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Ca?* ions play crucial roles in regulating many chemical and biological processes, but their impact on
lipid bilayer membranes remains elusive, especially when the impacts on the two leaflets are
asymmetrical. Using a recently developed multisite Ca®* model, we performed molecular dynamics
simulations to study the impact of Ca* on the properties of membranes composed of POPC and POPS
and observed that both the structure and fluidity of the membranes were significantly affected. In
particular, we examined the influence of asymmetrically distributed Ca®* on asymmetric lipid bilayers
and found that imbalanced stress in the two leaflets was generated, with the negatively charged leaflet
on the Ca?*-rich side becoming more condensed, which in turn induced membrane curvature that bent
the membrane away from the Ca®*-rich side. We employed continuum mechanics to study the large-
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scale deformations of a spherical vesicle and found that the vesicle can go through vesiculation to form
a multi-spherical shape in which a number of spheres are connected with infinitesimal necks, depending
on the specific Ca?* distributions. These results provide new insights into the underlying mechanisms of
many biological phenomena involving Ca®"-membrane interactions and may lead to new methods for
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Introduction

Biological membranes are essential for the integrity of cells,
providing a barrier between the internal and external environ-
ments. They also accommodate a great diversity of proteins,
which participate in a wide range of critical biological pro-
cesses, such as energy or signal transduction, solute transport,
cell-cell recognition, and trafficking." The physical properties
of membranes are important for their barrier function, which
can be regulated by the surrounding environmental factors,
such as the presence of various molecules and ions. For
example, previous studies have shown that the adsorption
of Ca**, one of the most important secondary messengers in
cells, can influence many physical properties of membranes,
such as the thicknesses,> head group orientations of lipids,*™
ordering of acyl chains,>*>*° lipid dehydration,>*®*® and lateral
diffusion.'**®

Phosphatidylcholine (PC) is the most abundant zwitterionic
phospholipid in eukaryotic cell membranes and subcellular

“ Peking-Tsinghua Center for Life Sciences, Academy for Advanced Interdisciplinary
Studies, Peking University, Beijing 100871, China. E-mail: c.song@pku.edu.cn

b Center for Quantitative Biology, Academy for Advanced Interdisciplinary Studies,
Peking University, Beijing 100871, China

¢ College of Physical Science and Technology, Xiamen University, Xiamen 361005,
China. E-mail: ruima@xmu.edu.cn

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4cp01715¢

740 | Phys. Chem. Chem. Phys., 2025, 27, 740-753

manipulating the membrane curvature of vesicles in chemical, biological, and nanosystems.

organelles.”” Phosphatidylserine (PS) is an anionic phospholi-
pid present in most inner leaflets of cellular organelles, includ-
ing the plasma membrane, where it accounts for as much as
28% of all lipids."®?" Therefore, biological membranes are
intrinsically asymmetric with different lipid compositions in
the inner and outer leaflets, and a mixture of PC and PS is often
used as a general model for membrane studies. Moreover, the
concentration of calcium ions across membranes is often
distributed asymmetrically. Intracellularly, the free calcium
ion concentration typically ranges between 10 and 100 nM.
However, within organelles such as the endoplasmic reticulum
(ER) and sarcoplasmic reticulum (SR), the concentration can
reach significantly higher levels, ranging from 60 to 500 UM,
and in some cases, even up to 1 mM.”>** In contrast, the
extracellular free calcium ion concentration is approximately
1.8 mM.** In addition, PS lipids were found to play additional
roles by interacting with signaling proteins,” regulating sur-
face charges and protein localization,”® and inducing protein
aggregation.>”*® Some proteins attract PS lipids by nonspecific
electrostatic interactions, and the binding can be regulated by
Ca®"*® Therefore, the interaction between Ca®" and the
negatively charged PS is of particular interest.

It is well documented that the dehydrated head groups of PS
and PIP,, induced by Ca** adsorption, could lead to separation
of lipid components, aggregation of certain types of lipids,
phase transitions of membranes, and even collapse of the
membrane bilayer structure in experiments."***?3° Notably,
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there were two contradictory experimental results with respect
to the Ca®" induced membrane curvature, one showing that the
presence of Ca®>" on one side of a membrane can induce a
negative curvature®'? such that the membrane bends away
from Ca®**, and the other showing the opposite.*® To fully
understand the experimental observations and the underlying
mechanisms, the atomistic interactions between Ca*' and
membranes, particularly the impact of asymmetrically distrib-
uted Ca®" on asymmetric membranes, need to be further
investigated.

Molecular dynamics (MD) simulation is a powerful tool to
reveal molecular interactions and has also been extensively
utilized to study the interactions between Ca*" and
membranes.? 7123435 However, previous studies showed that
the Ca®* models used in classical nonpolarizable force fields
were often inaccurate in describing the Ca>"-biomolecule
interactions.’® Recently, we developed a multisite Ca** model,
which significantly improved the calculation accuracy for the
Ca*"-protein interaction.>” Considering that the dielectric con-
stant of membranes is close to proteins, we expect that the new
model would generate more reliable simulation results in the
study of Ca**-membrane interactions as well.

Another limitation of MD simulation in the membrane
study is the use of periodic boundary conditions, which makes
it difficult to observe large-scale deformations and remodeling
of membranes. To solve this problem, a strategy of combining
multiscale methods is helpful. Therefore, in this study, we
combined MD simulations and continuum mechanics calcula-
tions to investigate the physical properties and lateral pressure
profiles of POPC/POPS membranes in the presence of Ca®", as
well as the resulting curvature and steady shapes of
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membranes. Our results showed that the mechanical properties
of lipid bilayers, especially PS-rich bilayers, can be significantly
influenced by the presence of Ca**, and asymmetrically dis-
tributed Ca®" ions lead to asymmetrical lateral stress in the two
leaflets of lipid bilayers. With this information adopted, con-
tinuum mechanics calculations showed that asymmetric stress
can induce a negative curvature on membranes with respect to
excessive Ca®" ions, and the resulting steady shape of vesicle
membranes, either locally or globally spherical or multi-spherical,
depends on the specific Ca®* distribution around the membrane.
These results can improve our understanding of Ca*>"-induced
membrane remodeling, which may regulate many biological
processes, such as endocytosis, exocytosis, membrane fusion
and fission, and perhaps those activities mediated by mechano-
sensitive membrane proteins as well.'®?®

