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Abstract: The plasma membrane surrounds every single cell and essentially shapes cell life by
separating the interior from the external environment. Thus, maintenance of cell membrane integrity
is essential to prevent death caused by disruption of the plasma membrane. To counteract plasma
membrane injuries, eukaryotic cells have developed efficient repair tools that depend on Ca2+- and
phospholipid-binding annexin proteins. Upon membrane damage, annexin family members are
activated by a Ca2+ influx, enabling them to quickly bind at the damaged membrane and facilitate
wound healing. Our recent studies, based on interdisciplinary research synergy across molecular
cell biology, experimental membrane physics, and computational simulations show that annexins
have additional biophysical functions in the repair response besides enabling membrane fusion.
Annexins possess different membrane-shaping properties, allowing for a tailored response that
involves rapid bending, constriction, and fusion of membrane edges for resealing. Moreover, some
annexins have high affinity for highly curved membranes that appear at free edges near rupture sites,
a property that might accelerate their recruitment for rapid repair. Here, we discuss the mechanisms
of annexin-mediated membrane shaping and curvature sensing in the light of our interdisciplinary
approach to study plasma membrane repair.

Keywords: annexin; plasma membrane repair; membrane curvature; membrane curvature sensing;
membrane shaping; interdisciplinary research; cell rupture; membrane damage
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1. Introduction

Membranes of eukaryotic cells play fundamental roles in organizing cellular compartments and
cluster specific molecules to generate signaling platforms. Beyond defining the physical cell boundary,
the plasma membrane serves a dual purpose: it allows the communication and exchange of solutes
with the extracellular environment, while guarding the cell from its surroundings. In addition, the
plasma membrane facilitates cell–cell interactions and adhesion and regulates the architecture of the
cell. Thus, it is crucial that the plasma membrane is kept intact to ensure cell survival.

The plasma membrane is composed of both structural and signaling lipids, as well as embedded
proteins. The major structural lipids are glycerophospholipids (such as phosphatidylserine and
phosphatidylcholine), sterols, and sphingolipids (e.g., sphingomyelin) [1]. Of note, the enrichment of
sphingolipids and sterols, like cholesterol, aids in resisting mechanical stress [2]. Plasma membrane
topology is shaped by the geometrical properties of its lipids, in combination with both integrated and
peripheral proteins, including components of the cytoskeleton [3]. Glycerophospholipids with small
head groups, such as phosphatidylethanolamines and phosphatidic acid, are cone-shaped and have
the propensity to induce membrane curvature, thus lipid shape is intimately related to membrane
shape [3,4]. Moreover, the surface charge of membranes influences its interaction with proteins,
including curvature inducing regulators, and is determined by the head group charge of individual
lipids [5,6]. This is exemplified by the family of annexin proteins that are characterized by their capacity
to bind negatively charged phospholipids in a Ca2+-dependent manner, to exert their various functions
in membrane organization, trafficking, and repair [7].

Unlike prokaryotic cells, which are shielded by a cell wall, mammalian cells are primarily protected
by their plasma membrane and appear more susceptible to cell injuries. To counteract the eminent
threat that membrane damage would impose on cellular homeostasis, robust repair mechanisms have
evolved to ensure that membrane holes are sealed within the timeframe of tens-of-seconds to maintain
cell integrity [8,9]. If disruptions to the plasma membrane are not repaired rapidly, the resultant
pronounced osmotic and ionic imbalances would lead to cell death. Skeletal muscle and cardiac muscle
cells are classical examples of cells that, due to their high mechanic activity, need to cope with extensive
plasma membrane disruptions [10]. Similarly, epithelial cells in the gut and skin fibroblasts are exposed
to both mechanical and chemical stimuli and experience regular wounding [11]. However, it seems
that all cell types can potentially experience plasma membrane injury and have the capacity to repair
lesions [12].

Deficiency in plasma membrane repair is associated with several diseases. The best established
link between repair deficiency and disease phenotype is observed in muscular dystrophies, such as
dysferlin-deficient muscular dystrophy, where a failure to repair repeated membrane lesions leads to
progressive muscle wasting [13]. Inversely, our research supports that enhanced plasma membrane
repair plays a role in helping metastatic breast cancer cells cope with the physical stress imposed
during invasion [14,15].

The importance of Ca2+ for membrane repair was recognized in 1930 by Heilbrunn, who
discovered that sea urchin eggs failed to repair upon mechanical damage when the surrounding
solution was depleted of Ca2+ [16]. Despite the scarce knowledge regarding membranes and cell
compartmentalization at the time, this discovery pointed to Ca2+ as a fundamental trigger of plasma
membrane repair. In intact resting cells the intracellular free Ca2+ concentrations in the cytoplasm
are in the nanomolar range (~100 nM), while extracellular Ca2+ concentrations are in the millimolar
range [17]. This steep Ca2+ gradient is important for signaling events and is established by actively
pumping Ca2+ into the extracellular space and intracellular Ca2+ stores, which is also crucial to prevent
Ca2+ cytotoxicity. Upon plasma membrane injury, the Ca2+ gradient leads to a rapid and pronounced
flux of Ca2+ into the cell’s cytoplasm, which poses a threat to the cell [18,19]. However, this rise in Ca2+

acts at the same time as the triggering event for plasma membrane repair mechanisms.
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2. Annexins in Repair

Several functions have been reported for annexins, and most of them include their involvement in
membrane trafficking events [20]. Interestingly, during the last two decades more evidence regarding
their role in plasma membrane repair has emerged [20–23]. Most proteins that play a role in plasma
membrane repair have the ability to bind Ca2+ and become activated upon injury-induced Ca2+ influx.
However, the recruitment of repair components to the injured plasma membrane can also be facilitated
via complex formation with other Ca2+-binding proteins. This is exemplified by recent data showing
a link between the Ca2+-dependent, phospholipid-binding protein annexin A7 (ANXA7), and the
shedding of damaged membrane during repair facilitated by the endosomal sorting complex required
for transport III (ESCRT-III) complex [22]. In detail, ANXA7 localizes to the injury site where it forms a
complex with apoptosis-linked gene 2 (ALG-2) and ALG-2-interacting protein X (ALIX) [23]. ANXA7
facilitates thereby anchoring of ALG-2 to the damaged plasma membrane, where ALG-2 can assemble
the ESCRT-III complex and drive shedding of damaged membrane [22].

