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Cellular membranes exhibit a multitude of highly curved morphologies such as buds,
nanotubes, cisterna-like sheets defining the outlines of organelles. Here, we mimic cell
compartmentation using an aqueous two-phase system of dextran and poly(ethylene
glycol) encapsulated in giant vesicles. Upon osmotic deflation, the vesicle membrane
forms nanotubes, which undergo surprising morphological transformations at the lig-
uid-liquid interfaces inside the vesicles. At these interfaces, the nanotubes transform
into cisterna-like double-membrane sheets (DMS) connected to the mother vesicle via
short membrane necks. Using super-resolution (stimulated emission depletion) micros-
copy and theoretical considerations, we construct a morphology diagram predicting the
tube-to-sheet transformation, which is driven by a decrease in the free energy. Nanotube
knots can prohibit the tube-to-sheet transformation by blocking water influx into the
tubes. Because both nanotubes and DMSs are frequently formed by cellular membranes,
understanding the formation and transformation between these membrane morpholo-
gies provides insight into the origin and evolution of cellular organelles.

tube-to-sheet transformation | double-membrane sheet | giant unilamellar vesicles (GUV) |
stimulated emission depletion (STED) | condensate interface

To perform their functions, cellular membranes adopt a variety of highly curved morphol-
ogies. Nanotubes and disk-like cisterna (or double-membrane sheets, DMS) are pivotal
examples of the palette of membrane shape elements. They are characterized by a high
area-to-volume ratio, enhancing membrane-dependent processes and offering an efficient
way to store membrane area for future usage such as vesicular transport between the endo-
plasmic reticulum (ER) cisternae and the Golgi apparatus (1, 2). The ER is among the
most architecturally striking eukaryotic organelles, representing a single interconnected
membrane system hosting the nuclear envelope, sheet-like cisternae, and a network of
tubules connected by three-way junctions (3). The nuclear envelope consists of two con-
tinuous membrane sheets (inner and outer) that are interconnected by nuclear pores. The
globular shape of the nuclear envelope is stabilized by interactions between its inner nuclear
membrane proteins and the underlying chromatin (4) or the nuclear lamina (5) in higher
eukaryotes. Sheets and tubules have distinct characteristic curvature, which is high along
the tubes and sheets periphery, shaped and stabilized by special proteins (3) as in the nuclear
envelope. Curvature-stabilizing proteins include reticulons and DP1/Yoplp (4, 6), while
the separation of two sheets is believed to be maintained by “bridging” proteins that act
as luminal spacers (3, 7). Although super-resolution microscopy has revealed the nanoscale
dimensions of ER tubules and sheets in living cells (8), the driving forces generating and
transforming these structures remain elusive. Increasing evidence points to a close rela-
tionship between the assembly and morphology of condensates and the ER (9-12). Recent
studies report that even the morphology of biomolecular condensates is regulated by ER
sheet proliferation at the expense of tubules (13). Intracellular nanotubes connect distant
parts of the cell for transport and signaling (14), while intercellular nanotubes are respon-
sible for cell-cell communication, transferring, and releasing cellular content (15-18).
Their length can exceed several fold the cell size (19) while their thickness is below con-
ventional optical resolution. The diameters either of pulled (20) or moving tubes (21) in
simplified mimetic cell models can be directly assessed in vitro using STED (stimulated
emission depletion) microscopy. Recent studies have shown that viruses including coro-
naviruses (SARS-CoV) can reproduce via a replication membrane compartment formed
from the ER membrane, either by invagination toward the ER lumen (employing DMSs)
or extrusion originating from the ER (forming double-membrane vesicles) (22, 23). Similar
processes utilizing ER membrane replication have facilitated the production of SARS-CoV-2
virus-like particles, lifting the constraint of conducting coronavirus research exclusively in
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biosafety level 3 laboratories (24, 25). The formation and scission
mechanisms of these double-membrane structures during replica-
tion at the ER sites are still poorly understood (26).

In this study, we present a hypothesis for the mechanism of DMS
formation. Using a cell-mimetic system with internal condensate-
based compartmentation, we observe and capture at video frequency
tube-to-sheet transformations at the condensate interface. Nanotubes
produced by vesicle deflation transform into DMS reminiscent of
ER cisternae-structures as characterized by both two- and three
dimensional STED. Two possible pathways for this transformation
are resolved. A morphology diagram based on wetting theory predicts
correctly the tube-to-sheet transformation. Nanotube knots formed
by tube entanglement can prohibit this transformation but can also
coexist with preexisting membrane sheets. Our system of coexisting
nanotubes and DMS resembles ER structures, albeit in the absence
of membrane proteins. As nanotubes and membrane sheets are
important functional cellular structures, exploring their transforma-
tion, structure, and coexistence is of vital importance for elucidating
the origin and evolution of these highly curved morphologies during
cellular events. Our research suggests the importance of wettability
by biomolecular condensates in modulating certain cellular mem-
brane functions.

Results and Discussion

DMS Formation and 3D Reconstruction Models. As cell-mimetic
membrane compartments, we explored giant unilamellar vesicles
(GUVs) (27, 28) made of a ternary lipid mixture in the liquid-
disordered phase (Ld) (Methods). The vesicles encapsulated
dextran/PEG  (poly(ethyleneglycol)) aqueous two-phase system
(ATPS) in the one-phase region with a dextran-to-PEG weight
ratio D/P = 1.57 (4.76% and 3.03% weight fractions). The GUVs
were trapped and immobilized in a microfluidic device (21, 29) (see
Methods and SI Appendix, Fig. S1 for more details). Deflation was
performed using dextran/PEG solutions of D/P =1 (3.54%, 3.54%
weight fraction) containing increasing amounts of sucrose, thereby
applying a 20% stepwise increase in exterior osmolarity.

