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Abstract

Cytoskeletal filaments and motor proteins are critical components in the transport and reorganization of
membrane-based organelles in eukaryotic cells. Previous studies have recapitulated the microtubule-
kinesin transport system ex vivo to dynamically assemble large-scale nanotube networks from
multilamellar liposomes and polymersomes. Moving toward more biologically relevant systems, the
present work examines whether lipid nanotube (LNT) networks can be generated from giant unilamellar
vesicles (GUVs) and subsequently characterizes how the lipid composition may be tuned to alter the
dynamics, structure, and fluidity of networks. Here, we describe a two-step process in which
microtubule motility (/) drives the transport and aggregation of GUVs to form structures with a
decreased energy barrier for LNT formation, and (ii) extrudes LNTs without destroying parent GUVs,
allowing for the formation of large LNT networks. We further show that the lipid composition of the
GUV influences formation and morphology of the extruded LNTs and associated networks. For example,
LNTs formed from phase-separated GUVs (e.g., liquid-solid phase-separated, and coexisting liquid-
ordered and liquid-disordered phase-separated) display morphologies related to the specific phase
behavior reflective of the parent GUVs. Overall, the ability to form nanotubes from compositionally
complex vesicles opens the door to generating lipid networks that more closely mimic the structure and

function of those found in cellular systems.
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Introduction

Dynamic reorganization of reticulated membrane-based organelles by cytoskeletal motor proteins and
filaments is integral for basic cellular function.! These processes are driven by the conversion of
chemical energy to mechanical work performed by biomolecular machines and enables lipid membranes
to adopt morphologies that are far from thermodynamic equilibrium. In turn, cells use these membrane
structures to create interconnected networks for the direct diffusive and osmotic transport of proteins,?
nucleic acids,® and other molecules.* For example, membranous tubules formed in organelles such as
the endoplasmic reticulum (ER) and Golgi apparatus are vital for their function as the main hubs for lipid
and protein synthesis and transport within the cytosol.> ® Membranous tubules, specifically, tunneling
nanotubes,! have also been observed between cells and implicated in cell-to-cell communication and
transport of cargos (e.g., proteins, organelles, and viruses)* in multiple cell types including neuronal
cells,” immune cells,® and some cancer cell lines.® These reports suggest that dynamic lipid structures are
instrumental to a wide range of biological and cellular processes but remain a nascent area of study with
the potential to impact our understanding of cellular communication and disease pathologies that

involve such lipid structures.

Membrane-bound organelles are largely composed of different types of glycerophospholipids, which are
amphiphilic biomolecules that typically organize into fluid bilayer membranes. The exact membrane
composition is dependent on the specific organelle and ultimately relate to the organelle’s function. The
membranes of the ER and Golgi apparatus, for example, are composed of different ratios of lipid species
including saturated lipids, unsaturated lipids, and cholesterol.’® These biomolecules spontaneously
assemble in vitro to form equilibrium structures such as micelles,!! vesicles,** and planar bilayers,!?
which have been broadly studied as biophysical models of cell membranes®3 as well as applications in

drug and gene delivery.'# At biologically relevant temperatures, lipid membranes exhibit in vitro changes



in their phase behavior, including the sequestration of saturated lipids and cholesterol into small
(nanoscale) phase domains to drive membrane reorganization for cellular processes.'> ¢ The deliberate
formation and dynamic reorganization of nonequilibrium lipid structures (e.g., tubules) that mimic

biological structures such as the ER and Golgi apparatus, however, has remained challenging.

The study of ex vivo lipid tubules necessitates a model system in which mechanical forces may be to
overcome thermodynamic barrier limiting the formation of tubule structures. Here, lipid nanotubes
(LNTs) have been extruded from cells and man-made lipid vesicles using optical tweezers,’
micropipettes,’® and motor proteins,’® 20 and used to characterize microfluidic transport and
communication, and mechanisms of cellular analyte transport and cellular signaling pathways. As an
example, using the inverted (gliding) motility assay (IMA), large-scale LNT networks were generated
using kinesin motor proteins, microtubules, and multi-lamellar vesicles (MLVs).?! In this system, kinesin
motors powered by chemical energy from ATP provided the work necessary to overcome the energetic
barrier to extrude LNTs and drive the dynamic organization of complex networks of LNTs. Briefly,
biotinylated microtubules are propelled across a kinesin-coated surface in the IMA. The introduction of
streptavidin and biotin-containing MLVs enabled non-covalent binding among the microtubules and
MLVs, and the motion of the microtubules drives extrusion of LNTs from the large reservoir of lipid
membrane in the MLVs. The LNT networks morphologically exhibited surface densities and network
branching similar to those of the ER and Golgi apparatus. These networks were in turn used to study
diffusive transport on the outer surface of the LNTs, demonstrating single-file 1D diffusion of

nanoparticles and localized confinement dependent on nanoparticle density.!