Accumulating evidence indicates that annexins are instrumental for coping with plasma membrane
injuries, although their exact mode of action is not well characterized. Annexins are a family of proteins
(in mammals: ANXA1-11 and ANXA13) which share a structurally conserved C-terminal domain
and the functional property of being able to bind anionic phospholipids in a Ca2+-dependent manner.
Binding to membranes is mediated by their core domain, which consists of four characteristic structural
annexin repeats [24]. The N-terminal domain varies in length and composition and is responsible for
the interaction with other proteins, giving rise to different functional properties [24].

Work on dysferlin-deficient mouse muscle cells pioneered the hypothesis that annexins function
in plasma membrane repair. ANXA1 and ANXA2 were found to associate with dysferlin upon muscle
cell membrane injury. Since ANXA1 and ANXA2 were known to cause aggregation and fusion of
liposomes in vitro [25], Lennon et al. proposed that the annexins could aid repair by facilitating
fusion of vesicles with the injured plasma membrane [26]. Wounding experiments, using laser injury,
confirmed that ANXA1 localizes to the injury site and that inhibition of ANXA1 function impedes
plasma membrane repair [27].

Involvement of ANXA1 and ANXA6 could also be detected in microvesicle shedding of streptolysin
O (SLO) pores [28]. Furthermore, data from the Protein Data Bank (PDB), where annexins have been
crystallized, show that annexins have varying Ca2+ binding affinity, which adds another level of
complexity to plasma membrane repair mechanisms. In line with this, ANXA6 was shown to have
higher Ca2+ sensitivity than ANXA1, which led to differential recruitment patterns depending on the
extent of the membrane lesions [28]. The importance of ANXA6 in muscle cell plasma membrane repair
was recognized when mutations of the ANXA6 gene were found to negatively impact the phenotype
of dysferlinopathy (a group of rare muscular dystrophies with recessive mutations in the dysferlin
gene). Focal laser injury experiments revealed that ANXA6 localizes to the site of injury within seconds
forming a repair cap [29,30]. Later work showed that ANXA6 localization to the injury site in muscle
cells is actin-dependent and coincides with recruitment of ANXA1, ANXA2, and ANXA5 [31].

Even though the function of annexins in plasma membrane repair was initially merely explained
by the ability of annexins to aid vesicle fusion, research now indicates that other mechanisms play a role
for annexin-mediated wound closure. ANXA5, for example, was shown to assemble into 2D protein
arrays around the injury site, preventing wound expansion [32,33]. To that end, using supported
membrane models we have identified membrane binding and shaping features of other annexins that
are independent of vesicle fusion events, pointing to a direct effect of annexins on membranes [34].
For example, ANXA4 was shown to generate a curvature force at free membrane edges because of
its Ca2+-dependent homo-trimerization, while binding of ANXA6 led to a constriction force [35].
Therefore, it is likely that annexins possess different membrane-shaping properties, allowing for a
tailored response that meets the needs of repair. In concert with other described processes, such as
actin remodeling, annexins lead to efficient and rapid repair.
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Interestingly, certain annexins, which are central components in plasma membrane repair, also
display strong affinity for high membrane curvatures as we have shown recently in Moreno-Pescador
et al. [36]. This suggests that membrane shaping and curvature sensing are coupled in a feedback
loop where initial curvature generation by annexins leads to further recruitment of more annexins.
It is therefore essential that the effect of biophysical cues, like membrane curvature, are thoroughly
investigated for a comprehensive understanding of the activity and function of annexins.

3. Interdisciplinary Approaches to Address Annexin Function

Given their complexity and rapid dynamics, detailed mechanisms of annexin-mediated membrane
shaping and repair can only be resolved by incorporating sophisticated physical methods for assessing
biophysical parameters like curvature and tension. Thus, interdisciplinary research within biophysics,
molecular simulations, and molecular and cellular biology is needed to understand these mechanisms.
This approach proved successful, as exemplified in recent studies showing that annexin family members
share a common ability of membrane curvature induction, which seems to be important for their
function in repair [24,25]. Here, the impact of annexins on planar membranes with stable, free edges
are relevant for studying the membrane conformation near a hole.

The annexin core domain has a convex shape at its membrane-binding interface [21]. Thus,
membrane-association of annexins can generally be expected to induce spontaneous membrane
curvature and possibly produce membrane shape changes. The shape changes generated by annexins
depend crucially on the initial membrane geometry and on the presence of free membrane edges in
particular. Thus, the use of membrane model systems prepared with specific geometries allow the
systematic study of the interplay between annexin binding, membrane shape, and shape remodeling.

Supported planar membranes in a stacked conformation are prepared using spincoating with the
secondary membranes existing as isolated patches on the primary membrane. The patches have stable,
free edges at their borders and have minimal interactions with the solid support due to the presence of
the primary membrane [26]. These membrane patches serve as useful models for the plasma membrane
near the injury site and address the experimental challenge that a membrane containing a hole is often
unstable and the hole is short-lived. The planar patches allow out-of-plane bending, away from the
supported surface and can be used for monitoring shape changes induced by different proteins. To this
end, the impact of different annexin family members on the morphology of membrane patches with
free edges were recently examined [24].

