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Long-lived ionic hano-domains can modulate the
stiffness of soft interfacesf

William Trewby, €92 Jordi Faraudo (2 ° and Kislon Voitchovsky @

Metal ions underpin countless processes at bio-interfaces, including maintaining electroneutrality, modi-
fying mechanical properties and driving bioenergetic activity. These processes are typically described by
ions behaving as independently diffusing point charges. Here we show that Na* and K* ions instead spon-
taneously form correlated nanoscale networks that evolve over seconds at the interface with an anionic
bilayer in solution. Combining single-ion level atomic force microscopy and molecular dynamic simu-
lations we investigate the configuration and dynamics of Na*, K*, and Rb* at the lipid surface. We identify
two distinct ionic states: the well-known direct electrostatic interaction with lipid headgroups and a
water-mediated interaction that can drive the formation of remarkably long-lived ionic networks which
evolve over many seconds. We show that this second state induces ionic network formation via correlative
ion—ion interactions that generate an effective energy well of —0.4kgT/ion. These networks locally reduce
the stiffness of the membrane, providing a spontaneous mechanism for tuning its mechanical properties
with nanoscale precision. The ubiquity of water-mediated interactions suggest that our results have far-
reaching implications for controlling the properties of soft interfaces.

Introduction

In soft and biological systems, electrostatic interactions fre-
quently rely on alkali cations dissolved in aqueous solutions.
Ions can have a profound impact on the structure, molecular
organisation and dynamics of these soft systems, with key
examples found in protein folding' and lipid organisation
within membranes.” Lipids - key structural components of bio-
logical membranes - play as active a role in vivo as the proteins
that were once thought to dominate function® and as such the
specific interactions of ions with lipid bilayers are of great
general interest. The mobility,"” curvature® and robustness’ of
lipid membranes are all affected by ions in solution, which in
turn has important implications for cellular-scale processes,
including budding,® endocytosis® and protein-mediated
channel regulation.” The molecular interactions which under-
pin these processes are however far from trivial: the lipid head-
group chemistry,'”"" ionic composition of the solution'®'* and
the precise adsorption location and hydration of the ions™® all
influence the macroscopic properties of the membrane. This
has occasionally resulted in conflicting pictures of the nature
and strength of ions’ binding to lipid bilayers."*
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These intricate and diverse interactions between ions and
lipids are partly driven by the latter’s highly hydrated head-
groups, which allows indirect complexes, mediated by water
molecules, to form. Complexes such as these can significantly
affect the properties of the interface itself, altering the mole-
cular dynamics and mechanical properties on the nano-
scale.™'® Indeed, recent studies on mineral interfaces have
shown that interfacial water can mediate attractive ion-ion cor-
relations,” and reduce the mobility of ions at the interface by
orders of magnitude.*®

Despite the quantity and breadth of studies probing lipid-
ion interactions, there remains a significant gap in our under-
standing of how these molecular-level phenomena influence
membranes. This is particularly true at the mesoscale, where
spatial correlations can give rise to emergent properties. Part
of the problem comes from our traditional view of ions at
interfaces, which is shaped by continuum theories that reduce
ions to point charges in a continuous, homogenous medium
and considers the interface only as a structureless boundary.®
While successful at the macroscale, this view can fail markedly
where molecular details are important.'>" Indeed, it has long
been known that the species-dependent hydration properties
of an ion can determine its specific interactions with pro-
teins®”*" (often referred to as Hofmeister effects) and mem-
branes.'****? Ton-specific effects such as these are the norm
in biology and can often induce spatial correlations by coup-
ling molecules together.'** Our general understanding of
ionic effects at biointerfaces is thus hampered by the lack of a
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comprehensive theoretical framework to describe these nano-
scale correlations and to what extent they influence the struc-
ture and mechanical properties of soft biological material. To
fully capture this complexity, investigations need to be able to
access molecular details of the interface while simultaneously
retaining a mesoscale view of the system, over hundreds of
square nanometres and up to minutes.

Here, we address this challenge using high-resolution
atomic force microscopy (AFM) and all-atom molecular
dynamics (MD) simulations to probe the organisation and
time evolution of alkali cations at the surface of a negatively
charged lipid bilayer in solution. AFM can detect and track the
dynamics of singly-adsorbed ions at the electrolyte interface
over long timescales,’>'” and can directly probe mechanical
properties with Angstrom-scale resolution.”® Molecular
dynamics simulations complement this by revealing binding
and conformational modes of the ions’ interactions with both
water and the lipids. Thus, the combination of the techniques
allows atomistic insight into the interfacial structure as well as
the tracking of the ions’ evolution over many seconds.

