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Abstract

Clathrin-mediated endocytosis (CME) involves nanoscale bending and inward budding of the
plasma membrane, by which cells regulate both the distribution of membrane proteins and the
entry of extracellular specitd Extensive studies have shown that CME proteins actively

modulate the plasma membrane curvdtdre However, the reciprocal regulation of how the

plasma membrane curvature affects the activities of endocytic proteins is much less explored,
despite studies suggesting that membrane curvature itself can trigger biochemical Pefctions

This gap in our understanding is largely due to technical challenges in precisely controlling the
membrane curvature in live cells. In this work, we use patterned nanostructures to generate well-
defined membrane curvatures ranging from +50 nm to —-500 nm radius of curvature. We find that
the positively curved membranes are CME hotspots, and that key CME proteins, clathrin and
dynamin, show a strong preference toward positive membrane curvatures with a radius < 200 nm.
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Of ten CME related proteins we examined, all show preferences to positively curved membrane.

By contrast, other membrane-associated proteins and non-CME endocytic protein, caveolinl,

show no such curvature preference. Therefore, nanostructured substrates constitute a novel tool for
investigating curvature-dependent processes in live cells.
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clathrin; dynamin; endocytosis; membrane curvature; curvature sensing; nanopillar; nanowire;
nanostructure; live cell; plasma membrane

Membrane curvature is no longer seen merely as a passive feature of membranes, but has
emerged as a highly active player in regulating protein act®#tfe3o date, how membrane
curvature affects protein binding and activity has been primarily studied irsitigo

systems, such as supported lipid bilayers and lipid ve&itld€ However, these findings

need to be validated in live cells, which in the context of endocytosis requires controlling
plasma membrane curvature at the scale of tens to hundreds of nanometer radius. This is a
challenging task as the plasma membrane is a dynamic and complex system containing
hundreds of different lipid and protein components. A recent study has shown that the
plasma membrane can be deformed on nanoscale conical structures (nanocones), which
triggers the recruitment of curvature-sensing N-BAR protéindowever, as nanocones

were variables in sizes and densely patketie extent of nanocone-induced membrane
curvature was not well controlled and not individually discernible under an optical
microscopés. Conversely, we and others have shown that vertically-aligned nanopillars that
are evenly spaced and uniform in size can induce conformal plasma membrane wrapping in
mammalian celf®-17 Based on these studies, we hypothesize that the shape and geometry
of vertically-aligned nanostructures can be used to control local membrane curvature in live
cells (Fig. 1a). In this work, we demonstrate that vertically-aligned nanostructures generate
well-defined membrane curvature, which we exploit to probe how membrane curvature
affects CME activities.

To demonstrate that membrane curvature can be controlled using vertically-aligned
nanopillars, we engineered a gradient array ofSi@hopillars with different radii from 50

nm to 500 nm with a 14 nm increment (scanning electron microscopy (SEM) see Fig. 1b).
The size variations are within 10% of the nominal value (Supplementary Fig. S1, Table S1—
4). The area along the side of each nanopillar is about 10 times the area of the top, so we
primarily considered the membrane curvature along the side, a positive curvature denoted by
the nanopillar radius. These curvatures cover the mid range of endocytic curvature
progression (from flat to ~50 nm radius). SK-MEL-2 cells cultured on a poly-L-lysine

coated substrate bend their membrane on nanopillars, as seen in the SEM image in Fig. 1c.
This was substantiated by the cross-section visualization using TEM (Fig. 1d) and focused
ion beam and scanning electron microscopy (FIB-SEM) (Supplementary Fig. S2—-S3). The
plasma membrane wraps around nanopillars with an average gap distance of 21.6£14.1 nm
(mean * s.d.), consistent with previous findig®embrane wrapping around nanopillars

of all sizes was further confirmed by membrane staining (CellMask™ Deep Red, Fig. 1e),
where rings appeared on large nanopillars and dots appeared on small nanopillars below the
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diffraction limit. The fluidity of the membrane around nanopillars was verified to be similar
to that of flat areas using fluorescence recovery after photobleaching (Supplementary Fig.
S4, Movie S1). These results confirm that vertically-aligned nanopillars can induce well-
defined plasma membrane curvatures.

In TEM (Fig. 1f) and FIB-SEM (Supplementary Fig. 2e), we captured a few endocytic
events as shown by the characteristic clathrin-coated pit profiles, indicating that CME does
occur on nanopillar-curved membranes. To investigate CME further, we used gradient
nanopillar arrays to examine how membrane curvature affects the distribution of two key
CME proteins, clathrin and dynamth!® Immunostaining clearly showed increased clathrin
and dynamin signals at nanopillars (arrows, Fig. 1g). To account for cell-to-cell variations,
we averaged signals from over 2000 nanopillars in 41 cells to obtain averaged fluorescence
images of clathrin and dynamin at each nanopillar radius (Fig. 1h). As a control for the
surface area, we also measured the fluorescence signal of a supported lipid membrane (Fig.
1h, bottom panel), a membrane associated protein (GFP-CAAX), and CellMask staining on
the same array (Supplementary Fig. S5, Table S5). The fluorescent signals for the
membrane, clathrin and dynamin all increased with increasing nanopillar radius (Fig. 1i,
top). By normalizing the protein intensities against the membrane ones (Fig. 1i, bottom), we
found that the ratios of clathrin/membrane and dynamin/membrane are relatively constant
for radii > 200 nm. However, for radii < 200 nm, both ratios increase significantly, indicating
a clear preference of clathrin and dynamin for curvature radius < 200 nm. This strong
preference for high curvature is also evident in single cells. In an averaged image from a 4-
min movie (Fig. 1j), dynamin2-GFP exhibits stronger signals at small-radius nanopillars
than at large-radius nanopillars in the same cell (Arro® 2rrow 1 in Fig. 1j), despite