LNT networks generated from MLVs are relatively restricted in their biological relevance based on their

simple lipid formulation, generally consisting of only unsaturated lipids. As such, the use of kinesin



motors combined with lipid vesicles comprised of multiple lipid species represents a potential model
system to study the biophysical properties of compositionally complex LNTs that more closely mimic
their biological analogs. Giant unilamellar vesicles (GUVs) are a commonly used tool to study lipid
membrane biophysics and can be reliably fabricated with complex lipid formulations to study lipid phase
behavior,*? lipid membrane mechanics,?? and protein-lipid interactions.?* Extrusion and fission of LNTs
from GUVs have previously been described using biomolecular motors in the standard (i.e., cellular)
motility geometry.'® 2° In the present work, we hypothesized that large-scale LNT networks could be
dynamically assembled using the kinesin IMA and GUVs, and that the morphological properties may be
tuned with complex lipid formulations. The assembly of LNT networks is described by a two-step process
in which kinesin-transport induces the aggregation of GUVs, followed by the extrusion of LNTs, forming
large-scale, high-reticulated networks. Altering the lipid composition of the GUVs further enables the
observation of changes in the physical characteristics as well as phase separation in LNTs. Overall, these
results represent a key first step towards the study of compositionally complex lipid tubules that more

closely mimic the structures and functions of those found in cellular systems.

Results and Discussion

Extrusion of Lipid Nanotube Networks (LNT) from GUVs

Large, complex networks of lipid and polymer nanotubes were formed using MLVs combined with the
kinesin-microtubule IMA, demonstrating that the size and morphology of networks could be tuned by
changing the microtubule density, concentration of ATP (i.e., energy), and the amount and the intrinsic
fluidity of the lipid membrane.? 2* Networks formed from MLVs with simple lipid formulations,
however, are of limited biological relevance as their cellular analogs (e.g., ER and Golgi apparatus) are
comprised of multiple lipid species including sphingolipids, cholesterol, and phospholipids such as

phosphatidylcholine  (PC), phosphatidylethanolamine (PE), phosphatidylserine  (PS), and



phosphatidylinositol (P1).1° Moving toward a more biological relevant system, we used kinesin motility
and GUVs with complex lipid formulations to form LNT networks and examine how composition may be

altered to study membrane phase separation and tune the properties of LNTs.
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Figure 1. Microtubule Transport Induces Aggregation of GUV and Extrusion of LNT Networks. (A) GUVs (red) are

bound to and transported by biotinylated microtubules (green), leading to collisions among GUVs and the
formation of aggregates (first panel). The aggregates provide a lipid reservoir from which LNTs are extruded by
microtubules pulling in opposing directions on the aggregated GUVs (second panel). Intersecting and branched
LNTs are observed as the microtubules continue acting the GUVs and LNTs (third and fourth panel). (B) Time-lapse
fluorescence images where two GUVs (yellow and blue arrows) are pulled together, resulting in the formation of
an LNT. The GUVs are transported by microtubules (not visible in these images) and collide, forming an aggregate
at t= 140 s. A nanotube forms between the two vesicles and a second nanotubes is extruded (t= 230s) and

continues to be extended (t= 320 s) until it connects to another GUV aggregate (t = 600 s).