Results

Adsorption and distribution of ions around lipid
bilayer membranes

We performed MD simulations for membrane systems in a
solution of CaCl,. The membranes were composed of either
pure POPC or a mixture of POPC:POPS (3:1) (Fig. 1(A)), and
both the recently developed multisite Ca** model*” and the
default Ca** model of the CHARMM force field were used in the
simulations for comparison, which were denoted Cam and Cal,
respectively. The Ca®" concentration was raised stepwise from
0 to 50, 100, 200, 500 and 1,000 mM. The majority of the
membrane-bound Ca** ions bind to the phosphate groups of
POPC and POPS, or the carboxylate groups of POPS lipids in
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Fig. 1 (A) Single-membrane simulation system. The lipid bilayer is shown in gray. Ca®* and Cl~ ions are shown in blue and purple, respectively. Water is
shown with a transparent cyan surface. (B) Representative structures of the Ca®*-lipid complexes. A Ca®* ion was bound to the PO,~ of POPC, PO, of
POPS, and COO™ of POPS. (C) and (D) Density profiles of selected groups calculated along the bilayer normal direction for pure POPC or mixed POPC/
POPS bilayers with 1 M CaCl,. (E) and (F) Density profiles of selected groups calculated along the bilayer normal direction for pure POPC or mixed POPC/
POPS bilayers with 200 mM CaCl,. The solid lines were obtained using the multisite Ca®* model (Cam) and the dashed lines were obtained using the
default Ca®* model (Cal).
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simulations (Fig. 1(B)). Then, we analyzed the distribution of
various groups along the membrane’s normal direction in the
equilibrated simulation systems using the SUAVE software.3%°
The density profiles were similar with various CaCl, concentra-
tions, so we only showed the results obtained for two repre-
sentative cases: 1 M CaCl, - a high-concentration regime
(Fig. 1(C) and (D)) and 200 mM CaCl, - a low-concentration
regime (Fig. 1(E) and (F)). Simulations with the two Ca** models
both showed that the density peak of phosphate groups, often
viewed as the membrane boundary, was located approximately
2 nm away from the membrane center (Fig. 1(C)-(F) pink lines).
The density peak of Ca®>* roughly overlapped with that of
phosphate groups, indicating the adsorption and accumulation
of Ca®>" under the membrane surface. Notably, more Ca** was
observed around this region in the POPC/POPS system than in
the pure POPC system (Fig. 1(C)—(F), yellow lines), which is
reasonable since POPS is negatively charged and has a stronger
binding affinity to Ca*".

There were some differences in the distributions of Ca**
around the membranes when using the two Ca®* models. As
shown in Fig. 1(C)-(F), more Cam Ca®" was adsorbed into the
POPC bilayer than Cal, although the difference in the mixed
POPC/POPS was less significant. We analyzed the radial dis-
tribution function (RDF) of Ca** around the negatively charged
groups of the lipid molecules (phosphate and carboxylate
oxygen), which showed that the first density peak is within
3.2 A (Fig. S1, ESI{). Therefore, we used 3.2 A as the cutoff to
determine the lipid-bound Ca*' ions and the coordinated
groups around them. We calculated the coordination numbers
(Tabel S1, ESIt) by integrating the radial distribution function
of its first peak. The RDFs of oxygen atoms of lipid molecules
around the bound Ca*" (Fig. S2, ESIt) showed that, compared
to Cal, the Cam model greatly reduced the interaction with PS
carboxylate groups, and increased the interaction with the
phosphate groups in the mixed POPC/POPS bilayer systems.
For example, for the Ca®* ions bound to a mixed POPC/POPS
bilayer in a 200-mM CaCl, solution, there were approximately
0.99 phosphate (0.64 from POPC and 0.35 from POPS) and 0.28
carboxylate (from POPS) groups coordinated with Cam, while
there were approximately 0.29 phosphate (0.19 from POPC and
0.10 from POPS) and 1.13 carboxylate (from POPS) groups
coordinated with Cal (Table S1, ESIT). This might indicate an
advantage of the multisite Cam model over the default Cal
model in describing the Ca**-membrane interactions, since
previous experimental measurements showed that Ca®>" may
have a stronger binding affinity to phosphate than to carbox-
ylate groups in a POPS bilayer.>*"*>

Calcium ions alter the structure and fluidity of lipid bilayers

Area per lipid (APL) is a fundamental parameter describing the
molecular packing of lipid bilayers and can reach stable values
on a 100 nanosecond timescale in MD simulations. As shown in
Fig. 2, APL gradually decreased in the process of adding more
CacCl, to the system (Fig. 2(A) and (B)), a phenomenon that is
more significant in the mixed POPC/POPS membrane. When
the Ca®>" concentration exceeded 200 mM, the change in APL
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Fig. 2 Structural properties of the simulated lipid bilayers. Area per lipid
(APL) for pure POPC (A) and mixed POPC/POPS (B) lipid bilayers with
increasing CaCl, concentrations. The APL and bilayer thickness were
calculated by the SUAVE software®®°(C) and (D).

became less pronounced. It appears that the effect of Ca®>" on
the packing of membranes containing negatively charged PS is
more significant. With saturated CaCl, (200 mM), the APL was
reduced by approximately 4.2% for the pure POPC bilayer (from
~0.72 nm® to ~0.69 nm?) and 23.8% (from ~0.88 nm” to
~0.67 nm?) for the mixed POPC/POPS bilayer. The reduction in
APL was accompanied by an increase in bilayer thickness
(Fig. 2(C) and (D)), which was also more significant in the
mixed POPC/POPS bilayer. There was no significant difference
in the APL and membrane thickness when using two different
Ca”* models, indicating that the observed impact of Ca** on the
overall membrane size was rather robust and independent of
the specific Ca** model used for simulations.