Notably, the annexin members ANXA4 and ANXA5 were both found to induce rolling of the
patch starting from the free membrane edges at the patch border. Complete roll-up of a cell-sized
membrane patch (50–100 µm) occurs over a time scale of 5–10 s. This result shows that membrane
binding of ANXA4 and ANXA5 under physiological conditions induces spontaneous curvature. The
curvature generation can be expected to also occur near a plasma membrane hole when Ca2+ briefly
enters the cytoplasm and cytosolic annexin binds to the negatively charged internal leaflet.

In order to model curvature generation around a plasma membrane hole, it has proven useful to
describe the system using theoretical modeling of the membrane curvature energy.

According to the classical theory by Helfrich [27], the curvature elastic energy Hcurve of a membrane
with area A can be written as:

Hcurve =

∫
A

[1
2

kc(c− c0)
2 + kGcG

]
dA (1)

where kc is the mean curvature elastic modulus [J], kG is the gaussian curvature elastic modulus [J],
and c0 is the spontaneous curvature [m−1]. The local curvature of the membrane is described by the
two principal radii of curvature, R1 and R2. The mean curvature is defined as: c = 1

R1
+ 1

R2
and the

gaussian curvature as: cG = 1
R1

1
R2

.
Hcurve describes the curvature energy associated with a membrane of a general shape, for example

a curved membrane near a plasma membrane hole. The spontaneous curvature co, is a quantity
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describing the tendency of a membrane to spontaneously curve with a curvature radius (1/co). The
effect of annexin binding to a membrane is potentially complex, but it can approximately be modeled
as a non-zero value of co. When describing a membrane containing a hole, there will additionally
exist a tension force (edge tension) associated with the formation of the free edge. In a simple picture,
the edge tension acts to contract the hole while the curvature energy (Hcurve equation) acts oppositely,
by bending the membrane out-of-plane and increasing the edge radius. As previously shown [28],
an equilibrium configuration is possible that balances the curvature and tension energies to create a
stable neck-like shape of the membrane near the hole. We propose that ending of the membrane near a
plasma membrane hole, via a mechanism as described above, plays a functional role in the plasma
membrane repair process. In a cellular system, membrane re-shaping is envisioned to involve the
concerted action of several annexins plus other repair proteins to rapidly bend, constrict, and finally
seal the hole (Figure 1A–C).

Members of the family of human annexins were shown to induce distinctly different morphologies
in the planar membrane patches [24]. This was observed despite the fact that the annexins all contain a
membrane-binding core domain, which is highly conserved. In addition to large scale (cooperative)
rolling as induced by ANXA4 and ANXA5, rolling in a fragmented morphology was observed for
ANXA3 and ANXA13. Rolling was not observed for ANXA1 and ANXA2, which instead both induced
a blebbing/folding type morphology of the membrane patch (Figure 1D,E). ANXA7 and ANXA11
induce rolling, in addition to the generation of lens-shaped membrane inclusions containing the protein
and phosphatidylserine lipids. In total, the morphologies induced by annexins in membrane patches
correlate well with a dendrogram of their amino acid sequences [24]. This points to an important
functional role of the N-terminal annexin domain in reshaping membranes.

A deeper insight into the interplay between molecular curvatures and the rich polymorphic
membrane shapes, which can be induced by annexins, will require theoretical simulations and also
development of assays for studying membrane shaping in 3D, e.g., surrounding a membrane hole, and
to study curvature sensing by this large class of proteins.
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Figure 1. Binding of annexins (green) to a planar membrane patch with free edges and adhesion energy wad

inducing spontaneous curvature and a rolling morphology of the patch (A). Translation to the geometry
of a membrane hole (B) where the edge tension τ and the spontaneous curvature c0 acts to create a stable
neck conformation. Example of blebbing/folding morphologies induced by ANXA1 and ANXA2 (C) and
examples of fluorescence data for patches (POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine,
POPS: (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L- serine), 9:1 ratio, DiDC18) showing blebbing (D)
and rolling (E).

More specifically, the recent developments in super-resolution microscopy, like stochastic optical
reconstruction microscopy (STORM) [29] and stimulated emission depletion (STED) [30], will be
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valuable for investigating the shape evolution of the injured site. STORM has been used to image
the cortical actin of cells with great detail [31] and could be used for resolving the rearrangement of
cortical actin, which is known to regulate both plasma membrane shape and tension. Finally, faster
imaging modes like STED or high speed-atomic force microscopy (AFM) could capture the steps in the
formation of a hole and the subsequent membrane healing.

4. Annexins Are Recruited by Membrane Curvature

Proteins with the ability to shape membranes into highly curved structures often have the ability
to sense high membrane curvatures. Such proteins include the well-studied Bin/amphiphysin/Rvs BAR
domain containing proteins, which have all been verified as both curvature generators and sensors
of specific membrane curvatures that correlate with their molecular shape [32–34]. The curvature
sensing ability of annexins has only recently been recognized [35,36] despite the convex shape of
the conserved membrane binding core domain, present in all annexins. Naively, one could expect
that the convex shape, of the membrane binding domain, would imply that all annexins could be
potential sensors of negative membrane curvatures. However, looking at the non-trivial curvature
generation by different annexins this argument could be too simple, in particular considering the
complex protein–protein interactions, variable Ca2+ sensitivity, and the variability in the N-terminal
domains amongst the annexins.

Our studies, using isolated giant plasma membranes vesicles (GPMVs), have shown that both
ANXA4 [36] and ANXA5 [35] are efficient sensors of negative membrane curvatures. Optical
manipulation of the GPMVs was used to extract nanotubes which exhibit extreme membrane curvatures
as shown in several studies on giant unilamellar vesicles (GUVs) [34]. Using GPMVs isolated from
living cells expressing ANXAs coupled to GFP circumvents the step of protein encapsulation used
in studies with artificial vesicles and also allows the curvature sensing to be investigated in a more
physiologically-relevant environment with complex lipid and protein composition (See Figure 2A–C).
Using optical manipulation, nanotubes were extracted from the vesicles (Figure 2D–F) and protein
sorting between the nanotube and the vesicle membrane was quantified by the relative sorting
parameter, S:

S =

(
Iprot/Imem

)
tube(

Iprot/Imem
)
vesicle

(2)

where S is a measure of the relative density of protein on the tube (Iprot)tube versus the quasi-flat surface
on the vesicle, (Iprot)vesicle. The intensity from a lipid analog in the membrane, (Imem)tube scales with the
tube diameter and (Imem)vesicle is used for normalization to account for possible different concentrations
of membrane dye in different vesicles.

