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There is still a large gap in our understanding between the functional
complexity of cells and the reconstruction of partial cellular functions
in vitro from purified or engineered parts. Here we have introduced
artificial vesicles of defined composition into living cells to probe the
capacity of the cellular cytoplasm in dealing with foreign material and
to develop tools for the directed manipulation of cellular functions.
Our data show that protein-free liposomes, after variable delay times,
are captured by the Golgi apparatus that is reached either by random
diffusion or, in the case of large unilamellar vesicles, by microtubule-
dependent transport via a dynactin/dynein motor complex. However,
insertion of early endosomal SNARE proteins suffices to convert
liposomes into trafficking vesicles that dock and fuse with early
endosomes, thus overriding the default pathway to the Golgi.
Moreover, such liposomes can be directed to mitochondria expressing
simple artificial affinity tags, which can also be employed to divert
endogenous trafficking vesicles. In addition, fusion or subsequent
acidification of liposomes can be monitored by incorporation of
appropriate chemical sensors. This approach provides an opportunity
for probing and manipulating cellular functions that cannot be
addressed by conventional genetic approaches. We conclude that
the cellular cytoplasm has a remarkable capacity for self-organization
and that introduction of such macromolecular complexes may
advance nanoengineering of eukaryotic cells.
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Intracellular delivery of macromolecular cargo into living cells
constitutes an important approach for both fundamental research
and therapeutic applications (1). For many years, efficient proce-
dures for introducing nucleic acids into cells for gene expression or
gene silencing have served as fundamental tools to advance mo-
lecular biology and cell biology, and some of them have shown
promise in clinical trials for gene therapy of genetic diseases (1). In
contrast, much less has been invested in the intracellular delivery of
other macromolecular complexes such as multiprotein complexes,
isolated organelles, liposomes, nanoparticles, or nanodevices due
to the fact that the development of convenient and efficient de-
livery technologies has been lagging behind (1). So far, compara-
tively few studies are available in which intracellular delivery of
macromolecular complexes is used for probing cellular functions.
For instance, isolated mitochondria were microinjected to manip-
ulate cellular mtDNA, which can be used to compensate metabolic
defects due to mutations in mtDNA (2, 3). In another example,
microinjection of beads in living cells was used to study particle
movement, which was mediated by an interaction of the beads with
the intracellular cytoskeleton (4, 5).

While these studies are promising, we believe that the enormous
potential of such approaches for both basic research and thera-
peutic applications still remains to be exploited. For example,
“bottom-up approaches” involving a combination of biochemistry
and nanoengineering have recently been used for reconstructing
model membranes in vitro that exhibit properties resembling their
biological counterparts (6, 7). It remains to be established whether
such devices retain their functionality in the environment of a living
cell, which constitutes the ultimate test for the engineering quality
of such devices. Indeed, testing such devices in the environment of
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a living cell may provide an approach toward their functional im-
provement. Thus, it may allow for bridging the still large gap be-
tween in vitro reconstitution and functional studies in intact cells, a
major challenge presently facing the field of synthetic biology.

In this study, we have used intracellular delivery of engineered
membranes with the goal to assess whether artificial vesicles can be
created in the test tube, which are functional in the highly complex
cellular process of membrane trafficking and which can be used to
sense the intracellular environment and to modulate intracellular
function. For delivering large vesicles and beads with a diameter of a
few hundred nanometers, we have adapted a traditional microin-
jection system. While this method cannot easily be scaled up, it is
reliable, of low toxicity, and it allows for obtaining proof of principle.

Our results reveal a surprising capacity of cells to integrate
foreign artificial membranes into their endogenous transport
pathways and probably also into their metabolism. For instance
large unilamellar vesicles (LUVs) devoid of proteins and with a
simple membrane lipid composition are slowly recognized by the
dynein/dynactin complex and are transported to the Golgi appa-
ratus as long as the membranes contain phosphatidylserine. In
addition, incorporation of purified endosomal SNARE proteins
into LUVs suffices to render them fully functional as trafficking
vesicles that fuse with the correct endogenous compartment, with
all other required components self-assembling from pools in the
surrounding cytoplasm. Furthermore, by incorporating appropri-
ate sensors or affinity tags into LU Vs, it is possible to detect pH
and enzymatic activity in endosomes and to change the dynamics
of endosomal trafficking. Together, our results demonstrate that
minimalistic nanodevices such as artificial vesicles allow for
uncovering basic self-regulation mechanisms that appear to be
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fundamental properties of life cells and that cannot be accessed
with more conventional approaches.