Our initial goal was to determine whether the kinesin IMA could support the formation of LNT networks
from single lipid component GUVs. While extrusion of individual LNTs from GUVs was previously
observed using membrane-bound kinesin motors moving along surface-tethered microtubules,!®: 20 25

the resulting LNTs did not exhibit extensive lengthening or branching comparable to those formed using



MLVs and the IMA.2% 24 In the present work, we introduced GUVs composed of 95% 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) and 5% 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl)
(DOPE-Biotin) in the kinesin IMA in the presence of biotinylated microtubules and streptavidin, and
characterized the formation of LNTs from these vesicles (Figure 1A). The GUVs also included 0.5% Texas
Red, 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine  (Texas Red-DHPE) to permit
characterization of LNT formation by fluorescence microscopy. Figure 1B shows an example of the
formation of LNTs from this lipid formation. At 140 s, two GUVs were visible in the field of view and
driven together by the gliding microtubules (not visible in these images) at 230 s (Figure 1B). Biotin-
streptavidin-biotin bonding between the GUVs subsequently lead to formation of an LNT (approximately
3.5 um in length) between the two GUVs (260 s), as well as extrusion of a second, longer (19.8 um) LNT
without destroying the parent GUVs (600 s; Figure 1B). The process of LNT extrusion may continue until
the ATP in the system has been depleted, or aggregation of microtubules via biotin-streptavidin binding
limits motility. Observation of network formation in this system suggested that LNT formation followed
a predictable, two-step process in which (i) transport of GUVs lead to collisions among and aggregation
of GUVs, and (ii) extrusion of LNTs from the parent vesicles based on microtubules acting on the
aggregate in opposing direction, providing an opposing force for LNT formation (Supplementary Figure
1). In the case of MLVs, there are numerous layers of lipid bilayers within the vesicle, which enables
extrusion of LNTs from a single vesicle. Conversely, GUVs typically contain one or two bilayers within a
vesicle, which makes extrusion of nanotubes from a single vesicle less frequent. Therefore, we speculate
that the aggregation of GUVs by microtubules enables the formation of LNTs because the reservoir of
usable lipid increases as GUVs assemble into an aggregate. This proposed mechanism is consistent with
observations reported in other systems in which aggregation of GUVs is also required for nanotube

formation.26-28
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Figure 2. Phase Diagram of Lipid Mixtures. Adapted from the well-studied DOPC/DPPC/Cholesterol lipid mixture,*3
we formed GUVs for the five lipid formulations used in this study and confirmed their phase behavior. (1) 95%
DOPC, 5% DOPE-Biotin. Single liquid phase (Lp) (2) 50% DOPC, 45% DPPC, 5% DOPE-Biotin. Liquid-Solid phase (Lp-S)
(3) 60% Cholesterol, 35% DPPC, 5% DOPE-Biotin. Single liquid-ordered phase (Lo) (4) 19% DOPC, 38% DPPC, 38%
Cholesterol, 5% DOPE-Biotin. Liquid-liquid coexistence (Lo-Lp) (5) 45% DOPC, 20% DPPC, 30% Cholesterol, 5%
DOPE-Biotin. Liquid-liquid coexistence (Lo-Lp). All scale bars corresponded to 5 pm. Texas Red-DHPE was used to

label the lipid membranes (0.5%) for all GUVs shown here.

One advantage of using GUVs for formation of LNTs, as opposed to MLVs, is that the compositions may
be readily altered to study lipid membrane phase behavior;?* 39 specifically, LNTs composed of different
lipid phases may be formed using multi-component lipid formulations. Phase separation is the
temperature dependent process of lipid membranes wherein the membrane segregates into regions of
distinct lipid composition based on the physical chemistry of the phospholipid head and hydrocarbon tail
groups of the component lipids. Here, we used the well-studied DOPC/DPPC (1,2-dipalmitoyl-sn-glycero-
3-phosphocholine)/cholesterol phase diagram (Figure 2) as a guide to synthesize GUVs containing
biotinylated lipids to create LNTs derived from multi-component lipid formulations.'* GUVs were formed

using an agarose gel rehydration method.3% 32 Briefly, lipids dissolved in chloroform were spread and



dried on a 1% agarose film and then placed under vacuum for at least 2-h before rehydration. The
agarose gel and lipid layer were rehydrated in osmotically balanced sucrose solution at 50°C for 1-h, and
GUVs were then collected. Multiple GUV formulations were used to confirm the phase behavior of the
vesicles synthesized from the agarose gel method. For imaging, all GUV formulations were synthesized
with a trace amount, 0.5%, of the labeled lipid Texas Red DHPE, which strongly partitions to fluid

phases.3?

