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Abstract

Many of the more than 20 mammalian proteins with N-BAR domains-2 control cell architecture?
and endocytosis*® by associating with curved sections of the plasma membrane (PM)8. It is not
well understood whether N-BAR proteins are recruited directly by processes that mechanically
curve the PM or indirectly by PM-associated adaptor proteins that recruit proteins with N-BAR
domains that then induce membrane curvature. Here, we show that externally-induced inward
deformation of the PM by cone-shaped nanostructures (Nanocones) and internally-induced inward
deformation by contracting actin cables both trigger recruitment of isolated N-BAR domains to the
curved PM. Markedly, live-cell imaging in adherent cells showed selective recruitment of full
length N-BAR proteins and isolated N-BAR domains to PM sub-regions above Nanocone stripes.
Electron microscopy confirmed that N-BAR domains are recruited to local membrane sites curved
by Nanocones. We further showed that N-BAR domains are periodically recruited to curved PM
sites during local lamellipodia retraction in the front of migrating cells. Recruitment required
Myosin l1-generated force applied to PM connected actin cables. Together, our study shows that
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N-BAR domains can be directly recruited to the PM by external push or internal pull forces that
locally curve the PM.

N-BAR domains are versatile membrane-binding regulatory elements that function in a wide
range of cellular processes including regulation of cortical actin structures® and Clathrin-
mediated endocytosis*2. Although the cellular functions of many N-BAR domain proteins
have been extensively studied, the fundamental chicken and egg causality dilemma whether
they primarily sense or form curvature is not resolved. This question applies to all curvature
binding domains but is particularly relevant for N-BAR domain proteins where in vitro
assays showed that they selectively bind to as well as form” membranes of high positive
curvature. During endocytosis, where N-BAR domains have been most extensively studied,
the N-BAR domain proteins Amphiphysinl, Endophilin2, and Bin2 are only recruited after
the assembly of Clathrin-coated pits in a step that preceded vesicle scission®. This raised the
question whether N-BAR domain proteins are recruited directly by curved membranes
created by Clathrin-mediated formation of a tubular neck or indirectly by first binding to
adaptor proteins that then recruit N-BAR domains to curve the membrane. Similarly, it is
not clear how N-BAR domain proteins that bind N-WASP?-10 and other actin binding
proteins!1-12 are recruited to actin rich regions of the PM to then in turn regulate the actin
architecture.

Our study aimed to distinguish between sensing and forming curved membranes by
investigating recruitment of N-BAR domain protein to the PM in living cells. We focused on
two examples of N-BAR domains, the one from Nadrin23.13, a regulator of actin
polymerization, and the one from Amphiphysin14, a regulator of endocytosis. We developed
a method to directly deform the PM in live cells using cone-shaped tinoxide
nanostructures* (Nanocones). The top panels in Fig. 1a show top and side scanning electron
microscopy views of the formed Nanocones and the bottom left panel shows a cell growing
on top of the Nanocone surface.

We tested an array of cone sizes that can be formed by this process and found an optimal
height of 200 nm with a diameter of 50 nm at the base. 200 nm Nanocones had a 90%
transparency compared to glass without Nanocones (Fig. 1a, bottom right). When cultured
on 200 nm but not on 600 nm Nanocones, cells showed no significant preference between
Nanocone and flat surfaces (Fig. 1b) and freely migrated across 20 um wide bands of
Nanocones (data not shown). When culturing cells on these Nanocones, we found small
diameter positively curved sections (inward bend) in the basal PM of ‘unroofed’ cells in
scanning electron micrographs (Fig. 1c), and in transmission electron micrographs of cross-
sections of the basal PM (Fig. 1d).

To compare the effect of Nanocone-induced PM curvatures on N-BAR domain recruitment
within the same cell, we designed a pattern of 3 pm-wide stripes, alternating between
smooth and Nanocone-coated surfaces, plated 3T3 cells expressing fluorescently tagged N-
BAR proteins on these patterned nanostructures, and imaged them with a confocal
microscope. Markedly, we found puncta selectively over Nanocone stripes when we
expressed the YFP-conjugated N-BAR protein Nadrin2 (Fig. 2a). Control experiments
showed that the average local increase in Nadrin2 intensity in puncta was 113 +/- 9% over a
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uniform cytosolic background while a PM marker increased at the same sites only by 45 +/
—-3%, arguing that Nadrin2 is recruited to local sites within the PM. A correlation analysis
resulted in the same conclusion (Supplementary Figs. Sla, b).