Results

Micoinjection of Nanoparticles Does Not Affect Cell Viability. In the
first set of experiments, we established a protocol for maximizing
the efficiency of intracellular delivery while minimizing stress that
is known to occur upon microinjection (8). To mark injected cells,
injection solutions contained the DNA dye DAPI (4',6-diamidino-
2-phenylindole) (Fig. 1A4). Cell viability was assessed by incubation
with calcein-acetoxymethyl ester (calcein-AM), a cell-permeant
dye precursor that is rendered fluorescent only in live cells due
to the action of an intracellular esterase. HeLa cells injected with
100-nm LUVs or isolated Alexa 488-transferrin (Tfn) positive
endosomes (Fig. S14) using the optimized protocol did not show
lower viability than noninjected cells 24 h after injection (Fig. 14).
Similar results were obtained with COS7 cells and PC12 cells (Fig.
1A4). To exclude the possibility that the injection pressure changes
the distribution of organelles, injected cells were immunolabeled
for various organellar markers. Note that rhodamine-labeled
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Fig. 1. Efficient introduction system of macromolecular complexes. (A) Large
unilamellar vesicles (LUVs) labeled with rhodamine-phosphatidylethanolamine
(PE) or isolated Alexa 488-transferrin (Tfn) positive endosomes were micro-
injected into Hela cells with DAPI (injection marker). Cell viability of injected
HelLa cells was measured by calcein-AM, which is converted to green fluores-
cent calcein in living cells. Cell viability was not affected by injection into Hela,
COS7, and PC12 cells 24 h after injection. ns., no statistical difference. (B) HeLa
cells were injected with LUVs [100-nm average diameter, labeled with
rhodamine-PE (red)], fixed at 15 min after injection, and immunostained for
organelle markers (green). Asterisks mark injected cells. (Scale bar, 10 pm.) DIC,
differential interference contrast.

E9884 | www.pnas.org/cgi/doi/10.1073/pnas.1713524114

phosphatidylethanolamine (PE) used for labeling LUVs was pre-
served during the fixation and immunostaining procedure (Fig.
S1B). Again, no change in the staining pattern was observable
when comparing cells injected with LUVs to noninjected (Fig.
1B). Moreover, injection did not activate autophagocytosis, since
we were unable to detect any up-regulation of the autophagocy-
tosis marker LC3 for up to 3 h after injection (Fig. S1C), in
contrast to starved cells used as positive control (Fig. S1D). These
results indicate that our microinjection protocol does not have any
negative impact on cell viability or organelle distribution.

Next, we extended our experiments to other nanoparticles. Li-
posomes of various sizes (average diameter 30 nm, 100 nm, and
200 nm), 100 nm latex beads, and isolated Alexa 488-Tfn positive
endosomes (~300 nm) could be smoothly injected into HeLa cells
(Fig. S1E). However, microinjection of isolated labeled mito-
chondria or larger liposomes (~500 nm liposomes) was less effi-
cient because of easy clogging of the needle (Fig. S1E), suggesting
that our injection system is suitable for nanoparticles with a di-
ameter not exceeding a few hundred nanometers.

Injected Liposomes Are Targeted to the Golgi Apparatus Depending on
Size and Composition. It was shown previously that incubation of
perforated cells with small unilamellar liposomes (SUVs) resulted
in fusion with Golgi membranes 5-30 min after their addition (9,
10). Golgi targeting was found to be more effective with SUVs
than with larger liposomes and did not require microtubule-based
transport (9, 10). Furthermore, it was shown that the amphipathic
lipid packing sensor (ALPS) motif of GMAP-210 (a golgin on the
cis-Golgi membrane) contributes to capturing of SUVs (10).