their smaller membrane area. Similar conclusion was also obtained with co-transfected
dynamin2-GFP and membrane marker mCherry-CAAX (Supplementary Fig. S7, Table S6).

The preferential accumulation of proteins on highly curved membranes is more

compellingly demonstrated by nanostructures that generate a local combination of different
curvatures. As illustrated in Fig. 2a, a single nanobar structure locally induces two different
membrane curvatures — high curvature at the two ends and zero curvature in the middle. Fig.
2b shows an SEM image of a nanobar array. When cells were cultured on the nanobars, the
plasma membrane was found to wrap evenly around the bars, outlining the nanobar shape as
shown by CellMask staining (Fig. 2c). To probe protein dynamics, genome-edited SK-
MEL-2 cells (CLTAENhDNMZEN)19 that express clathrin-RFP and dynamin2-GFP were
cultured on nanobars. Unlike the CellMask staining, both clathrin and dynamin2 showed
strong preferences for the highly curved ends and very little accumulation with the middle
region (Fig. 2d). The averaged images from over 167 nanobars (Fig. 2e) more clearly
illustrated the strong accumulation of clathrin and dynamin at nanobar ends (Fig. 2f).
Kymograph analysis of time-lapse movies demonstrated that both clathrin and dynamin2
were dynamic and had strong preference for nanobar ends (Fig. 2g, Supplementary Fig. S8,
Movie S2). Endocytic events, as evidenced by the characteristic appearance of dynamin2
near the end of the clathrin lifetiffe are abundant at nanobar ends, while very few events

are observed in the middle of the same nanobars. Similarly, the endocytic adaptor protein
AP2 (AP2-RFP) also shows preferred accumulation on nanopillars with the appearance of
dynamin2-GFP at the end of the AP2 lifetime (Supplementary Fig. S9, Movie S3).
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In addition to probing membrane curvatures of different magnitudes, we also probed
curvatures of opposite signs. We engineered nanoC and nanoU to induce positive curvature
at the outer face (Fig. 2a, red line) and negative curvature at the inner face (Fig. 2a, green
line). In order to distinguish the outer and inner faces by optical microscopy, we made
nanoC and nanoU structures of 500 nm width (Fig. 2h). Membrane staining by CellMask
clearly illustrates the inner and the outer faces and confirms that nanoC and nanoU induced
both positive and negative membrane curvatures (Fig. 2i). WaeR4FNhDNVZEN cells

were cultured on nanoC and nanoU, both clathrin and dynamin2 exhibited accumulation on
the outer surface of the nanostructures with positive membrane curvature. By contrast, very
little protein signal appeared on the negative side (Fig. 2j). The averaged images from over
50 nanoCUI structures show that both clathrin and dynamin prefer high curvature locations
at the ends of nanoC, nanoU and nanol (Fig. 2k). For nanoC and nanoU, the fluorescence
intensities at the outer surface are statistically higher than on the inner surface (Fig. 2l).
These results demonstrate that endocytosis, a process of positive curvature progression, is
favored by preformed positive, but not negative, curvature.

Besides clathrin and dynamin2, many other proteins and lipids participate iR%CME
(schematic see Fig. 3a). We examined the curvature preference of twelve proteins on
nanobars, including those with curvature-sensing domains (e.g., epsin with an ENTH
domairf! and amphiphysin with an N-BAR domafand those not reported to have
curvature-sensing domains (e.g., ZB2The high magnification fluorescence images in

Fig. 3 b—o (green color images) show the spatial distributions of different proteins on six
nanobars (the corresponding full images are shown in Supplementary Fig. S10-S11). For
each protein, the averaged image over hundreds of hanobars is shown in grey-scale and the
protein intensity is plotted along the length of the nanobar (Fig. 3 b—o0). Their curvature
preference was evaluated by the ratio of the intensity at the nanobes-eadobar-center
(Fig. 3p, Supplementary Table S8).