As expected, GUVs comprised entirely of unsaturated lipids, 95% DOPC and 5% DOPE-Biotin created
vesicles consisting of a single liquid phase (Lp) (Figure 2). We then synthesized GUVs comprised of 60%
Cholesterol, 35% DPPC, and 5% DOPE-Biotin, which created a single liquid phase (Ly) because of the
presence of cholesterol in the formulation. Cholesterol is known to fluidize saturated lipids enabling the
formation of liquid phases in lipid membranes without unsaturated lipids present.’® Solid-liquid, phase-
separated (Lp-S PS) GUVs were formed using a mixture of 50% DOPC, 45% DPPC, and 5% DOPE-Biotin. As
expected, clear markers of liquid-solid phase separation were observed by fluorescence microscopy:

irregular edges at the phase boundary between the solid phase (dark) and liquid phase (red; Figure 2).

Forming GUVs with a ternary mixture of cholesterol, unsaturated lipids, and saturated lipids within a
specific region of the phase diagram, results in the coexistence of two liquid phases within the lipid
membrane. Here, we examined two lipid formulations that are known to separate into coexisting liquid-
ordered and the liquid-disordered phases (Lo-Lp PS). The first formulation consisted of 19% DOPC, 38%
DPPC, 38% Cholesterol, and 5% DOPE-Biotin, and exhibited clear phase separation under observation by
fluorescence microscopy. A smooth phase boundary between the liquid-disordered phase (Lp) (red) and
the liquid-ordered phase (Lp) (dark) indicating liquid-liquid coexistence was clearly visible under

fluorescence microscopy (Figure 2). Notably, in this formulation the L, phase was the minority phase in



the membrane, which was expected as only 24% of the lipids in the formulation should strongly
partition into the L, phase. The second formulation investigated consisted of 45% DOPC, 20% DPPC, 30%
cholesterol, 5% DOPE-Biotin, and exhibited phase separation (Figure 2). Again, a smooth boundary
between the two phases was observed, indicating the coexistence of two liquid phases on the GUV lipid
membrane. In this formulation, however, the majority phase observed on the vesicle membrane was the

Lp phase (red) because 50% of the lipids used in the formulation, strongly partition to the L, phase.

LNTs Networks Extruded from Multi-Lipid Component and Multi-Phase GUV Formulations.

The ability of multi-lipid/multi-phase GUVs to support the formation of LNT networks in the kinesin
gliding motility assay was evaluated by first examining LNTs extruded from Lp-S PS GUVs composed of
50% DOPC, 45% DPPC, and 5% DOPE-Biotin. Here, the LNTs formed from these GUVs (Figure 3A) were
qualitatively similar to the LNTs observed for the 95% DOPC, 5% DOPE-Biotin formulation (Figure 1) as
indicated by the multiple junctions and branches between LNTs in the networks. We then examined the
networks extruded from the Lo-Lp PS GUVs (Figure 3B, C). The LNTs derived from these GUVs were also
similar to the networks extruded from the Lp-S PS GUVs and Lp GUVs. Notably, the functional lipid in
these three formulations, DOPE-Biotin, partitions strongly to disordered and liquid phases due to its two
oleoyl hydrocarbon tails.3* 3> As such, the LNTs extruded from these vesicles were likely compositionally
composed of lipids that partition into the Ly phase. Moreover, the similarities between the LNTs derived
from these different GUV formulations were likely related to being primarily composed of unsaturated
lipids. Additionally, the nanotubes extruded from these GUVs were of similar lengths. Specifically, the
average length of a nanotube was 53.8 + 9.8 um (mean * 95%Cl), 55.8 + 9.4 um, 59.9 + 16.4 um, and
53.2 £ 9.2 um for the 95% DOPC GUVs, Lp-S PS GUVs, 24% unsaturated Lo-Lp PS GUVs, and 50%
unsaturated Lo-Lp PS GUVs respectively. These lengths are similar to those reported for tunneling

nanotubes between cells, which can reach lengths up to 200 um.3® In contrast to tunneling nanotubes,



LNTs extruded from multi-lipid/multi-phase GUVs exhibit significant branching and interconnectedness,

reminiscent of the ER and Golgi apparatus. Prior studies on LNTs from MLVs suggest that the relative

length and frequency of branching may be tuned by varying the surface density of microtubules, or

changing the membrane composition of the parent vesicles.?' 2* Collectively, these data indicated that

LNTs may be extruded from Ly GUVs and were morphologically similar regardless of composition.
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Figure 3. Lipid Nanotube Networks Formed by Multi-Component Lipid Membranes. Fluorescence images of lipid
nanotube networks derived from Liquid-Solid Phase-Separated (Lp-S) GUVs (A), Phase-Separated GUVs containing
50% unsaturated lipid (50% unsaturated Lo-Lp PS) (B), Phase-Separated GUVs containing 24% unsaturated lipid
(24% unsaturated Lo-Lp PS) (C), and liquid-ordered (Lo) phase GUVs (D). All scale bars corresponded to 20 um. Lipid

membranes were labeled with 0.5% Texas Red-DHPE.