Our lipid bilayer is composed of 1,2-dipalmitoyl-sn-glycero-
3-phosphate (DPPA), an anionic lipid with a phosphate head-
group. Despite being relatively underrepresented in the lipo-
dome, DPPA’s headgroup plays a key role in signal transduc-
tion and pH sensing,”>*® and the lipid shows potential for
application in liposomal drug delivery. Additionally, anionic
lipids such as these are crucial for mediating protein inter-
actions in the cytosol and signalling cell oncogenesis® among
others, and their strong electrostatic profile is likely to affect
their mechanical response to ion adsorption.>”

We show that the alkali cations, sodium and potassium,
form correlated nano-domains at the lipid-electrolyte inter-
face, with binding modes distinct to each ion. Rubidium, on
the other hand, binds too weakly to observe these domains but
still forms indirect complexes via hydration water. The
domains of Na' and K' ions evolve remarkably slowly over
many seconds, mediated by attractive interactions of order
~—0.4kgT/ion and reduce the effective stiffness of the lipids by
up to 12%. We show that this mechanical perturbation is
driven by the water-mediated domains competing with directly
bound ions for access to the lipid headgroups and allowing
the membrane to become more flexible.

Results and discussion
Ionic structure and hydration at the bilayer interface

Fig. 1a-c illustrates the single-ion level resolution images that
were obtained using amplitude-modulation AFM (AM-AFM)*®
of the supported DPPA bilayer in aqueous solutions of NacCl,
KCl or RbCI at biological concentrations (150 mM). When
using gentle imaging conditions (high setpoint) and cantilever
amplitudes comparable to the size of a hydrated ion (<2.0 nm),
the tip probes the interfacial region where the lipid head-
groups meet the electrolyte.” > Thus, the changes in height
(purple/yellow) reflect the adsorbed ions’ modification of the
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Fig. 1 Alkali cations characteristically perturb the lipid—electrolyte
interface. Molecular-level resolution AM-AFM images were acquired in
NaCl (a), KCl (b) and RbCl (c) solutions, all at 150 mM, with topography
shown in purple/yellow and the phase difference in blue. In NaCl, two
distinct height and phase levels are visible due to Na* adsorbed in inner-
and outer-sphere complexes (solid and dashed circles respectively). The
two levels are still present in KCl, but to a lesser extent. In RbCl, periodic
rows are visible except for point defects (white arrow) which correspond
to singly-adsorbed rubidium ions. (d) The hydration landscape above the
lipids can be directly obtained using phase-distance spectroscopy, with
each ion altering A9 (i.e. the hydration structure, see text) within ~1 nm
of the bilayer. Na* forms heterogeneous, non-trivial complexes with the
lipids, K* has two binding modes at dy ~1 A and 4 A and Rb* binds over-
whelmingly in a single mode at dy ~3 A (albeit with a small shoulder at
5.5 A). (e) Independent electrophoresis measurements of the global
DPPA-ion binding constant, K, support the AFM results: K decreases
with increasing ionic radius (Kya+ = 1.9 + 0.4 mol™, Ky. = 1.3 +
0.4 mol™, and Kgp+ = 1.0 + 0.4 mol™Y). The scale bars in (a—c) represent
5 nm and colour scales represent 100 pm (height) and 5° (phase). Traces
in (d) have been offset (grey dashes indicate 0°) and sodium'’s phase
multiplied by 4 for clarity.

lipids’ hydration landscape,®* as well the underlying hexagonal
symmetry of the gel-phase membrane® (see also the Fourier
transforms in ESI Fig. S31). The interface’s appearance clearly
depends characteristically on the species of ion present in the
solution. In NaCl (Fig. 1a, topography), amorphous clusters of
different heights form.

