quenching of the N-Methy! lipid head
group 'H NMR signal.

Broadening and quenching of the N-methyl lipid head group
signal relative to the vesicles with no lanthanides, was noted in
both cases as shown in Fig. 2 and Fig. 3. Dy>" showed a larger
quenching effect in comparison to Yb3* despite the smaller num-
ber of Ln3* ions present due to the presence of 5 unpaired elec-
trons compared to the 1 unpaired electron in Yb3*. The changes
in quenching of the N-methyl lipid head group signal upon the
addition of lanthanide ions have been quantified in Fig. 3 rel-
ative to the pure vesicular system. These were calculated us-
ing OriginLab data analysis software to fit normalised NMR data,
where the chemical shift was defined as the peak centre and the
quenching calculated from the percentage reduction in peak area.
The procedure for this calculation has been explained in detail in
the Supplementary Information. A reduction in quenching was
observed for both Yb3t and Dy?* ions (Fig. 3) with increasing
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temperature, implying a possible temperature association of the
lanthanide:lipid molecular interaction. This was more prominent
for Yb3* than Dy>*. Previous work# has shown a temperature
dependence with lanthanide association where normalised alkyl
chain order parameters have been shown to decrease with in-
creasing temperature (303-343 K) for the addition of Tm3* to
DMPC/DHPC bicelles. Increasing concentrations of Tm3* en-
hanced the order parameters at any given temperature. Notably
this included a phase transition from the bicelle positively aligned
nematic phase to a smectic phase coexisting with an isotropic
phase at a temperature influenced by the lipid to lanthanide ratio
(higher Tm3*, lower temperature).45 Our basic NMR character-
isation of lanthanide and DMPC interactions have shown good
agreement with previous literature and therefore support the ad-
ditional experiments and molecular mechanisms described below.
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Fig. 4 (Main Plot) Density profiles (kg m—3) of System A at 323K and 1
bar. Density profiles of the DMPC bilayer-solution system: total (black
line), water (red line), DMPC membrane (orange), ytterbium (blue) and
chloride (green). Notice that the density of the ions has been increased
by a factor of ten. (Inset) lon and phosphate group density profiles. The
dashed line represents the running integral of the ytterbium and chloride
density profiles. All the properties are calculated with reference to the
centre of mass of the membrane.

Fig. 4 shows the simulated density profiles of the DMPC bilayer,
upon addition of 10 YbCl; per leaflet. The data were obtained
following a lengthy equilibration, ~ 0.4 us, to allow for ion ad-
sorption. 16 All the simulations reported below correspond to a
temperature of 323 K and a normal pressure of 1 bar. The oscil-
lations at -8 < z < 8 nm are induced by the confining walls. We
tested that the presence of the walls did not influence the interac-
tion of the ions with the bilayers. Indeed, the properties obtained
with this method are consistent with the ones calculated with full
periodic simulation boxes. A comparison of the two methods is
given below. The ionic density profiles feature a strong peak at
the surface of the DMPC bilayer. The chloride density reaches a
maximum at a position that corresponds well with the location
of the positively charged choline group, which defines the most