As a reference for protein distribution, the plasma membrane was probed by CellMask (Fig.
3b) and a plasma membrane-associated protein mCherry-CAAX (Fig. 3c), both were
homogeneous along the length of the nanobar. In sharp contrast, all 10 CME proteins
showed spat ial preference for the highly curved ends (Fig. 3. d—m). Proteins involved in the
early stages of CME such as FCHo-1-@EFig. 3d) and transferrin receptor (TfnR-

GFP¥> (Fig. 3e) showed moderate preference to nanobar ends. Proteins involved in the later
stages of CME showed much stronger preference, including epsinl-GFP (Fig. 3f,),
amphiphysinl-YFP (Fig. 3g,), CLTA-RFP (Fig. 3h,), DNM2-GFP (Fig. 3i,), AP2-GFP (Fig.
3),), intersectin (Fig. 3k,), cortactin (Fig. 3l,), and actin (Fig. 3m). Their averaged images
show a characteristic dumbbell shape and the intensity plots indicate two pronounced peaks
at the two ends of the nanobars (Fig. 3f—m). Of all the CME proteins, AP2, intersectin,
cortactin and actin are not reported to have curvature sensitive-domains. Their accumulation
at nanobar ends strongly indicates that both curvature sensitive and non-sensitive CME
proteins co-assemble at highly curved membrane for CME progression.

Although CME proteins show strong preference to highly curved membrane, a signaling
lipid involved in the CME process, phospholipid phosphatidylinositol 4,5-biphosphate
(PIP2§8.27 did not show such preference. PIP2 was probed using the PH domain of PLC-
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delta (PH-GFP) (Fig. 3n), which showed uniform distribution along the nanobar similar to
CellMask. We also examined the curvature sensing of caveolinl, an essential protein in
caveolae-dependent endocyté&i#\s shown in Fig. 30, caveolinl puncta evenly distributed
along the entire length of nanobars with no preference toward the ends. This indicates that
caveolae-dependent and clathrin-mediated endocytosis are affected differently by membrane
curvature.

In addition to probing the spatial preference of CME proteins for membrane curvatures, we
also investigated their dynamics. We compared the occurrence frequency of dynamin2 spots
on nanopillars of 150 nm radiws: on flat areas. Line kymographs crossing several

nanopillars showed clear segments of dynamin2 traces aligned with nanopillars (Fig. 4a,
blue lines), while very few dynamin2 events on adjacent flat areas (Fig. 4a, red lines). The
rapid appearance and disappearance of a dynamin2 spot is a signature of an endocytic
vesicle scission evelft A spatial map of dynamin2 events clearly shows hotspots for
endocytosis at nanopillars (Fig. 4b). After normalizing for the membrane area, there is
significantly more occurrence of dynamin2 clusters on nanopillars than on flat membranes
(Fig. 4b), indicating that pre-curved membranes are preferred CME sites.

Besides frequency, we also measured the lifetime of dynamin2 and clathrin spots on
nanopillarsvs. on flat areas (Supplementary Movie S4). The dynamin2 lifetime distribution
(Fig. 4c) shows two apparent populations on flat areas, one around 20 s and the other around
35 s. On nanopillars, the dynamin2 lifetime distribution also shows similar peaks, but the
population with longer lifetimes is slightly decreased. The average lifetime of dynamin2 is
slightly shorter on nanopillars (24+0.6/s 28+0.7 s, meantSEM) (Fig. 4d). On the other

hand, the lifetime for clathrin spots appears to decrease significantly on nanopillars as
compared to flat areas (45+2.%s 65+4.3 s, mean+SEM). It is plausible that pre-curved
membrane reduces the energy barrier for the membrane bending and thus facilitates faster
clathrin coat assembly. However, we note that the lifetime measurement may miss some long
clathrin events as multiple endocytosis events sometimes overlap on nanopillars.

Our results demonstrate that CME proteins show spatial preference to highly positively
curved over flat or negatively curved membranes in live cells. We also confirm that
membrane curvature can directly modulate the biochemical activities of CME, as previously
proposedl. Interestingly, actin also shows a strong preference for highly curved membranes.
As actin and its regulators are involved in diverse cellular funéolisthese results

suggest that membrane curvature may affect many other cellular processes in addition to
endocytosis. The ability to precisely manipulate membrane curvature in live cells opens up
new avenues to study the influence of membrane curvature on a variety of cellular processes.

Methods (Online)

Nanostructure fabrication and characterization

Nanostructures used in this work were fabricated on square quartz coverslips (Technical
Glass Products, Inc.) using electron-beam lithography similar to previously repbited.

brief, the coverslips were spin-coated with 300nm of e-beam resist ZEP-520 (ZEON
Chemicals), followed by a thin-layer (~20nm) of E-Spacer 300Z (Showa Denko) for charge
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dissipation. Desired patterns (dots for nanopillar, short line for nanobar and letter for nanoC
and nanoU) were written by the Raith 150 electron-beam lithography system and
subsequently developed in xylene. A metal mask was then created by sputter deposition of
Cr of 100 nm thickness and lift-off in acetone. Nanostructures were subsequently generated
by anisotropic reactive ion etching with a mixture of GldRd Q (AMT 8100 etcher,

Applied Materials) of the quartz substrate. The substrate was cleangglastha and
subsequently immersed in Chromium Etchant 1020 (Transene) to remove Cr masks. Before
plating cells, the substrate was sterilized by UV irradiation and coated overnight in
0.2mg/ml poly-L-lysine (Sigma-Aldrich). The shape and dimensions of the nanostructures
were measured by scanning electron microscopy (FEI Nova) after the substrate was sputter
coated with 3nm Cr. Detailed dimensions for different structures are described in the text of
each section.