The different heights reflect the multiplicity of sodium’s
binding states as it interacts with the headgroups: upper topo-
graphic levels reflect ions adsorbed in outer-sphere coordi-
nation with an intervening water molecule - an interpretation
further verified in the context of the MD results below. These
outer-sphere domains induce a relatively high phase difference
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(Fig. 1a, right, dashed circle) that indicates a more viscous
interaction between the tip and bilayer.”>" In contrast, lower
levels are characterised by regions of reduced phase, reflecting
a more elastic response (solid circle). In KCI (Fig. 1b), two
adsorption states are still visible, but the interface’s topogra-
phical features are markedly more regular: the roughness
drops from R{® = 0.037 = 0.003 nm to R = 0.027 + 0.002 nm.
This reflects the fact that potassium ions adsorb more fre-
quently in an inner-sphere configuration'’* - that is, directly
to the lipid headgroups - due to their lower charge density.
Images obtained in the RbCl solution (Fig. 1c) revealed a lipid
headgroup symmetry particularly marked in one direction,
giving the appearance of molecular rows, with large (~200
pm), isolated protuberances that straddle these rows (white
arrow) and dominate other features. The size and location of
these on the bilayer is consistent with single rubidium ions
adsorbed as inner-sphere complexes,® implying that Rb*
adsorb too rarely in this system to show significant domain
formation.

We quantified the ability of Na" and K" to form these ionic
domains by using a semi-automated algorithm based on
height-thresholding to identify the locations of adsorbed ions
(detail in ESI section 4.27). The results confirm that the mean
number of nearest neighbours for bound potassium, NNy- =
2.9 + 0.1 is substantially larger than for a random distribution
of equal coverage, NN,,q = 1.3 = 0.1. Sodium displays an even
larger number of nearest neighbours, with NNy, = 3.2 + 0.2,
presumably due to its more varied binding state. This quanti-
tatively confirms the cations’ predilection to form non-random
networks through the hydration water-mediated interactions
which dominate at this scale.'”*

The interpretation of the topography and phase images of
Fig. 1a—c can be directly confirmed using phase-distance spec-
troscopy (Fig. 1d), in which variations in the oscillation phase,
A#, are monitored as a function of the average separation
between the AFM tip and the lipids, dy (see ESI Fig. S6} for
details). The phase is particularly sensitive to local pertur-
bations of the interfacial hydration landscape and highlights
differences in how each ion interacts with the lipids. Sodium
presents a complex hydration structure with two peaks in A at
dy <3 A. However, the perturbation is relatively small (its trace
in Fig. 1d is multiplied by four), likely related to the sodium
ions’ non-trivial binding structure,*® which induces the hetero-
geneous topography of Fig. la. Potassium, in contrast, pro-
duces two well-defined peaks separated by 3 A (about the dia-
meter of a water molecule), with the second at a larger dy than
for Na'. This agrees with the more regular features observed
via AM-AFM imaging (Fig. 1b), as well as the interpretation of
the binding modes being mediated by water rather than by
direct electrostatics.'”?” Rubidium, as the largest cation,
adsorbs furthest away from bilayer interface and predomi-
nantly in single, broad configuration at dy ~3 A, although with
a small shoulder at ~5.5 A. This reflects rubidium’s preference
for forming inner-sphere complexes due to its relatively low
charge density,*® as well as the observation of mostly single
ions while imaging (Fig. 1c).
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The distinctive organisation of the different cations at the
interface with the bilayer has obvious consequences for their
affinity to the membrane. Independent electrophoretic
measurements of the ions’ the binding constants to DPPA
reveal a direct Hofmeister series with Ky, > Kg+ > Kgp-
(Fig. 1e). These agree with the hydration landscape measured
by AFM; Na', which has a complex, multilevel hydration struc-
ture binds most strongly and resists being displaced by the
probe. The weaker attraction of K' to the bilayer allows for a
better-defined hydration structure (Fig. 1d), leading to higher
imaging resolution. In RbCl, the AFM tip displaces most of the
adsorbed ions, leaving water dipoles and hydronium ions to
screen the DPPA surface charge'” (see ESI Fig. S4f for a
detailed discussion about ion removal by the tip).

While the AFM and electrophoretic results clearly demon-
strate ion-specific coordination and ordered ionic networks at
the surface of the lipid membrane, the results do not permit
true atomic exploration of the underlying mechanism respon-
sible for the formation of the networks. To address this issue,
we performed all-atom MD simulations using NAMD 2.9.%°
The goal is to replicate as closely as possible the AFM results
so as to gain atomistic insights into the interactions at play
and ensure that the AFM observations are not due to tip
effects, but still stand in the absence of an AFM tip. Our
system consisted of 136 DPPA molecules in a free-standing,
tensionless bilayer at 298 K and 1 atm pressure, and in contact
with aqueous 150 mM NacCl, KCl or RbCl, hence directly mir-
roring our experimental set-up but without the influence of
the AFM tip.