Upon osmotic deflation, water is forced out of the vesicle to
balance the osmolarity, causing a decrease in volume. Because the
total membrane area is conserved, excess area is stored in nanotubes
protruding into the vesicle interior. These nanotubes are stabilized
by PEG asymmetry across the membrane and their thickness
reflects the spontaneous curvature generated by this asymmetry
(21, 30-32). We define the osmolarity ratio r as the ratio between
the exterior osmolarity and the initial interior osmolarity and use
this ratio to distinguish different states along the deflation trajec-
tory in the phase diagram; see SI Appendix, Fig. S2. Fig. 1 A and
B illustrates the transformation of a single vesicle tracked during
the deflation process. For r = 1, the exterior osmolarity is equal to
the initial interior osmolarity and the vesicle is spherical. For r =
1.2, excess membrane area induced by deflation becomes stored
in the form of nanotubes which are free to move within the homo-
geneous vesicle interior. For r = 1.4, the interior solution crosses
the binodal into the two-phase region (S Appendix, Fig. S2), form-
ing a PEG-rich @ and a dextran-rich § droplet inside the GUV to
produce a Janus vesicle. The nanotubes adhere to the af interface
to lower the free energy of the vesicle-droplet system. Surprisingly,
creating more excess area at higher deflation (r = 1.6) leads to
shortening of some nanotubes by transforming them into sheet-like
circular structures. These structures remain stable upon further
deflation (r = 1.8) and can either consume all nanotubes or coexist
with them (Fig. 1 Cand D). In our particular system, these sheets
are stabilized by the ATPS interface and bend along it (Fig. 1 C
and D side views). Below we show that they represent DMS, i.e.
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very flat disk-like vesicles, connected to the mother GUV (Early
confocal images of membrane sheets at the af interface were
obtained by Yanhong Li during her PhD studies in November
2009). The tube-to-sheet transformation is observed for other lipid
compositions as well; see SI Appendix, Fig. S3.

Cisternae-Like DMS Structures Revealed by 2D and 3D STED.
To resolve the DMS structure, we performed high-resolution
STED imaging. To ease comparison and demonstrate the fine
details unresolved by conventional microscopy, we provide STED
images in Fig. 2 corresponding to the confocal scans. Each DMS is
connected to the mother vesicle viaa membrane neck (Fig. 2 A and
B), serving as a link between the internal and external membrane
areas. The membrane necks have a thickness of 305 nm and 160
nm in Fig. 2 A and B as determined from 2D STED line profile
analysis (S Appendix, Fig. S4), comparable to nanotube diameters
in such systems (21, 31). Since the DMS is constantly moving along
the three-phase contact line, and due to the small neck size, finer
structures of the neck could not be resolved in Fig. 24. However,
scanning a smaller region with adequate scan speed improves
STED resolution and reveals the smoothly curved membrane neck
region (Fig. 2B). To resolve the DMS morphology (resembling a
deflated erythrocyte), which is not feasible with confocal or 2D
STED, we employed 3D STED with an axial resolution of about
110 nm, which drastically eliminates the out-of-focus signal. In
Fig. 2C, the DMS lumen is revealed with an interstitial bilayer
separation of about 200 nm in the middle and up to about 810
nm in the rim (note that the cross-section dimensions are affected
by the DMS orientation at the curved interface with respect to
the scanning plane and could appear enlarged). This shape is
reminiscent of Golgi or ER cisternae, as observed by electron
microscopy on ER in contact with the plasma membrane (33).
The highly curved double-membrane structure in ER cisternae
is shaped and maintained by luminal proteins (3, 7). In contrast,
our system does not require any protein to maintain the DMS
shape. A further 3D STED xz scan providing the side view of a
Janus GUV (Fig. 2 D and E) confirms the cisterna-like double-
membrane structure and the proper DMS orientation allows for
a more precise measurement of the thicker rims (~480 nm) and
thinner luminal gap in the middle (~115 nm); S Appendix, Fig. S4
D and E. The dimensions of individual DMS vary based on the

vesicle interior content.

Theory of Morphological Nanotube-to-Sheet Transformation.
We construct a morphology diagram based on the cisternae-like
structure resolved by STED. The cross-section profile of this
structure at the aff interface was constructed from the discrete
DMS thickness and the curvature of the interface between the
PEG-rich a and dextran-rich /3 phases (R,; = 24 pm for the DMS
in Fig. 2D), and the intrinsic contact angle 8, = 63° [obtained
from the apparent contact angles by circular fitting (21)]. We
fit five circular segments, labeled by 7 = 1,2,...,5, to construct
the DMS surface and one circular segment to construct the aff
interface; see Fig. 2F (the fit parameters are given in S/ Appendix,
Tables S1 and S2). By integrating the line profiles obtained from
the piece-wise circular fit to the experimental STED image with
the theory of wetting (Methods and SI Appendix, Fig. S5), we can
reliably estimate the parameter values for the nanotube-to-sheet
transformation. The experimental observations provide evidence
that the tube-to-sheet transformation proceeds in a local manner,
without significant exchange of membrane area with the mother
vesicle (see evidence in SI Appendix, Fig. S6). We can then focus
on the membrane protrusions in the interfacial region. When the
vesicle volume is reduced by osmotic deflation, the nanotubes
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Fig. 1. Tube-to-sheet transformation in a single GUV during deflation. (A) Morphological transformation of the vesicle-droplet system upon deflation shown
schematically as xy projections (Top row) and vertical xz cross-sections (Bottom row). The osmolarity ratio r is characterized by the ratio between the exterior and
the initial interior osmolarity. Before deflation (r = 1), the vesicle membrane (red) encloses a homogeneous (green) interior solution. Initial deflation triggers tube
formation (not drawn to scale). Deflation above r = 1.2 causes bulk phase separation into a PEG-rich («, yellow) and a dextran-rich (5, blue) phase transforming
the vesicle into a Janus GUV. (B) Confocal xy cross-sections of the same vesicle monitored at different osmolarity ratios. Disk-like membrane sheets are observed
for r=1.6 and above. (C and D) 3D reconstructions of DMS from confocal z-stacks with a z-increment of 500 nm between stacks. Upper left images: xy-scans of
sheets at the interface; Lower Left and Right images: side view and oblique side view of DMSs (i.e. disk-like vesicles) which follow the curvature of the af interface,
and upon formation can either consume all nanotubes (C) or coexist with them (D). Note that in xy-scans, the nanotubes and membrane sheets are only partially
visible because the scan moves across the spherical-cap of the af interface resulting in color intensity difference on the sheet structures. (Scale bars: 10 pm.)