We also examined the structural properties of the lipid tails
by analyzing the acyl chain C-H bond order parameters (eqn (1)
and Fig. 3). Evidently, the lipid tails in the mixed POPC/POPS
bilayer systems became more ordered with increasing concen-
trations of Ca®" ions, which is consistent with previous
findings,>*'® and the influence became less significant when
the concentration of Ca*' exceeded 200 mM. In contrast, the
changes in the order parameters in the pure POPC bilayer
systems were minor in all the simulations. The two Ca®*" models
showed consistent effects on the acyl chain order parameters
as well.

To further evaluate the performance of the Ca*>" models used
in this study, we compared our simulation results with experi-
mental data. The C-H bond order parameters obtained from
NMR experiments serve as valuable metrics for validating the
consistency of lipid structures in MD simulations with experi-
mental data. These measures are particularly relevant as they
are associated with key bilayer properties such as area per lipid,
thickness, and the conformational variability of individual
lipids.*®* Previous MD studies used these metrics to evaluate
the Ca** model with electronic continuum correction
(ECC).>***> Here, we also analyzed the changes of the headgroup
C-H order parameters in our simulations with increasing CacCl,
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Fig. 3 The acyl chain order parameter of POPC in the pure POPC
membrane systems (A) and mixed POPC/POPS membrane systems (B),
and the acyl chain order parameter of POPS in the mixed membrane
systems (C). The solid lines were obtained using the multisite Ca®* model
(Cam) and the dashed lines were obtained using the default Ca®* model
(Cal).

concentrations and compared with experimental values.*"*> As
can be seen, the change tendencies of the f, o, g; order
parameters were consistent with the experimental results when
both the Cam and Cal models were used (Fig. S3 and S4, ESIY).
However, it is also noticeable that most of the simulation
results with the Cam model showed better consistency with
the experimental data than the Cal model, except for the f
order parameter in the pure POPC bilayer (Fig. S3B, ESIT). This
indicates that our Cam model overall performed better than the
default Cal model in simulating the lipid bilayer systems.

View Article Online

PCCP

The lateral diffusion coefficient of lipids is closely related to
the structure and phase of membranes, which is one of the
most important dynamic parameters of biomembranes. From
our atomistic MD simulations, we calculated the lateral diffu-
sion coefficients of the lipid molecules in our model mem-
branes from the mean square displacement of lipid
phosphorus atoms (Fig. S5, ESIt). The diffusion constant was
calculated by fitting a straight line from 100 ns to 150 ns
according to eqn (2). The values were approximately
04 x 1077 cm® s to 1.4 x 1077 cm® s ' depending on
the Ca®>" concentration (Fig. 4). As a comparison, previous
experimental measurements from fluorescence recovery after
photobleaching,’® pulsed NMR,"” single particle tracking,*®
and fluorescence correlation spectroscopy®® yielded the similar
magnitude of the diffusion coefficients of approximately 0.5 x
1077 em® s ' to 1.0 x 1077 em?® s~ . Interestingly, the presence
of Ca”" significantly reduced the mobility of lipid molecules in
the mixed POPC/POPS bilayers, but not to the same extent in
the pure POPC bilayers (Fig. 4). Therefore, our results showed
that membranes containing negatively charged lipids can
become significantly less diffusive in the presence of Ca>".
Again, the two Ca>* models did not show significant differences
in affecting the lipid diffusion coefficient.

Asymmetrical calcium ions induced asymmetric pressure
profiles across lipid bilayers

To further characterize the effect of Ca®* ions on membrane
properties, we computed the lateral pressure profiles (LPPs)
across the lipid bilayers. Considering that PS lipids are mostly
located in the inner leaflet of biological membranes, we set up a
double-membrane and asymmetric simulation system as
shown in Fig. 5(A), in which an asymmetric bilayer system
was duplicated along the z direction. Please note that such a
double-membrane system resulted in two isolated water com-
partments, as the top and bottom water regions were actually
connected into one compartment due to the periodic boundary
condition used in the simulations. K' ions were used to
neutralize the negative charges generated from PS and evenly
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standard deviation of A¢ or cq obtained from five independent MD trajectories. (D) The sign convention of the membrane curvature.

distributed in the two water compartments, while different
amounts of Ca®>" ions were added to the two water compart-
ments to generate an asymmetrical Ca®" distribution. Cl~ ions
were added to ensure that no charge imbalance was generated
between the two water compartments. Thus, both the ion
distribution and composition of lipid bilayers were asymme-
trical, which can help to characterize the impact of asymme-
trical Ca*>" distribution on biomembrane properties. For
instance, the sarcoplasmic reticulum (SR) membrane faces a
higher inner Ca®" concentration than the outer, which resem-
bles the upper lipid bilayer in Fig. 5(A), while the outer leaflet of
plasma membranes may face a higher Ca** concentration than
the inner leaflet that enriches POPS, which resembles the lower
lipid bilayer in Fig. 5(A). Note that in our MD simulations, we
used an NPT-ensemble such that the normal pressure p,, is
kept almost constant along the z-axis (Fig. 5(B), black curve).
This was achieved by adjusting the density difference of water
across the membrane such that the osmotic pressure caused by
Ca** density gradient is just balanced off by the opposite water

744 | Phys. Chem. Chem. Phys., 2025, 27, 740-753

density gradient. The same strategy was also used in the
previous study.”®

The LPPs of the asymmetrical Ca®" treated bilayer lipids are
shown in Fig. 5(B). As can be seen, moving from the bulk
solvent toward the bilayer center, LPPs displayed a moderate
positive pressure peak (I) attributed to the repulsion of the lipid
headgroups. A large negative peak (II) was observed in each
leaflet, indicative of the lipid-water interfacial tension, fol-
lowed by another positive peak (III) close to the center of the
bilayer, which was demonstrated to align well with the location
of the acyl chain double bonds and caused by the relative
incompressibility of the double bonds in the unsaturated
lipids.”* > In addition, LPP had a positive peak at the bilayer
center (IV), which was related to the geometries of the specific
lipid types.>*>®

We calculated the differential stress for each leaflet by
integrating the lateral pressure n(z) along z from the bulk water
to the bilayer center (Fig. 5(B)). The differential stress of the two
leaflets was then obtained and denoted as Ag; and Aog,