Formation of LNTs from the GUV formulation, 60% Cholesterol 35% DPPC, 5% DOPE-Biotin was

examined next to address the question as to whether L, phases could support LNT extrusion. Qualitative
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differences were observed between these LNTs (Figure 3D) and the LNTs formed from the L, GUV
formulation (i.e., 95% DOPC, 5% DOPE-Biotin; Figure 1). Most notably, the LNTs exhibited less branching,
forming predominantly straight LNTs with infrequent, small branches. Further, the average length of
extruded nanotubes from the Ly formulation was 34.9 £ 7.8 um. When compared with the L, lengths
(50-60 um), a significant difference between the length of Ly and Ly phases was observed via a one-way
ANOVA test (p<0.05) (Supplementary Figure 2). LNTs formed from the Lo GUVs were also noticeably
thicker than those formed from L, formulations. To quantify this observation, the diameter of LNTs were
measured from binary images of the LNTs formed from each GUV formulation (see Experimental section
for details). Here, LNTs derived from unsaturated lipids (Lp GUVs and domains) all had similar LNT
diameters of 6-7 pixels. In contrast, LNTs derived from the Lo GUV formulation were 16-18 pixels in
diameter, significantly (ca. 2.6-times) larger than the tubes extruded from the Ly formulation (P<0.05;
Supplementary Figure 3). The diameters of extruded Ly and Ly tubes have been previously estimated to
be 60 and 110 nm, respectively.?® The larger diameter observed for the L, formulation was a direct
consequence of the composition of the parent GUV. Specifically, the 60% cholesterol formulation
contained a majority fraction of saturated lipid (35% DPPC) and very small molar fraction of unsaturated
lipids (5% DOPE-Biotin), which resulted in thicker LNTs. The observed difference in diameter was
consistent with previous work that determined that saturated lipids form thicker LNTs when compared
to unsaturated lipids, owing to their larger bending modulus and higher rigidity.?% 22 37. 38 The diameter
values of synthetic LNTs are also consistent those reported for biological tubules including those of the

ER and Golgi apparatus (30-50 nm),3 %9 as well as tunneling nanotubes (50-1000 nm).*!

Multi-Component Lipid Nanotubes Contain Enriched Nodes.
The observations for LNTs extruded from multi-phase GUVs raised questions as to whether (i) LNTs

could be extruded from the Ly phase of phase-separated GUVs, and (i/) whether phase separation could
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occur in LNTs. To address these questions, we prepared phase-separated GUV formations containing
both 3% DOPE-Biotin (partitions to the L, phase) and 2% 1,2- dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(bio-tinyl) (DPPE-Biotin) (partitions to the Ly phase),3* 3> which enabled LNT
extrusion from both the Ly and Ly phase. Additionally, the GUVs were labeled with both Oregon Green
DHPE (0.5%) and Texas Red DHPE (0.5%), enabling visualization of the Ly phase and Lp phase,

respectively. 4
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Figure 4. Lipid Nanotubes Contain Nodes Enriched in Lipids. Composite, Green Channel, and Red Channel
fluorescence images of nanotubes derived from phase-separated 24% unsaturated (top) and 50% unsaturated
(bottom) GUVs. In both formulations it appeared that these nodes were brighter in the Green channel than the red
channel. Specifically, in the phase-separated 50% unsaturated network these nodes appeared only in the Green

Channel. Lipids were labeled with 0.5% Oregon Green-DHPE and Texas Red-DHPE. Scale bars correspond to 20 um.