In the simulations, the interactions were modelled using
the CHARMMA36 force field with improved parameters for the
ions.*® All technical details of the simulations are described
in the ESLj A typical snapshot is shown in Fig. 2a for KCI.
The analysis of the radial correlation functions between the
different (non-equivalent) oxygen atoms of the lipids, the
cations and water molecules (see ESIT for details) allows us to
identify binding of cations to oxygen atoms of the lipids and
the sharing of water molecules in the first coordination shell
of ions and lipids. We observe two distinct binding modes,
illustrated in Fig. 2b and c for the case of KCI. Cations in the
first binding mode (Fig. 2b, green, inner-sphere) have at least
one lipid oxygen atom in the first coordination shell of the
cation (with average values of 2.0, 2.5 and 2.8 lipid oxygens in
the coordination shells of adsorbed Na', K" and Rb" respect-
ively). Cations are typically shared between two lipids and
adsorb deep into the membrane region occupied by the head-
groups, as shown in Fig. 2b. In the second mode (Fig. 2c
yellow, outer-sphere), adsorbed cations retain their full
hydration shell but at least one water molecule is shared
between the first hydration shell of the cations and the lipid
atoms. In this case, oxygen atoms from lipid headgroups are
found in the second hydration shell of cations and ions are
adsorbed in more external locations of the membrane (see
Fig. 2c). The fraction of ions bound in this second mode
decreases following the sequence Na" > K" > Rb", mirroring
the affinities shown in Fig. le, with the inverse true for the

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 MD simulations of a DPPA bilayer in contact with water and salt
(150 mM KCl) (a) snapshot of the MD simulations showing the DPPA
bilayer and adsorbed cations (water molecules and non-adsorbed ions
are not shown for clarity). Lipids are shown in bond representation and
adsorbed cations are shown as van der Waals spheres. The colours
employed for the adsorbed K* ions indicate different coordination types
with lipid oxygen atoms: green corresponds to K* adsorbed in the first
coordination shell of an oxygen atom of a lipid headgroup (inner-sphere
cations) and yellow corresponds to K* adsorbed with a bridging water
molecule between an oxygen lipid and the cation (outer-sphere coordi-
nation), see the ESI for specific details. (b) and (c) show a zoom of the
snapshot showing an example of inner- and outer-sphere cation
adsorption configurations, respectively (atomic distances are annotated
in A). (d) Fraction of ions adsorbed in each configuration (inner or outer)
in simulations with NaCl, KCl or RbCl. (e—f) Example snapshots from (a)
highlighting laterally correlated chains where cations share hydration
water molecules. (g) Top view of (a) highlighting laterally correlated ions
that share oxygens in their first coordination shell. The colour code here
indicates ions that belong to the same connected network. lons partici-
pating in larger-scale (>4) networks are enclosed with dashed lines. The
scale bar represents 1 nm. All snapshots were made using VMD.

proportion of inner-sphere ions (Fig. 2d). Interestingly,
previous simulations of PA™ lipids with divalent cations
found only inner-sphere adsorption,'' suggesting that the
multiplicity of adsorption states may be unique to mono-
valent ions. The existence of these two different binding
modes of cations in the simulations is in good agreement
with the experimental results of Fig. 1. In addition, the simu-
lations show that the multiplicity of adsorption states is
partly due to the fact that the adsorbed ions retain their full
hydration shell, a mechanism that cannot be detected using
AFM.

The simulations also reveal significant lateral correlations
amongst the adsorbed cations, with the first coordination
peak at a cation-cation distance of 3.5 A for Na*, 4.2 A for K"

This journal is © The Royal Society of Chemistry 2019
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and 4.55 A for Rb', corresponding in each case to cation-
oxygen-cation contacts (see ESI Fig. S14-17%). These corre-
lations are mediated by the sharing of water molecules and/or
lipid molecules in the first coordination shell of the ions
(Fig. 2e).

Most outer-sphere ions share their solvation water with
ions adsorbed in the inner mode, as illustrated in Fig. 2f.
These correlated chains suggest that the domains observed in
Fig. 1 are indeed induced by ionic networks at the surface of
the membrane. By using similar colours for ions that share
water or lipid oxygens with each other, Fig. 2¢g shows that in
fact the majority of ions belong to such nano-networks, with
many forming larger-scale structures of four ions or more
(dashed regions). Surprisingly, the CI™ counterions in solution
do not play any role in these networks. Therefore, the simu-
lations indicate that the mechanism behind the formation of
ionic networks is the sharing of lipid oxygen atoms and/or the
sharing of water molecules in the first coordination shell of
cations.