first protrude into the PEG-rich @ phase and then start to
adhere to the aff interface. Eventually, the adhering nanotubes
are locally transformed into adhering membrane sheets. We now
focus on the transformation of one nanotube. The total energy
E:); of the adhering nanotube and the total energy E;:; of the
resulting membrane sheet can be obtained theoretically, where
we impose the constraint that both types of protrusions have
the same membrane area; see SI for details of the derivations. The
adhering tubes are transformed into adhering sheets when the
total energy of adhering membrane sheets is less than the total
energy of adhering membrane nanotubes, £ ;oht < E). The equality
E;ft = E;Z; defines the transition point in terms of the critical

interfacial tension E:ﬁ; see derivation of SI Appendix, Eq. S2.

PNAS 2024 Vol.121 No.26 2321579121

For interfacial tensions X, ) below the critical value ZZ , membrane
nanotubes are the stable morphology but for higher interfacial
tensions with 2* 5 < Zap membrane sheets are energetically more
favorable.

All parameters that determine the critical interfacial tension are
either obtained from fits to the observed shape contour or from
independent experimental measurements, for details see S/ Appendix.
Here, we assume that nanotubes have constant mean curvature
which is measured from the nanotube diameter D, assessed with
STED microscopy and spontaneous curvature which is assessed

- \/<Zaﬂsin9ﬂ)/(2ksin97) along
the contact line, where 6 5 and 6, are apparent contact angles; see
ref. 21. The membrane bending rigidity ¥ was measured via

from the force balance 1z, =
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Fig. 2. Cisternae-like DMS structure revealed with 2D and 3D STED and tube-to-sheet morphology diagram. (A and B) xy-scans of two DMS structures acquired by
confocal and 2D STED with a pixel size of 50 nm (A) and 40 nm (B), selected to reduce artifacts from DMS movement during scanning of larger regions of interest.
Membrane neck details are visualized with the superior lateral resolution from STED when a smaller region of interest is imaged as in B; see also S/ Appendix,
Fig. S4. The contour of the DMS appears sharper than that of the GUV membrane (B, Right) because the vesicle equator is away from the imaging xy-plane.
(C) DMS xy-scans obtained with confocal and 3D STED with a pixel size of 50 nm. The improved axial resolution of 3D STED allows revealing the DMS cisternae-
like structure and measuring its thickness. (D) Confocal and 3D STED xz-scans of the entire vesicle (r = 1.6) with a pixel size of 80 nm and (E) enlarged regions
clearly confirming the double-membrane structure. (A-D) (Scale bars: 2 pm.) (F) The DMS profile measured with 3D STED (black dots) in Fig. 2E and numerically
constructed DMS segments (red solid line) obtained by fitting circular arcs; the liquid-liquid interface is measured separately (solid green line on the right side
of the DMS) and observed to have radius R, = 24 um. (G) Morphology diagram constructed based on Eq. 2 and the model parameters from the circular arc fits
in F; see S/ Appendix for details and parameter values. The curves are transition lines at which the sheets and nanotubes have the same energy. Each transition
line corresponds to a different spontaneous curvature of the gy segment (see legend), for which no experimental values are available. In each shaded region
bounded by one of the transition lines, the nanotubes provide the most stable morphologies whereas membrane sheets are the most stable structures outside
this region. The data points (49 in total) represent the experimentally obtained values of the parameters. They were acquired for values of the interfacial tension
Z,4varied in the range between 0.31 uN/m and 15.66 pN/m corresponding to different osmolarity ratios, and for three different membrane compositions, with
the aim of exploring different condensate-to-membrane affinities and membrane bending rigidities; see S/ Appendlix, Fig. S7 for detailed descriptions and all
error bars for the data points. The observed morphologies correspond well to the theoretically predicted regions. (H) Example images of GUVs from different
regions of the morphology diagram for which the parameter values have been obtained. Each GUV is labeled with the same-colored symbol as used in the
morphology diagram in G. (Scale bars: 10 pm.)

fluctuation analysis as explained in the Merhods section. By taking different sets of experimental data points with nanotubes and

the spontaneous curvature in the ary segment (y refers to the exter- ~ membrane sheets (Fig. 2H) illustrating very good agreement with
nal aqueous solutions) as a free parameter and plotting the critical ~ the theoretical model. Close to the transition lines, we observe
interfacial tension, we obtain the morphology diagram of the coexistence of nanotubes and sheets, which implies that, in this
membrane tubes and sheets as a function of the rescaled interfacial ~ region, both the nanotubes and the sheets are metastable states,
tension X, 5=Zp( Dir /k) and the rescaled inverse spontaneous ~ separated by an energy barrier. In order to study these metastable

states, one needs to determine the energy landscape and calculate
the energy barrier for the transition from nanotube to sheet. For
the complex rim geometry as depicted in Fig. 2 D and F, such a
computation is very difficult. Therefore, we used a simpler toroidal

_1:

curvature WW (1/myy D,,,); see Fig. 2G. One parameter that has
not been deduced from independent experiments is the sponta-
neous curvature 725, of the fy membrane segment. We take 2,

to be proportional to 7,, (considering that at a certain deflation  rim geometry, for which the metastable nanotube state can be
step, both membrane segments are wetted by the same external  studied in detail; see Section on Nanotube-Sheet Coexistence and
medium y). Thus, the morphology diagram in Fig. 2G is presented Fig. 5 further below.

as transition lines for different values of mg,,, where the membrane The shape of the morphology diagram is not very sensitive to
sheet and the membrane nanotube have the same energy at each  the intrinsic contact angle; see ST Appendix, Fig. S8 A and B where
transition line; see S Appendix, Fig. S7 for details. Our results ~ we display a few cases close to the original intrinsic contact angle
indicate that the spontaneous curvature induced by the dextran-rich in the system. In addition, we have considered i) two different
phase should be negligible. The morphology diagram includes cases, for which the spontaneous curvature of the ffy segment is
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positive, mp, >> 0, see SI Appendix, Fig. S8C, and ii) another
case, for which the spontaneous curvature of the nanotube is not
taken to be uniform, see ST Appendix, Fig. S8D. The latter cases
slightly shift the location of the transition lines and accommodate
all experimental observations of DMS correctly in the stable sheet
region of the morphology diagram or very close to the transition
line. In addition, because the model only considers the energy of
either nanotube or sheet, it does not elucidate the transformation
pathway, which can be very complex as we show below.