LNT networks were readily formed from phase-separated 24% unsaturated GUVs containing both DPPE-
Biotin and DOPE-Biotin (Figure 4). In these two-color images, the LNTs clearly exhibited both red and

green fluorescence, which suggested co-existence of the saturated and unsaturated lipids. In addition,
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nodes (i.e., bright dots) were observed along the length of the LNTs. Here, we observed the enrichment
(i.e. stronger green fluorescence signal compared to the signal in the LNT) of Oregon Green fluorescence
in these nodes suggesting that these nodes along the LNT were primarily composed of saturated lipids.
Specifically, while the LNTs had similar intensities, the nodes exhibited a stronger green fluorescence
signal. Similar results were obtained using the GUV formulation containing 50% unsaturated lipids
(Figure 4). LNT networks were readily formed, and enrichment of Oregon Green lipids was observed in
nodes. When observing the LNTs and nodes in the red channel, however, it was noted that Texas Red
DHPE had been excluded from the node. This result suggested that phase-separation occurred along the
LNT and that these nodes were enriched in saturated lipid. Furthermore, this result suggested that these

regions within the LNTs were likely enriched in the Lo.
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Figure 5. Quantifying lipid partitioning within nodes. (A) Green (left) and Red (right) channel images of the lipid
nanotube network derived from phase-separated 24% unsaturated GUVs from Figure 4. Line profiles of the

fluorescence intensity of the node (solid line) and tube (dashed line) were then taken. (B) The line profiles of
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fluorescence intensity (Gray Value) of the node (solid) and tube (dashed) for each channel (Green and Red)

plotted. Peaks corresponded to the labeled membrane. Scale bars corresponded to 5 um.

Lo Lipids Partition Strongly into Nodes within LNT Networks.

Enrichment of lipids at nodes along the LNTs was next quantified by calculating the ratio of the
background subtracted maximum grey value (a.u.) of the node to the background subtracted maximum
grey value (a.u.) of the LNT. As an example, close examination of the network formed by 24%
unsaturated Lg-Lp PS GUVs (Figures 4 and 5A) exhibited a noticeable difference in partitioning for the
node in both channels. In both channels, the node was clearly more enriched in labeled lipids in
comparison to the fluorescence observed in the LNT (Figure 5A). By calculating the ratio of the
fluorescence of the node to the fluorescence of the LNT in the green channel, we observed that the
node is approximately nine-times brighter than parent LNT (Figure 5B). In contrast, when this ratio was
calculated for the same node and LNT in the red channel, we observed that that the node was
approximately two-fold brighter than the parent LNT (Figure 5B). Overall, these data suggested that
nodes were enriched in both saturated and unsaturated lipids. However, the high level of partitioning of
the Oregon Green-DHPE lipids in the nodes suggests that the nodes were more enriched in saturated
lipids than unsaturated lipids.*> For the 24% unsaturated Lo-Lp PS formulation, the ratios in the green
and red channels were 18.5 + 2.3 (95% Cl) and 4.5 + 0.7, respectively (n = 191) (Supplementary Figure 4).
For the 50% unsaturated Lo-Lp PS formulation, the ratios in the green and red channels were 13.3 + 4.8

and 2.6 * 0.6, respectively (n = 58) (Supplementary Figure 5).

Collectively, the results shown in Figures 4 and 5 demonstrated that these nodes were likely composed
primarily of saturated lipids in the Ly phase. It has been previously hypothesized that there are regions

on cellular membranes that are enriched in cholesterol and saturated lipids and involved in spatial and
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temporal organization of membrane proteins.!> 16 43. 44 The nodes in our model system may serve as a
platform for characterizing the preferred lipid environment for membrane proteins organization.
Furthermore, regions enriched in cholesterol and saturated lipids have also been observed in the ER and
Golgi apparatus.*> %6 Thus, the formation of such regions in our synthetic LNTs opens the door to

potentially mimic biologically relevant lipid organization in ex vivo, synthetic systems.

Lipid Nanotube Networks Extruded by Multi-Component GUVs Demonstrate Liquid-Liquid Phase
Coexistence.

Lo-Lp PS GUVs were prepared with 5% DPPE-Biotin, which is known to moderately partition into the Lo
phase with a partitioning factor ranging from 1.134 to 1.4.3> As such, we expected to observe thick, L,
LNTs and thin Ly LNTs in networks formed from these GUVs. Indeed, both thick and thin LNTs (Figure 6A)
were extruded from 24% unsaturated Lo-Lp PS GUVs labeled with 0.5% Oregon Green DHPE. Note that
because both Oregon Green-DHPE and DPPE-Biotin partition more strongly to the Ly phase, we see a
low green signal for the thin Lp tubes (Figure 6A inset). We also observed the coexistence of Ly and Lp
nanotubes in the 50% unsaturated Lo-Lp PS formulation (Supplementary Figure 7). Phase-separation
within LNTs was also clearly observed, demonstrating that both the Ly and L, phases could coexist
within the same LNTs, similar their phase coexistence behavior observed in GUVs (Figure 6B;
Supplementary Figure 6). This result was rather interesting as LNTs are highly curved membrane

structures, and coexistence of different phase may not intuitively be expected.