To further explore the fate of liposomes introduced into intact
mammalian cells, we injected protein-free LUVs (average di-
ameter 100 nm) composed of phosphatidylcholine (PC, 79.7%),
phosphatidylserine (PS, 20%), and rhodamine-PE (0.3%) into
HeLa cells and monitored their fate over time using fluorescence
microscopy. Five minutes after injection, the LUVs were distrib-
uted randomly across the cytoplasm and did not colocalize with any
of the examined organelle markers (Fig. 2.4 and B and Fig. S24).
One hour after injection, and even more conspicuously 3 h after
injection, the rhodamine signal was dimmer and concentrated
mainly around the perinuclear region, exhibiting significant coloc-
alization with Golgi markers [Golgi matrix protein of 130 kDa
(GM130) and Golgin97] but also, albeit to a lesser extent, with
other organellar markers such as LAMP1 (lysosomes) and PDI
(endoplasmic reticulum) (Fig. 2.4 and B and Fig. S24). Moreover,
encapsulation of 50 mM calcein to monitor fusion by dequenching
indicated that injected LUVs fused with the Golgi labeled with
Alexa 594-cholera toxin B (Fig. S2B). In contrast, injection of
SUVs (average diameter of 30 nm) with the same lipid composi-
tion resulted in much faster sequestration at the Golgi apparatus,
in agreement with the previous studies (Fig. 2C). As control, we
injected fluorescent latex beads (100-nm diameter) and a fraction
enriched in early/recycling endosomes that were isolated from
HeLa cells preincubated with Alexa 488-Tfn (Fig. S1A4). Neither
beads nor the endosomes showed any colocalization with GM130
for up to 180 min after injection (Fig. 2C), suggesting that Golgi
targeting is specific for liposomes. We next tested whether Golgi
targeting of LUVs is dependent on the presence of acidic lipids
(PS). Indeed, targeting was enhanced by ~20% when the PS con-
centration was increased to 50%, and was significantly reduced
when PS was omitted (Fig. 2D). This result was confirmed by the
simultaneous injection of LUVs containing either 20% PS or no PS
that were labeled with different dyes, respectively (Fig. S2C).

Finally, we investigated whether microinjected LUVs can be
directed to specific intracellular sites using affinity capturing. To
do so, we used the HaloTag system (11). We first synthesized
PE-conjugated HaloTag ligand (Fig. S2D), which covalently
binds to the HaloTag protein fusion tag. Then, 20% PS/PC
LUVs containing 2% HaloTag ligand-PE were injected into cells
expressing HaloTag fused to the mitochondria-targeting signal of
monoamine oxidase (MAO), a resident of the outer mitochon-
drial membrane (HaloTag-GFP-MAO) (Fig. 2E). As expected,
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Fig. 2. Fate of injected macromolecular complexes in HelLa cells. (A) HeLa cells were fixed at the indicated time after injection of 20% PS/PC LUVs (100-nm
average diameter, labeled with rhodamine-PE) and immunostained for organelle markers (green) (see Fig. S2A for views of larger fields). Note that 5 min after
injection, no significant colocalization with any of the tested organellar markers is observable. However, 1 h after injection, a high degree of colocalization with
GM130, and to a lesser extent with some other of the tested markers including LAMP1 and PDI, became evident. (Scale bar, 3.5 pm.) (B) Quantification of
colocalization between injected 20% PS/PC LUVs and organelle markers. The value of Pearson’s correlation coefficient was calculated from at least 12 injected cells
for each point. (C) Quantification of colocalization between injected 20% PS/PC LUVs, 20% PS/PC SUVs, isolated Alexa 488-transferrin (Tfn) endosomes, and latex
beads with GM130. The value of Pearson'’s correlation coefficient was calculated from at least 12 injected cells for each point. Because fluorescent signals of Alexa
488-Tfn in injected endosomes were too weak to measure colocalization at 180 min after injection, the value could not be calculated at the point (n.a., not
applicable). (D) Effect of phosphatidylserine (PS) concentration on targeting of LUVs toward the Golgi (monitored by determining the degree of colocalization
with GM130). The value of Pearson’s correlation coefficient was calculated from at least 14 injected cells for each point. (E) Targeting LUVs to mitochondria using
the HaloTag system. To bind LUVs to the surface of mitochondria, labeled LUVs containing HaloTag ligand were injected into cells expressing HaloTag-GFP-MAO.
Immunostaining of HaloTag-GFP-MAO-expressing cells for HaloTag or for mitofilin show that the fusion construct is properly localized to mitochondria (images at
Right). (Scale bar, 10 um.) (F) HaloTag ligand labeled 20% PS/PC LUVs were injected into Hela cells expressing HaLoTag-GFP-MAO. The LUVs signal (red) colo-
calized with mitochondria expressing HaLoTag-GFP-MAO (blue) as well as with the Golgi marker GM130 (green) 60 min after injection. (Scale bar, 5 pm.)
(G) Percentage of the fluorescent signal of injected HaloTag ligand LUVs colocalizing with GFP expressing mitochondria or with GM130-positive Golgi membranes
60 min after injection. Colocalization of HaloTag-GFP-MAO with GFP increased, whereas the percentage of colocalization with GM130 decreased. *P < 0.05,
***P < 0.001, all determined by unpaired t test. (H) Time course of the degree of colocalization between HaloTag ligand LUVs with GM130. The value of Pearson’s
correlation coefficient was calculated from 9 to 14 injected cells for each point. *P < 0.05, **P < 0.01, all determined by unpaired t test.