SK-MEL-2 and genome-edited SK-MEL-2 line witlChTAENhDNMZEN was described
previously?2. For culture, cells were plated on poly-L-Lysine coated nanostructure substrates
(~ 2 x 1@/ cn?) and maintained in the DMEM/F12/GlutaMAX™ medium (Gibco)
supplemented with 10% fetal bovine serum (BioExpress) and 100 U/ml penicillin and 100
mg/ml streptomycin (Sigma-Aldrich). Plasmocin™ prophylactic (InvivoGen) was added at
2.5 mg/ml to the culture to prevent mycoplasma contamination. The cultures were
maintained in a standard incubator at 37°C with 5%.CO

SEM examination of the cell morphology on nanopillars arrays

To examine the morphology of the plasma membrane on nanostructures in high resolution,
scanning electron microscopy (SEM) was used according to previously described
protocol$3. In preparation for SEM, cells were first cultured overnight on nanostructure
substrates, followed by 30-min fixation in 2% glutaraldehyde and 4% paraformaldehyde in
0.1 M s odium cacodylate buffer (pH 7.3) at room temperature. For morphological
visualization by SEM, SK-MEL-2 cells on gradient nanopillars arrays were washed twice in
the same buffer and post-fixed in 1% reduced osmium tetroxide (1% osmium tetroxide with
0.8% potassium ferricyanide in 0.1 M sodium cacodylate). Then, the sample underwent
dehydration in a graded ethanol series(Gold Shield) and followed by critical point drying.
The sample was then sputter-coated with 3 nm Cr for final imaging using FEI Nova
NanoSEM.

TEM examination of the cell membrane wrapping around nanopillars

For cross-section visualization using TEM, cells cultured on a nanopillar substrate
underwent an extended overnight fixation in 4% paraformaldehyde and 2% glutaraldehyde
in 0.1 M sodium cacodylate buffer (pH 7.3) at 4°C. The sample was then washed in 0.1M
sodium cacodylate buffer with 0.2 M sucrose, and post-fixed in osmium (1% osmium
tetroxide with 0.8% potassium ferricyanide in 0.1 M sodium cacodylate), all at 4°C. After
washing three times with ice-cold distilled water, the sample was en-bloc stained with 2%
uranyl acetate on ice, washed three times again with ice-cold distilled water, gradually
dehydrated in an ethanol series (Gold Shield) to 100% ethanol, and then exchanged to
acetonitrile. The cell sample was infiltrated with epoxy resin (Embed 812) and hardened
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after baking at 65°C for 24 hrs. Then, the bottom quartz coverslip was etched away by 49%
hydrofluoric acid (Avantor). The sample was then re-embedded with fresh pure resin to refill
the spaces left by the coverslip. The resulting resin block was then trimmed and sectioned on
a Leica Ultracut ultramicrotome into 70 nm-thick sections. The sections were collected on 1

x 2 mm copper slot grids with carbon-formvar support film (Electron Microscopy Sciences)
and post-stained for 30s in 1:1 uranyl acetate:acetone. The grids were imaged at 120 kV on a
JEOL 1400 TEM.

FIB-SEM examination of the cell membrane wrapping around nanopillars

Protocol was adapted from another pade8ubstrates with cells were rinsed with 0.1 M
sodium cacodylate buffer (Electron Microscopy Sciences) and fixed with 3.2%
glutaraldehyde (Sigma Aldrich) at 4°C overnight. Post-fixation was carried out with 4%
osmium tetroxide and 2% potassium ferrocyanide (Electron Microscopy Sciences) for 1 hr,
1% thiocarbohyrazide (Electron Microscopy Sciences) for 20 mins, 2% aqueous osmium
tetroxide for 30 mins. Cells were again rinsed twice with distilled water and then, finally,
incubated overnight with syringe-filtered 4% aqueous uranyl acetate (Electron Microscopy
Sciencesen blocstep). Gradual dehydration was carried out in an increasing ethanol series
(10%—30%-50%—-70%—90%—-100%, 5-10 mins each). Specimens were infiltrated with an
epoxy-based resin with increasing concentrations of resin in 100% ethanol, using these
ratios: 1:3 (3 hrs), 1:2 (3 hrs), 1:1 (overnight), 2:1 (3 hrs), 3:1 (3 hrs). Samples were then
infiltrated with 100% resin overnight at room temperature. The excess resin removal was
removed and the polymerization was carried out at 60°C overnight.

Prepared samples were sputtered with a thin layer of metal and then loaded into the vacuum
chamber of a dual-beam Helios Nanolab 600i FIB-SEM (FEI). For secondary SEM, a
voltage in the range 3-5 kV and a current in the range 21 pA- 1.4nA were applied. For cross
section imaging, a beam acceleration voltage between 2 kV-10 kV was selected, with the
current ranging between 0.17-1.4 nA while using a backscattered electrons detector.
Regions of interest were preserved by a double platinum layeimstfusputtering.

Tranches were created with an etching procedure fixing an acceleration voltage of 30 kV and
currents in the range 9.1 nA — 0.74 nA. A fine polishing procedure of the resulting cross
sections was carried out on the sections with a voltage of 30 kV and 80 pA.