Previous work has demonstrated that lipids in the L, phase localize in low curvature geometries,
indicating that these LNTs are within a critical membrane curvature threshold that enables phase
separation.?’>° The appearance of phase-separated domains along the LNTs may be explained by its

intrinsic dimensionality. Specifically, LNTs are one-dimensional structures and experience high curvature
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in only one dimensions, as compared small vesicles in which lipids experience high curvature in two
dimensions. Work done by Brewster and Safran demonstrated that increasing the concentration of
cholesterol in DOPC and DPPC membranes increased the size of phase-separated domains.>® Therefore,
the appearance of phase-separated domains within the LNTs in our studies may also be explained by the
large presence of cholesterol (>30%) in our lipid formulation, which has also been seen in a previous
extruded lipid nanotube system.?® Additionally, lipid membrane phase separation has also been

observed in highly curved mitochondrial membranes during apoptosis and energy flux processes.>!

Figure 6. Nanotube Networks formed by DPPE-Biotin Lipids contain coexisting Lo and Lp nanotubes. (A)

Fluorescence image demonstrating the formation of Ly and L; (inset) tubes from the same parent GUV. Scale bar
corresponded to 20 um. (B) Fluorescence image of phase-separation within a lipid nanotube. Note the phase-
separation in not extruded GUVs in the field of view. Scale bar corresponded to 10 um. The lipid membranes were

labeled with a trace amount of OG-DHPE (0.5%).

Conclusion
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Overall, our work demonstrates the ability to form complex LNT networks from GUVs and establishes a
model system for further studying lipid phase separation in LNTs. Lipid membrane phase separation in
liposomes has been a powerful tool used to achieve improved functionality in man-made drug delivery
systems®? and has been hypothesized to help organize proteins and lipids spatially and temporally in
living systems.'> 1® Future application of our system combined with the ability to achieve phase-
separation in LNTs opens the door to developing more complex and functional synthetic LNT networks
for studying cell communication, nanofluidic transport of biomolecules, transmembrane protein lipid

preferences, and development of synthetic neuronal networks.

Experimental

Chemical Reagents

PIPES (Piperazine-N,N’-bis(2-ethanesulfonic acid)), MgCl2, EGTA, KOH, GTP, paclitaxel (Taxol), casein,
AMP-PNP (B,y-imidoadenosine 5'-triphosphate), ATP(Adenosine 5’-triphosphate disodium salt), glucose
oxidase, catalase, D-glucose, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid, DTT, chloroform,
and Trolox were purchased from Sigma-Aldrich. Unlabeled, HiLyte 488, and biotin-labeled lyophilized
porcine brain tubulin were purchased from Cytoskeleton. 1,2-Dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), cholesterol (ovine wool),1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(bio-tinyl)  (DOPE-Biotin), and 1,2- dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(bio-tinyl) (DPPE-Biotin) were purchased from Avanti Polar Lipids. Texas Red,
1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine  (TR-DHPE) and Oregon Green, 1,2-

dihexadecanoyl-sn-glycero-3-phosphoethanolamine (OG-DHPE) were purchased from Invitrogen.

Microtubule Preparation
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For HiLyte488 labeled microtubules, HiLyte™ Fluor 488-labeled, biotin-labeled and unlabeled tubulin in a
1:1:6 molar ratio was suspended in BRB80 buffer (80 mM PIPES, 1 mM MgCL,, and 1 mM EGTA adjusted
to pH 6.9 with KOH) containing 1 mM GTP at a concentration of 16 uM and then polymerized for 30
minutes at 37°C, while microtubules made without HiLyte488 tubulin were made at a 1:7 biotin labeled
to unlabeled tubulin ratio. After polymerization microtubules were stabilized by diluting to 0.8 UM with

BRB80T, BRB80 buffer containing 1 uM paclitaxel. All samples were stored at room temperature.