the HaloTag protein was selectively localized to mitochondria
(Fig. 2E). Sixty minutes after injection, HaloTag ligand-LUVs
were found preferentially associated with mitochondria,
whereas the association with the Golgi complex was reduced in
comparison with untagged liposomes (Fig. 2 F-H). To confirm
the specificity of the interaction, we prepared cell-free extracts
(postnuclear supernatants) of cells expressing HaloTag-GFP-
MAO and incubated them with HaloTag ligand-LUVs, result-
ing in a specific binding that was dependent on the presence of
the HaloTag system (Fig. S2F).

LUVs Are Transported Along Microtubules via Dynein/Dynactin

Complexes, but only with Considerable Delay After Microinjection.
The slow kinetics by which LUVs are targeted to the Golgi ap-

Koike and Jahn

paratus prompted us to investigate whether targeting involves
microtubule-based transport. Indeed, Golgi targeting was com-
pletely inhibited when cells were incubated with nocodazole (a
tubulin polymerization inhibitor) and significantly retarded upon
incubation with ciliobrevin D (an inhibitor of dynein) (Fig. 34).
We therefore investigated the movement of injected LUVs in
more detail using confocal live cell imaging. As reference, we
monitored the movement of endogenous endosomes, labeled by
preincubating the cells with Alexa 488-Tfn for 5 min. Vesicles
showing unidirectional displacement over 1 pm at least once
during a time period of 40 s were classified as undergoing di-
rectional movement. Moreover, we distinguished vesicles that
remained stationary (less than 0.2-um displacement over 40 s)
from vesicles that exhibited random movement, i.e., nondirected,
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Fig. 3. Injected LUVs display directional movement after injection. (A) Targeting of 20% PS/PC LUVs to the Golgi is inhibited by 1 pM nocodazole (disassembling

microtubules) or 20 uM ciliobrevin D (blocking dynein). The drug concentration was kept constant during the experiment. Colocalization was measured after
fixation and staining for the Golgi marker GM130. The value of Pearson’s correlation coefficient was calculated from at least 12 injected cells for each time point.
**P < 0.01, ***P < 0.001, all determined by unpaired t test. (B) Representative trajectories of vesicle movement (see also Movies S1-54). Time-lapse imaging was
performed with one acquisition every 200 ms in HelLa cells. The first frame is shown as a background, with the trajectories plotted in different colors to better
distinguish individual trajectories. Trajectories represent vesicles that could be tracked over 10 s during 40-s acquisition. Alexa 488-Tfn—positive endosomes were
imaged at 5 min after internalization of Tfn. LUVs were imaged at the indicated time after injection. White arrows show typical examples of directional
movement. White dotted lines show the cell boundary. N, nucleus. (Scale bar, 3 pm.) (C) The distribution of directional movements toward the cell periphery
(probably plus-end directed) and toward the cell center (probably minus-end directed) (percentage of all vesicles). For the liposomes, the measurements were
carried out 60 min after injection, and for endogenous endosomes 5 min after internalization of Alexa 488-Tfn. Gray bars indicate the percentage of vesicles
showing directional movement in cells pretreated with 1 pM nocodazole. Numbers on Top of the bar indicate the number of analyzed vesicles. Data are from a
representative experiment. (D) Histogram of the mean velocities of directional movements. See C for details. For liposomes, the data represent 53 tracks from
13 cells, for the endosomes, the data represent 57 tracks obtained from 16 cells. (E) Histogram showing the traveling distance of each directional movement. See D
for details. (F) LUVs containing PS bind dynein intermediate chain (IC), dynactin (p1 50°Ved) and a-tubulin when incubated with a cytosolic fraction isolated from
HelLa cells. LUVs containing either 20% PS and 80% PC or only PC were incubated for the indicated time at 37 °C, with binding being measured by flotation

gradients. The top fractions of each gradient containing the LUVs were used for analysis by immunoblotting.