This journal is © the Owner Societies 2025
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(Fig. 5(A)). We analyzed the lateral pressure profiles n(z) in
simulation systems without Ca** to show the effect of asym-
metric lipid compositions (Fig. S6, ESIf). The LPP was also
aligned to the bilayer centers to give an easier visual compar-
ison across bilayers (Fig. S6C and S7, ESIt). The Ao; and Ao,
were 0.06 + 0.68 mN m™ ' and —1.05 + 0.72 mN m™ ' in this
system, indicating that the lipid composition asymmetry in our
simulations system did not lead to a significant differential
stress between the two leaflets. Therefore, the differential stress
shown in Fig. 5(C) was mostly caused by the addition Ca*". As
shown in Fig. 5(C), the addition of Ca** had a minor effect on
Ao (black dotted line), but the impact was significant for Ag,
(black solid line), which was increased up to —6.37 mN m™*
while increasing Ca** concentration on the POPS-rich side. This
indicates that the addition of Ca®" to the negatively charged
leaflet of membranes will lead to a significant change in the
differential stress in this leaflet, and consequently, a stress
imbalance will be generated in the two leaflets of the
membrane.

Such a stress imbalance would cause a spontaneous curva-
ture of the membrane. We calculated the curvature order
parameter using the SuAVE software to explore the effects of
Ca®" on membrane shapes. The results showed no significant
difference in the average order parameter across the simulation
systems with various Ca®>" concentrations, and the values were
consistent with those calculated for planar bilayers (Fig. S8,
ESIT). This indicates that no significant curvature was gener-
ated by the presence of Ca®" in the MD simulations, probably
owing to the influence of the periodic boundary condition and
the limited size of the simulation systems. Therefore, we had to
use other methods to analyze the shape change of a continuous
membrane.

Asymmetrical stress induces membrane curvature and
remodeling

As a result of the asymmetrical stress within the lipid bilayer
induced by the Ca®" ions, the membrane tends to bend to
release the stress. This tendency for the membrane to bend can
be characterized by the spontaneous curvature c, in the classi-
cal Helfrich model, which has been widely used to model the
deformation of a membrane on a large scale.’*™° Herein, we
studied the deformation of a spherical vesicle with a diameter
of 100 nm with the Helfrich model, by employing the MD
simulation results as the input physical parameters. Basically,
we estimated the spontaneous curvature induced by the asym-
metrically distributed Ca®" ions via eqn (6) based on the
integral of the first moment of LPPs obtained from MD
simulation analyses, which were then input to the Helfrich
model to calculate the steady shape of the vesicle (see con-
tinuum mechanics calculation in the section of Materials and
methods for a detailed description).

Note that any asymmetries between the two leaflets could
lead to spontaneous curvature of the membrane. Three types of
asymmetries have been studied: (1) compositional asymme-
try—one of the leaflets has a different lipid composition or
different ratios of lipid compositions than the other; (2)
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number asymmetry—the two leaflets have different numbers
of lipids; (3) environmental asymmetry —for example, the
headgroups of the lipids in the two leaflets face different Ca*
concentrations. The spontaneous curvature caused by differen-
tial stress as a result of number asymmetry (2) has been well
characterized in ref. 50 and 60. In this paper, we studied both
the compositional asymmetry (1) and environmental asymme-
try (3), but neglected the number asymmetry by intentionally
equalizing the number of lipid molecules in the two leaflets. As
shown in Fig. 5(C), in the absence of Ca®" concentration,
compositional asymmetry alone could induce a spontaneous
curvature ¢ ~ 0.04 nm ' for the lower bilayer and ¢ =~
—0.06 nm™ " for the upper bilayer. Here we chose the sign
convention that a negative spontaneous curvature tended to
bend away from the middle water layer while a positive spon-
taneous curvatured tended to bend towards the middle water
layer. The addition of Ca®>' ions significantly enhanced the
upper bilayer’s tendency to bend away from the middle water
layer, and could reach up to ¢j = — 0.3 nm ™' at high centration
of Ca®* ions. While for the lower bilayer, the presence of Ca**
ions was able to reverse its bending direction, from towards the
middle water layer to away from it. Combining the two results,
we inferred that Ca®" ions near a membrane tended to bend the
membrane away from the Ca*>" ions. To verify that our observa-
tion was not caused by the specific double-membrane simula-
tion setup, we calculated the curvature of another double
membrane system, where the lower membrane is upside down,
treated with 200 mM Ca®" (Fig. S9, ESIf). We found that Ca®*
could still induce a negature curvature for the lower membrane
(¢ ~ —0.16 nm™ '), which was qualitatively aligned with those
of the original simulation system (Fig. 5(C)). Therefore,
although the curvature values may vary depending on the
specific simulation setup, the bending directions of the mem-
branes are always consistent.

In order to calculate how a spherical vesicle of a diameter of
100 nm would deform in response to the change in sponta-
neous curvature c,, we needed to specify how the surface area A
of the vesicle and the volume V enclosed by the vesicle varied
when the spontaneous curvature ¢, was changed. Here for
simplicity, we considered two types of deformations: (i) in long
timescale, the surface area A was assumed to be conserved,
while the volume V was allowed to change to keep a fixed
osmotic pressure p. (ii) In short timescale, the volume V was
assumed to be conserved, while the surface area A was allowed
to change to keep a fixed membrane tension ¢. Our calculation
results showed that the stable shapes under the two conditions
are similar, therefore, we presented the results for type (i)
deformation in the main text, while leaving the results for type
(ii) deformation in the ESIT (Fig. S10 and S11).