As shown in Figure 2E,G the density of ANXA5 was found to increase significantly within
nanotubes extracted from GPMVs which were derived from HEK293T cells. The increase in density
of ANXA5 ranged up to 10–15 times higher than the density on the quasi-flat region on the vesicle
membrane (Figure 2G) although with significant heterogeneity in the sorting as shown in Figure 2E,G,H.
Interestingly, the curvature sensing of the cognate protein ANXA2 did show a majority of sorting values
below 1 indicating a slightly negative affinity for the curvatures within the nanotubes (Figure 2F–G).
These results indicate that proteins from the annexin family can differ remarkably in curvature sensing
despite the similarly shaped membrane binding core domain. Furthermore, we recently found that
ANXA4 senses membrane curvature with a similar effect as ANXA5 and the curvature sensing was
dependent on the ability of ANXA4 to form trimers [36]. The curvature sensing and membrane rolling
induced by ANXA4 and ANXA5, but not ANXA2, could together indicate that trimerization is critical
for membrane curvature sensing and curvature induction. Beyond these results, future experiments
should test whether the two dimensional curvature of annexins can discriminate between spherical
and cylindrical curvatures in similar assays as used in Li et al. [37].
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Figure 2. Membrane curvature sensing of ANXA2 and ANXA5 measured in lipid nanotubes extracted
from Giant Plasma Membrane Vesicles (GPMVs). (A) GPMVs are derived from HEK293T cells
expressing ANXA2-GFP or ANXA5-GFP. (B) GFP tagged annexins bind to the inner side of the
lipophilic carbocyanine DiD labeled membrane. (C) Images of DiD (red) labeled GPMVs containing
ANXA5-GFP (green). (D) Schematic of optical manipulation of the vesicles to form nanotubes with
radius ~50nm and length 10µm. (E) Overlay image of a GPMV and nanotube containing GFP tagged
ANXA5 and DiD membrane label. (F) Overlay image of a GPMV and nanotube containing GFP tagged
ANXA2 and membrane label DiD. (G) Quantification of curvature sorting for ANXA2 and ANXA5,
respectively. The dashed line represents Sorting = 1 corresponding to no sorting. *** p = 0.004. (H) The
Sorting values from (G) plotted as a histogram which reveals significant heterogeneity in the Sorting by
ANXA5. Reproduced with permission from [35].

Consistent with the rolling and sensing experiments discussed above multiscale simulations
have revealed that ANXA4 trimers both induce and sense membrane curvatures [36]. All-atom (AA)
molecular dynamics (MD) simulations provide molecular details of the interactions of annexins with
lipid membranes of various compositions. Coarse-grained MD simulations, where multiple heavy
atoms in a molecule are represented by single beads, are used to analyze the interactions of multiple
annexin molecules with a bilayer surface, and the micron-scale scaffolding of annexins on a membrane
surface [38]. Large-scale membrane conformations induced by annexins are probed by Monte-Carlo
simulations, where the membrane is modeled as a fluid triangulated surface, and the annexin molecules
are modeled as a vector field that induced local curvature changes in the membrane [36]. The three
different computational techniques constitute an inter-coupled multi-scale simulation strategy where
annexin-membrane interactions are investigated from the molecular level all the way to mesoscale
fluctuations in membrane shape.

We used all-atom simulations to calculate the annexin-induced curvature upon POPC
(1-Palmitoyl-2-oleoylphosphatidylcholine):POPS (1-Palmitoyl-2-oleoylphosphatidylserine) (4:1 ratio)
lipid membranes in the presence of Ca2+. Simulations of ANXA4 reveal that the ANXA4 trimer induces
a significant negative average mean curvature of 0.0024 ± 0.0002 nm−1 on the bilayer. The curvature is
calculated by fitting the coordinates of the lipid head group phosphorus atoms by a two-dimensional
Fourier series. The simulations also reveal a significant accumulation of PS lipids below the annexin
trimer surface, which is to be expected because Ca+2 ions cross-link between anionic amino acids on the
annexin trimer and anionic POPS lipids [39]. It is worth noting that although such lipid reorganization
can be observed in all-atom simulations on time-scales of hundreds of nanoseconds, the diffusion of
lipids in the membrane plane is slow, and is best examined by coarse-grained simulations on longer
time scales. The trimer of ANXA5 has a similar impact on bilayer properties, while the effect of
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monomers of ANXA4 and ANXA5 differ in their interaction with the bilayer surface, compared to their
trimer forms (unpublished data). Future studies along the lines described in the previous section are
needed to test the theoretical predictions in experimental model systems using GUVs with controlled
membrane curvatures and known protein densities.