DMS Occurrence, Growth, Medium, and Lipid Exchange. To evaluate
the fraction of GUVs exhibiting tube-to-sheet transformation, we
explored different osmolarity ratios. GUVs with unresolvable defects
(fluorescence puncta) or multilamellar structure were excluded from
the analysis, accounting for 5 to 14% of the total number of GUV:s.
The investigated GUVs depicted in Fig. 34 were categorized into
three distinct groups: vesicles with DMS, as shown by the hatched
bars, and the remaining vesicles featuring only nanotubes (whether
with and without knots) or exhibiting only budding. Between 200
and 400 GUVs were screened at each examined condition. As
shown in Fig. 34, at the first deflation step (r = 1.4) in the two-phase
region, the percentage of GUVs having DMSs is the lowest, around
10.5%. This is reasonable considering the relatively small number of
nanotubes in the system defined also by the small excess area created
by deflation. With further deflations, we see an increasing number
of GUVs having membrane sheets, reaching a plateau, which could
result from nanotube obstruction by knots as discussed below.
By increasing the osmolarity ratio r, the PEG—dextran interfacial
tension X, 5, measured independently, increases (Fig. 34, cyan data;
see Methods and SI Appendix, Fig. S9 and Table S3). This positively
correlates with the increasing sheet fraction, indicating decrease of the
total energy of the adhered membrane structures at the af interface,

>
w

Osmotic Deflation

-

as the membrane sheet state becomes energetically more favorable
(discussed in more detail in the next section).

To resolve to what extent the interior volume in the DMSs is
connected to the external medium, we tracked DMS size change
with deflation. DMS area grows (Fig. 3B) suggesting both lipid
supply and medium exchange between the DMS and the mother
vesicle. In some GUVs, we also observed DMS area decrease upon
further deflation because of competition with area required for
the vesicle budding. This depends on the initial volume-to-area
ratio of the GUV and variations in the encapsulated polymers due
to the large size [none of which are precisely controlled by the
preparation protocol (34)]. To prove fluid exchange, water-soluble
dye was perfused after DMS formation, Fig. 3C. The dye diffuses
into the DMS, proving that the membrane neck is unobstructed
and serves as a channel for medium exchange. Fluorescence recov-
ery after photobleaching (FRAP) of the membrane dye
(ATTO-647N-DOPE) in an entire DMS also shows gradual
recovery, Fig. 3D, indicating exchange and supply of lipid mole-
cules to the DMS from the mother vesicle via the neck. The half
recovery time of the DMS is about 3 to 5 times longer than that
of the basal mother vesicle membrane (87 Appendix, Fig. S10)
because of retardation imposed by the neck.

Tube-to-Sheet Transformation Pathways. Before exploring
the tube-to-sheet transformation pathways, we probed whether
lipid oxidation, which is known to cause structural changes of
the membrane (35-37) potentially induced by the strong laser
irradiation, is the cause for DMS formation. Vesicle deflation
was done in the bulk and observation was entirely performed in
transmission light of low power (Movie S1). DMS formation was
observed as expected, thus eliminating the possibility of tube-to-
sheet transformation triggered by light-induced lipid oxidation.

C

100 o S Saf
S | O] {102 £
2 gl O gn <
E R o @13}
n Y 3
; =60} @ - <

o )
o T o 512
= g 11 2
O o 40} T Il o ﬁ

q’ =" ——
c 9 T o =
Sc S 814
BN | © = E
s I = 3

o 1043 1.0
1.4 1.6 1.8 2.0 2.2 1.6

Degree of Deflation, r

1.7 18 19 20 21
Degree of Deflation

Fig.3. DMS occurrence, area growth, medium, and lipid exchange. (A) Fraction of GUVs having membrane sheets (bars) vs. osmolarity ratio r, and the corresponding
interfacial tension (cyan open circles); see S/ Appendix, Fig. S9 and Table S3 for details. (B) Normalized projected sheet area in the same vesicle showing a net
increase of 8% and 14% with the last two steps of deflation. (C) Diffusion of the water-soluble and membrane-impermeable dye sulforhodamine B (green) from
the external medium into the formed DMS through the neck: After DMS formation, the vesicle external solution was exchanged with medium containing 20
uM of sulforhodamine B. (D) FRAP images of a DMS at the ATPS interface with time stamps indicating the time after photobleaching the membrane dye; as a
reference, a second smaller DMS (Upper Middle part of the image) is observed to exhibit roughly constant fluorescence signal. The fluorescence recovery curves
of DMS and the corresponding basal vesicle membrane are shown in S/ Appendix, Fig. S10. The fluorescence recovery time is affected by the neck size between
the mother vesicle and the DMS and may vary for different GUVs. (Scale bars: 5 pm.)
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Fig. 4. Two tube-to-sheet transformation pathways. (A) Time-lapse images of DMS forming from the end region of a nanotube and gradually growing back to
the mother vesicle at the expense of shortening the nanotube. The time scale of the tube-to-sheet transformation process varies, the process presented here
took about 109 s; see S/ Appendix, Fig. S11 and Movie S3 for full sequence and more examples. (B) Schematic representation of two tube-to-sheet transformation
pathways viewed from xy cross-sections at the interface of the corresponding GUV, with the Top row indicating tube-to-sheet formation initiating from the end
of a nanotube and the Bottom row representing tube-to-sheet formation from coalescence of interfacial nanotubes originating at their orifices. Corresponding
zoomed vertical (xz) cross-sections passing through the nanotube and membrane sheet are presented on the Right. (C) Examples for DMSs formed after nanotubes
coalescence. Such DMSs are always located at the contact line and can coexist with nanotubes and other multiple DMSs. (Scale bars: 5 pm.)