We first studied the case in which the area impacted by the
Ca”" ions was localized to a small patch (1% of the total surface
area) of the vesicle near the north pole. For a vesicle of 100 nm
in diameter, as the spontaneous curvature c¢, was gradually
increased from 0 to 0.3 nm™', which matched the maximum
spontaneous curvature estimated from eqn (6) in Fig. 5(C), the
impacted membrane patch protruded further outward and
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Fig. 6 Membrane deformation induced by asymmetric Ca®* concentration between the exterior and interior of a spherical vesicle. The impacted area
was localized to a neighborhood of the north pole of the vesicle. The total surface area of the vesicle was conserved and the osmotic pressure was fixed
when varying the spontaneous curvature. (A) Membrane shapes in the minimal energy state for negative spontaneous curvature co. (B) Membrane shapes
in the minimal energy state for positive spontaneous curvature cq. (C) The relative height of the deformed vesicle as a function of co. The dots in (C)

correspond to shapes presented in (A) and (B) of the same color.

developed into a hemispherical cap (Fig. 6). The positive
spontaneous curvature could be induced by a local accumula-
tion of Ca®" in the inner part of the membrane. Similar trends
were also observed for negative ¢y, in which the impacted
membrane patch bent inward and developed into a small
spherical vesicle with a diameter of ~20 nm (Fig. 6(B)), as
indicated by the relative height, which is the difference of the
pole-to-pole distance between the deformed vesicle and the
undeformed spherical vesicle (Fig. 6(C)). If the diameter of the
undeformed spherical vesicle was increased to 200 nm, the
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impacted membrane patch (1% of the total surface area) would
form a pearl-shaped structure in which multi-spherical vesicles
are interconnected via narrow necks (Fig. S12, ESI+t).

When the Ca** ions were uniformly distributed in the
exterior or interior of the spherical vesicle, i.e., the spontaneous
curvature of the entire vesicle was impacted by the asymmetric
Ca®" ions, the shape transformation showed dramatically dif-
ferent trends between negative and positive values of ¢,. For
negative spontaneous curvature ¢, < 0 (Ca®>" outside the
vesicle), the spherical shape remained the most stable one
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Fig. 7 Membrane deformation induced by asymmetric Ca®* concentration between the exterior and interior of a spherical vesicle. The impacted area
covered the entire membrane. The total surface area of the vesicle was conserved and the osmotic pressure was fixed when varying the spontaneous
curvature. (A) Membrane shapes in the minimum energy state with increasing positive spontaneous curvature co. (B) The height of a deformed vesicle as a
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dash-dotted lines. The vertical lines in (B) and (C) indicate the critical spontaneous curvature ¢§t = 2\/n/ Ry, where n = 2, 3, 4, respectively. The dots in (B)

and (C) correspond to shapes presented in (A) of the same color.

(data not shown). However, for positive spontaneous curvature
co > 0 (Ca®" inside the vesicle), we found branches of solutions
such that the vesicle exhibited a multi-spherical shape in which
several smaller vesicles are connected with narrow necks
(Fig. 7(A)). There existed critical values of ¢ = 2,/n1/ Ry, where
n is an integer, at which the neck is infinitesimally narrow
(Fig. 7(B) and (C), indicated by the vertical lines) and the large
vesicle would break into a number of n smaller vesicles, so-
called vesiculation. The physics behind the vesiculation phe-
nomenon was investigated in reference.61 For a spherical
vesicle of Ry, when the spontaneous curvature was increased
to &t the vesicle would assume a shape of n connected
spheres each with a radius of Ry/+/n such that the total surface
area of the n small vesicles equaled to the surface area of the
original vesicle. The neck would assume a saddle shape whose
mean curvature just matched c§"™. In this configuration, the
bending energy of the membrane was almost zero and, there-
fore was energetically more favorable.

Note that our calculation of the membrane shape here
assumes the cell is able to secret or expel other osmolytes to
keep the osmotic pressure at a constant level via the osmor-
egulation process in the presence of Ca>" gradient. Therefore,
the major impact of the Ca®" gradient on the membrane is to
alter the spontaneous curvature of the membrane, while the
osmotic pressure is kept constant. In fact, many organisms are
able to keep the osmotic pressure at a relatively stable level.®>

This journal is © the Owner Societies 2025

For instance, kidney cells play an important role in osmoregu-
lation in humans by actively controlling the amount of
hormones.

Discussion

The electrostatic properties of the membrane interface are of
paramount importance in numerous situations. Ca>" is parti-
cularly interesting in this respect due to its divalent nature.
Although sharing common properties with other divalent
cations, Ca* is one of the most critical secondary messengers
and functions by inducing fine-tuned electrostatic effects. For
example, it was shown that blood clotting proteins associated
with membrane surfaces become activated during the coagula-
tion cascade, and Ca®" enhances protein penetration into the
lipid monolayer and induces flocculation of surface lipid
aggregates.®® The high Ca*" levels inside presynaptic vesicles
can prevent even the most lipophilic transmitters, such as
dopamine from adhering to the inner leaflet surface, thus
rendering unhindered neurotransmitter release feasible.**
Ca®" also regulates the interactions between annexins and
membranes, which may influence cell membrane-related
domain organization, endocytic, exocytic transport, and
trafficking.®>°® When Ca®" ions were pumped into cells by
ion channels or transporters, they can generate large clusters
by linking PIP,.>° In contrast, monovalent cations such as Na*
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and K" form smaller and less stable clusters. Moreover, a
synergy exists between Ca®" and K7, facilitating the growth of
PIP, clusters and the formation of more complex structures
within the cell.*® Therefore, there have been extensive studies
seeking to elucidate the effects of Ca®>* on membrane
properties.

As early as 2006, Pedersen et al. performed MD simulations
to study the interactions between cations and negatively
charged lipid bilayers,” and found that Ca®>* ions exert a
pronounced effect on bilayers by binding to anionic groups of
lipid molecules. Later, further studies showed that the binding
of Ca®>* made the membrane bilayers more condensed, with
decreasing APL, increasing thickness, and dehydration of the
membrane interface. Notably, the specific lipid composition
and chemistry can also influence these physical-chemical
properties of membranes.>*%%7:%® Qverall, the binding affinity
between Ca*>' ions and lipids was significantly stronger than
that of Na*,* K" and Mg>" ions, regardless of the composition of
the lipid bilayers.” Meanwhile, we speculate that divalent
cations such as Zn** would produce similar results to Ca*",
while tri-valent ions may induce even stronger effects. Overall,
our simulations obtained results consistent with the previous
findings. The binding of Ca** to anionic groups of lipid
molecules leads to a reduction in membrane surface area and
an increase in membrane thickness. Notably, the effect is more
significant for bilayers containing negatively charged lipid
molecules. As a consequence, the acyl chains become more
ordered, which may facilitate phase transitions.>® Our results
also showed that these findings are rather robust, irrespective
of the specific ion model and parameters adopted in the MD
simulations.