Fluorescence imaging of the cell membrane on nanostructures

To visualize the plasma membrane by fluorescence imaging, two methods were used: 1)
membrane staining with a lipophilic chemical (CellMask™ Deep Red, Life Technologies);
and 2) transient expression of a fluorescence protein that was targeted to the plasma
membrane by a K-Ras CAAX motif (GFP-CAAX or mCherry-CAZX)For CellMask™
staining, SK-MEL-2 cells cultured overnight on nanostructure substrates were incubated
with 0.25 pg/ml CellMask™ Deep Red for 5 min prior to 4% paraformaldehyde fixation at
room temperature for 20 min. After three washes with PBS, cells were imaged using an epi-
fluorescence microscope (Leica DMI 6000B) within 1h. For GFP-CAAX or mCherry-
CAAX transfection, U20S cells were first starved in OPTI-MEM (Gibco) for 30 min. A
transfection mixture was prepared separately by mixing 3ug plasmid with 1pl
Lipofectamin& 2000 (Life Technologies) in OPTI-MEM and incubated at room
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temperature for 20 min. The cell medium was then exchanged to the transfection mixture

and incubated at 37°C for 2 hrs. The transfection mixture was then replaced by culture
medium and the cells were all owed to recover overnight before imaging by an epi-
fluorescence microscope (Leica DMI 6000B). For Fluorescence Recovery After
Photobleaching (FRAP), a subcellular area was selected using MetaMorph Software
(Molecular Devices) and bleached with a 405 nm laser for 5 s. After photobleaching, the cell
was imaged every second for 2 min using spinning disk confocal microscope (same set-up as
described below in live cell imaging session). In both cases, the regularity of the nanopillar
arrays makes it easy to identify nanopillar positions.

Immunostaining

The response of endocytic proteins was illustrated by clathrin and dynamin in SK-MEL-2
cells using immunostaining. To stain clathrin and dynamin, genome-edited cells (HELTA
hDNM2EN)32 \were fixed in 4% paraformaldehyde at room temperature for 20 min after
overnight culture on gradient nanopillar array. After three washes with PBS, the cells were
permeabilized in 1% Triton X-100/PBS, followed by blocking in 1% BSA / 0.1% Triton
X-100/PBS for 30 min. After brief washing with PBS again, the sample was incubated with
primary antibodies (anti-clathrin HC, Thermo Scientific MA1-065; anti-GFP, Abcam,
ab6556) at 1:500 dilution for 1hr at room temperature. The sample was then washed with
PBS 3 times for 15 min before incubation with secondary antibodies (goat anti-mouse IgG
Alexa 488, Life Technologies A11001; goat anti-rabbit IgG Texas Red, Life Technologies
T-2767) at 1:1000 dilution for 1 hr at room temperature. After three washes with PBS, the
substrates were then imaged by epi-fluorescence microscope (Leica DMI 6000B).

Supported lipid bilayer on nanopillars

We used fluorescence-labeled supported lipid bilayer on gradient nanopillar arrays to
reference the surface area at each radius. The supported lipid bilayer made of Egg-PC
(Avanti) and doped with 0.5 mol% of Texas Red-1,2-Dihexadecasre@lycero-3-
Phosphoethanolamine (Invitrogen) was prepared using a protocol as previously d&cribed
Briefly, lipids were dissolved and mixed in chloroform. Then the lipid mixture was dried in
clean glass tubes with nitrogen and desiccated overnight. To prepare lipid vesicles, 1mg of
lipid mixture was suspended in 400uL PBS buffer and extruded through 100 nm Nuelpore
membrane filter using Avanti Polar Lipid Extruder and Hamilton syringes. Then the lipid
vesicle solution was 5-time diluted in PBS buffer and applied to the nanostructure substrate
freshly cleaned by 1hr air plasma. After 15 min of incubation with the vesicles, the substrate
was washed with 0.5 mL PBS buffer to remove free vesicles before testing. Imaging was
taken by epi-fluorescence microscope (Leica DMI 6000B).

Quantification of the clathrin and dynamin accumulation on nanopillars of different radius

Quantification of the clathrin and dynamin accumulation at nanopillars of different radii was
performed by averaging many images obtained from the immunostaining of clathrin and
dynamin. The background intensity of each image was subtracted by rolling ball algorithm

in Fiji3” with 12 pixel radius. Custom-written Matlab (MathWorks) code was then used to
create arrays of 3 um by 3 um square masks centered at nanopillars locations using the
bright field image. Then, the same square masks were used to map out the square images in
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the corresponding images of clathrin, dynamin or lipid only, all centered on nanopillars.
Those images from the same radius were averaged together for each channel. To quantify the
fluorescence intensities on nanopillars, we integrated intensities of pixels inside a small

circle around the center of each square images, where the circle size is adjusted according to
each nanopillar radius. The signal intensities of different nanopillars radii were rescaled
through dividing by the maximum intensity among different radii for easy comparison
between different channels (data shown in Fig. 1i, top plot). Membrane area measured by
supported lipid bilayer, GFP-CAAX, and CellMask all show a linear relationship with

respect to the nanopillar diameter (Fig. S4). We normalized the clathrin and dynamin2

protein signal by the membrane area probed with lipid bilayer due to its low variation.