diffusion-like motility. Five minutes after injecting 20% PS/PC
LUVs, most liposomes (64.3% of 235 LUVs) exhibited random
movement, whereas the rest remained stationary, with directed
movement not being observable at this time (Fig. 3B and Movie
S1). Mean-square displacement (MSD) analysis confirmed that
randomly moving LUVs are mainly driven by Brownian motion
(Fig. S34). In contrast, most endosomes remained stationary,
whereas 15.6% of 742 endosomes showed directional movement
(Fig. 3 B and C and Fig. S34 and Movie S2). Fifteen minutes after
injection, the population of stationary LUVs increased to 89.2%
of 185 LUVs but still no directed movement was observed (Fig. 3B
and Movie S3), while most of PC liposomes still moved randomly
(Fig. 3B). However, 60 min after injection, 18.1% (668 LUVs were
measured) of injected LUVs showed directional movement, ap-
proximately two-thirds (66.1%) toward the perinuclear region, i.e.,
in the minus-end direction (Fig. 3 B and C and Movie S4). This
resembled the directional movement of endosomes of which
69.2% were traveling toward the minus end of the microtubules
(Fig. 3C). Directional movement of both liposomes and endo-
somes was inhibited by 1 pM nocodazole (Fig. 3C and Fig. S3 B
and C and Movies S5 and S6), confirming that the movement is
mediated by microtubule-dependent transport. Furthermore, al-
most no directional movement was observed in the absence of PS
over 60 min after injection (Fig. 3 B and C), suggesting that PS
is essential for microtubule-dependent directional movement of
LUVs. As outlined above, the movement of PS-containing LUVs
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1 h after injection resembled that of endogenous endosomes.
However, we noted that both speed and traveling distance (dis-
placement) of individual events were lower than those of endog-
enous early endosomes (Fig. 3 D and E). The average speed of
LUVs containing 20% PS was 0.32 + 0.033 pm/s, that of Tfn-
positive endosomes was 0.77 + 0.05 pm/s [in agreement with a
previous study (12)]. The average displacement was: LUVs, 2.44 +
0.18 pm; endosomes, 3.45 + 0.16 pm (Fig. 3 D and E), suggesting
that the link between LUVs and the microtubule-based transport
system is not as effective as that of the endogenous organelles. The
data described so far suggest that dynein is recruited to PS-
containing LUVs, allowing directional movement toward the
perinuclear region, but with a considerable delay after injection.
Immunoblotting confirmed the selective binding of several com-
ponents of the presumed transport complex [dynein intermediate
chain, p150°'¢? (a component of dynactin), and tubulin]
to PS-containing LUVs, whereas no binding was observable to
LUVs devoid of PS (Fig. 3F). Taken together, injected SUVs
undergo random diffusion and are quickly captured by the Golgi
complex with no involvement of cytoskeleton-based transport. In
contrast, injected LUVs show reduced diffusion, giving them
time to recruit the dynein/dynactin complex that then transports
them toward the cell interior. The latter process is slow, and
while most of the membrane appears to end up in the Golgi area of
the cell, the lipids are also recovered in other membranes.
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SNARE Proteins Suffice for Specific Targeting of Liposomes to
Endosomes. The data described so far suggest that cells possess a
“default” pathway that recognizes large vesicles devoid of any
targeting information and moves them toward the Golgi area of
the cell as long as they contain acidic lipids. In contrast, all en-
dogenous vesicles possess an identity that is determined by their
precursor history and that defines their intracellular destination
with high precision (13). In particular, the endosomal system
contains multiple trafficking routes connecting the trans-Golgi
network with the plasma membrane and the degradative limb of
the pathway, with the identity and targeting of shuttle vesicles
being governed by “zip code” proteins and lipids such as Rabs,
SNARE:S, and phosphoinositides (14-16). In the following ex-
periments we therefore asked whether cells can be tricked into
accepting an injected synthetic liposome as a specific trafficking
vesicle if it is labeled with a minimal set of such zip code mole-
cules. To address this issue, we focused on the early endosomal
system since it constitutes a dynamic and flexible sorting platform
and since many of the molecules responsible for targeting speci-
ficity are known (17, 18).

To establish proof of principle, we first examined whether
endosomes isolated by subcellular fractionation retain their capacity
of selective targeting when reinjected. Early/recycling endosomes
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were prepared from cells that were prelabeled with Alexa 488-
Tfn (Fig. S14). These endosomes were functional since they
underwent homotypic fusion in vitro (19). We have already
shown above that in contrast to liposomes, injected endosomes
are not targeted to the Golgi (Fig. 2C). Rather, already 5 min
after injection they conspicuously colocalized with endogenous
endosomes that were pulse labeled with Alexa 568 (Fig. 44). To
quantify the degree of colocalization, the center of all spots in
both channels was calculated and the distance of every green
endosome to the closest red particle was measured (19). As
shown in Fig. 4B, a peak with a maximum at 100 nm was ob-
served which, as shown previously (19), is indicative of fusion
between the injected and endogenous endosomes (see also be-
low). To control for accidental overlap, we carried out experi-
ments in which cells were kept at 4 °C. No peak was discernible
(Fig. 4B, gray curve). Moreover, no significant overlap was seen
with other organelles such as lysosomes (Fig. 4C, and not
shown). Similarly, targeting specificity was reduced when the
endosomes were treated with trypsin before injection (Fig. S4 A-C).