There are still some details that are dependent on the ion
model and parameters adopted in the MD simulations. With
the new multisite ion model, Ca*>* ions were found to be stably
bound to the anionic groups of lipid molecules, with similar
affinity to the phosphate groups and carboxylate groups (Table
S1, ESIt). This is different from the previous simulation results
that revealed a strong binding preference of Ca>" to carboxylate
groups,”®%''? as also observed in our simulations with the
default Ca** model. Notably, previous infrared absorption
spectroscopy experiments suggested that Ca®>" ions probably
do not stably bind to the carboxylate groups in PS, but can bind
to phosphate groups to induce dehydration.*'*> There were
also experiments showing that Ca®" can bind to both carbox-
ylate and phosphate groups of PS.>* In this aspect, our new
multisite Ca>* model may have the advantage of reducing the
binding bias to carboxylate groups. Nonetheless, although
these local differences resulting from specific ion models are
appreciable, they do not generate qualitative differences in the
global properties of the bilayers discussed in this work.

The effect of Ca®>" ions on the dynamic properties of lipid
bilayers has not been systematically studied before. Our analy-
sis of the MD trajectories showed that the lipid molecules
become less diffusive upon Ca*>* binding, for both the zwitter-
ionic and negatively charged lipid bilayers. However, the effect
is significant for bilayers containing negatively charged lipids,
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but only minor for zwitterionic lipid bilayers. We attribute this
to the electrostatic “glue” effect of Ca®>" on the negatively
charged lipids, which makes those lipids more sticky and less
diffusive. It appears that when the concentration of Ca*"
reached a certain threshold (200 mM in our simulations), the
effect became saturated, probably because the binding between
Ca>" and lipids was saturated above the threshold and therefore
the bilayer did not adsorb more Ca** to become stickier.

It should be noted that the Ca®" distribution can often be
asymmetrical on the two sides of membranes. For example, the
plasma membrane often faces a much higher Ca®>" concen-
tration on the outer leaflet than on the inner leaflet, while the
SR membrane usually experiences a higher Ca®* concentration
on the inner leaflet than on the outer leaflet. In fact, mem-
branes themselves are often asymmetric. For example, the
inner leaflet of plasma membranes contains much more
negatively charged lipid molecules than the outer leaflet. There-
fore, studying the effect of asymmetrical Ca** on asymmetric
membranes is of particular interest. In line with previous
findings, our atomistic simulations showed that the Ca*'-
exposed leaflet of membranes becomes more packed. One
would expect such a scenario to generate imbalanced stress
in the two leaflets of membranes. Indeed, our pressure profiles
analysis showed that the addition of Ca** to the negatively
charged leaflet leads to a significant imbalance of the lateral
pressure profiles across the membrane Fig. 5(C), while the
effect is much less pronounced in the case of the Ca>* ions
added to the leaflet with only zwitterionic lipids. As a conse-
quence, this imbalanced lateral pressure distribution can
induce spontaneous curvature of the membrane, as indicated
by our continuum mechanics calculation and other recent
studies.?*>%® There were two experimental results regarding
the effect of Ca®>" on the membrane’s bending: one suggests a
negative curvature,*® i.e., bending away from the Ca>", while the
other suggests the opposite.** Our simulation results are in line
with Graber et al’s experimental observation that Ca®>" can
induce a negative curvature of membranes.*> We suspect that
the observation of the positive curvature was due to the
different experimental setup,®® which may introduce other
factors that were not accounted for in simulations.

Interestingly, our continuum mechanics calculations
showed that, when the impact of Ca®>" is focused on a local
surface area of a vesicle, a pearl chain extending toward the
other side of the membrane can be generated (Fig. 6 and
Fig. S10, S12, ESIY). This is similar to recent observations that
vesicle chain-growth from the GUV membrane can be main-
tained as long as there is a supply of membrane material and
Ca®", analogous to native secretory vesicles.*’**> This kind of
remodeling can only be generated by an asymmetric effect in
the two leaflets of membranes, which may be related to
membrane budding and fusion,”®”* morphology of ER exits,”*
as well as the generation of interconnected vesicles.”® For
example, dynamic membrane remodeling may be achieved by
the interplay between lipids and Ca®" to initiate the formation
of tubules.”*”® In contrast, when the impact of Ca>" is uniform
on the membrane surface and Ca’* ions are added to the
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outside, the vesicle tends to remain spherical. When low-
concentration Ca*>" ions are uniformly added to the inside,
vesicles tend to remain spherical as well. Intriguingly, the
vesicle will become multi-spherical while more Ca** ions are
added to the inside (larger spontaneous curvature). This sug-
gests that a significant reduction in stress within the inner
leaflet of membranes may facilitate vesicle fission, and could
potentially aid cell division as well. A significant increase in
stress within the outer leaflet of membranes should have a
similar effect, and so does the combination of the two. It
should be noted though, we did not explicitly consider the
asymmetry of the lipid composition of membranes in our
continuum mechanics calculations. Moreover, the actual
membrane compositions and environments are much more
complex than the ideal cases studied here, so the eventual
shape may be the result of many factors, including the dis-
tribution of proteins.”” Nonetheless, the distribution of Ca>*
and negatively charged lipid molecules and their interplay may
play important roles here.

Our MD simulations and continuum mechanics calculations
provided additional atomistic details of Ca>*-membrane inter-
actions, and further clarified the question about the controver-
sial membrane curvature caused by Ca®'. Although the Ca**
concentration used here was much greater than the average
physiological Ca*>" concentration measured experimentally, the
electrolytic environment around the biomembranes was by no
means a static average distribution of ions. Significant localized
concentration spikes of Ca®" ions occur along Ca** signaling
pathways, which are always challenging to measure experimen-
tally and can span in excess of three orders of magnitude, and
the Ca® concentration near membranes are known to be
higher than that in bulk.”®”° Therefore, we believe that our
results are not only quantitatively informative for chemical
systems but also qualitatively meaningful for biological sys-
tems, which would be helpful for the understanding of many
membrane stress/curvature-related processes.

