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FtsZ Reorganization Facilitates Deformation of Giant Vesicles in

Microfluidic Traps®*

Kristina A. Ganzinger',* Adrian Merino-Salomén”, Daniela A. Garcia-Soriano,
A. Nelson Butterfield, Thomas Litschel, Frank Siedler, and Petra Schwille*

Abstract: The geometry of reaction compartments can affect
the local outcome of interface-restricted reactions. Giant
unilamellar vesicles (GUVs) are commonly used to generate
cell-sized, membrane-bound reaction compartments, which
are, however, always spherical. Herein, we report the develop-
ment of a microfluidic chip to trap and reversibly deform
GUVs into cigar-like shapes. When trapping and elongating
GUV:s that contain the primary protein of the bacterial Z ring,
FtsZ, we find that membrane-bound FtsZ filaments align
preferentially with the short GUV axis. When GUVs are
released from this confinement and membrane tension is
relaxed, FtsZ reorganizes reversibly from filaments into
dynamic rings that stabilize membrane protrusions; a process
that allows reversible GUV deformation. We conclude that
microfluidic traps are useful for manipulating both geometry
and tension of GUV’s, and for investigating how both affect the
outcome of spatially-sensitive reactions inside them, such as
that of protein self-organization.

One hallmark of living entities is their ability to self-
organize into complex architectures, both on the level of cells
and tissues, with molecular gradients controlling cell polarity,
division, and the spatial dynamics of signaling.*? Interest-
ingly, cell geometry itself can induce the required spatial
symmetry breaks in signaling activity.’! In eukaryotes, cell
shape is controlled by both plasma membrane properties and
components of the membrane-proximal cytoskeleton, most
importantly the actin network.[! Recently, bottom-up syn-
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thetic biology has been increasingly able to reconstitute these
cellular phenomena in vitro, including spatially organized
processes such as cell division.®

Reconstituting cell division in vitro represents a desirable,
albeit ambitious, goal towards the bottom-up construction of
an artificial cell.”” Cell division involves the segregation of
chromosomes and other intracellular components, concluding
with cytokinesis, the physical splitting of the cell envelope. In
bacteria, cytokinesis requires constriction and fission of the
cell membrane as well as the peptidoglycan layer.'”! Cell
division in many bacteria involves the GTPase protein and
tubulin homologue FtsZ.l"] FtsZ polymerizes into a dynamic
ring-like structure at the division site (“Z-ring”), where it is
anchored to the membrane by adaptor proteins FtsA and
ZipA.'""! The Z-ring serves then as a platform to recruit
further divisome proteins.l The process of FtsZ assembly has
been reconstituted in vitro at supported lipid bilayers.'¥ On
these, FtsZ spontaneously assembles into dynamic ring
structures, in which individual FtsZ filaments undergo
treadmilling to drive chiral ring rotations.'” Reconstituting
FtsZ in spherical aqueous droplets in oil showed dynamic
FtsZ bundles, while studying FtsZ behavior inside rod-shaped
droplets was also attempted."®! FtsZ behavior in membrane-
bound compartments (polymersomes or giant unilamellar
vesicles (GUVs)) has also been studied.®!”! However, bac-
teria are not spherical, and it is clear that cell shape has a great
impact on the boundary conditions of these processes.