The curvature calculated from the all-atom MD simulations is fed as a parameter into the
Monte-Carlo simulations, which show that ANXA4 trimers accumulate on the inner membrane of
highly curved nanotubes, and are desorbed from the less curved membrane surface (Figure 3). The
data are in excellent agreement with the curvature-sensing experiments presented in Figure 2, which
show a significant increase in the concentration of ANXA5 within nanotubes compared to the flat
GPMV surface. The Monte-Carlo method described here simulates the distribution of annexins on a
closed membrane surface. We are currently developing a framework of the Monte-Carlo simulations
where the effect of annexins onto a free membrane edge can be investigated. Such a setup will open the
possibility of investigating the effect of multiple annexins on the shape evolution of a free membrane
edge, bringing us even closer to simulating the mechanism of membrane repair.
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Figure 3. (A) An overview of the molecular dynamics (MD) procedure, with a simple form of force
field and velocity-verlet integration algorithm. The integration timestep in all-atom MD is usually
2 fs. (B) Initial simulation setup of the ANXA4 trimer near a POPC:POPS (4:1) bilayer. (C) Final
snapshot showing the indentation of the membrane. (D) Top view of the final snapshot. (E) The 2D
curvature profile for a surface passing through the center of the membrane in panel C. (F) Monte-Carlo
simulation snapshot of ANXA4 protein affinity for a membrane patch (flat) and a highly curved
nanotube generated by pulling a vertex from a flat membrane. Note that the proteins are depicted on
the outer surface for clarity.

5. Annexin Scaffolding

Some members of the annexin family have been shown to form large scale protein scaffolds at high
protein densities. These scaffolds have been imaged by atomic force microscopy (AFM) and consist of
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a regular lattice of trimers. High-speed AFM has even shown the dynamics of the protein lattice [40].
Protein immobility has also been measured for annexin bound plasma membrane nanotubes indicating
that protein lattices can also form in highly curved regions. The functional role of these lattices in
membrane repair remains unknown, however it was recently shown that ANXA5 can change the
physical properties of the membrane [39]. Additionally, another function could be to provide friction
to the membrane and stabilize the membrane rupture against further expansion [41].

6. Approaches to Inflict Damage to the Plasma Membrane

Many cell studies aimed at studying plasma membrane resealing use ablation laser to inflict
spatial damage to the cell membrane. Here, a single and localized wound can be induced at the plasma
membrane of cultured cells and repair can be followed using fast time-lapse imaging [13,41,42]. The
main advantages include user’s control over the extent of damage by adjusting the laser power and the
ability to assess cellular repair kinetic and monitor the action of fluorescently-tagged proteins involved
in repair (Figure 4) [43]. A possible drawback is that membrane damage triggered by UV-ablation
laser induces local high temperatures at the injured membrane, which can potentially affect membrane
proteins and lipids and create thermally-induced diffusion and denaturation artifacts. However, we
and others have demonstrated tempo-spatial recruitment of repair proteins occurs within 10–45s of
laser-induced plasma membrane injury [28,44], indicating that the repair machinery is not disabled
by the collateral thermal damage. Importantly, complimentary methods to induce membrane injury,
such as the use of glass bead injury, detergents, and scraping, show that the same repair proteins are
recruited to damaged membrane (including annexins, actin, ESCRT III) as with laser injury and needed
for repair [14,45]. This suggests that laser-induced plasma membrane injury can provide insight
into repair mechanisms that are of biological significance, since all injuries (artificial and, potentially,
physiological/pathological) converge the point of Ca2+ influx, which is the key stimulus for plasma
membrane repair mechanisms.

An alternative method for inflicting cell injury is to use thermoplasmonic [46]. Irradiation of
plasmonic nanostructures using near infrared (NIR) light results in an extremely localized temperature
increase which can be used to disrupt plasma membranes. This strategy has been used for fusion of
cells [47] and membrane vesicles [48]. Both pulsed lasers or continuous wave lasers can be used in
combination with plasmonic nanoparticles for disrupting membranes [49–52]. We envision that this
technique will provide a fruitful approach for investigation of plasma membrane repair in the future in
particular when combined with predictions from theoretical calculation on the stability of membrane
holes decorated with annexins scaffolds.
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Figure 4. Plasma membrane injury inflicted by UV-laser ablation injury. (A) Schematic of ablation
laser injury to monitor annexin behavior during plasma membrane repair. Ca2+ influx through the
wounded membranes activates and enables annexin to bind and seal the hole by bending membrane
and glue membrane edges together. (B) Sequential images from time-lapse movie of a MCF-7 breast
carcinoma cell showing translocation behavior of ANXA4-RFP to the site of damage (white arrow)
upon laser injury.

7. Concluding Remarks

This synergy fostered by interdisciplinary research achieves its full potential when different
perspectives are integrated to comprehensively understand a complex cellular phenomenon. Here, we
describe the development of new complementary strategies that, when combined, have elucidated
mechanisms underlying membrane shaping and repair. Our recent findings, which could only be
revealed through interdisciplinary collaboration, show that there is more to annexins than previously
anticipated. In particular there are many unanswered questions in relation to the complex interaction
between annexins and curved membranes, and how physical cues aid in membrane healing. We
surmise that, a combination of novel membrane assays and high resolution imaging together with
multiscale simulations will provide major progress in resolving the enigmatic process of membrane
repair in the future.

Author Contributions: All authors contributed with manuscript writing and editing of this article. All authors
have read and agreed to the published version of the manuscript.

Funding: Work presented here is supported by the Novo Nordisk Foundation Interdisciplinary Synergy Grant
(NNF18OC0034936) and the Lundbeck Foundation (R218-2016-534).

Acknowledgments: We thank Dr. Weria Pezeshkian (University of Groningen) for providing the Monte-Carlo
simulation snapshot in Figure 3F, and mapping the ANXA all-atom MD into a vertex-based model.

Conflicts of Interest: The authors declare no conflict of interest.