Clathrin and dynamin intensities were normalized to lipid-only intensities of the same radius
to reveal the curvature effect (data shown in Fig. 1i, bottom plot).

Live cell imaging

Live imaging of genome-edited SK-MEL-2 (hCLFAVhDNM2EN)32 cells on gradient

nanopillar (same as above), nanobar (200 nm wide and 2 um long) and nano-letter (hanoC,
nanoU, 500 nm wide and 2 um long) arrays was performed using spinning disk confocal
microscopy on Zeiss Axio Observer equipped with a Yokagawa spinning disk unit as well as
488 nm and 561 nm laser lines. During imaging, cells were maintained at 37°C in an on-
stage incubator (INUBSF-ZILCS, Tokai Hit) with DMEM w/o phenol red that was
supplemented with 5% FBS and 10 mM HEPES. Movies were recorded with a dual
emission filter (Chroma) alternating red and green excitation and detection. Samples were
exposed for 200 ms per channel every 2 s for up to 4 min. The same microscope set-up was
also used in FRAP analysis of GFP-CAAX in U20S cells.

For data shown in Fig. 4 in the main text, live imaging of genome-edited SK-MEL-2
(hCLTAEN/ADNM2EN)32 cells on nanopillar array with 150nm radius for dynamics study
was performed using Nikon TiE inverted microscope with Perfect Focus (PFS) mechanism
and Yokogawa CSU-X1 spinning disk unit. Cells were imaged in growth medium at 37°C
and 5% CQ maintained in InVivo Scientific enclosure w/ environmental control. Movies of
CLTA-RFP and DNM2-GFP were recorded alternatively every 3 s for up to 6 min.

Quantification of endocytic proteins on nanobar arrays

Different endocytic proteins participating in the clathrin-mediated endocytosis (schematic
see Fig. 3a) was measured for their curvature preferences on nanobar arrays. Membrane
markers, CellMask™ Deep Red and mCherry-CAAX were used as controls. Most endocytic
proteins chosen in this study are probed by transfection similar to mCherry-CAAX,
including transferrin receptor (TfnR-GFP), FCHol (FCHo1-GFP), PH-domain from PLC-
delta (PH-GFP), AP2 (AP2-GFP), epsinl (Epsin1-GFP) and amphiphysin 1(Amphiphysinl-
YFP). The transfected cells were fixed and imaged by epi-fluorescence microscope (Leica
DMI 6000B). Responses of clathrin and dynamin to nanobars were captured by averaging a
4-min movie of genome-edited SK-MEL-2 (hCLFNhDNM2EN)32 cells on nanobar

arrays. Actin was probed by Alexa FR@47 conjugated pholloidin staining (Life
Technologies). Caveolinl was probed by immunostaining using anti-caviolin-1 (Abcam,
ab2910). The protein intensity at nanobar end and nanobar center was quantified using a
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custom-written Matlab code. We noticed that when protein expression levels were high, the
fluorescence signal was mostly in the cytosol and its accumulation on nanobars was not
observable (Supplementary Fig. S12). Those cells were therefore excluded from
guantification.

Analysis of endocytic protein dynamics on nanopillar arrays

Time-lapse movie taken as describe in live cell imaging session above were first processed
by a 3-frame median filter in FBfito reduce random noise. Filtered movies were then
analyzed using the Matlab package cmeAnalysis as previously desgribbdre the

Gaussian PSF was estimated by data-based method, alpha was set to 0.001, tracking radius
was 0.1 to 1, and tracking gap set to 1. Resulting tracks was manually validated to correct
starting and end frames from buffer frames and to break unidentified merged tracks. Tracks
shorter than 3 frames or last through the whole movie were excluded. Lifetimes of tracks on
nanopillar position were identified by custom-written Matlab code. Histogram, scatter plot
and statistical analysis of lifetimes on QNP and flat area were generated in GraphPad Prism.

Analysis of fluorescence intensity dynamics of AP2 and Dynamin2 on nanopillar arrays

We measured the fluorescence intensities of AP2-RFP and Dynamin2-GFP over time using
custom-written software in ImageJ and Matlab. Movies of MDA-MB-231 cells
endogenously expressing AP2-RFP and DNM2-GFP were corrected for photobleaching
using an exponential fit. We selected regions of interest (ROIs) as lines crossing nanopillar
arrays, and an ImageJ toolset made kymographs from maximum intensity projections across
the 5-pixel width of each line region. From these kymographs we selected a second set of
ROIls at the locations of each nanopillar. The ImageJ toolset saved the integrated intensity
across each 7-pixel-wide line region as a line profile. A Matlab script normalized each
intensity trace for the minimum and maximum intensity and plotted the traces. For the plot
in Fig. S9c we selected line regions containing clear AP2-RFP and Dynamin2-GFP signal
that were temporally isolated; the latter selection criterion rejected most of the tracks, since
tracks tended to overlap in these movies. We aligned the selected tracks based on the time
the Dynamin2-GFP signal dropped to 50% intensity at the end of the track.