Monitoring the tube-to-sheet transformation revealed two
pathways. The first pathway is initiated from the end of a nano-
tube (Fig. 44), which is highly curved and thus susceptible to
shape changes to reduce the large adhesion energy (31, 38). The
nanotube end either flattens into a disk, gradually increases its
contact area with the ATPS interface (Movie S2) or first branches
before transforming into a DMS (Fig. 44 and Movie S3), in both

https://doi.org/10.1073/pnas.2321579121

cases at the expense of shortening the nanotube (Fig. 4 B, 7op
row). Nanotube branching (initially via three-way junction)
observed here was also shown in Monte Carlo simulations of tubes
with increasing area-to-volume ratio (38) (occurring here via defla-
tion). This end-flattening transformation process is relatively slow
(minutes) and could be captured entirely (S7 Appendix, Fig. S11
and Movie S3). It is worth noting that the transformation process
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Fig. 5. Energy landscape for different combinations of material parameters, and prohibition of DMS formation by nanotube intertwined knots. (A-C) The
bending, adhesion, and total energy scaled by the bending energy of a sphere with zero spontaneous curvature AE,, = AE,,/8xk, are shown in red, yellow, and
blue, respectively. Different coexistence energy conditions include (A) stable-nanotube/metastable-sheet m = -=1/(186 nm), (B) stable-nanotube/stable-sheet
m=-1/(186.84 nm), and (C) metastable-nanotube/stable-sheet, m = =1/(190 nm). For all cases both membrane segments and nanotube have the same spontaneous
curvature my, = m,, = m,, the bending rigidity is x = 14.9 [kgT] as measured in S/ Appendix, Table S4, the interfacial tension is X, = 3.13 [uN/m] and the total
membrane area A = 142,51 [um?] which is obtained from the fit to experimental data in Fig. 2E. The red arrow in A shows the energy barrier of transformation
from metastable-sheet to stable-nanotube, AE, ., and the green arrow in C shows the energy barrier of transformation from metastable-nanotube to stable
sheet AE,,_,, respectively. (D) Schematic illustration of how nanotubes plausibly entangle during formation, while adhering to sedimenting droplets (that form
from ongoing phase separation in the PEG-rich phase upon vesicle deflation) and upon settling to and adhering at the two-phase interface one over another,
resulting in nanotube knots. (E) A single nanotube forms several knots with itself, which hinders further transformations. (Fand G) Two example images (4 pm x
4 um) for nanotube knots acquired with STED at a pixel size of 50 nm; the "aster" and "bundle" shaped nanotubes are tightly bounded together and move like
one single structure; see Movies S5-S7. (H and /) Exemplary images of GUVs with DMSs coexisting with nanotube knots at the interface. The knots hinder the

lipid diffusion and water influx in the specific nanotube thus prohibiting its further shape transformation. (Scale bars: 5 pm.)

varies in time scale, between a few minutes for complete transfor-
mation and roughly 10 min without obvious sheet growth/size
change after spotting. In the second pathway (Fig. 4C), membrane
sheets form by nanotube coalescence. The orifices of the nanotubes
adsorbed at the interface diffuse around along the contact line on
the mother vesicle surface and when approaching each other, pre-
sumably due to capillary forces, the merged neck opens and prop-
agates into the vesicle interior until all adjacent nanotubes are
used up to form a complete sheet structure (Fig. 4 B, Bottom row),
the process is fast and takes only 1 to 2 s as witnessed by direct
visual observation through the oculars. The transformation process
can either consume all the nanotubes at the af interface or only
a fraction of them, and either single or multiple DMSs can form
depending on the number and location of the coalescing nano-
tubes. Once formed, the DMSs were unlikely to coalesce with
another free nanotube or DMS as the relatively big size of the
DMS prohibits the two membrane necks to meet and coalesce.
The transformation process typically occurs in GUVs exhibiting a
large number of nanotubes. For a higher level of deflation, the ATPS
interface can be crowded with nanotubes, making the transforma-
tion process more likely in order to accommodate the excess mem-
brane area. This could be one of the reasons for the increased sheet
formation percentage at a higher osmolarity rado (Fig. 34).
However, in some vesicles, we did witness both of the above-
mentioned types of transformation (S/ Appendix, Fig. S12). It is
worth noting that the first transformation pathway is the dominant
one based on our observation.

PNAS 2024 Vol.121 No.26 2321579121

Nanotube-Sheet Coexistence. Our study suggests that the
nanotube and sheet structures are very soft and flexible, they
can reversibly transform into one another and coexist (Movies
S2-S4). To understand this feature of the system, we developed
a nanotube-sheet coexistence model for fixed membrane area
accommodated at the PEG—dextran interface; see SI Appendix
for more details. We define the coexistence energy AE,, which
measures the energy difference between the state of coexisting
nanotubes/sheets and the state where only nanotubes are present.
In Fig. 5 A-C, several examples of the coexistence energy, are
plotted as a function of the membrane sheet fraction for various
spontaneous curvatures close to the transition lines. We can
distinguish different examples of nanotube-sheet coexistence
by different stability conditions. For instance, for spontaneous
curvature 7 = -1/(186 nm), the membrane nanotubes are in
the stable state (zero membrane sheet fraction stands for the
state where the total area is stored in nanotubes only); and as
we increase the membrane sheet contribution, the total energy
of the interface increases and leads to metastable membrane
sheets, which are separated by an energy barrier AE,_,,, =7.91
shown by the red arrow in Fig. 54. If we slightly increase the
spontaneous curvature to 7 = -1/(186.84 nm), we obtain a
bistable state at the transition line where both nanotubes and
sheets are stable states; see Fig. 5B. In addition, if we slightly
increase the spontaneous curvature further to m = -1/(190
nm), the energy of the nanotube state exceeds the energy of the
sheet state and both states are separated by an energy barrier
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AE,, ., =839 (green arrow in Fig. 5C). These examples
demonstrate that stability conditions can change in a very
narrow window of parameter space close to the transition lines,
here spontaneous curvature being the control parameter. Note
that such small changes of the spontaneous curvature can be
provided simply as a result of thermal fluctuations. The SD
associated with material parameters such as the spontaneous
curvature in DMS (Fig. 2G) and nanotubes (21) provide the
basis for this claim.