external region of the membrane. The Yb3* cation, penetrates
more deeply into the bilayer, and it binds to the lipids on the
plane defined by the negatively charged phosphate groups (see
Fig 4). Our computational calculations of the electrostatic poten-
tial across the membrane lump together the dipole and surface
electrostatic potential, which are well distinguished in the exper-
iments.4® Thus, the simulation values are higher than the wet
experimental study. In Fig. 5, we show the computational results.
The electrostatic potential across the membrane is -0.36 V in the
case of the System B, which involves a high salt Yb*>*:lipid ra-
tio of 0.25. This potential shift is induced by the ions located
on the right hand side of the membrane. The ion and charge
density profiles (see Fig. 4 and 6) features the characteristic elec-
tric double layer structure. The charge density, and the ensuing
electrostatic field, is significant and decays in a relatively long
length-scale, of the order of the membrane thickness (~ 4 nm).
(see Fig. 6). The build up of charge at the bilayer induces a pos-
itive shift in the electrostatic potential of the membrane. The
electrostatic potential increases by ~ 110 mV in going from pure
water to YbCl3 (0.025 YbCls:lipid ratio). This increase is con-
sistent with previous computational studies of other salts where
shifts of ~ 85-100 mV were reported upon addition of NaCl to
DPPC bilayers28:50:51 Therefore, our membrane (dipole) poten-
tial is within the accepted range obtained in simulations with
classical non-polarizable forcefields. Differences between the ex-
perimental and simulation electrostatic potentials, in particular
the so called dipole potential, have been discussed in Ref. 52.
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Fig. 5 Electrostatic potential of the bilayer at 323K and 1 bar as a
function of ytterbium:lipid ratio: no salt (black line), intermediate
Yb3+:lipid ratio (0.025) with salt on both sides of the bilayer (red line),
and high salt content Yb**:lipid ratio (0.25) with salt on the side (z>0) of
the bilayer (right,blue line).

Experimentally, we have carried out pyranine leakage assays to
corroborate the presence of the electric double layer observed in
the simulations. Briefly, this experiment involved inducing a sud-
den pH gradient across a DMPC pyranine loaded vesicle either in
the presence or absence of lanthanide ions. This led to a leakage
of protons across the bilayer and then a change in inter vesicu-
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Fig. 6 Total ionic charge density along the direction perpendicular to the
bilayer plane. z = 0 corresponds to the centre of mass of the membrane.
The data for System A (red points) correspond to the lower Yb3* :lipid
ratio (0.025), and have been multiplied by 5 to allow a direct comparison
with the System B (blue points), which corresponds to the higher
Yb3+:lipid ratio (0.25) of the saturated state.

lar pH characterised by a decrease in fluorescence. In Fig. 7, we
have reported a biphasic change in fluorescence after the addition
of an external acidic pH gradient to DMPC vesicles loaded with
pyranine. After addition of 1M HCI and 98.4 mM YbCl; in 1 M
HCl, an immediate change is seen in the fluorescence followed
by a subsequent slower decrease to zero fluorescence. Within the
uncertainty of our method, no change in fluorescence occurs in
the absence of a pH gradient across the vesicle membrane. It is
expected that some binding of pyranine to the DMPC membrane
occurs, however this is prior to the addition of the pH gradient
in the presence or absence of lanthanides and hence it would not
influence the differences in fluorescence noted. Lipid vesicles are
stable under pH gradients and impermeable to encapsulated pyra-
nine, hence fluorescence changes are not attributed to pyranine
leakage or vesicle instability.>® Previous investigations have also
reported biphasic changes in fluorescence upon the application
of a pH gradient across asolectin phospholipid membranes. 545>
More recently this has been modelled in POPC vesicles in the pres-
ence and absence of the ion channel gramicidin.>® These have
been attributed to an initial rapid efflux of protons across the
vesicle membrane, inducing a transmembrane electrical poten-
tial which leads to a second counterion limited proton-counterion
exchange. Notably there is a significant difference in the initial
rapid fluorescence change when the pH gradient is induced in the
presence of lanthanides (YbCl3). This effect could be attributed to
the electrostatic double layer of observed in simulations, and the
adsorption of the cations in the membrane surface. The electric
double layer and the associated electrostatic field would reduce
the initial rapid efflux of protons across the membrane, leading
to the initial smaller change in fluorescence that we observe ex-
perimentally.