In the present study, we therefore introduce a single-layer
microfluidic chip based on previous work!'*!* in which GUVs
can be reversibly deformed into cigar-like shapes by capturing
them between narrowing PDMS posts. After several itera-
tions (Figures S1-4), we found that the design shown in
Figure 1 was optimal for GUV capture and deformation
(Figure S1, design FS814): adjacent columns of traps (in 2
channels with 280 traps each) are vertically offset to maximize
GUYV capture, and post spacing is step-wise reduced towards
the chip outlet, such that differently-sized GUVs are effi-
ciently captured. Since we were interested in reconstituting
elements of a synthetic cell division machinery in these
elongated GUVs, we also designed the traps to mimic the
“neck” of the division site (Figure 1a). Each trap has multiple
indentations for stable GUV trapping, and a “stopper” to
prevent GUVs from escaping if they slip through the posts.
Since the constriction features are small with a high aspect
ratio (2x2x13 um), we imaged both wafer using laser
scanning based profilometry (Figure S5) and PMDS mold
using scanning electron microscopy (SEM) for quality control
(Figure 1b). To test how encapsulated FtsZ filaments respond
to compartment geometry, we made GUVs containing
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Figure 1. Design of microfluidic GUV traps. a) Schematic depiction of
chip design, zooming in on the trap features. All dimensions in um.
b) SEM image of PDMS mold as a quality control step showing clean
trap features. c) Brightfield and fluorescent microscopy composite
image showing traps and trapped GUVs (containing FtsZ-YFP-mts,
green and DOPE-ATTO655 in the membrane, red). Scale bars for (b,c)
are 100 um. d) Schematic depiction and confocal images of trapped
(top) and deformed (bottom) FtsZ-GUVs (GUVs containing FtsZ-YFP-
mts, green) and e) GUVs containing FtsZ buffer (control, DOPE-
ATTOG655 in membrane, red). Scale bars are 10 um. f) Maximum
deformation of FtsZ- or control GUVs before and after osmotic
deflation. g) GUV aspect ratios before and after squeezing. Box plots
in (f,g) denote median in red, interquartile range as blue box, the 2.70
(99.3%) confidence interval as whiskers and outliers with a red cross.
n(GUVs) >10 from >4 independent experiments.

purified FtsZ-YFP-mts (henceforth referred to as FtsZ) in
polymerizing conditions. The membrane targeting sequence
(mts) included in the protein’s C-terminal domain circum-
vents the need for ZipA or FtsA by directly attaching FtsZ to
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the membrane, and YFP allows direct visualization of FtsZ
polymerization.'”>??2l Importantly, this construct has also
been shown to form functional Z-rings in vivo.”?! Using
a syringe pump to apply negative pressure from the outlet to
suck FtsZ-containing GUVs (FtsZ-GUVs) into the chip, we
were able to capture and trap GUVs for minutes (flow rates
5-10 uLh™", Figure 1c¢). Some GUVs deformed from a spher-
ical to an elongated shape (Figure 1c, white arrow), but most
trapped GUVs remained spherical. Using up to 50 times
higher flow rates, we succeeded in “squeezing” GUVs fully
into the trap funnels (Figure 1d,e, bottom images). Interest-
ingly, compared to GUVs only containing FtsZ buffer
(control GUYVs), FtsZ-GUVs deformed strongly and at
lower flow rates, but only if FtsZ was membrane-bound and
GTP was present (Figure 1 f, Figure S6a). This suggests that
FtsZ filament attachment and treadmilling at membranes
may affect spontaneous membrane curvature and hence
extent of vesicle deformation obtained under forces. When
we applied a mild osmotic deflation (14-23% increase in
buffer osmolarity), GUV deformation was greatly facilitated,
even more so in the presence of FtsZ (Figure 1f). GUVs
assumed non-spherical shapes likely more readily as osmotic
deflation likely increased the membrane area-to-volume
ratio, although we could not reliably quantify GUV volumes
by confocal microscopy (see SI methods for further discus-
sion). After the initial deformation flow rates of 5 pLh™! were
sufficient to keep GUVs stable in rod-like shapes and the
mean aspect ratio from ~ 1 for spherical GUVs changed to
6.7 +1.9 (Figure 1g). We were thus able to create GUVs with
a height of 13 um and width of 7um (or 5Sum at the
constriction sites), corresponding to the trap dimensions,
and lengths up to ~50 pm depending on initial GUV size
(Figure S6b).