Nanotube Knots Prohibit Tube-to-Sheet Transformation. After
resolving the origin of DMSs, we were curious why other GUVs
do not have DMSs inside; have they reached an equilibrium
state? The situation varies but mostly related to how nanotubes
become accommodated at the aff interface. Nanotubes start
forming during the first deflation step, fluctuating and exploring
the entire vesicle interior. After the second deflation, nanotubes
start adhering at the formed two-phase interface confining
fluctuations to a quasi-two-dimensional surface (as sketched in
Fig. 14). As phase separation proceeds with further deflation,
droplets of dextran-rich phase form within the PEG-rich one.
Upon encounter, tubes in the PEG-rich phase adhere or wrap
around droplets which drag them down settling onto the interface,
occasionally crossing and piling onto other previously adsorbed
nanotubes or entangling with others in the bulk (Fig. 5D). With
even further deflation, nanotubes can elongate and new nanotubes
can nucleate, preferentially from the PEG-rich phase due to
PEG asymmetry across the membrane (31, 32). Upon getting
accommodated onto the two-phase interface and depending on
how crowded it is, new tubes may entangle and “lock” a number
of other nanotubes already at the interface, producing aster- or
bundle-like projections (Fig. 5 £~1), which we define as nanotube
knots. The nanotube entanglement is fairly strong and knots seem
to behave as one integrated structure (Fig. 5 Fand G and Movies
§$5-§7). Additionally, 3D STED xzt-scans (Movie S8) show that
all nanotubes at the knot site are bounded tightly and potentially
squeezed, thereby hindering lipid diffusion and water influx into
the nanotubes and suppressing further transformation into DMS.
Further evidence is shown in Fig. 5 H and 7 where we see DMSs
coexisting with nanotubes forming knots with themselves and
remaining kinetically trapped. This explains the saturation of
DMS formation at higher deflation levels in Fig. 34. A small
fraction of the DMS-free vesicles exhibited nanotubes that were
not entangled by knots, which we predominantly attribute to
the nonuniform polymer encapsulation in the different vesicles
(39, 40) and their initial tension (see SI Appendix for details).
Knots are observed more frequently with longer/more nanotubes,
both of which are modulated by deflations. Membrane tubule
contact is ubiquitous in eukaryortic cells, it was shown that ER
tubules may entangle with mitochondria (membrane-bound
organelles) fission sites mediating membrane transformation
ultimately leading to mitochondrial division (41, 42). The
nanotube knots in our study are reminiscent of this complex
network of membrane tubules and could potentially indicate
further nanotube elongation and fission.

Relevance to Biological Organelles. Liquid-liquid phase separation
is a common feature in cells, with biomolecular condensates
exhibiting a wide range of interfacial tensions (43), including those
explored in this study. Given that the ER network spans over the
entire cell, it is highly probable that the ER membrane interacts
with biomolecular condensates within the cell, as evidenced by
several studies (9—12, 44, 45). Other similar double-membrane
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structures, such as phagophores (cup-like double-membrane
structures) and autophagosomes (double-membrane vesicles), also
exhibit membrane transformations. The initiation of phagophores
from ER subdomains requires the participation of Atg family
proteins (46, 47) (the complex roles of each protein are still under
investigation), while the closure of DMS into autophagosomes,
devoid of most transmembrane proteins (48, 49), may involve
wetting-mediated membrane transformation, with ESCRT
machinery facilitating final pore closure via fission (49, 50). Indeed,
emerging evidence points to the involvement of biomolecular
condensates in the process of autophagosome formation (51-53).

Our research on model membranes coupled with liquid-liquid
phase separation aims to provide insights and expand the spectrum
of membrane transformation phenomena induced by condensates.
Previous studies have shown that these interactions can lead to
membrane ruffling and fingering (54), lipid condensation (55),
and even endocytosis-like processes (56, 57), as reviewed elsewhere
(58). Here, we demonstrate that condensate wetting and mem-
brane area changes can lead to interconversion between the two
highly curved membrane structures (tubes and DMSs). Our find-
ings suggest that the ER membrane could be reshaped by the
wetting behavior of biomolecular condensates in cells, albeit in
synergy with transmembrane proteins playing significant and
active roles. Further meticulously designed studies are needed to
fully understand this phenomenon, potentially benefiting the
biophysics community.

Conclusion

In this work, we observed the formation of DMSs and tube-to-
sheet transformation in lipid vesicles enclosing condensates. The
nanoscopic structures revealed by 2D and 3D STED resemble
characteristic elements of the ER, namely, cisternae and tubules.
We identified two tube-to-sheet transformation pathways and
used theoretical analysis to obtain morphology diagram of the
tube-to-sheet transformation. Overall, compared to nanotubes,
DMSs provide a much more efficient way of storing membrane
area. In extreme conditions, the tube-to-sheet and the reverse
transformations can provide ways for cells to survive extreme exter-
nal osmotic shock. Based on our findings, tubular to cisternae-like
structure transformation in the ER could also occur via membrane
wetting by biomacromolecular condensates. The interfacial ten-
sion of the condensates, modulated by environmental conditions,
as well as the variations of the membrane spontaneous curvature
regulated by proteins present very plausible mechanisms for con-
trolling the morphologies of various membrane-bound and mem-
braneless organelles. Biomembranes undergo various shape
transformations such as endocytic or exocytic budding as well as
nanotube and membrane sheet generation during different stages
of cellular events. Understanding the coexistence of nanotubes
and DMSs as in the ER, the tube-to-sheet transformation, and
the prohibition mechanisms based on tubular knots can shed light
on the principles of similar cellular activities such as the evolution
of ER cisternae and the replication of coronavirus at ER mem-
brane compartments. In general, the tube-to-sheet transforma-
tions may deepen our understanding of how cells redistribute
membrane upon wetting by internal biomolecular condensates.