To shed more light into the nature of the electric double layer,
we estimated the ratio lipid:Yb?>" by integrating the simulated
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System YbCl;:lipid ratio Area (nm?) Thickness (nm) iy (nm) K, (mN/m)
YbCl3;/DMPC/YbCl; (System A) 0.025 0.608(0.002) 3.39(0.05) 0.53(0.04) 763(14)4
YbCl3/DMPC/H,0 (System B) 0.025 0.624(0.006) 3.34(0.02) 0.56(0.01) —
YbCl3;/DMPC/H,0 (System B) 0.25 0.605(0.003) 3.38(0.08) 0.54(0.05) —
H,O/DMPC/H,0 (2-walls) 0 0.637(0.007) 3.32(0.07) 0.54(0.03) —
H,0/DMPC/H,0 (no-walls) 0 0.639(0.005) 3.31(0.03) 0.55(0.08) 290(6)
H,0/DMPC/H,0 (Exp.38) 0 0.633 3.52 — 234(23)"

Table 1 Bilayers simulated in this work. All the simulations were performed at 323 K and 1 bar and for different Yb**lipid ratios. We present data for
the YbCls:lipid ratio, area per lipid (Area), bilayer thickness, interdigitation coefficient, and area compressibility modulus. In parenthesis represent the
standard deviation of associated to the data.  This simulations were performed using two bilayers (as suggested in Ref. 50) and full periodic

boundary conditions.; ? Experimental data at 302 K from Ref. 57.
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Fig. 7 Proton leakage assays showing fluorescence changes in
pyranine loaded DMPC extruded vesicles under constant conditions, a
pH gradient induced via the external addition of HCI and an identical pH
gradient induced in the presence of YbCl; ions. Proton leakage across
the DMPC membrane reduces the intravesicular pH and leads to a
decrease in pyranine fluorescence.

Yb3+ density profiles. The running integral (see Fig. 4) shows that
the ratio Yb3+:lipid is 0.025 (see Table 1 for numerical data). The
density profiles for Yb3+ and Cl~ are zero in the interior of the bi-
layer which indicates the absence of ion exchange between the
upper and lower leaflets for our simulation time scales, ~0.4 us.
The ytterbium binds strongly to the membrane and our density
profiles (see plateau between main peak and bulk) do also indi-
cate that lack of ion exchange between the bilayer and the solu-
tion at sub-microsecond time scales. To further analyse the Yb3+-

DMPC interactions we computed the radial distribution function

(RDF) of the ytterbium ions with lipids and water. Fig. 8 shows

the RDFs of Yb>* cations absorbed in the membrane. A cutoff of

0.4 nm was employed to identify the nearest neighbours of the
Yb3* cations (see inset of Fig. 8).

The first coordination shell of Yb3* consists of oxygens that can
be divided in two main groups. Firstly, oxygens belonging to wa-
ter molecules, r ~ 0.23 nm, and secondly oxygens that are part
of the phosphate group in the DMPC lipids. The integration of
the oxygen(water) peak indicates that the cation is surrounded
by 7-8 water molecules (not as nearest neighbours, see Fig. 8).
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Fig. 8 Radial distribution function of ytterbium with atoms of water and
lipids, within a cutoff distance of 0.8 nm. The dark green solid lines
represent interactions with the atoms in the sn-1 tail. The red solid lines
are the radial distributions functions of the atoms in the sn-2 tail, the core
of the glycerol structure are the light green solid lines, the blue solid
lines are the phosphate groups, the choline atoms are represented by
the black solid lines, and the atoms of water are the cyan solid lines.
The inset represents in logarithmic scale, the radial distribution functions
for a Yb-atom cutoff of 0.4 nm. The lines follow the same matching
between colours and parts of the lipid. The peaks with the closest atoms
to Yb cation have been highlight using numbers (see structure plotted
into the graph), both in the graph and the lipid structure.

Indeed, a simulation snapshot reveals that the ions can drag sig-
nificant water well within the head group region (see Fig. 9-top
and Fig. 9-bottom). These molecules are also part of the solva-
tion shell of the phosphate group. In the inset of Fig. 8, the peak
at 0.31 nm corresponds to the hydrogens bonded to the water
molecules. The position of the peaks is compatible with a con-
figuration where the water dipoles point radially away from the
Yb-O vector.