In elongated FtsZ-GUVs, FtsZ filaments aligned prefer-
entially perpendicular to the GUVSs’ long axis (Figure S7),
particularly at GUVs’ necks (Figure 2a,b). Releasing GUVs
from the traps by reversing flow direction, they reassumed
spherical shapes within a minute (Figure 2c,d, S8a). Strik-
ingly, this shape change was accompanied by FtsZ filament
reorganization: elongated FtsZ filaments re-polymerized into
ring-like structures (Figure 2d, i-ii). Although our image
resolution is insufficient to discern filament organization, the
dimensions make it likely that these structures correspond to
the dynamic rings previously described (see Figure S9 for
experiments under identical conditions to””)). These ring-like
filaments formed in short cone-like membrane protrusions at
GUYV surfaces, as soon as the mechanical membrane tension
was decreased upon isosmotic GUV release from the traps
(Omec (shape change) =—70+10 mNm™'; n(GUV) = 10, Fig-
ure 2 e—f, Figure S8b; see SI for details on calculation of o,
from Figure S6 data). The change from filaments to rings was
also apparent from a shorter mean filament length (Fig-
ure 2g). Interestingly, we observed that osmotic deflation
instead of FtsZ-GUYV trapping and elongation also induced
FtsZ-stabilized membrane protrusions (Figure S10a—c).
Taken together, these results suggest that lowering elastic
membrane tension, either by releasing external forces (GUV
release from traps) or by osmotic deflation, both lead to FtsZ
reorganization and FtsZ-driven membrane shape changes.
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Figure 2. GUV deformation affects FtsZ filament alignment and filaments reorganize as constraints on GUV shape are released. a) Confocal
images of trapped FtsZ-GUVs (FtsZ in green, top), the same image overlaid with automatically traced filaments (red, bottom) and DIC image
(right). Neck region marked with yellow box (manually defined from brightfield image). Scale bar is 10 um. b) Relative enrichment of filaments at
angles o with the GUV axis at GUV necks; n(filaments) > 245. c) Mean relaxation times for FtsZ reorganization. Error bars are s.d. d,h) Confocal
images of the equatorial plane of a trapped and reversibly elongated FtsZ-GUV (d, i-ii, top) or a control GUV (h, i-ii, top, membrane labelled with
DOPE-ATTO655) and corresponding DIC images (d,h, bottom). The scale bar is 10 um. e) Close-up images of FtsZ reorganization, from left to
right: confocal images of FtsZ-GUVs (FtsZ, green; DOPE-ATTO655, red) and corresponding DIC images. Elongated GUV (top) and the same GUV
after isosmotic release from the trap, having reassumed a spherical shape (bottom). Scale bars are 5 um. f) Membrane protrusions are filled with
FtsZ. (FtsZ, green; DOPE-ATTOG655, red) Scale bar is 10 um. g) Distribution of filament lengths in FtsZ-GUVs. n is the number of filaments
analyzed. For all experiments, n(GUVs) >12 from >4 independent experiments.

Importantly, higher solute concentrations alone, as expected  after a first (osmotically facilitated) deformation cycle, we
for osmotically deflated GUVs, did not result in increased  observed that deformation was now indeed fully reversible
FtsZ-stabilized membrane protrusions, but even at higher = under isosmotic conditions, merely by changing flow direction
solute concentrations, FtsZ-protrusions could still be reliably ~ (Figure 3a, S12). Again, GUV shape changes were accom-
induced by osmotic deflation (Figure S10d).”*! We also note  panied by FtsZ filament reorganization: in a few minutes,
that elastic membrane tension only affects membrane-bound  rings gave way to elongated filaments as protrusions were re-
FtsZ, as for GUVs containing FtsZ without a membrane incorporated into the membranes of elongated GUVs (Fig-
targeting sequence (FtsZ wt) FtsZ organization was unaf-  ure 3a, i-iii, S8, Movie 1). While almost all FtsZ-GUVs
fected by osmotic deflation (Figure S11a). In contrast to the  repeatedly deformed, the majority of control GUVs did not
short cone-like protrusions observed for FtsZ-GUVs, we  (success rate of individual attempt ~90% for FtsZ-GUVs
observed that in control GUVs, the excess membrane area  versus < 50% for all controls, Figure 3b). In addition, more
upon reobtaining spherical shapes was stored by the forma-  deformation cycles could be achieved, on average, for FtsZ-
tion of longer and percolated membrane tubules, as previ- GUVs (up to 5, mean of 2.5 versus <2 for all controls,
ously described (Figure 2h, white arrows). Similar tubules  Figure S13a). Even when control GUVs could be successfully
were also observed when relaxing mechanically-tensioned  deformed, higher flow rates were required for shorter vesicle
GUVs containing FtsZ wt, confirming that FtsZ needs to be ~ deformation compared to FtsZ-GUVs (Figure 3¢, S13b).
membrane-bound to affect GUV membrane shapes (Fig- Taken together, our data suggest that membrane-bound
ure S11b). In summary, our data suggest that FtsZ filaments  FtsZ filament reorganization facilitates GUV membrane
reorganize on low-tension membranes into ring-like struc-  shape changes. This facilitation required FtsZ to cycle