Statistical analysis

For protein accumulation test, sample sizes were validated with statistical power of 0.8 and
probability of 0.05 comparing to membrane control (e.g. CellMask or GFP-CAAX).

Unpaired two-tailed t tests with Welch'’s correction (not assuming equal SDs) were used to
assess for significance unless otherwise stated in the figure legend. All tests were performed
using Prism (GraphPad Software) and data are presented as mean + s.e.m. or mean + s.d. as
indicated in the figures. All experiments were repeate d at least twice, unless otherwise
explicitly stated in the figure legends.

Data availability

The data that support the findings of this study are available from the corresponding authors
upon reasonable request.
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Code availability

Matlab script for image analysis on gradient nanopillar array, nanobar array and nanoC and
nano U array are available from the corresponding author upon request. Matlab package
cmeAnalysis for protein dynamic analysis was obtained from Danuser lab of Harvard
University (ttp://lcch.hms.harvard.edu/software. #gl

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Vertical nanopillars generate well-defined membrane curvatures that induce local
accumulation of endocytic proteins

a. Schematic illustration of nanopillars with different radii (grey block) deforming the cell
membrane to generate different membrane curvatures (redolide).SEM image of a
gradient nanopillar array with 700 nm height, 3 pm center-to-center distance between
nanopillars, and radii ranging from 500 nm (left) to 50 nm (right) with 14 nm increment.
Scale bar: 10 um. Bottom row: zoomed-in SEM images of individual nanopillars as
indicated by corresponding locations in the top row (red with arrow). Scale bar: 480 nm.
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An SEM image showing a SK-MEL-2 cell deforming on nanopillars. Scale bar: 8. 4n.

TEM image showing the cell membrane wrapping around a nanopillar. Scale bar: 0 nm.
The plasma membrane stained with CellMask™ DeepRed shows increased membrane signal
at nanopillar locations. Red arrows indicate locations of nanopillars with different radius.
Scale bar: 10 pni. A TEM image of the plasma membrane wrapping around a nanopillar
captures a clathrin-coated pit. Scale bar: 100gitmmunostaining of clathrin and

dynamin2 in lCLTAENhDNMZEN cells shows accumulation of clathrin and dynamin2 at
nanopillar locations. In the overlay image, the inverted brightfield image is converted to blue
(bottom right). Scale bar: 10 um. Numbered black arrows indicate locations of nanopillars
with different radii.h. Quantification of the clathrin, dynamin2 and membrane signals at
nanopillars of 32 different radii. Signals from many nanopillars of the same radius are
averaged to obtain the averaged image. Averaged images were sorted from largest (top left)
to smallest radius (bottom right). Four imaging channels are shown from top to bottom:
bright field, clathrin, dynamin2 and lipid bilayer control for surface area increment.
Intensities of clathrin-RFP, dynamin2-GFP and lipid membrane all increase with nanopillar
radius (top graph). After normalizing against the membrane intensities, it is clear that the
clathrin/membrane and dynamin2/membrane ratios increase significantly when the
nanopillar radius is less than 200 nm (bottom graph). Each data point is an average over 90—
191 nanopillars with error bar representing standard error of the mean. Detailed statistic
analysis is in Supplementary Table S7. Similar trend is also observed with background
calculated from the averaged small image (Supplementary Fig. S6) instead of the rolling ball
algorithm used in. j. The time-averaged image of a 4 min movie of dynamin2-GFP
demonstrates that dynamin2-GFP exhibits strong preference to sharp nanopillars, but much
less to large radius nanopillars in the same cell (Arrax@ Arrow 3). Scale bar: 10 pm.
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Figure 2. Engineered 3D nanostructures f or versatile control of membrane curvatures and
endocytic protein accumulations

a. Schematic illustration of nanobar and nano-letter design for inducing a range from flat
membranes to high membrane curvatures (top, nanobar) and combined positive and negative
membrane curvatures (bottom, nanoC and nanoU) by the same nanostu&aor8EM

image of a nanobar array showing individual nanobars of 150 nm width, 2 um length, 1 um
height and 5 um pitch(left, scale bar: 2 pro.)When SK-MEL-2 cells were cultured on

nanobar arrays, CellMask™ DeepRed staining demonstrated that the plasma membrane
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wrapped evenly around the nanobar. Scale bar: ZipAveraged fluorescence images of a