The oxygen peaks around 0.22 nm in Fig. 8, corresponds to the
oxygens in the phosphate group and in the carbonyl group of the
sn-2 tail, which are the first neighbours of the Yb3* when this is
located at the bilayer. Note that the oxygens of the sn-1 chain are
not directly interacting with Yb?>* ions (see the inset of RDFs in
Fig. 8, which only involve sn-2 oxygens), since these kind of oxy-
gens are deeper than the sn-2, this situation confirms the results
reported in Ref. 58 for a DMPC bilayer having NaCl. Our radial



distribution functions for Yb>* show similar features to those re-
ported by Cormodi et al. 16 for other cations: LiT, Na*, KT, Mg2™,
Ca%t, Sr?t, Ba’t, and Ac*t. By using our RDFs we are able to
study the lipid binding around the cation. It shows a clear pref-
erence for the lipids to interact with the cation via carbonyl and
phosphate oxygens, which is consistent with the results reported
in previous works, 10-16,19,20,22

We used the radial distribution function to calculate the cation-
lipid coordination. The results were obtained from the analysis
of trajectories spanning 100 ns. For Yb3~:lipid ratios relevant to
NMR experiments, the Yb3* cations are strongly coordinated to
5 lipids, as nearest neighbours. The coordination numbers are
shown to vary little (within the uncertainty of our computations)
with temperature: 5.15, 5.13, and 4.75 for 298 K, 310 K, and
323 K, respectively. The overall coordination of the Yb3* cation

, &K “r’ff«at%:ﬁz’l}%#\g“ f@tz&m

‘v)?

Fig. 9 (Top) Snapshot of System A at the lower Yb>™lipid ratio (0.025).
and (Bottom) Snapshot of System B at high Yb3*:lipid ratio (0.25). The
snapshots illustrate the Yb3+ position into the membrane for both
systems. Blue and yellow spheres represent the cations and anions,
respectively. The head groups have been represented with thick bonds
and the corresponding aliphatic chains with thin bonds. The oxygen
atoms in the water molecules are represented with small blue spheres.

corresponds to 7 nearest neighbours with a water:lipid ratio of
2:5. Hence, the adsorption of the cation in the bilayer requires a
strong dehydration of Yb3*, with respect the water coordination
in bulk water, 8, which is in good agreement with the experimen-
tal estimates. 37 The dehydration is favoured by a strong coordina-
tion of the cation with the lipids. We show in Fig. 9 two snapshots
illustrating the equilibrium position of Yb3+ and Cl~ ions into the
membrane, both in the System A and System B at high Yb>*:lipid
ratio. The simulations indicate that ytterbium penetrates well in
the polar region of the lipids and it interacts both with the lipid
as well as with water.

We have focused so far on the coordination of the Yb3* cation
with the lipids and water. We discuss in the following the impact
that the salt has on the area per lipid, the bilayer width and the
conformation of the aliphatic chains. Table 1 compiles the sim-

ulated structural properties for the different systems investigated
here. We performed additional simulations of bilayers contain-
ing pure water, using both the standard full periodic boundary
condition approach and our "walls" method. We found that both
methods (see Fig. 2 of SI) produced equivalent results.

We report in Table 1 the area per lipid for the different systems
investigated in this work. Our results for systems without salt
show good agreement with available experiments3® and other
computational studies,®16 confirming the accuracy of our force-
fields. The simulations indicate that the addition of salt results in
a slight decrease, ~ 5%, of the area per lipid (c.f. Systems A and
"2-walls" in Table 1). This reduction is consistent with previous
computer simulations of POPC bilayers in NaCl solutions. 16-°9 We
have also examined the impact that the asymmetric distribution
of salt, employed in the vesicle experiments, has on the area per
lipid. Our simulations show that the areas per lipid of the sym-
metric and asymmetric system are very similar (c.f. System A
and System B). The asymmetry induces a small increase in the
area per lipid, of the order of ~ 2%. The results presented above
show that the area per lipid changes little upon addition of salt,
despite the strong Yb3*:lipid interaction revealed by the radial
distribution functions (see Fig. 8). We have further quantified the
structural changes of the membrane by evaluating the thickness,
and interdigitation coefficient. The latter measures the overlap of
the two lipid leaflets. These quantities also feature small devia-
tions with respect to salt free bilayers. As an additional test, we
investigated the influence of salt on the structure of the aliphatic
chains, by computing the "deuterium" order parameter. The or-
der parameter obtained from simulations in absence of salt shows
very good agreement with existing experiments of DMPC bilayers
at 323 K. %9 YbCly increase the order parameter, S¢p (see Fig 10),
both for the sn1 and sn2 chains (labelled as ’b’ in Fig. 2), which
would be compatible with a higher packing of the lipids, as re-
flected in the decrease of the area per lipid (see Table 1).