tures at membrane regions of higher curvature (“cones”), between different polymerization states (rings and filaments)

possibly driven by an intrinsic preference of membrane- in an energy-dependent (i.e. GTP-dependent) process

bound FtsZ for higher membrane curvature. depending on overall membrane tension, allowing to rever-
With membrane area being “stored” in membrane  sibly store excess membrane area (Figure 3d).

protrusions (cones), we tested whether these structures In summary, we have designed microfluidic traps for

could act as membrane area reservoirs to facilitate deforma-  deforming GUVs with constriction sites mimicking the
tion of GUVs into aspherical shapes, analogously to applying  indentation of a division furrow and at mean aspect ratios
an osmotic shock before deforming GUVs. When we pushed  close to that of rod-like bacterial shapes. Fanalista et al. have
FtsZ-GUVs with membrane protrusions back into the traps  also developed microfluidic traps to deform water-in-oil
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Figure 3. Reversible transitions between FtsZ filaments and rings allow
reversible deformation of FtsZ-GUVs. a) Confocal images of a trapped
and elongated GUV containing FtsZ filaments (i-iii, FtsZ shown in
green, top) and corresponding DIC images (bottom). White arrows
point to membrane topography changes. Scale bar is 10 um. b) Prob-
ability that an individual GUV could be deformed five times for FtsZ-
GUVs or control GUVs without FtsZ (red), with FtsZ-wt without
membrane targeting sequence (-mts, purple) and with FtsZ without
GTP in the buffer (no dynamic FtsZ polymerization, yellow). The value
for the mean deformation probability for each experimental condition
is plotted as a horizontal line (color-coded). c¢) Cumulative probability
of flow rate required to deform FtsZ- or control GUVs (controls as in
(b)). d) Schematic depiction of model: FtsZ structural reorganization
from filaments to rings stores membrane reversibly in protrusions,
facilitating transitions between GUV shapes. n(GUVs) =17-35 (con-
trols) and 19 (FtsZ) from > 10 independent experiments.

droplets to spheroid-like shapes.’! In contrast to our obser-
vations, they reported FtsZ alignment along the long axis of
deformed droplets.” In their experiments, however, FtsZ is
not membrane-anchored which likely explains the discrep-
ancy. In principle, our microfluidic chip can deform many
GUVs in parallel. In practice, we studied single GUVs at
a time to resolve the GUVs’ responses at maximal temporal
resolution. However, the large number of traps was still
advantageous to select specific GUVs (e.g. those encapsulat-
ing FtsZ) from a heterogeneous population.

Using these traps to deform FtsZ-GUVs, we show that
imposing a rod-like geometry with a central membrane neck
is sufficient to align FtsZ filaments along the short axis,
preferentially at the neck location, mimicking FtsZ assembly
into the Z-ring at the division site in live bacteria. This is in
agreement with previous results for elongated lipid-bilayer
coated containers or liposomes."*??! When rod-shaped
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GUVs were released from the traps, GUVs relaxed back
into a spherical shape with a lower surface/volume ratio. As
expected, the concomitant excess of membrane area led to the
formation of membrane tubules in absence of FtsZ. However,
FtsZ-GUVs showed highly-curved membranes in form of
cone-like, FtsZ-filled membrane protrusions as filaments
reorganized into ring-like structures, independently of GUV
size. Low membrane tension has been shown to play an
important role for FtsZ filaments to induce membrane shape
changes:?” FtsZ reorganization similar to that observed by us
has also been shown on deflated vesicles decorated with FtsZ
on the outside.