Methods

Materials. Dextran from Leuconostoc spp (Mr 450 to 650 kg mol™", batch
number: BCBR8689V), and PEG (PEG 8000, Mv 8 kg mol™", batch number:
MKBT7461V) were purchased from Sigma-Aldrich. 1, 2-dioleoyl-sn-glycero-3-ph
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osphocholine (DOPC) and 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
were purchased from Avanti Polar Lipids and cholesterol from Sigma-Aldrich. 1,
2-Dioleoyl-sn-glycero-3-phosphoethanolamine labeled with ATTO 647N (ATTO-
647N-DOPE product numberAD 647N-161, excitation peak at 646 nm, emission
peak at 664 nm) was purchased from ATTO-TEC GmbH. All other reagents were
of analytical grade. All solutions were prepared using ultrapure water from the
SG water purification system (Ultrapure Integra UV plus, SG Wasseraufbereitung)
with a resistivity of 18.2 MQ.cm.

Binodal, Critical Point, Density, and Osmolarity of ATPS. The binodal of ATPS
was determined from cloud point titration as described in details before (59, 60).
At the critical point, the volumes of the two phases are equal as one approaches
the binodal from the two-phase region. The critical point was determined by a
reversed process of cloud point titration. The osmolarities of the mixed polymer
solutions without and with sucrose of increasing concentrations were meas-
ured by an osmometer (Gonotec Osmomat 3000 Freezing point osmometer).
The densities of these solutions were measured by a densitometer (Anton Paar
DMA 5000M) and solution compositions selected to ensure that the Janus GUVs
encapsulating ATPS always stand vertically on the coverslip to facilitate imaging.

Vesicle Preparation and Deflation. The GUVs were prepared with the conven-
tional electroformation method as described previously (31, 61), from the ternary
lipid mixture of DOPC:DPPC:cholesterol = 64:15:21 (mole fractions) in the Ld
phase, and labeled with 0.5 mol% ATTO-647N-DOPE for STED super-resolution
imaging. GUVs made of DOPC or DOPC:DPPC:cholesterol = 35:35:30 (exhibiting
liquid ordered and liquid disordered Ld/Lo phase coexistence) were also explored
for DMS formation. In addition to the Ld GUVs, we also tested two lipid mixtures in
the Lo phase with higher bending rigidities, with LoT of DOPC:DPPC:cholesterol =
13:44:43, and Lo2 of DOPC:DPPC:cholesterol = 12:33:55. The GUVs encapsu-
lated dextran/PEG ATPS in the one-phase region with a weight ratio of D/P = 1.57
(4.76% and 3.03% weight fractions), chosen so that subsequent hypertonic ves-
icle deflation would cross the critical point after reaching the two-phase region,
thus resulting in similar volumes of the PEG-rich and dextran-rich phases (21).
The lipid mixture in chloroform was deposited on two oppositely facing indium
tin oxide-coated glasses and an electric field of 1.0V, and 10 Hz was applied
by a function generator for 2 h. Afterward, the GUVs were collected and used
immediately. The vesicles were trapped and immobilized in a microfluidic device
(21,29) using a high-precision NeMESYS syringe pump. Once sufficientamount
of GUVs were trapped by the posts of the microfluidic chip, deflation was initiated
using dextran/PEG solution of D/P = 1(3.54%, 3.54% weight fractions) with ~20%
stepwise increase in osmolarity using sucrose. This choice of solutions ensures
thatthe density of the external medium is between those of the upperand lighter
PEG-rich and the lowerand heavier dextran-rich phases. Typically, 10to 15 times
of the device volume (circa 4 pL) was exchanged by the deflation medium to
ensure a complete process. The vesicles were then given time to equilibrate, and
microscopy imaging was initiated.

Microfluidic Chip Fabrication for Vesicle Immobilization. The microfluidic
device, as reported in ref. 21, has 8 flow channels each containing 17 vesicle
traps; see SI Appendix, Fig. S1. The channels are equipped with fluid guiding
posts for collecting vesicles. The device was fabricated by pouring degassed
polydimethylsiloxane (PDMS) precursor and curing agent (Sylgard 184, Dow
Corning GmbH), with a mass ratio of 10:1, onto a silicon wafer and baking at 80 °C
for 2 h. PDMS block was gently peeled off from the wafer and cut into pieces,
with inlet and outlet holes punched with a biopsy punch (Kai Medical). Glass
coverslips were cleaned sequentially by detergent, water, and ethanol, blow
dried with nitrogen, and baked at 100 °C. The PDMS device and coverslip were
plasma-treated for 1 min using high-power expanded plasma cleaner (Harrick
Plasma) before bonding. The device was then baked at 80 °C for 30 min to
accelerate the bonding process. Solution exchange in the microfluidic device
was controlled by a NeMESYS syringe pump using a 0.5 mL Hamilton gas-tight
syringe. Before experiment, desired amount of solution was filled into the micro-
fluidic device by centrifugation at 900 relative centrifugal force (Rotina 420R,
Hettich). GUVs were typically collected in the traps at a flow rate of 1 ul/min,
and STED imaging was conducted atan ultraslow flow rate of 0.035 pl/min, suffi-
cientto keep the GUVs in the trap without imposing significant stress to the vesicle
membrane. An image after GUV collection can be viewed in S/ Appendix, Fig. S1D.