Dynamics of ionic domains

Fig. 1 and 2 highlight the complex networks formed between
cations and mediated by water molecules. These ionic net-
works cannot be explained with traditional continuum the-
ories and are believed to dramatically affect the charging'”*!
and dynamics®® at aqueous interfaces. Here, although the MD
results show ions to be essentially static at the bilayer surface
once they bind, the simulations’ ~100 ns length do not allow
us to explore the evolution of the cationic networks over bio-
logically relevant timescales (ms-s). However, the stability of
the images such as those presented in Fig. 1 suggests that the
ionic structures are remarkably long-lived, with dynamics that
can be interrogated by AFM. Indeed, observations of ions at
the mica-electrolyte interface have shown that the energetics
associated with ion adsorption generated relaxation times
ranging from seconds®® to minutes,”” although neither of
those techniques allowed for direct identification of ionic net-
works, as is the case here. Fig. 3 shows the evolution of the
networks observed by AFM with single-ion resolution over con-
secutive images. We objectively tracked the ions’ locations
using the same algorithm as above, but in successive images,
thus allowing time-resolved information to be obtained. The
ions are highlighted in Fig. 3a by white circles, and those parti-
cipating in nearest-neighbour interactions are joined by red
bars. Significantly, the image demonstrates that the ionic
nano-networks persist long enough to be identified with AFM,
in good agreement with the electrophoretic results, which
predict an attractive ion-ion correlation energy —2 < AEco <
—1kgT/ion that can dominate over thermal fluctuations (ESI
Fig. S27). Fig. 3a shows some ionic domains to be stable over
the order of tens of seconds, slow enough to influence many
biological processes at bio-interfaces. However, there is clearly
some size-dependence of the mobility of the domains (white
boxes), with larger ionic networks typically more stable.

To better quantify the residence time of ions within nano-
networks, as well as its dependence on network size, we com-
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Fig. 3 Time evolution of the cationic nano-networks observed by AFM.
(a) Correlated networks of K* ions (white circles, nearest neighbours
highlighted by red connectors) over two consecutive scans (~32 s
apart). Larger K* clusters are more stable than smaller ones (white
boxes). (b) Averaged fraction of ions remaining adsorbed at individual
binding sites after a time delay, At, as a function of their number of
nearest neighbours (NN). Exponential fitting of this decorrelation curve
yields a characteristic timescale 7 for each NN. This timescale increases
linearly with NN for NN >2 (inset).

puted the characteristic time, 7, necessary for a given ion to
desorb as a function of its number of nearest neighbours. This
was achieved by tracking for each ion the degree of correlation
between consecutive frames (see ESIf). As expected, the
average residence timescale = depends strongly on the number
of nearest neighbours (NN, inset of Fig. 3b). Strikingly, the
results show a linear relationship between z and NN for
adsorbed ions, further emphasising the fact that water-
mediated ion-ion correlation dominates interactions and
dynamics at this scale. The results are inconclusive for NN <2,
presumably due to dynamics faster than the temporal resolu-
tion of our AFM. From the dependence of z on NN, we esti-
mated the free energy change associated with an adsorbed ion
joining a domain on the bilayer. Assuming a decorrelation
time 7, « exp(E,/ksT),** we obtain a change in free energy of
AEnn ~—0.38kgT per added neighbour. This yields a total cor-
relation energy, AE.o = 6AEnn ~—2.27kgT/ion, slightly less
than the value of ~-6kgT calculated from our electrophoretic
measurements. This difference is expected, given the fact that
our algorithm only accounts for the in-plane motion of outer-
sphere ions, but the agreement between these independent
techniques is still remarkable.

The attractive nature of the ion-ion interaction measured
here certainly agrees with the greatly reduced dynamics of
Fig. 3, but a well of —0.38kgT/ion appears quite small (com-
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pared to the thermal energy), especially if it is to reduce the
ions’ dynamics to such a great extent. However, we show, using
a minimal model based on Eyering dynamics that in fact,
small contributions per ion can lead to very large timescale
shifts when entire networks are considered. We begin with the
assumption that the inverse timescale of the domains’ motion,
77", is linked to the ions’ microscopic jump frequency, v, (typi-
cally in the range of 10'°-10" s7),*> and an effective acti-
vation energy, E, by the expression:

1 =y ex i
0 PkB

The activation energy depends upon the domain size, nq,
mean number of nearest neighbours and AEyy, such that E, =
ng x NN x AEyn. Taking nq ~25 ions, we arrive at E, =
—27.55kgT, which, for v, = 10"" s7', leads to timescales of
7 ~10 s, in excellent agreement with the order of magnitude
observed experimentally. While undoubtedly representing an
oversimplification, this model highlights the fact that for a
single ion to desorb or diffuse requires the concerted motion
of many waters, ions and lipid headgroups,** especially for
high biological concentrations of 150 mM.