Interestingly, changes in membrane and filament organ-
ization were fully reversible: repeated GUV trapping and
release cycled FtsZ-GUVs between (1) a state of tense GUV
membranes, with elongated FtsZ filaments and macroscopi-
cally smooth membrane surfaces, and (2) a state of relaxed
GUV membranes, with GUV membranes showing protru-
sions stabilized by ring-like FtsZ filaments (see Movie 2 and
3).! In contrast, shape changes in control GUVs required
increasingly higher forces and/or repeated osmotic deflation.
Therefore, we conclude that FtsZ on its own is able to not only
actively influence membrane shapes, but also facilitates
externally-induced changes by conserving and releasing
excess membrane area (in an energy-dependent process).
Our results suggest that FtsZ organization into ring-like
filaments and FtsZ-driven membrane deformation may only
occur as membrane tension is decreased during the division
process (e.g. by de novo membrane synthesis), and that this
could contribute to controlling the timing of cell division
machinery assembly and thus cytokinesis. Reorganized FtsZ
filaments may then also constrict lipid membranes, generating
forces by GTP-fueled treadmilling.”*?)

Overall, we present this microfluidic device as a platform
for studying the effect of compartment geometry and
membrane tension on processes reconstituted in and on the
membrane of GUV-based minimal cells. In future experi-
ments, these membrane tension changes could be measured
quantitatively using tension-sensitive dyes or by quantifying
the hydrodynamic forces in our microfluidic devices.””
Beyond GUVs, our traps could also be used to deform
vesicle-like membranes derived from cells, such as sphero-
blasts®!! and giant plasma membrane-derived vesicles.?>>
Likewise, it will be interesting to study compartment geom-
etry effects on other processes, such as MreB, the Min
reaction-diffusion system, or the cell-polarity inducing Cdc42
system.’**] With the increasing capacity to create artificial,
minimal cells, for example, by encapsulation of cell-free
expression systems,* a device such as the one presented
herein will be useful for studying how compartment geometry
affects the behavior of increasingly complex molecular net-
works.

Acknowledgements
The authors are grateful to German Rivas (CSIC, Madrid,
ES) and Lennard van Buren (TU Delft, NL) for helpful

discussions and providing FtsZ wt protein (G.R.). We

www.angewandte.org

Angewandte

intemationalEdition’y Chemie

21375


http://www.angewandte.org

GDCh
~~—~

21376 www.angewandte.org

acknowledge the MPIB Biochemistry Core Facility for
assistance in protein purification. K.A.G. has received fund-
ing from the European Union’s Horizon 2020 research and
innovation program under the Marie Sklodowska-Curie grant
agreement No. 703132. D.A.G-S. and PS. acknowledge
financial support from the DFG through the Graduate
School of Quantitative Biosciences Munich (QBM) This
work is part of the MaxSynBio consortium, which is jointly
funded by the Federal Ministry of Education and Research of
Germany (BMBF) and the Max Planck Society (MPG). Open
access funding enabled and organized by Projekt DEAL.

Conflict of interest
The authors declare no conflict of interest.