PNAS 2024 Vol.121 No.26 2321579121

STED Imaging. The STED microscope from Abberior Instruments GmbH is based on
an inverted microscope (IX83, Olympus Inc., Japan) equipped with a pulsed STED
laser beam at 775 nm.To ensure STED functions with maximum resolution, alignment
of the excitation and depletion beams was done first by inspection of the depletion
focus shape in reflection mode using 150 nm gold beads (Abberior Nanoparticle Set
for ExpertLine 595 &775 nm, Item number: AS-595-775-NP). Mismatches between
the reflection mode and the fluorescence mode were corrected by imaging TetraSpeck
beads of four colors (TetraSpeck™ Microspheres, 0.1 um, fluorescent blue/green/
orange/dark red). STED lateral resolution was measured using crimson beads of 26 nm
diameter (Carboxylate-Modified Microspheres, FluoSpheres™, Molecular Probe) and
found to be <40nm(21).Aspatial light modulator is used for generating 2D and 3D
STED laser beam patterns, and 3D STED can greatly eliminate the out-of-focus signal
in the axial axis thus improving the z-resolution to ~110 nm. GUVs were imaged
on the STED expert line with 60x Olympus UPlanSApo water immersion objective
(N.A. =1.20).

Since the DMSs are constantly moving along the three-phase contact line, and
due to its small size, finer structures of the neck could not be acquired in Fig. 24.
Since the DMS are curved (as is the two-phase interface to which they adhere) and
in order to obtain higher spatial resolution, we performed 3D STED. Compared to
confocal and 2D STED imaging, the xy focal plane thickness offered by 3D STED
in our setup is greatly decreased to about 110 nm, which helps to eliminate the
majority of the out-of-focus signal.

FRAP. FRAP experiments were performed with a Leica TCS SP8 (Wetzlar,
Germany) microscope using HC PLAPO CS2 63x (N.A. = 1.20) water immer-
sion objective at 1 Airy unit. GUVs were trapped in the same microfluidic setup
as in STED experiments to facilitate vesicle immobilization for FRAP. Imaging
and photobleaching were performed with a 633 nm HeNe laser. Images were
acquired with 256 x 256 format at a speed of 1,400 Hz (The confocal imaging
series in Fig. 44 and SI Appendix, Fig. S11B were also acquired with the same
imaging conditions to follow the transient and subtle changes of the mem-
brane). Ten prebleach images at low laser intensity were recorded as a refer-
ence, then the laser intensity was increased to maximum for multiple frames
in orderto photobleach the DMS to almost zero intensity, after which the laser
intensity was again decreased to record the fluorescence recovery behavior of
the same membrane structure. FRAP curve was analyzed using commercialized
Leica software. Data were fitted by an exponential model y(t) = A(1 - e~),
where A corresponds to the plateau intensity, 7 stands for fitted parameter, and

tis the time after bleach. The half recovery time t,, can be obtained using the

following equation:t; , = — In0.5,

T

Interfacial Tension Measurement. The interfacial tension between the coexist-
ing dextran-rich and PEG-rich phases was measured by a SITE100 spinning drop
tensiometer (Kriiss). Approximately 1 pl of the PEG-rich droplet was injected into
a transparent glass capillary that was prefilled with bubble-free denser solution
of the dextran-rich phase. The horizontally aligned capillary rotated at a certain
speed w between 500 and 12,000 rpm, and the lighter droplet became elongated
along the axis of rotation. The interfacial tension, o, between the two phases was
calculated based on the Vonnegut equation at a sufficiently high rotation speed
when the length of the droplet exceeded 4 times its equatorial diameter, 2Ry,
The equation has theformo = Apa)szmp/ll,whereAp is the density difference
between the coexisting phases as measured by a densitometer. The radius Ry,
was measured directly in the commercial software by calibrating the pixel size
using a stiff cylindrical stick with a known diameter in the capillary filled with
the same solution of the dextran-rich phase. The interfacial tensions at different
dextran and PEG weight fractions are listed in S/ Appendix, Table S3.

Fluctuation Spectroscopy. Fluctuation analysis was performed on Ld vesicles
encapsulating ATPS in the one-phase region following a protocol established
earlier (62, 63). In short, the electroformed GUVs containing the polymer solution
(of low-osmolarity ~19 to 20 mOsm/kg) were deflated by adding 2.5 to 5 mM
sucrose to the external solution. The observation chamber was immediately
sealed to prevent further vesicle deflation and binodal crossing due to evapora-
tion. Fluctuation data were acquired at room temperature (~23 °C) on an inverted
microscope (Zeiss Observer.D1) using a 40x/0.65 objective in phase contrast mode.
Atotal of 1,800 images at the equatorial plane of each GUV were acquired by a high-
resolution camera (pco.edge, PCO AG, Kelheim, Germany) with 200 ps exposure
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time at an acquisition speed of 15 frames per second. The GUV contour detection
and analysis were performed using custom-built software as previously reported
(62). Only GUVs with a clear contour and without inclusions were analyzed. The
obtained bending rigidity data are summarized in S/ Appendiix, Table S4 and used
forthe theoretical calculations. The bending rigidities of Lo GUVs were approximated
from literature values (64) as follows: for LoT membranes x ~ 83.4 [kgT] and for
Lo2 membrane k =~ 53.7 [kgT].

A Continuum Model of Membrane Wetting. The total energy of the membrane
which encapsulates two liquid phases of PEG-rich (a phase) and dextran-rich (3
phase) can be divided into noninterfacial and interfacial terms. The noninterfacial
energy of the system corresponds to the membrane bending energy at the cap

regions, £, of the mother vesicle far from the a# interface. The interfacial terms

describe the energy of membrane protrusions, £,,, that adhere to the liquid-liquid
(ap) interface. Thus, the total energy (or shape functional) of the partially wetted
vesicle has the form

2
E=E,+E,= 2 U dA;, [ZK,}, (M, —m,,) ] +ZA, - P,m]
i=a,p

+2KP,J Ay [ (M=) |+ oA [1]

with the subscript y referring to the external aqueous solution (Figs. 14 and
2F).The noninterfacial energy E,,, which is the sum over the two membrane
segments with areas A, and A, includes the bending energies of the respec-
tive membrane segments.The two membrane segment areas and the volume
of the aqueous phases are conserved by employing four Lagrange multipliers,
%, and P with i = o, §, respectively. These membrane segments can, in gen-
eral, have different bending rigidities «,, and «;, and different spontaneous
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