We have shown above that the membrane thickness changes
little, possibly suggesting a small change in the conformation of
the lipids, to accommodate the increased ordering of the aliphatic
chains. However, one would expect significant changes in the
configuration of the head groups, since the Yb?>* binds strongly
to the phosphates (see Fig. 8). To test this idea we computed the
head group tilt angle, 0, for two systems: pure (no salt) DMPC
and System A with salt:lipid ratios similar to those used in the
NMR experiments (see Table 2). We define the tilt angle as the
angle between the P-N vector and the normal vector of the mem-
brane. We have considered separately the angles for both upper
and lower leaflets (u, 1), in order to differentiate the impact of
the salt on the asymmetric systems. The average tilt angle for the
reference system (pure water) is similar to those reported before
for DMPC bilayers,®! ~ 782, The addition of salt induces a signif-
icant reduction of the head group angle, becoming more aligned
with the bilayer normal (c.f. "System A" and "2-walls" in Table 2).
Such changes in the head group conformation have been corre-
lated before with an increase in the electrostatic potential of the
bilayer membrane, which is consistent with the +ve 110 mV shift
induced by the YD salt (see Fig. 5).

The noticeable change in the tilt angles of the Phosphate group,
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Fig. 10 Simulated "deuterium" order parameter, S¢p of the aliphatic
chains. Black lines represent salt free conditions, System A with
intermediate salt, Yb?*:lipid ratio 0.025 (red lines) and System B with
high salt ratio Yb**:lipid ratio 0.25 (blue). sn1 and sn-2 contributions are
represented with full and dotted lines, respectively. The simulation
results are compared with experimental data of a DMPC bilayer (salt
free conditions) for the sn-2 chain only, and at 323 K. 60

prompted us to investigate the impact of YbCl; on the mechanical
properties of DMPC. We computed the area compressibility mod-
ulus using the fluctuation route (see SI for simulation details).
Table 1 compiles our values for free salt and YbCl; bilayers. Our
results for free salt conditions, ~ 290 mN/m, show good agree-
ment with previous studies, both experimental results®’, ~ 234
mN/m, and simulation values, %2 , ~ 334 mN/m. The salt is found
to increase significantly, more than double ~ 760 mN/m, the area
compressibility modulus of DMPC.

YbCl:lipid
System ratio 0, 6,
System A 0.025 69.83(0.03) 69.20(0.03)
System B 0.25 52.86(0.02) 78.63(0.02)
2-walls 0 78.05(0.07) 77.72(0.07)

Table 2 Head group angle (in degrees) with the vector normal to the
bilayer plane as a function of salt Yb3*:lipid ratio. 6, and 6, represent
the tilt angles of the upper lower leaflets, respectively. For System B
only the upper leaflet is in contact with the salt. The values in
parenthesis represent the error associated to the data.

To complete our investigation we have carried out additional
assays of association of lanthanides and lipids in the fluorescence
based FPE labelled vesicles. Briefly, the association was deter-
mined by fitting the fluorescence data shown in Fig. 11 to a Hill
model and calculating the lanthanide concentration at the 90%
saturation point of the fluorescent signal. This was then con-
verted to a ratio by dividing half the total number of lipids in the
experiment by the absolute number of lanthanide ions at the 90%
saturation point. This was performed for three independently pre-
pared samples, each of which was measured 3 times. In Fig. 12,
the points reflect the mean and standard error of the independent
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Fig. 11 Results showing % fluorescence change for titration of
lanthanide solutions into FPE-labelled extruded DMPC vesicles at a)
Yb3+ 298 K, b) Yb** 310 K, ¢) Yb3* 321 K, d) Dy** 298 K, e) Dy>+
310 K, f) Dy3* 321 K. Each data set indicates an independent
experiment.

experiments.
The saturated concentrations at different temperatures are col-
lected in Table 3.