We then showed that the N-BAR domain of Nadrin2 is sufficient to mediate the punctuate
recruitment to the regions with Nanocone stripes (Fig. 2b). In a quantitative single cell
analysis, full-length protein and isolated N-BAR-domain generated significant more puncta
in the PM over Nanocone stripes compared to the PM over the flat surfaces (Fig. 2b, right
panel). This recruitment by Nanocone stripes was not restricted to the N-BAR domain of
Nadrin2, but also applied to the isolated N-BAR domain of Amphiphysinl (Fig. 2c).

Using electron micrographs, we then validated the precise localization of the N-BAR
domain over Nanocones. Staining cells transfected with the YFP-tagged N-BAR domain of
Nadrin 2 with an antibody directed against the fluorescent tag showed a significant
enrichment of gold particles over Nanocones (Fig. 2d; Supplementary Fig. S1c). Next, we
measured the persistence of N-BAR domain puncta over Nanocones in live cells. We found
the puncta themselves to be stable for periods longer than 1 minute (Fig. 2e) whereas about
half of the BAR domains within the puncta exchanged with a time constant of 14 seconds, as
shown in fluorescence recovery after photobleaching (FRAP) experiments (Fig. 2f).

Since many N-BAR domain proteins have roles in endocytosis*=, we determined, as a
control, whether the observed puncta reflect endocytotic sites that might be induced by
Nanocones. We did not observe a Nanocone-dependent increase in the average endocytosis
rate (Supplementary Fig. S2a). Although, Clathrin light chain and Dynamin both enriched
over stripes of Nanocones (Supplementary Figs. S2b, c), co-expression experiments with
Nadrin2 and Clathrin light chain showed only minimal overlap (Supplementary Fig. S2d),
arguing that N-BAR domain recruitment by Nanocones can be induced independent of
endocytosis. This low correlation was confirmed in a spatial cross-correlation analysis
where the co-localization of the near identical CFP-tagged Nadrin2 and YFP-tagged Nadrin2
was used as a reference (Supplementary Figs. S2e, f). Tracking individual CFP-Clathrin
light chain puncta over Nanocones over time provided no evidence for sequential co-
localization, ruling out that N-BAR domain recruitment follows Clathrin accumulation with
a delay (Supplementary Fig. S2g). Together, this argues that Nanocones provide an external
local push force that induces stable membrane deformations and that an inward curved PM
is sufficient to recruit N-BAR domains.

We then considered that internal forces that pull on a local membrane sites during actin
reorganization or endocytosis might be equally capable in inducing the high inward
curvatures necessary for N-BAR domain recruitment. We tested this hypothesis by focusing
on migrating cells that experience significant membrane deformation at the leading edge?®.
As shown in Fig. 3a, the PM-localized N-BAR domain proteins Nadrin2 and Amphiphysinl
were enriched in the actin-rich front of polarized migrating 3T3 cells. This localization only
required the N-BAR domain, since the same polarized localization was observed for full
length and isolated N-BAR domains of Nadrin2 and Amphiphysinl (Fig. 3b). Deletion of
the amphipatic helix, a sequence motif required for binding and stabilization of curved
membranes’-16-17 prevented enrichment of the N-BAR domain protein, arguing that
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localization critically depends on this structural feature required for membrane binding and
present in all N-BAR domain proteins (Fig. 3c).