4 min movie shows that clathrin and dynamin2 prefer the two highly curved ends of
nanobars as compared with the sidewalls. This is in sharp contrast to the membrane staining
shown in c. In the overlay image, bright field images of nanobars are shown in blue. Scale
bar: 5 ume. Averaged image of clathrin and dynamin2 distribution on 167 nanobars. Scale
bar: 2 umf. The quantitative values of fluorescence intensity at nanobar ends and nanobar
center with the cytosolic background as reference. Error bar represents standard error of the
mean. Statistic analysis shows significant difference between nanobar end and nanobar
center (p value of unpaired t-test: 0.0008 for Clathrin-RFP and 0.0002 for Dynamin2-GFP).
0. Kymograph plots of clathrin-RFP (red) and dynamin2-GFP (green) on two adjacent
nanobars show the appearance of a dynamin2 peak near the end of the clathrin segment,
which is characteristic of clathrin-mediated endocytosis. The dynamic events are observed at
the ends of nanobars, with very little signal along the side walls or between nanobars. More
kymographs on a larger area with more adjacent nanobars are in Supplementary kig. S11.
An SEM image of the nanoCUI structure in 30° tilted view. Scale bar: 2 @allMask™
DeepRed staining of cells on nanoCUI array shows that the cell membrane wrapped around
both the inside and the outside surfaces of the nanoC and nanoU structures. Scale bar: 2 pm.
j- Averaged fluorescence images of a 4 min movie show that clathrin and dynamin2 prefer
positive membrane curvatures at the ends and the outer surfaces of nanoC and nanoU, with
much less protein signal on the inner surfakefveraged images of clathrin-RFP (top) and
Dynamin2-GFP (bottom) on 51 pairs of nanoC and nanoU clearly show preferred
accumulation on the ends and their outer faces of both nanoC and nanoU comparing to the
inner faces. Scale bar: 2 umThe quantified fluorescence intensity kinon the end, the

outer face, and the inner face of both nanoC (left) and nanoU (right) with the cytosolic
background as reference. Error bar represents standard error of the mean. Statistic analysis
shows significant difference at the end/the outer facthe inner face of both nanoC and

nanoU. The p value of unpaired t-test for each pair is indicated on the plot.
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Figure 3. Probing curvature sensitivity of various endocytic proteins using nanobar arrays
a. Schematic illustration of proteins involved in different stages of clathrin-mediated

endocytosis. The high magnification fluorescence imagbsadr{green color images, scale
bar: 2 um) show the distributions of different proteins on six nanobars. The corresponding
large images can be found in the supplementary information (Fig. S9 and S10). The
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Normalized Intensity Ratio of
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averaged image of hundreds of nanobars and the intensity along the length of nanobars are

shown beneath the fluorescent images. The spatial distributions of CellMask™ DeepRed
staining the plasma membrarg,(@nd membrane-associated protein mCherry-CA&X (
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are distributed relatively evenly along the entire length of the nanobars. Eight other
endocytic components involved in the clathrin-dependent endocytosis including epsin1-GFP
(f), amphiphysin1-YFPq), clathrin-RFP If), dynamin2-GFPi}, AP2-GFP ), intersectin

(k), cortactin () and actin ifn) show strong bias toward the ends of the nanobars with little
accumulation along the sidewalls. In comparison, FCHol1-@fRrid transferrin receptor
(TfnR-GFP) f) show less preference to the nanobar ends than those above. On the other
hand, PIP2 probed by PH-GFH® @nd caveolinld), an essential component of the
caveolin-dependent endocytosis, is evenly distributed along the entire length of nanobars.
All the nanobars are 2 um in lenggh.Distribution of 14 different proteins/dyes on

nanobars quantified by normalized intensity ratio of nanobar-end to nanobar-center. For each
protein, the distribution is measured by averaging over 56—2072 nanobars. Error bar
represents standard error of the mean. Statistical significance of each pso@@iiMask

was evaluated by unpaired t-test with Welch’s correction (details see Supplementary Table
S8). p-value: **** < 0.0001, * < 0.05, ns >0.05.
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Figure 4. Pre-curved membranes are preferred sites for endocytosis
a. Kymograph plots of dynamin2-GFP along lines of nanopillars show repeated appearance

and disappearance of dynamin2 spots at nanopillar locations (line 1 and 3). Similar
kymograph plots along lines between nanopillars show very little signal of dynamin2-GFP
(line 2 and 4)b. Spatial mapping of the occurrence frequency of dynamin2-GFP puncta
shows hot spots for endocytosis at nanopillar locations. We measured 65 dynamin2 blinking
events on 75 nanopillars in 6 minutes. Nanopillar area is calculated to beehgim From

the same set of movies, we measured 62 dynamin2 blinking events on 75 flat areas, 8 pm
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each. After normalizing against the calculated membrane areas, the endocytic event
occurrence on curved membrane at nanopillars is significantly higher than that on flat. Error
bars represent standard error of the mean and the P value of Kolmogorov—Smirnov test is <
0.0001.c. Lifetime distribution of clathrin-RFP (up) and dynamin2-GFP (bottom) puncta on
nanopillars (blue) and on flat areas (red). For clathrin, 226 events were measured on
nanopillars and 154 events were measured on flat areas. For dynamin2, 147 events were
measured on nanopillars and 260 events were measured on flat areas. For comparison
between nanopillar and flat, Kolmogorov—Smirnov test gives p-value of 0.0082 for
dynamin2-GFP and <0.0001 for clathrin-RFP. The differences are significatte

average lifetimes of clathrin-RFP and dynamin2-GFP appear to be decreased on nanopillars
(light grey) compared with on flat areas (dark grey). Unpaired t-test with equal SD gives p-
value of 0.0004 for dynamin2-GFP and <0.0001 for clathrin-RFP. The differences are
significant.
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