T [Yb'] (uM) [Dy’ "] (uM)

298 218 1632
310 200 835
321 51 607

Table 3 Saturated concentrations for Yb3+ and Dy** at different
temperatures. Concentrations are given in uM.

At 298 K, which is 2 K above the gel-fluid transition tempera-
ture for DMPC, 90% saturation occurred at a Yb**:lipid ratio of
0.88 + 0.09 for Yb’* and 0.13 + 0.06 for Dy>* (see Fig. 12).
This increased to 1.11 + 0.34 and 0.49 =+ 0.33 for Yb’>* and Dy>*
respectively at 310 K and 3.70 + 0.26 and 0.30 + 0.04 at 321 K.
The Ln?*:lipid saturation is constant within the errors at 298 K
and 310 K but increases at 321 K, in the Yb*>* sample although
a small increase is seen in comparison to the 290 K value for
Dy>*. Higher temperatures will increase lipid mobility and diffu-
sion of lanthanide ions. Lanthanides have previously been shown
to interact with the phospholipid head group region.%%3 An in-
creased head group mobility would enable a greater number of
lanthanide ions to interact. This may have less of an impact on
Dy>* in comparison to Yb3* due to size differences.

The NMR analysis shows some distinctive changes in the chemi-
cal shifts and quenching of the N-methyl lipid head groups, which
point towards a significant adsorption of the lanthanides at the
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Fig. 12 Lipid:lanthanide ratio at 90% of fluorescence signal saturation
from titration experiments, calculated from Hill fits of the data as
described in the main text. The black points are the values of Yb3*, the
red points are Dy3* results and the open square represents the
simulated state discussed in the text, corresponding to the high
concentration of Yb3*.

surface of the vesicle. Strong adsorption is also supported by
the large ratio of lipid:Ln3* that we infer from our fluorescence
experiments. The ability of membranes to adsorb high quanti-
ties of Yb3t is surprising. The possibility of a high stoichiometry
Lipid:cation has been noted before,%* although these early esti-
mates relied on the use of the Gouy-Chapman theory. This the-
ory however did not provide a good fitting of experiments involv-
ing DPPC and Lanthanides. ®* Hence the coordination of the lan-
thanides in the saturated state requires further study. Motivated
by this, we performed additional simulations of a concentrated
solution of YbCl;. We considered the asymmetric salt system to
match the experiments performed with vesicles. The simulations
show that the structure of the bilayer is maintained, even at this
high Yb3+:lipid ratio, 0.25. We show in Fig. 9-Bottom a snapshot
of the equilibrated bilayer at high salt:lipid ratio corresponding to
saturation conditions. The snapshot shows a clear preference for
the ions to adsorb on a plane defined by the head group. Stronger
accumulation of Cl~ is also evident. This is reflected in a strong
electric double layer as revealed by the charge density in Fig. 6,
with a concomitant increase of the electrostatic potential of ~
367 mV. Again, the strong ion adsorption in the saturated sys-
tem, has little impact on the average structural properties; area
per lipid, membrane thickness or interdigitation (see Table 1).
The "deuterium" order parameter is similar to the one obtained at
lower salt:lipid ratios (see Fig. 10). However the head group tilt
angle decreases substantially, ~ 30 % with respect to the pure bi-
layer (c.f. "System B" and "2-walls" in Table 2). The change in the
head group orientation is driven by the electrostatic environment
generated by the ytterbium adsorption in the DMPC bilayer.