Cells 2020, 9, 1029 11 of 13

References

1. Harayama, T.; Riezman, H. Understanding the diversity of membrane lipid composition. Nat. Rev. Mol. Cell
Biol. 2018, 19, 281–296. [CrossRef] [PubMed]

2. van Meer, G.; Voelker, D.R.; Feigenson, G.W. Membrane lipids: Where they are and how they behave.
Nat. Rev. Mol. Cell Biol. 2008, 9, 112–124. [CrossRef] [PubMed]

3. McMahon, H.T.; Gallop, J.L. Membrane curvature and mechanisms of dynamic cell membrane remodelling.
Nature 2005, 438, 590–596. [CrossRef] [PubMed]

4. Suetsugu, S.; Kurisu, S.; Takenawa, T. Dynamic shaping of cellular membranes by phospholipids and
membrane-deforming proteins. Physiol. Rev. 2014, 94, 1219–1248. [CrossRef] [PubMed]

5. Peetla, C.; Vijayaraghavalu, S.; Labhasetwar, V. Biophysics of cell membrane lipids in cancer drug resistance:
Implications for drug transport and drug delivery with nanoparticles. Adv. Drug Deliv. Rev. 2013, 65,
1686–1698. [CrossRef]

6. Poyry, S.; Vattulainen, I. Role of charged lipids in membrane structures-Insight given by simulations. Biochim.
Biophys. Acta 2016, 1858, 2322–2333. [CrossRef]

7. Gerke, V.; Creutz, C.E.; Moss, S.E. Annexins: Linking Ca2+ signalling to membrane dynamics. Nat. Rev. Mol.
Cell Biol. 2005, 6, 449–461. [CrossRef] [PubMed]

8. Hager, S.C.; Nylandsted, J. Annexins: Players of single cell wound healing and regeneration. Commun. Integr.
Biol. 2019, 12, 162–165. [CrossRef]

9. Tang, S.K.Y.; Marshall, W.F. Self-repairing cells: How single cells heal membrane ruptures and restore lost
structures. Science 2017, 356, 1022–1025. [CrossRef]

10. McNeil, P.L.; Khakee, R. Disruptions of muscle fiber plasma membranes. Role in exercise-induced damage.
Am J. Pathol. 1992, 140, 1097–1109.

11. McNeil, P.L.; Ito, S. Molecular traffic through plasma membrane disruptions of cells in vivo. J. Cell Sci. 1990,
96, 549–556. [PubMed]

12. Moe, A.M.; Golding, A.E.; Bement, W.M. Cell healing: Calcium, repair and regeneration. Semin. Cell Dev.
Biol. 2015, 45, 18–23. [CrossRef] [PubMed]

13. Bansal, D.; Miyake, K.; Vogel, S.S.; Groh, S.; Chen, C.C.; Williamson, R.; McNeil, P.L.; Campbell, K.P. Defective
membrane repair in dysferlin-deficient muscular dystrophy. Nature 2003, 423, 168–172. [CrossRef] [PubMed]

14. Jaiswal, J.K.; Lauritzen, S.P.; Scheffer, L.; Sakaguchi, M.; Bunkenborg, J.; Simon, S.M.; Kallunki, T.; Jaattela, M.;
Nylandsted, J. S100A11 is required for efficient plasma membrane repair and survival of invasive cancer
cells. Nat. Commun. 2014, 5, 3795. [CrossRef] [PubMed]

15. Jaiswal, J.K.; Nylandsted, J. S100 and annexin proteins identify cell membrane damage as the Achilles heel of
metastatic cancer cells. Cell Cycle 2015, 14, 502–509. [CrossRef]

16. Heilbrunn, L.V. The Surface Precipitation Reaction of Living Cells. Proc. Am. Philos. Soc. 1930, 69, 295–301.
17. Clapham, D.E. Calcium signaling. Cell 2007, 131, 1047–1058. [CrossRef]
18. Jaiswal, J.K. Calcium-how and why? J. Biosci. 2001, 26, 357–363. [CrossRef]
19. Zhivotovsky, B.; Orrenius, S. Calcium and cell death mechanisms: A perspective from the cell death

community. Cell Calcium. 2011, 50, 211–221. [CrossRef]
20. Boye, T.L.; Nylandsted, J. Annexins in plasma membrane repair. Biol. Chem. 2016, 397, 961–969. [CrossRef]
21. Gerke, V.; Moss, S.E. Annexins: From structure to function. Physiol. Rev. 2002, 82, 331–371. [CrossRef]
22. Bouter, A.; Carmeille, R.; Gounou, C.; Bouvet, F.; Degrelle, S.A.; Evain-Brion, D.; Brisson, A.R. Review:

Annexin-A5 and cell membrane repair. Placenta 2015, 36, S43–S49. [CrossRef] [PubMed]
23. Draeger, A.; Monastyrskaya, K.; Babiychuk, E.B. Plasma membrane repair and cellular damage control:

The annexin survival kit. Biochem. Pharmacol. 2011, 81, 703–712. [CrossRef] [PubMed]
24. Boye, T.L.; Jeppesen, J.C.; Maeda, K.; Pezeshkian, W.; Solovyeva, V.; Nylandsted, J.; Simonsen, A.C. Annexins

induce curvature on free-edge membranes displaying distinct morphologies. Sci. Rep. 2018, 8, 10309.
[CrossRef] [PubMed]

25. Drucker, P.; Pejic, M.; Galla, H.J.; Gerke, V. Lipid segregation and membrane budding induced by the
peripheral membrane binding protein annexin A2. J. Biol. Chem. 2013, 288, 24764–24776. [CrossRef]
[PubMed]