Keywords: cell division - membranes - microfluidics -
protocells - vesicles

[1] P. Niethammer, Science 2004, 303, 1862 —1866.
[2] M. Schmick, P. I. H. Bastiaens, Cell 2014, 156, 1132 -1138.
[3] D. Thalmeier, J. Halatek, E. Frey, Proc. Natl. Acad. Sci. USA
2016, 113, 548 —-553.
[4] A. Haupt, N. Minc, J. Cell Sci. 2018, 131, jcs214015.
[5] K. A. Ganzinger, P. Schwille, J. Cell Sci. 2019, 132, jcs227488.
[6] M. D. Vahey, D. A. Fletcher, Curr. Opin. Cell Biol. 2014, 26, 60—
68.
[7] A. Martos, M. Jiménez, G. Rivas, P. Schwille, Trends Cell Biol.
2012, 22, 634-643.
[8] P.Schwille, J. Spatz, K. Landfester, E. Bodenschatz, S. Herming-
haus, V. Sourjik, T. J. Erb, P. Bastiaens, R. Lipowsky, A. Hyman,
P. Dabrock, J.-C. Baret, T. Vidakovic-Koch, P. Bieling, R.
Dimova, H. Mutschler, T. Robinson, T.-Y. D. Tang, S. Wegner,
K. Sundmacher, Angew. Chem. Int. Ed. 2018, 57, 13382 -13392;
Angew. Chem. 2018, 130, 13566 —13577.
[9] S. Kretschmer, K. A. Ganzinger, H. G. Franquelim, P. Schwille,
BMC Biol. 2019, 17, 43.
[10] J. Xiao, E. D. Goley, Curr. Opin. Microbiol. 2016, 34, 90—96.
[11] E. Bi, J. Lutkenhaus, Nature 1991, 354, 161 -164.
[12] C. A. Hale, P. A.. de Boer, Cell 1997, 88, 175-185.
[13] S. Pichoff, J. Lutkenhaus, Mol. Microbiol. 2005, 55, 1722 -1734.
[14] S. Arumugam, Z. Petrasek, P. Schwille, Proc. Natl. Acad. Sci.
USA 2014, 111, E1192-E1200.
[15] D. A. Ramirez-Diaz, D. A. Garcia-Soriano, A. Raso, J. Miicksch,
M. Feingold, G. Rivas, P. Schwille, PLOS Biol. 2018, 16,
€2004845.

Communications

Angewandte

intemationaldition’y) Chemie

[16] S. Mellouli, B. Monterroso, H. R. Vutukuri, E. te Brinke, V.
Chokkalingam, G. Rivas, W.T.S. Huck, Soft Matter 2013, 9,
10493.

[17] T.J. Lagny, P. Bassereau, Interface Focus 2015, 5, 20150038.

[18] T. Robinson, P. Kuhn, K. Eyer, P.S. Dittrich, Biomicrofluidics
2013, 7, 044105.

[19] Q. Wang, M. Taschner, K. A. Ganzinger, C. Kelley, A. Villase-
nor, M. Heymann, P. Schwille, E. Lorentzen, N. Mizuno, Nat.
Commun. 2018, 9, 4684.

[20] S.Pautot, B.J. Frisken, D. Weitz, Langmuir 2003, 19, 2870 —2879.

[21] E.J. Cabré, A. Sanchez-Gorostiaga, P. Carrara, N. Ropero, M.
Casanova, P. Palacios, P. Stano, M. Jiménez, G. Rivas, M.
Vicente, J. Biol. Chem. 2013, 288, 26625—26634.

[22] M. Osawa, D. E. Anderson, H. P. Erickson, Science 2008, 320,
792-794.

[23] D. A. Ramirez-Diaz, A. Merino-Salomon, F. Meyer, M. Hey-
mann, G. Rivas, M. Bramkamp, P. Schwille, bioRxiv 2020, https://
doi.org/10.1101/587790.

[24] F. Fanalista, A. Birnie, R. Maan, F. Burla, K. Charles, G. Pawlik,
S. Deshpande, G. H. Koenderink, M. Dogterom, C. Dekker, ACS
Nano 2019, 13, 5439-5450.

[25] K. Zieske, P. Schwille, eLife 2014, 3, €¢03949.

[26] M. Osawa, H. P. Erickson, Mol. Microbiol. 2011, 81, 571-579.

[27] S. Arumugam, E. P. Petrov, P. Schwille, Biophys. J. 2015, 108,
1104 -1113.

[28] E. Godino, J. N. Lépez, 1. Zarguit, A. Doerr, M. Jimenez, G.
Rivas, C. Danelon, bio Rxiv 2020, https://doi.org/10.1101/2020.03.
29.009639.

[29] L. T. Nguyen, C. M. Oikonomou, G.J. Jensen, bioRxiv 2019,
https://doi.org/10.1101/737189.

[30] A. Goujon, A. Colom, K. Strakova, V. Mercier, D. Mahecic, S.
Manley, N. Sakai, A. Roux, S. Matile, J. Am. Chem. Soc. 2019,
141, 3380-3384.