We performed additional simulations of the saturated system,
to test whether we could see pore formation. These simulations
spanned 200 ns. We did not find evidence for pore formation nor
Yb3* translocation. We note that pore formation can be observed

relatively quickly, ~ 5 ns, in computer simulations when there
is charge asymmetry which leads to net electrostatic fields.3!
Hence, we expect the time scale investigated here is long enough
to address the possible nucleation of pores. Unlike charge asym-
metric systems, our simulations and experiments involve "salt"
asymmetry instead, which does not lead to a permanent electro-
static field across the bilayer. Hence we conclude that asymmetry
in salt concentration is not enough to induce pore formation. Our
computer simulations support the experimental assumption that
the Yb3*:lipid ratios commonly used in experimental studies do
not lead to ion translocation.

4 Conclusions

In this paper we have investigated the interactions between Lan-
thanides and DMPC bilayers using NMR, fluorescence and com-
puter simulations. We focused our simulations on YbClj solutions,
which are commonly used in NMR experiments to calculate lipid
flip-flop rates.

The simulations show that the ytterbium cations bind strongly
to the bilayer, hence supporting the experimental conclusions.
The environment of the ytterbium cation in the membrane is de-
fined by 7 nearest neighbours, with a water:lipid ration of 2:5.
The binding of the ytterbium to the oxygen atoms in the phos-
phate group allows the strong dehydration of the cation when
it moves from solution to the bilayer environment. The strong
ion adsorption gives rise to an electrostatic double layer, and to a
positive shift (+ve ~ 110 mV) of the electrostatic potential of the
bilayer, with respect to the electrostatic potential of the free-salt
membrane. The presence of the electric double layer is consistent
with the results obtained from experiments of pyranine leakage
assay, which demonstrate that the protonic leak across the mem-
brane slows down drastically when lanthanide ions are adsorbed
in the membrane. We thus conclude that the electrostatic poten-
tial arising from ion adsorption can block the pathways for proton
transfer across the membrane.

Ytterbium salt does not lead to large changes in the average
structural properties of the bilayer, namely, area per lipid, mem-
brane thickness or membrane interdigitation. Since the interac-
tion with the lipid is mainly via the lipid head groups, which
are distinct from the lipid tails, this could explain how despite
a strong cation:membrane interaction, there are no changes in
these structural properties. The simulated "deuterium" parameter
reveals a slight increase in the ordering of the aliphatic chains.
These conclusions apply to the saturated state too, which corre-
sponds to a high ytterbium to lipid ratio, 1:2-4, as inferred from
our assays on the association of lanthanides and lipids performed
in fluorescent FPE labelled vesicles. However, YbCl; modifies sig-
nificantly the orientation of the phosphate head group relative to
the bilayer plane. The lipids adopt a more vertical orientation
with respect to the free salt case. This conformational change is
consistent with the increase in the membrane electrostatic poten-
tial, and it facilitates the accommodation of the lanthanide ions in
the head group region. We also find that the membrane stiffness
increases significantly upon addition of YbCl;. At concentrations
relevant to NMR experiments, the area compressibility modulus
increases by a factor of 2.6 with respect to the free-salt mem-
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brane. This increment is similar to the effect of that cholesterol
of on biological membrane (see Ref. 65). Previous experimental
work of DPPG membranes in the presence of NaCl®, also re-
ported a strong dependence of the area compressibility modulus
with ionic strength. In that case, the screening of the lipid charges
upon addition of salt made the membrane more elastic (lower
area compressibility modulus), showing that electrostatic interac-
tions do indeed induce a stiffening of the membrane. Our results
are consistent with these observation, since the membranes con-
sidered here are neutral, and they become charged upon addition
of YbCl3, hence a stiffening would be expected.

We conclude that lanthanides interact strongly with biological
membranes. Despite this DMPC membranes preserves their main
structural properties, even at lanthanide:lipid ratios correspond-
ing to ion saturation conditions. The simulations support the ex-
perimental perception that addition of Yb* does not lead to ion
translocation nor pore formation. The modifications in the mem-
brane electrostatic potential, head group orientation and mem-
brane elasticity must however be taken into account in the es-
timation of flip-flop rates. This problem will be addressed in a
future publication.
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