26. Simonsen, A.C.; Bagatolli, L.A. Structure of spin-coated lipid films and domain formation in supported
membranes formed by hydration. Langmuir 2004, 20, 9720–9728. [CrossRef]

http://dx.doi.org/10.1038/nrm.2017.138
http://www.ncbi.nlm.nih.gov/pubmed/29410529
http://dx.doi.org/10.1038/nrm2330
http://www.ncbi.nlm.nih.gov/pubmed/18216768
http://dx.doi.org/10.1038/nature04396
http://www.ncbi.nlm.nih.gov/pubmed/16319878
http://dx.doi.org/10.1152/physrev.00040.2013
http://www.ncbi.nlm.nih.gov/pubmed/25287863
http://dx.doi.org/10.1016/j.addr.2013.09.004
http://dx.doi.org/10.1016/j.bbamem.2016.03.016
http://dx.doi.org/10.1038/nrm1661
http://www.ncbi.nlm.nih.gov/pubmed/15928709
http://dx.doi.org/10.1080/19420889.2019.1676139
http://dx.doi.org/10.1126/science.aam6496
http://www.ncbi.nlm.nih.gov/pubmed/1699955
http://dx.doi.org/10.1016/j.semcdb.2015.09.026
http://www.ncbi.nlm.nih.gov/pubmed/26514621
http://dx.doi.org/10.1038/nature01573
http://www.ncbi.nlm.nih.gov/pubmed/12736685
http://dx.doi.org/10.1038/ncomms4795
http://www.ncbi.nlm.nih.gov/pubmed/24806074
http://dx.doi.org/10.1080/15384101.2014.995495
http://dx.doi.org/10.1016/j.cell.2007.11.028
http://dx.doi.org/10.1007/BF02703745
http://dx.doi.org/10.1016/j.ceca.2011.03.003
http://dx.doi.org/10.1515/hsz-2016-0171
http://dx.doi.org/10.1152/physrev.00030.2001
http://dx.doi.org/10.1016/j.placenta.2015.01.193
http://www.ncbi.nlm.nih.gov/pubmed/25701430
http://dx.doi.org/10.1016/j.bcp.2010.12.027
http://www.ncbi.nlm.nih.gov/pubmed/21219882
http://dx.doi.org/10.1038/s41598-018-28481-z
http://www.ncbi.nlm.nih.gov/pubmed/29985397
http://dx.doi.org/10.1074/jbc.M113.474023
http://www.ncbi.nlm.nih.gov/pubmed/23861394
http://dx.doi.org/10.1021/la048683+


Cells 2020, 9, 1029 12 of 13

27. Helfrich, W. Elastic properties of lipid bilayers: Theory and possible experiments. Z Nat. C 1973, 28, 693–703.
[CrossRef]

28. Boye, T.L.; Maeda, K.; Pezeshkian, W.; Sonder, S.L.; Haeger, S.C.; Gerke, V.; Simonsen, A.C.; Nylandsted, J.
Annexin A4 and A6 induce membrane curvature and constriction during cell membrane repair. Nat. Commun.
2017, 8, 1623. [CrossRef]

29. Rust, M.J.; Bates, M.; Zhuang, X. Sub-diffraction-limit imaging by stochastic optical reconstruction microscopy
(STORM). Nat. Methods 2006, 3, 793–795. [CrossRef]

30. Hell, S.W.; Wichmann, J. Breaking the diffraction resolution limit by stimulated emission: Stimulated-emission-
depletion fluorescence microscopy. Opt. Lett 1994, 19, 780–782. [CrossRef]

31. Pan, L.; Yan, R.; Li, W.; Xu, K. Super-Resolution Microscopy Reveals the Native Ultrastructure of the
Erythrocyte Cytoskeleton. Cell Rep. 2018, 22, 1151–1158. [CrossRef]

32. Sorre, B.; Callan-Jones, A.; Manzi, J.; Goud, B.; Prost, J.; Bassereau, P.; Roux, A. Nature of curvature coupling
of amphiphysin with membranes depends on its bound density. Proc. Natl. Acad. Sci. USA 2012, 109,
173–178. [CrossRef]

33. Ramesh, P.; Baroji, Y.F.; Reihani, S.N.; Stamou, D.; Oddershede, L.B.; Bendix, P.M. FBAR syndapin 1 recognizes
and stabilizes highly curved tubular membranes in a concentration dependent manner. Sci. Rep. 2013, 3,
1565. [CrossRef]

34. Prevost, C.; Zhao, H.; Manzi, J.; Lemichez, E.; Lappalainen, P.; Callan-Jones, A.; Bassereau, P. IRSp53 senses
negative membrane curvature and phase separates along membrane tubules. Nat. Commun. 2015, 6, 8529.
[CrossRef] [PubMed]

35. Moreno-Pescador, G.; Florentsen, C.D.; Ostbye, H.; Sonder, S.L.; Boye, T.L.; Veje, E.L.; Sonne, A.K.; Semsey, S.;
Nylandsted, J.; Daniels, R.; et al. Curvature- and Phase-Induced Protein Sorting Quantified in Transfected
Cell-Derived Giant Vesicles. ACS Nano 2019, 13, 6689–6701. [CrossRef] [PubMed]

36. Florentsen, C.; Kamp-Sonne, A.; Moreno-Pescador, G.; Pezeshkian, W.; Hakami Zanjani, A.A.; Khandelia, H.;
Nylandsted, J.; Bendix, P.M. Annexin A4 trimers are recruited by high membrane curvatures in Giant Plasma
Membrane Vesicles. bioRxiv 2020. [CrossRef]

37. Li, X.; Matino, L.; Zhang, W.; Klausen, L.; McGuire, A.F.; Lubrano, C.; Zhao, W.; Santoro, F.; Cui, B. A
nanostructure platform for live-cell manipulation of membrane curvature. Nat. Protoc. 2019, 14, 1772–1802.
[CrossRef] [PubMed]

38. Marrink, S.J.; Risselada, H.J.; Yefimov, S.; Tieleman, D.P.; de Vries, A.H. The MARTINI force field: Coarse
grained model for biomolecular simulations. J. Phys. Chem. B 2007, 111, 7812–7824. [CrossRef]

39. Lin, Y.C.; Chipot, C.; Scheuring, S. Annexin-V stabilizes membrane defects by inducing lipid phase transition.
Nat. Commun. 2020, 11, 230. [CrossRef]

40. Miyagi, A.; Chipot, C.; Rangl, M.; Scheuring, S. High-speed atomic force microscopy shows that annexin V
stabilizes membranes on the second timescale. Nat. Nanotechnol. 2016, 11, 783–790. [CrossRef]