Thus, even a relatively small free energy well may, for larger
ionic domains, result in the dramatically increased residence
times found here. Previous work on the mica-electrolyte inter-
face has demonstrated that water can mediate ion-ion corre-
lations in similar conditions'” (albeit with different ions), and
slow the relaxation times of solitary ions down to almost a
second.”

There is, however, still no accepted consensus in the litera-
ture over the mobility of adsorbed ions,*® partly because water-
mediated effects are usually ignored. Here, we have linked the
ions’ attractive correlation energy with specific nearest-neigh-
bour group interactions that lead to greatly retarded dynamics
for large ionic domains.

(1)

Ionic perturbation of the bilayer’s mechanical properties

The existence of slowly evolving, correlated ionic networks is
likely to have profound implications for processes occurring at
the interface, including the physical properties of the bilayer
itself. For example, it is well-known that ions modulate the
phase behaviour,’”*® cohesive strength’” and bending
moduli*’**” of lipid membranes. These effects usually occur
through liberation of bound water molecules and direct
electrostatic screening that leads to a tighter lipid packing.
Hence, we expect ions to alter the mechanical properties of the
membrane on the same length- and timescale as that of their
nano-networks. To assess this hypothesis, it is first necessary
to quantify the stiffness of the bilayer with spatial and tem-
poral resolutions comparable to that of the high-resolution
AFM images. This is made possible by using bimodal AFM,**
which can image the membrane while simultaneously quanti-
fying its effective Young’s modulus, E.¢, with single-ion resolu-
tion. In bimodal AFM the cantilever is driven at its fundamen-
tal and second resonance frequencies. The first mode is used

This journal is © The Royal Society of Chemistry 2019
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in amplitude modulation mode for imaging, exactly as in
Fig. 1 & 3, while the frequency and phase of the second is
controlled (i.e. in frequency modulation) in order to extract
quantitative information from the ion-lipid interface (see ESI
Fig. S7t and discussion for details).

Fig. 4a shows a bimodal AFM scan acquired on the DPPA
bilayer in 150 mM KCI. The topographic and stiffness maps
clearly display equivalent periodicity and symmetry, emphasis-
ing the global impact of ions on the membrane biophysics.
However, a line profile comparing topographic and stiffness
variations reveals the two quantities to be exactly out of phase;
the presence of outer-sphere adsorbed ions decreases the
interfacial stiffness, here by ~12% (Fig. 4b). This is in agree-
ment with the phase data exhibited in Fig. 1; networks of ions
adsorbed via their hydration shells make the lipid-electrolyte
interface more “fluid-like” (large A@; light blue in Fig. 1a-c
and peaks in Fig. 1d), thus reflecting the induced reduction in
E.g. From the characteristic variation in lipid hydration land-
scape (Fig. 1a-d), binding affinity (Fig. 1le) and adsorption
mode (Fig. 2d) with each cation species, we similarly expect
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Fig. 4 Individual adsorbed alkali cations reduce the stiffness of the

lipid—water interface. (a) High-resolution bimodal image of DPPA-
electrolyte topography in 150 mM KCl (purple/yellow, left) and the
corresponding interfacial stiffness, E.¢ (green/black, right) simul-
taneously extracted from the scan. A profile taken in (a) (blue and red
lines) is shown in (b) for topography and stiffness. An inverse relationship
is visible between height and E. (grey bars), with adsorbed ions redu-
cing the interfacial stiffness by ~12%. (c) Comparing the image-averaged
E.¢ between cations indicates a negative correlation between ionic size
and stiffness, suggesting that only ions in inner-sphere coordination
stiffen the membrane ER" =10.0 + 0.6 GPa, EX; = 4.7 + 0.7GPa and

ENa" — 6 + 1GPa, each averaged over >10 images with error bars repre-
senting the standard deviation). This hypothesis is validated by varying
the proportion of hydronium (HzO%) in 150 mM NaCl by changing the
pH (d). Unlike Na*, HzO™ is only able to bind the membrane in inner-
sphere coordination. The scale bar is 5 nm in (a), the height colour
scale represents 100 pm, while the E.¢ colour scale covers a range of
4.0-6.8 GPa.