We observed an overlap between membrane regions with high cortical actin and either
Nadrin2 or Amphiphysinl N-BAR domains, suggesting that curved membrane sites are
created above cortical actin networks (Fig. 3d). Control experiments with markers for the
cytoplasm and the PM showed that this partial co-localization of N-BAR domains with
cortical actin was not caused by variability in cell thickness or membrane accumulation
(Figs. 3a, b and e). Furthermore, the N-BAR domain of Nadrin2 did not co-localize with a
marker for Clathrin-mediated endocytosis at the leading edge (Supplementary Fig. S2h).
However, we observed transient co-localization with Clathrin puncta behind the leading
edge, suggestive of temporary recruitment of the isolated N-BAR domain of Nadrin2 to
these internal sites during endocytosis®18, (Supplementary Fig. S2i). Together, this argued
that N-BAR domain proteins are recruited to the actin-rich leading edge membrane in a
process that does not involve endocytosis and can be mediated by their N-BAR domains
alone.

To more directly test the effect of peripheral actin polymerization on the localization of N-
BAR domains in the front, we transiently changed actin dynamics in live cells. First, we
monitored N-BAR domain puncta at the leading edge of 3T3 cells upon depolymerization of
actin filaments. N-BAR domain puncta disappeared within less than 5 minutes after addition
of 4uM Latrunculin A (Fig. 3f) or 5uM Cytochalasin D (Fig. 3g) and reappeared once the
drug was washed out. In a complementary experiment, we rapidly triggered actin
polymerization taking advantage of an assay based on inducible translocation of TIAML1, an
exchange factor for Rac1®. 3T3 cells were co-transfected with a fluorescently tagged N-BAR
domain together with a construct containing FKBP fused to TIAM1 and a membrane-
anchored FRB domain. Addition of rapamycin triggered dimerization of FRB and FKBP,
rapidly recruiting TIAM1 to the PM, and causing the activation of the small GTPase Racl.
This led to increased levels of Rac-GTP at the PM causing extensive actin polymerizations
and, with a delay, the translocation of the isolated N-BAR domain to the PM
(Supplementary Fig. S3). A comparable result was observed when a photoactivatible version
of the small GTPase Rac1 (LOV-Rac12%) was used to trigger actin polymerization
(Supplementary Fig. S4). Together, these experiments argue that increases in dynamic
cortical actin polymerization result, with a delay, in the recruitment of curvature-sensing N-
BAR domain proteins.

Cortical actin polymerization often occurs in cycles where a polymerization phase that
extends the lamellipodia outward is followed by a retraction phase whereby the actin motor
Myosin Il pulls lamellipodia partially back before the next extension?1-23, Markedly, time
lapse imaging of cyclic lamellipodia in the front of polarized 3T3 cells showed that N-BAR
recruitment occurs primarily during the retraction phase rather than the extension/
polymerization phase (Fig. 4a). A time-course analysis over multiple expansion-retraction
cycles showed that the concentration of the N-BAR domain (normalized to the total amount
of actin filaments) remained low as the lamellipodia moved outward and only increased as it
was retracted (Fig. 4b, Supplementary Movie S1). This observation was confirmed using an
autocorrelation analysis comparing normalized N-BAR domain concentration and
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lamellipodia position (Fig. 4c, d). This cyclic nature of N-BAR domain recruitment during
extension and retraction is schematically shown in Fig. 4d.

We hypothesized that Myosin Il-mediated lamellipodia retraction involves pulling forces
applied to the PM via membrane-anchored actin cables that cause local inward membrane
curvature while the distributed surrounding actin meshwork resists the retraction. Consistent
with such a role of Myosin I, we observed during lamellipodia retraction a parallel increase
of the N-BAR domain of Nadrin2 at the front and of the heavy chain of non-muscle Myosin
I1 (MHC2a) in a region closely behind where the lamellipodia transitions into the lamella
(Fig. 4e, Supplementary Movie S2). To further validate the hypothesis that Myosin Il may
pull on actin cables to promote retraction, we used ML-7, an inhibitor of Myosin light chain
kinase (MLCK) that controls Myosin Il activity of non-muscle cells. Consistent with a key
role of MLCK and Myaosin Il in the process of N-BAR domain recruitment, the patches of
the respective N-BAR domains of Nadrin2 and Amphiphysin1 rapidly disappeared upon
addition of the inhibitor (Fig. 4f, g).