A potential issue in our MD simulation was that we used the
same number of lipids for the asymmetric bilayers to remove
the effects of lipid numbers, which may lead to a somewhat
frustrated state of the bilayer in the rectangular simulation box
due to the size difference of the asymmetric lipids. To alleviate
this concern, we implemented a correction by subtracting the
lateral pressure of the system in the absence of calcium ions
from the lateral pressure of each simulation scenario. This
adjustment can effectively neutralize the effects of the potential
frustration induced by the asymmetric lipid composition.

Considering the intrinsically asymmetric nature of plasma
membranes, with mostly zwitterionic lipids on the outer leaflet
and abundant negatively charged lipids on the inner leaflet, it
may be reasonable to think that evolution has made the outer
surface of cells more inert to external cation distribution in
order to maintain a stable shape, while the inner surface of
cells is more sensitive to Ca®* for responding to internal
signaling. In addition, by influencing the mechanical proper-
ties of membranes, Ca®" may also regulate membrane-bound
proteins, especially mechanosensitive proteins. For example,
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mechanosensitive ion channels are involved in many physiolo-
gical processes, such as touch, hearing, balance, and the
sensation of pain,®”®! which can be activated by forces exerted
on membranes and the resulting surface tension, imbalanced
stress, and membrane curvature. Therefore, the imbalanced
stress across membranes and the resulting membrane curva-
ture induced by Ca®>" might provide an additional regulatory
mechanism for the activation of mechanosensitive channels.
The addition of Ca** ions to vesicles containing negatively
charged lipids may provide a straightforward way to manipulate
membrane curvature, which can be useful for regulating many
membrane-involved biological, chemical, and nanoscale pro-
cesses, such as membrane fusion, drug delivery, and even
capturing the activated structures of mechanosensitive ion
channels. In addition, Ca®>" may also have indirect effects on
membrane structures, for example through calcium-activated
scramblases. When those proteins are activated by Ca>', PS
lipids would flip from the inner leaflet to the outer leaflet,
which might also change the membrane structures.>?

Conclusion

In this work, we combined MD simulations and continuum
mechanics to study how Ca*" ions influence the microscopic
properties and macroscopic deformation of lipid membranes
composed of POPC and POPS. We found that both the structure
and fluidity of the lipid membranes were significantly affected
by the presence of Ca>* ions. A gradient of Ca*" across the lipid
bilayer could create imbalanced stress in the two leaflets, with
the negatively charged leaflet on the Ca**-rich side becoming
more condensed, thus inducing membrane curvature that bent
the membrane away from the Ca®*-rich side. For a spherical
vesicle, the asymmetric distribution of Ca®>" on the two sides of
the membrane could deform the vesicle into a locally or a
globally multi-spherical shape in which a number of spheres
are connected with infinitesimal necks. These results are
summarized in Fig. 8, which can help clarify the question
about the controversial membrane curvature caused by Ca®*
and may lead to new methods for manipulating the membrane
curvature of vesicles in chemical, biological, and nanosystems.

Materials and nethods
Simulation systems

The molecular dynamics simulation systems were composed of
pure POPC or mixed POPC/POPS in an aqueous CaCl, solution.
Each single-membrane system was composed of 128 lipids and
approximately 4368 water molecules, with varying concentra-
tions of CaCl, (Table 1). The bilayers, composed of either POPC
or POPC/POPS, were symmetric in these single-membrane
systems (Fig. 1(A)).

To study the effect of asymmetrical Ca** on the lateral stress
of asymmetric membranes, double-membrane systems were
generated by duplicating a single-membrane system along the
z direction (Fig. 5(A)). The outer leaflet and inner leaflet of each
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Asymmetrical Ca?* —— Membrane Curvature —— Remodeling

Fig. 8 Schematic diagram of the effect of Ca* (blue spheres) on membrane curvature and remodeling.

asymmetric lipid bilayer consisted of POPC (64) and POPC:
POPS (48:16), respectively. In these double-membrane sys-
tems, K ions were added to neutralize the negative charges
of PS lipids. Ca** ions were added to only one water compart-
ment. ClI~ ions were added to neutralize the systems and
eliminate the transmembrane potential caused by ion distribu-
tions. The details of all the simulation systems are listed in
Table 1.

Molecular dynamics simulations

All MD simulations were performed using GROMACS software
2018.6.%> The CHARMM36 force field and the CHARMM imple-
mentation of the TIP3 water model were used for the
simulations.®*"® In addition to the default ion models (Ca*",
K', Cl7) of the CHARMM force field, we utilized the recently
developed multisite Ca®>" model that was optimized to achieve
more accurate binding affinity with proteins.’” The tempera-
ture was kept constant at 310 K using the Nose-Hoover
thermostat.®*®” The pressure was maintained at 1 bar using
the semi-isotropic Parinello-Rahman barostat,*®*° with a time
constant of 1 ps and compressibility of 4.5 x 107> bar ' A
cutoff of 1.2 nm was used for the Lennard-Jones interaction,
with a smooth shift function from 1.0 to 1.2 nm. The
particle mesh Ewald (PME) method was used for the long-
range electrostatics.’® After energy minimization, we ran
200-ps NVT and 500-ps NPT simulations to preliminarily equi-
librate the systems, and then we carried out 400-ns production
simulations for the single-membrane systems and 500-ns pro-
duction simulations for the double-membrane systems
(Table 1).

Table 1 List of the simulation systems

Analysis of MD trajectories

If not otherwise stated, the last 300 ns trajectories were used for
the analysis of the single-membrane systems; while for the
double-membrane systems, the last 200 ns trajectories were
used for analysis.

The order parameters of lipid tails were analyzed using the
following definition:

(3cos?0. — 1)

Scp = > (1)

where 0, is the angle between the C-H bond and the membrane
normal (z direction).