This journal is © The Royal Society of Chemistry 2019
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the Young’s modulus to be ion-dependent. Specifically, rubi-
dium, for which a larger fraction of ions directly links lipids
together in inner-sphere configuration, is expected to stiffen
the lipids more than sodium or potassium, which rely on
indirect, water-mediated binding. Averaging of E.; over
the entirety of >10 images for each electrolyte confirms
this hypothesis (Fig. 4c), with the highest stiffness
given by Rb" (ERY =10.0 + 0.6 GPa), followed by K"
(EX; = 4.7 £ 0.7GPa) and Na' (EN2 = 6 + 1 GPa). We note that
the uncertainty in stiffness for sodium is much greater than
that of either rubidium or potassium, likely related to
sodium’s less well-defined binding state (Fig. 1a and d). The
overall trend of E.g versus ionic species, as well as its order of
magnitude, was confirmed with conventional ‘static’ force
spectroscopy (ESI Fig. S9t), thereby ruling out possible visco-
elastic effects. We note that there is a systematic offset
between the static and bimodal values of E.¢, and as such the
absolute values must be taken with caution, especially due to
the use of a continuum indentation model to extract mole-
cular-level stiffness variations over a 5 nm thick membrane.
However, the trend shown in Fig. 4c should remain valid
regardless.

The present findings appear to contrast with the traditional
view that dissolved salts always have a stiffening effect on bio-
membranes by reducing electrostatic repulsion between lipids
and forming hydrogen bonds with the headgroups.”?”*%*°
Crucially however, and in contrast to many previous studies,
the DPPA membrane is charged, inducing severe electrostatic
repulsion at the headgroup level. Thus, the precise adsorption
location of the ions will have a large impact on the membrane
stiffness, an effect that is rarely taken into account. Here, we
have shown that ions with greater inner-sphere populations
(rubidium) indeed stiffen the membrane in a traditional
manner. As the propensity of an ion to adsorb indirectly via
water molecules increases however (the case for sodium and
potassium), the relative rigidity of the lipids is decreased, pre-
sumably by locally disturbing inner-sphere ions and competi-
tive adsorption. To confirm this mechanism, we quantified the
effect on the membrane stiffness of altering the ratio between
Na" and hydronium ions (H;0") in solution - that is, reducing
the pH. H;0", being composed of protonated water, cannot
bind in an outer-sphere configuration, and a decrease in pH
for a given NaCl concentration should allow more direct
binding and hence stiffen the membrane. The experiment was
conducted within a pH range where no (de)protonation of the
lipid headgroups or the silicon oxide AFM tip are expected,
hence allowing a straightforward analysis. Fig. 4d shows a
clear stiffening of the membrane with decreasing pH, confirm-
ing our hypothesised mechanism. The high-resolution topo-
graphy images associated with this experiment confirm that
hydronium ions compete with Na' for access to the DPPA
headgroups, and that the number of adsorbed Na" increases
with pH (ESI Fig. S57).

Overall, this validates the mechanism by which ions in solu-
tion are able to locally reduce the membrane stiffness, by
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forming remarkably slowly evolving nano-networks on the
membrane surface mediated by water and competing with
directly-adsorbed charges.

Conclusions

Our combined experimental and computational study
evidences long-lived ionic nano-networks at the surface of a
model lipid bilayer in solution. The formation of these water-
mediated networks depends on the charge density of the ions
through their binding strengths and hydration properties at
the membrane. Here K" and Na' ions form nano-networks that
evolve over tens of seconds, driven by correlation energies of
the order of —0.4kgT/ion. These networks induce softening of
the bilayer through local replacement of directly bound ions.
Our model system is in gel-phase, unlike most biomembranes,
and thus its lipids are broadly static, with small areas-per-
molecule. This undoubtedly will play a role in structuring the
interfacial fluid, but the networks’ origin in short-ranged
hydration interactions (Fig. 2) and the elongated timescales of
order of seconds (Fig. 3) imply that lipid mobility would not
dramatically alter such phenomena. Indeed, similar ion-
dependent effects have been observed on fluid bilayers® and in
principle, these effects could occur at any soft interface, as
they rely only on water molecules mediating these common
ions’ interaction with themselves and the lipids. At biological
interfaces, we expect this mechanism to modulate the local
viscoelastic properties on a timescale relevant for influencing
processes such as molecular adsorption or the gating of
mechanosensitive protein channels.