This suggested that Myosin 11-mediate force on actin cables induces local inward
deformations of the PM at sites where the cables contact the leading edge PM. We used
electron microscopy?4 to analyze the topography of the PM of migrating cells and observed
significant inward curved sections along the leading edge (Fig. 5a). Actin cables oriented
perpendicular to the PM often pointed to the inward curved section of the PM (Fig. 5b,
Supplementary Fig. S5a), suggesting that force applied to these actin cables was responsible
for the deformation. Furthermore, immune gold localization showed that the isolated N-
BAR domain of Nadrin2 locally enriched at these inward curved membrane sites (Fig. 5c,
Supplementary Fig. S5b). Together, these findings introduce a recruitment mechanism
whereby MLCK and Myosin Il-mediated actin-contraction pulls on local PM-actin cable
contact sites to create local inward curved membrane sites that then recruit N-BAR domain
proteins. Notably, N-BAR puncta disappeared when PM tension was increased by lowering
the external osmotic strength (Supplementary Fig. S5c¢). Correspondingly, lowering
membrane tension with high osmotic pressure or the surface relaxant Deoxycholate2® both
triggered puncta formation (Supplementary Figs. S5d, e), suggesting that N-BAR
recruitment can further be regulated by changes in the global PM tension parameter.

Our results argue that different modes of mechanical deformation of the PM exist that
trigger the recruitment of N-BAR domain containing regulatory proteins. First, the ability of
external Nanocones to directly trigger N-BAR domain recruitment suggests that a receptor-
independent mechanical signaling mechanism may exist whereby extracellular matrix
components of sufficient stiffness can trigger local deformations of the PM to directly
recruit and activate intracellular signaling proteins with N-BAR domains (Fig. 5d, left).
Second, our results with actin and Myosin Il argued that internal force applied to membrane
connected actin cables can exert sufficient pull force to curve the PM and cause N-BAR
domain recruitment (Fig. 5d, middle), a finding that has broad implications in actin-
dependent processes such as cell polarization and migration. Third, our results also likely
applies to endocytosis where Clathrin coats may provide the force that recruits N-BAR
domains by creating a neck with a curved membrane tube that connects the forming Clathrin
vesicle to the rest of the PM8 (Fig. 5, right). While these different recruitment mechanisms
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argue that local force application and induction of membrane curvature are needed to trigger
the initial N-BAR domain recruitment in live cells, we would like to note that it is likely that
N-BAR domains, once recruited, have a complementary role in stabilizing the curved
membrane section.

In summary, our study shows that cytosolic N-BAR domains continuously scan the PM for
highly inward curved sections and accumulate at sites where the membrane is sufficiently
deformed by local forces. Our study further suggests that any type of push force applied to
local PM sites from the outside or pull force applied to local sites from the inside will induce
N-BAR domain recruitment as long as the local force is sufficiently strong and is
counteracted by distributed forces on the membrane in the opposing direction. Finally,
different force generating mechanism involving Clathrin, microtubules, actin cables or
extracellular matrix may create in different contexts either inward (positive) or outward
(negative) curved PM that likely provide only two types of distinct recruitment signals. To
gain specificity, additional co-regulatory mechanisms are likely needed to link specific
mechanical deformations to distinct signaling pathways and cell functions.

Methods and any associated references are available in the online version of the paper at
http://www.nature.com/naturecellbiology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Nanoconesinduceinward curved PM deformations at the basal PM of adherent cells
(a) Scanning electron micrographs of Nanocones on glass substrate shown from the top (top,
left) and the side (top, right). SEM of 3T3 cells (red) grown on 200nm Nanocones (bottom,
left). Transparency of Nanocones decreases with increasing cone height (bottom, right). For
each height, transparency was measured at 8 different regions of the sample. Error bars
represent s.e.m. of the mean value. (b) 3T3 cells cultured on 20um wide stripes of 600nm
Nanocones (top) and 200nm Nanocones (bottom). The sawtooth symbols at the bottom of
the panels and the white lines depict the location of the Nanocone stripes. After 48h cell
density on 600nm cones (brown) is significantly lower compared to adjacent glass surface
while no changes are visible for 200nm Nanocones (yellow). Analysis of cell density for
Nanocones of 600nm (n=1484 cells, top) and 200mn (n=780 cells, bottom) height are shown
to the right. (c) Scanning electron micrographs of the inner side of the PM of cells grown on
200nm Nanocones. Cells were sonicated to remove all but the PM of cells grown on
Nanocones (red). Note the Nanocone-induced deformation of the PM (d) Transmitted
electron micrographs of 3T3 cells grown on 200nm Nanocones. Cells are colored in red.
Note that Nanocones do not penetrate the PM. Scale bars; (a), top panels 200nm, bottom