[31] T. G. Chew, J. Huang, S. Palani, R. Sommese, A. Kamneyv, T.
Hatano, Y. Gu, S. Oliferenko, S. Sivaramakrishnan, M. K.
Balasubramanian, J. Cell Biol. 2017, 216, 2657 -2667.

[32] H. Pick, A.C. Alves, H. Vogel, Chem. Rev. 2018, 118, 8598—
8654.

[33] E. Sezgin, H.-J. Kaiser, T. Baumgart, P. Schwille, K. Simons, I.
Levental, Nat. Protoc. 2012, 7, 1042 -1051.

[34] K. J. A. Vendel, S. Tschirpke, F. Shamsi, M. Dogterom, L. Laan,
J. Cell Sci. 2019, 132, jcs217554.

[35] H. Shi, B. P. Bratton, Z. Gitai, K. C. Huang, Cell 2018, 172, 1294 —
1305.

[36] D. Garenne, V. Noireaux, Curr. Opin. Biotechnol. 2019, 58, 19—
27.

Manuscript received: February 6, 2020
Revised manuscript received: July 27, 2020
Accepted manuscript online: July 31, 2020
Version of record online: September 17, 2020

© 2020 The Authors. Published by Wiley-VCH GmbH

Angew. Chem. Int. Ed. 2020, 59, 21372-21376


https://doi.org/10.1126/science.1094108
https://doi.org/10.1016/j.cell.2014.02.007
https://doi.org/10.1073/pnas.1515191113
https://doi.org/10.1073/pnas.1515191113
https://doi.org/10.1242/jcs.214015
https://doi.org/10.1242/jcs.227488
https://doi.org/10.1016/j.ceb.2013.10.001
https://doi.org/10.1016/j.ceb.2013.10.001
https://doi.org/10.1016/j.tcb.2012.09.003
https://doi.org/10.1016/j.tcb.2012.09.003
https://doi.org/10.1002/anie.201802288
https://doi.org/10.1002/ange.201802288
https://doi.org/10.1016/j.mib.2016.08.008
https://doi.org/10.1038/354161a0
https://doi.org/10.1016/S0092-8674(00)81838-3
https://doi.org/10.1111/j.1365-2958.2005.04522.x
https://doi.org/10.1073/pnas.1317764111
https://doi.org/10.1073/pnas.1317764111
https://doi.org/10.1371/journal.pbio.2004845
https://doi.org/10.1371/journal.pbio.2004845
https://doi.org/10.1039/c3sm51163d
https://doi.org/10.1039/c3sm51163d
https://doi.org/10.1098/rsfs.2015.0038
https://doi.org/10.1063/1.4816712
https://doi.org/10.1063/1.4816712
https://doi.org/10.1021/la026100v
https://doi.org/10.1074/jbc.M113.491688
https://doi.org/10.1126/science.1154520
https://doi.org/10.1126/science.1154520
https://doi.org/10.1101/587790
https://doi.org/10.1101/587790
https://doi.org/10.1021/acsnano.9b00220
https://doi.org/10.1021/acsnano.9b00220
https://doi.org/10.1111/j.1365-2958.2011.07716.x
https://doi.org/10.1016/j.bpj.2014.12.050
https://doi.org/10.1016/j.bpj.2014.12.050
https://doi.org/10.1101/2020.03.29.009639
https://doi.org/10.1101/2020.03.29.009639
https://doi.org/10.1101/737189
https://doi.org/10.1021/jacs.8b13189
https://doi.org/10.1021/jacs.8b13189
https://doi.org/10.1083/jcb.201701104
https://doi.org/10.1021/acs.chemrev.7b00777
https://doi.org/10.1021/acs.chemrev.7b00777
https://doi.org/10.1038/nprot.2012.059
https://doi.org/10.1242/jcs.217554
https://doi.org/10.1016/j.cell.2018.02.050
https://doi.org/10.1016/j.cell.2018.02.050
https://doi.org/10.1016/j.copbio.2018.10.007
https://doi.org/10.1016/j.copbio.2018.10.007
http://www.angewandte.org