Experimental

A more in-depth description of all procedures and materials
used may be found in the ESL.}

Small unilamellar vesicles (SUVs) and supported lipid bilayers
(SLBs)

1,2-Dipalmitoyl-sn-glycero-3-phosphate (DPPA) was purchased
in powder form from Avanti Polar Lipids (AL, USA) and used
without further purification. For electrophoretic measurements,
small unilamellar vesicles of diameter ~100 nm were produced
by rehydrating the lipids to a concentration of 1 mg ml™" with
ultrapure water buffered to pH 7.45 with 5 mM sodium phos-
phate dibasic. They were then bath-sonicated at 55 °C for
30 minutes, chilled to —18 °C for 30 minutes and bath-
sonicated for a final 30 minutes (the so-called freeze-thaw
method”’) to produce a uniformly clear solution. The vesicles
were then extruded through a 100 nm filter (WhatMan, Sigma
Aldrich) at least 15 times, diluted with the appropriate mix of
ultrapure water and electrolyte solution to a final lipid concen-
tration of 0.1 mg ml™" and then used immediately.

The procedure for SLBs differed slightly; it used unbuffered
solutions, to avoid perturbing the hydration landscape when
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imaging with AFM.*’ Further, after the freeze-thaw procedure,
the vesicles were diluted with 150 mM Nacl to a lipid concen-
tration of 0.1 mg ml™" and extruded in the same way as above.
The solution was then pipetted onto a freshly-cleaved mica
substrate, and the vesicle fusion method®'™® was used to
produce at least one uniform bilayer on the surface (ESI

Fig. S17).
Electrophoresis measurements

SUV suspensions (see above) at varying concentrations of
NaCl, KCl and RbClI were pipetted into a folded cuvette and
their drift velocity as a function of applied potential, V, was
measured using laser-Doppler interferometry with a Zetasizer
ZS (Malvern Instruments, UK). This allows the calculation of
the vesicles’ potential at the hydrodynamic slip plane, or
C-potential of the lipids. Knowing {, the bulk ion concen-
tration, I, and the areal lipid density, p;, allows the calculation
of the fractional adsorbed surface charge, I', as a function of
ionic concentration. Combining I” with an appropriate adsorp-
tion model (here Frumkin-Fowler-Guggenheim'’) allows the
extraction of the binding constant, K, for each ion as well as
energy of correlation for the ions, E..

Atomic force microscopy (AFM)

The images shown in Fig. 1a-c and Fig. 3a were all produced
by a commercial Cypher ES AFM (Asylum Research, CA, USA)
operated in amplitude-modulation mode (AM-AFM). Briefly,
this entails exciting a cantilever with an attached nanometre-
sharp tip near its fundamental resonance frequency so that it
oscillates sinusoidally within the imaging fluid. The amplitude
of oscillation is kept constant by a feedback loop, while the
phase difference between the excitation signal and the cantile-
ver is allowed to vary. This allows the interfacial topography to
be tracked with Angstrém-resolution, while information relat-
ing to the energy dissipated by the tip is carried in the phase
signal.”®

The small amplitudes used here ensure that the tip inter-
acts mostly with interfacial fluid, retaining its approximately
simple harmonic motion and allowing for single-ion resolu-
tion to be achieved.”*?'** Arrow UHF AuD cantilevers
(Nanoworld, Neuchatel, Switzerland) were used with flexural
stiffnesses k; = 1.71 N m™" (Fig. 1 and 3), k; = 0.956 N m™*
(Fig. 4a and c) and k; = 6.58 N m ™" (Fig. 4d).

For the bimodal operation of Fig. 4, the cantilever was sim-
ultaneously excited at its fundamental and second resonance
frequency, the latter of which is controlled via frequency modu-
lation, which keeps the second-mode amplitude, 4,, constant
and its phase, 0,, locked to 90°. The first mode amplitude, 4;,
and second mode frequency shift, Av,, are used to calculate E.¢
with errors of <5% using the equations of Amo et al.**

Molecular dynamics simulations

Fully atomistic MD simulations were carried out using
CHARMM36 force fields with TIP3P water. The bilayers had
68 DPPA molecules in each leaflet and covered an area of
64.45 A x 64.45 A. The simulation box contained 6463 waters,

This journal is © The Royal Society of Chemistry 2019
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156 cations (either Na“, K" or Rb") and 20 CI~ anions (equi-
valent to 150 mM in each case). The temperature was kept con-
stant at 298 K and the pressure was 1 atm. For each simu-
lation, there were ~20 ns of equilibration followed by 100 ns of
production run. All snapshots shown in Fig. 2 were produced
using Visual Molecular Dynamics (VMD).>*
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