The lateral diffusion coefficient of lipids was calculated with
the following equation:

(r*() = () —r(0))*) = 4Dt (2)

where (r*(¢)) is the two-dimensional mean squared displace-
ment (MSD) of phosphorus atoms, D is the diffusion coeffi-
cient, and ¢ is the simulation time. A time interval between 100
ns and 150 ns was used for the linear fit to obtain D. The error
estimate was done by calculating the difference of the diffusion
coefficients obtained from the two halves of the fit interval, as
implemented in the “GROMACS msd” tool.

The lateral pressure profiles (LPPs) were calculated using the
GROMACS-LS tool.”" The calculation of the LPPs was based on
the last 200 ns of the simulation data (Table 1), with the
coordinates and velocities saved every 10 ps. An electrostatic
cutoff of 2.0 nm was used for the LPP calculation.®® The profiles
were calculated with about 140 slabs, corresponding to an
approximate slab width of 1 A. The outputs of GROMACS-LS
were the components of the stress tensor, g, as a function of the

No. of bilayers Bilayer composition Lipid amounts [Ca®"] (mM) Duration (ns) Repeats

Single POPC 128 [0, 50, 100, 200, 500, 1000] 400 1
POPC/POPS 96/32 400 1

Double POPC : POPC/POPS 128:96/32 500 5
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z coordinate (bilayer normal). LPP was calculated using the
formula

n(z) = P(2) — Py (3)

where Pi(z) is the lateral component of the pressure tensor
(PL(z) = 0.5[Pxx(z) + Pyy(2)]), and Py is the normal component
(PN = Pzz).

Continuum mechanics calculations

We first explained how to estimate the spontaneous curvature
caused by asymmetric Ca®>" concentration from the MD simula-
tions. When two lipid monolayers were combined to form a
bilayer, we used the mid-plane between the two monolayers to
represent the shape of the bilayer, which was parameterized as
X. This position was denoted as z = 0 along the normal direction
of the bilayer. Assume the thickness of the two monolayers were
d" and d-, the differential stress Ag is defined as

d*
Ao = J n(z)dz. (4)

—d~

We calculated the spontaneous curvature of each monolayer
via the integral®®®°

—d
n(z)dz = k"¢ . (5)

d+
J zn(z)dz = kT ¢f J

0 0

where x* and ¢,* denoted the bending rigidity and the sponta-
neous curvature of the two monalayers respectively, and 7(z)
was the LPP defined in (3). In practice, we perform the integra-
tion from the midplane of the bilayer to bulk water. The
spontaneous curvature of the bilayer then read

dt

Keo = n(z)dz = ke — k¢ (6)

J—a-

For both the bilayer and the monolayer, the first moment of
the LLP 7(z) gave the product of the bending rigidity and the
spontaneous curvature. In order to obtain the spontaneous
curvature, the values for the bending rigidity « and x* were
needed which in principle could be obtained by a buckling
simulation.’® Here for simplicity we assumed «* = 12.5 kzT and
Kk = k" + k= = 25 kgT, which were the typical values for the
plasma membrane made of POPC.”>** Here we neglected the
effect that the bilayer bending rigidity x could be different for
the two monolayers due to compositional asymmetry. In fact,
the bending rigidity can be influenced by the lipid composition,
as well as ions in the external environment. If the membrane is
made of a mixture of POPC and POPS (70:30), the surface
charge might stiffen the membrane and increase the bending
rigidity from 25 kg to 30 kgT.>> However, the presence of ions
can counteract the effect of surface charge and soften the
membrane.”> As a result of the complicated nature of the
bending rigidity, the approximation x* = 12.5 kzT may affect
the quantitative accuracy of the calculated spontaneous curva-
ture, but not the sign of it (bending direction of membranes).

We next explained how to calculate the deformation of the
membrane as a result of the spontaneous curvature ¢, induced
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by a local asymmetric Ca" concentration between the inside
and outside of the membrane. Assuming that only a small
patch of the membrane of area a, near the north pole changed
its spontaneous curvature to a value of C,, while the other part
of the membrane has a zero spontaneous curvature, c, is
modeled as a function of the surface area a calculated from
the north pole

ola) = {1 ~ tanhf(a — ao)]), )

which exhibited a sharp drop from C, to 0 when the area a
exceeds a,. Here § was a parameter to control the sharpness of
the drop in the spontaneous curvature. In the case of the entire
membrane being influenced by the Ca®" ions, a, is set to be a
value greater than the total surface area of the membrane. The
total free energy of the membrane is

Fior = J BK(2H - c0)2+a} da —pv. (8)

Here we neglected the Gaussian bending energy term because
we only considered a closed vesicle of spherical topology and
the Gaussian bending energy is invariant under deformations
of the membrane that retains the topology. The pressure
difference between the interior and exterior of the vesicle was
assumed to be a constant and denoted by p, and the volume
enclosed by the vesicle was denoted by V. For an axisymmetric
membrane, the shape is expressed as

X(u,p) = [r(u)cos(d),r(w)sin(¢),z(u)] ©)

where the parameter ¢ € [0,2n] denoted the azimuthal angle,
and u € [0,1] denoted the position along the meridional
direction, with # = 0 corresponding to the north pole and
u = 1 to the south pole. The mean curvature of the membrane
then read

!/

sinyr

<

2H = — 1
r * h’ (10)
where  and £ satisfied the relation
' =hcosy, 2'=—hsiny. (11)

Here f denoted the derivative of function f(«) with respect to u.
With these geometrical expressions, the total free energy
eqn (8) became a functional of Fy[r,z,y,h,,], where « and f3
were functional Lagrangian multipliers to impose the geo-
metric relations eqn (11). For type (i) deformation, the pressure
difference p was given while the membrane tension ¢ was a
Lagrangian multiplier to impose a fixed surface area A. For type
(ii) deformation, the membrane tension ¢ was given while the
pressure difference p was Lagrangian multiplier to impose a
fixed volume V. By performing variations against these func-
tions, we obtained a set of ordinary differential equations that
can be solved with the bvp4c solver in MATLAB. The detailed
derivations of these equations were not carried out in this
paper, but could be found in our previous work.”®
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