panel 1um; (b), 20 pm; (c), top left panel 10 pm, all other 200nm; (d), top panel 5 um,
bottom panels 200nm.
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Figure 2. Nanocone-induced membrane defor mation triggers N-BAR domain recruitment to the
PM

(a) Nadrin2 forms puncta over Nanocones. 3T3 cells were grown on 3um wide stripes of
Nanocones and transfected with Nadrin2 (red) together with membrane marker CAAX
(green). Nadrin2 puncta formation was selectively observed over Nanocone stripes.
Magnification of a selected region (white box) is shown next to it. (b, ¢) The N-BAR
domain is sufficient for puncta formation. Quantitative analysis of the increase in puncta
density induced by Nanocones for full length (FL, light red, n=14 cells) and the isolated N-
BAR domain (N-BAR, dark red, n=12 cells) of Nadrin2 (b) and full length (FL, light red,
n=10 cells) and the isolated N-BAR domain (N-BAR, dark red, n=12 cells) of
Amphiphysinl (c), respectively. Error bars represent s.e.m. of the mean value (d)
Transmitted electron micrograph show that the N-BAR domain of Nadrin2 accumulates on
membrane deformations induced by Nanocones. 3T3 cells were transfected with
fluorescently tagged N-BAR domain of Nadrin2 fixed and incubated with primary antibody
directed against the fluorescent tag. Note that gold-conjugated secondary antibody
accumulate over Nanocone-induced inward membrane deformations. Immunogold density
was measured over Nanocones (n = 25) where deformation of the PM was observed and
compared to adjacent regions within the same image. Error bars represent s.e.m. of the mean
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value. (€) Nanocone-induced N-BAR domain puncta of Nadrin2 are stationary and long-
lived. 3T3 cell plated on Nanocones was transfected with fluorescently tagged N-BAR
domain of Nadrin2 and imaged every 500ms for 60 seconds. Kymograph of two
representative puncta (orange) is shown below. To the right, a graph depicting traces of
individual N-BAR domain puncta (red), cytosol (green) and background (black) are shown.
(f) FRAP analysis indicates a stable, long-lasting and a dynamic fraction of comparable
sizes over individual Nanocones. Magnified area showing a time-series following a single
Nanocone-induced N-BAR domain accumulation through a FRAP cycle (top) and analysis
of multiple experiments (bottom) are shown. Scale bars (a-c), 3 um; (d), 200nm; (e), 10um;
(f), 1 um; ** P < 0.01.
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Figure 3. N-BAR domains are dynamically recruited to local membrane sites at the leading edge
of migrating 3T3 cells

(a) The proteins Nadrin2 and Amphiphysinl are enriched in the leading edge of migrating
3T3 cells. (b) Enrichment in the leading edge is dependent on the N-BAR domain. Cells
expressing a cytosolic marker (CFP, green) and the isolated N-BAR domain of Nadrin2
(left, red) and Amphiphysinl (right, red). Note the polarized localization of the isolated N-
BAR domain to the leading edge. (c) Enrichment in the leading edge is dependent on the
amphipatic helix. Cells expressing a cytosolic marker (CFP, green) and the isolated N-BAR
domain of Nadrin2 (left, red) and Amphiphysinl (right, red) that is lacking the amino-
terminal amphipatic helix show no polarized localization to the leading edge. (d) N-BAR
domain patches show significant overlap with marker for filamentous actin. 3T3 cells were
transfected with a marker for filamentous actin (f-tractin, green) and the N-BAR domain of
Nadrin2 (left, red) or Amphiphysinl (right, red), respectively. (€) N-BAR domain and a PM
marker only partially overlap. 3T3 cells transfected with a membrane marker (CAAX,
green) and the N-BAR domain of Nadrin2 (left, red) and Amphiphysinl (right, red) are
shown. (f) Addition of the actin polymerization inhibitor LatA reversibly inhibits N-BAR
domain puncta formation. 1303 individual puncta from 12 cells were analyzed for the drug
washout experiments. (g) Addition of the actin polymerization inhibitor CytoD reversibly
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inhibits N-BAR domain puncta formation. 428 puncta from 8 cells were analyzed for the
drug washout experiments. Scale bars (a-g), 10um. Error bars represent s.e.m. of the mean
value. ** P < 0.01.
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Figure 4. Myosinl I -dependent contraction of actin cablesinduces N-BAR domain recruitment to
the laméellipodia PM