GUV Preparation

Giant unilamellar vesicles (GUVs) were formed by following published protocols using agarose coated
microscope coverslips.3% 32 The lipid compositions used in this study were based on the well-studied
DOPC/DPPC/Cholesterol ternary lipid formulation. Lipids dissolved in chloroform were spread on
agarose coated coverslips and placed under vacuum for at least 2 h to remove all the solvent. The lipid
film was rehydrated in sucrose solution (575 mOsm) at approximately 50°C to exceed the expected
melting temperature of DPPC, 41°C. In all experiments vesicle solution osmolarity was measured using a

vapor pressure osmometer (Advanced Instruments). All samples were stored at 4°C.

Motility Assay

A5 mm x 20 mm x 0.450 mm flow cell was created on a glass slide using double-sided tape and a glass
coverslip. The motor protein kinesin (KIF5B) was used to immobilize microtubules to the coverslip
surface for imaging. Kinesin was expressed and purified using established protocols. The flow cell was
filled with ImM kinesin in the buffer BRBSOCAT, BRB80 buffer containing 0.2 mg mL? casein, 1ImM ATP,
1 uM paclitaxel, and 1 mM Trolox. After a 5-min incubation, 20 uL of the microtubule solution was

introduced into the channel. Following another 5-minute incubation, the channel was washed with
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imaging solution, BRB80 buffer containing, 0.2 mg mL? casein, 1ImM ATP, 1 uM paclitaxel, 1mM Trolox,

0.02 mg mL* glucose oxidase, 0.008 mg mL* catalase, 20 mM D-glucose, and 1 mM DTT.

Lipid Nanotube Network Fabrication

After microtubules were introduced into the flow cell, streptavidin diluted to 0.01 mg mL? in imaging
solution was introduced into the channel and incubated for 10 minutes. The channel was then washed
with imaging solution and GUVs diluted in motility solution was added to the flow chambers and
immediately imaged on the microscope. For time course images, the chamber was sealed with Velap
and images were taken every ten minutes for an hour to capture the formation of LNTs. For single
images to capture completed LNTs, a 30-minute timer was started and at the end of this time period, 2
puL of 100 mM AMP-PNP was added to the flow cell to inhibit microtubule motility and preserve the

properties of the LNT. All experiments were conducted at room temperature.

Fluorescence Microscopy

Fluorescence imaging was performed on an IX-81 Olympus microscope with 100X/1.4 Numerical
Aperature oil immersion objective, Semrock Brightline Pinkel DA/FI/TR/Cy5/Cy7-5X-A000 filter set, 3.0
ND filter, and Orca Flash 4.0 digital camera. The lipid nanotube network fabrication time course images

were acquired at 10 second intervals for a total duration of 10 minutes.

LNT Diameter Measurements
Fluorescence images were converted into binary images using the threshold feature of Imagel. Pixels

above the threshold were converted to a 0 value while beneath this threshold the pixels were converted
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to a 255 value. A rectangle of known length (50 or 100 pixels) was drawn over a specified tube. The sum
of the pixel intensities (integrated density) of this region of interest (ROI) was taken. Then area of pixels
in the tube was determined by dividing the integrated density by 255. To acquire the width of the tubule

in pixels, the pixel area was divided by the length of the rectangle used to create the ROL.

Nodule Partitioning Measurements

Image) was used to analyze the images. The line profile tool was used to capture the maximum
background-subtracted peak intensity of a nodule and tube in both the Texas Red and Oregon Green
channels. To determine the partitioning of lipid in the nodule the background subtracted maximum gray

value of the nodule was divided by the background subtracted maximum gray value of the tube.

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI:
e Fluorescence images demonstrating microtubule transport of vesicles and extrusion of LNTs,
detailed size comparison of LNTs formed from different phases, comparison of LNT thickness
(i.e., diameter) for different phases, comparison of node brightness for 24% and 50%
unsaturated phase-separated vesicles, summary table of GUV and LNT characteristics, and
fluorescence images of LNTs structures formed by 24% and 50% unsaturated phase-separated

vesicles
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TOC Image & Description

Explored the kinesin motor-driven formation of lipid nanotube (LNT) networks from multi-component
phase-separated giant unilamellar vesicles (GUVs), which resulted in LNTs wherein lipids partitioned into
nodes along the tubes, formed thick and thin LNTs depending on the GUV formulation used, and

demonstrated phase-separation of lipids within LNTs.
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