41. Bouter, A.; Gounou, C.; Berat, R.; Tan, S.; Gallois, B.; Granier, T.; d’Estaintot, B.L.; Poschl, E.; Brachvogel, B.;
Brisson, A.R. Annexin-A5 assembled into two-dimensional arrays promotes cell membrane repair.
Nat. Commun. 2011, 2, 270. [CrossRef]

42. McNeil, P.L.; Kirchhausen, T. An emergency response team for membrane repair. Nat. Rev. Mol. Cell Biol.
2005, 6, 499–505. [CrossRef]

43. Jimenez, A.J.; Maiuri, P.; Lafaurie-Janvore, J.; Perez, F.; Piel, M. Laser induced wounding of the plasma
membrane and methods to study the repair process. Methods Cell Biol. 2015, 125, 391–408. [CrossRef]
[PubMed]

44. Sonder, S.L.; Boye, T.L.; Tolle, R.; Dengjel, J.; Maeda, K.; Jaattela, M.; Simonsen, A.C.; Jaiswal, J.K.;
Nylandsted, J. Annexin A7 is required for ESCRT III-mediated plasma membrane repair. Sci. Rep. 2019, 9,
6726. [CrossRef]

45. Scheffer, L.L.; Sreetama, S.C.; Sharma, N.; Medikayala, S.; Brown, K.J.; Defour, A.; Jaiswal, J.K. Mechanism of
Ca(2)(+)-triggered ESCRT assembly and regulation of cell membrane repair. Nat. Commun. 2014, 5, 5646.
[CrossRef] [PubMed]

46. Moreno-Pescador, G.; Qoqaj, I.; Thusgaard Ruhoff, V.; Iversen, J.; Nylandsted, J.; Bendix, P.M. Effect of
local thermoplasmonic heating on biological membranes. In Proceedings of the SPIE NANOSCIENCE +

ENGINEERING, San Diego, CA, USA, 11–15 August 2019. [CrossRef]

http://dx.doi.org/10.1515/znc-1973-11-1209
http://dx.doi.org/10.1038/s41467-017-01743-6
http://dx.doi.org/10.1038/nmeth929
http://dx.doi.org/10.1364/OL.19.000780
http://dx.doi.org/10.1016/j.celrep.2017.12.107
http://dx.doi.org/10.1073/pnas.1103594108
http://dx.doi.org/10.1038/srep01565
http://dx.doi.org/10.1038/ncomms9529
http://www.ncbi.nlm.nih.gov/pubmed/26469246
http://dx.doi.org/10.1021/acsnano.9b01052
http://www.ncbi.nlm.nih.gov/pubmed/31199124
http://dx.doi.org/10.1101/2020.02.20.957183
http://dx.doi.org/10.1038/s41596-019-0161-7
http://www.ncbi.nlm.nih.gov/pubmed/31101905
http://dx.doi.org/10.1021/jp071097f
http://dx.doi.org/10.1038/s41467-019-14045-w
http://dx.doi.org/10.1038/nnano.2016.89
http://dx.doi.org/10.1038/ncomms1270
http://dx.doi.org/10.1038/nrm1665
http://dx.doi.org/10.1016/bs.mcb.2014.11.007
http://www.ncbi.nlm.nih.gov/pubmed/25640440
http://dx.doi.org/10.1038/s41598-019-43143-4
http://dx.doi.org/10.1038/ncomms6646
http://www.ncbi.nlm.nih.gov/pubmed/25534348
http://dx.doi.org/10.1117/12.2530154


Cells 2020, 9, 1029 13 of 13

47. Bahadori, A.; Oddershede, L.B.; Bendix, P.M. Hot-nanoparticle-mediated fusion of selected cells. Nano Res.
2017, 10, 2034–2045. [CrossRef]

48. Rorvig-Lund, A.; Bahadori, A.; Semsey, S.; Bendix, P.M.; Oddershede, L.B. Vesicle Fusion Triggered by
Optically Heated Gold Nanoparticles. Nano Lett 2015, 15, 4183–4188. [CrossRef]

49. Yeheskely-Hayon, D.; Minai, L.; Golan, L.; Dann, E.J.; Yelin, D. Optically induced cell fusion using bispecific
nanoparticles. Small 2013, 9, 3771–3777. [CrossRef]

50. Minai, L.; Yeheskely-Hayon, D.; Golan, L.; Bisker, G.; Dann, E.J.; Yelin, D. Optical nanomanipulations of
malignant cells: Controlled cell damage and fusion. Small 2012, 8, 1732–1739. [CrossRef]

51. Bahadori, A.; Moreno-Pescador, G.; Oddershede, L.B.; Bendix, P.M. Remotely controlled fusion of selected
vesicles and living cells: A key issue review. Rep. Prog. Phys. 2018, 81, 032602. [CrossRef]

52. Lukianova-Hleb, E.; Hu, Y.; Latterini, L.; Tarpani, L.; Lee, S.; Drezek, R.A.; Hafner, J.H.; Lapotko, D.O.
Plasmonic nanobubbles as transient vapor nanobubbles generated around plasmonic nanoparticles. ACS Nano
2010, 4, 2109–2123. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s12274-016-1392-3
http://dx.doi.org/10.1021/acs.nanolett.5b01366
http://dx.doi.org/10.1002/smll.201300696
http://dx.doi.org/10.1002/smll.201102304
http://dx.doi.org/10.1088/1361-6633/aa9966
http://dx.doi.org/10.1021/nn1000222
http://www.ncbi.nlm.nih.gov/pubmed/20307085
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Annexins in Repair 
	Interdisciplinary Approaches to Address Annexin Function 
	Annexins Are Recruited by Membrane Curvature 
	Annexin Scaffolding 
	Approaches to Inflict Damage to the Plasma Membrane 
	Concluding Remarks 
	References