(a) N-BAR domain of Nadrin2 recruits to contracting lamellipodia. Montage depicting
expansion/collapse cycle in 3T3 cells lamellipodia. Merged image of N-BAR domain of
Nadrin2 (red) and f-tractin (green) at an interval of 10 seconds are shown in the top row. For
clarification, separate channels of the fluorescently tagged N-BAR domain of Nadrin2
(middle row) and f-tractin (bottom row) are shown below. Note the delayed accumulation of
Nadrin2 during the retractive phase of lamellipodia. (b) Comparison of normalized N-BAR
domain intensity during expansion/collapse cycle of the lamellipodia. Correlation of the N-
BAR domain concentration normalized to f-tractin (red) and lamellipodia position (blue) are
show for an individual position on the leading edge monitored over an interval of 1400
seconds. (c) Fluorescent level of N-BAR domain (after normalization to f-tractin intensity)
anti-correlate with expansion of the leading edge. Graph depicting average cross-correlation
of normalized N-BAR concentration at the leading edge with the position of the leading
edge over time. (d) Model of the normalized N-BAR domain of Nadrin2 concentration as a
function of the leading edge position. (€) MHC2a and the N-BAR domain of Nadrin2 both
enrich during lamellipodia retraction, N-BAR close to the front and Myosinll a bit further
back. Montage of a 3T3 cell expressing Nadrin2 (red) and MHC2a (green) shows
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accumulation of both proteins during lamella retraction. (f, g) Inhibition of Myosinll causes
rapid disassembly of N-BAR domain puncta at the leading edge of 3T3 cells. Addition of
the MLCK inhibitor ML-7 triggers rapid disassembly of the N-BAR domain of Nadrin2 (f,
red, n=8 cells) and Amphiphysinl (g, red, n=12 cells) puncta, respectively. In contrast, no
effect was visible upon addition of water (white, n=6 cells). For better visualization, a
montage of a magnified section is depicted next to the pictures. Scale bars (a, €), 5 um; (f,
g), 10 um. Error bars represent s.e.m. of the mean value, ** P < 0.01.
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Figure5. External push and internal pull forces applied to local PM sitesrecruit N-BAR
domainsto inward curved membrane

(a) Scanning Electron micrographs depicting membrane deformation at the leading edge.
For better visualization, a magnification of a selected region (white box, bottom) depicting a
lamellipodium is shown (top). (b) TEM of 3T3 cell parallel to the glass plane indicating
actin filaments pulling at the PM as a source of plasma deformation. For better visualization
the ends of individual actin cables are highlighted in red. (c) N-BAR domain of Nadrin2
accumulates on membrane deformations at the leading edge. 3T3 cells were transfected with
fluorescently tagged N-BAR domain of Nadrin2, fixed and incubated with primary antibody
directed against the fluorescent tag. Enrichment of Immunogold particles to curved sites was
measured (n= 15 cells) and compared to adjacent regions within the same image. Note that
gold-conjugated secondary antibody is significantly enriched on inward curved membrane
sites (graph, bottom). (d) Different types of force-dependent membrane deformations recruit
N-BAR domain proteins. N-BAR domain proteins (red) sense positive (inward) membrane
curvature induced by external force such as the Nanocone substrate (left), during Myosinl|
triggered actin contraction (middle), and during endocytosis (right). Error bars represent
s.e.m. of the mean value; ** P < 0.01.
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