Together, these observations establish that isolated endosomes
retain all components that are necessary for directed movement,
targeting, and fusion with their endogenous counterparts when
reintroduced into intact cells. The question then arises as to which
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Fig. 4. SNARE proteins determine targeting specificity. (A) Representative 3D images of Hela cells fixed 5 min after injection of early/recycling endosomes
containing internalized Alexa 488-Tfn and DAPI (injection marker). Endogenous early/recycling endosomes were labeled by internalization of Alexa 568-Tfn
during microinjection for 5 min. Arrows indicate colocalization between injected (green) and endogenous endosomes (red). (Scale bar, 5 pm.) (B) Histogram of the
minimum distance between injected endosomes and the closest Alexa 568-Tfn—positive endosomes (black, gray shows the histogram for a control experiment at
4 °C). The blue shaded area is defined as colocalized in this study and taken as indicative for fusion (see text for details). (C) The degree of colocalization between
injected isolated endosomes (labeled with Alexa 488-Tfn) and endogenous Alexa 568-Tfn-positive endosomes or LAMP1-positive lysosomes (in percentage of
injected endosomes). ***P < 0.001, all determined by unpaired t test. (D) Twenty percent PS/PC LUVs reconstituted early endosomal SNAREs (4-EE-SNARE)
preferentially colocalized with endogenous early/recycling endosomes after injection into Hela cells. (Left) Analysis of 4-EE-SNARE LUVs by flotation density
gradient reveals efficient incorporation of the SNARE proteins. Proteoliposomes were loaded at the bottom and overlaid with a discontinuous Nycodenz gradient,
followed by analysis of the fractions by SDS/PAGE and immunoblotting for the SNARE proteins. All proteins are recovered in the low-density top fractions
containing liposomes. The Right figure shows representative confocal microscopy images of Hela cells, prelabeled with Alexa 488-Tfn and fixed 5 min after
injection of 4-EE-SNARE LUVs. Protein-free LUVs were used as control. White arrows indicate colocalization between injected LUVs and Alexa 488-Tfn—positive
endosomes. (Scale bar, 2.5 pm.) (E) Histogram of the minimum distance between endogenous Alexa 488-Tfn endosomes and protein-free LUVs or 4-EE-SNARE
LUVs. The blue shaded area is defined as colocalized in this study and taken as indicative of fusion. (F) Colocalization between injected 4-EE-SNARE LUVs (black)
and LUVs (gray), respectively, and endogenous Alexa 488-Tfn endosomes or LAMP1-positive lysosomes (in percentage of injected liposomes). **P < 0.01, all
determined by unpaired t test.
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of these components is necessary and sufficient to endow a vesicle
with the targeting and fusion selectivity of an early endosome. The
only integral membrane constituents that are known to be essen-
tial for all trafficking organelles of the secretory pathway include
the SNARE proteins that not only catalyze fusion but, at least in
some instances, also participate in the recruitment of specific
tethering factors (15, 20). To confirm that the fusion between
injected and endogenous endosomes is indeed dependent on
SNARES, we inhibited SNARE disassembly required for SNARE
activation. Disassembly is carried out by N-ethylmaleimide sensi-
tive factor (NSF) that uses soluble NSF attachment protein
(SNAP, with aSNAP being the most abundant isoform) as co-
factor (21). Preincubation of the cells with N-ethylmaleimide
(NEM) or coinjection of a dominant-negative aSNAP mutant (22)
strongly reduced colocalization (Fig. S4 D and E).

We then asked whether SNARE:S alone are sufficient to convey
correct targeting information to an otherwise naive artificial vesi-
cle. To this end, we prepared proteoliposomes containing the set of
SNARES shown previously to be responsible for the homotypic
fusion of early endosomes (EE), including syntaxin 13, vtila, syn-
taxin 6, and VAMP4, referred to as EE-SNAREs (18, 23). Pro-
teoliposomes were generated by detergent removal and adjusted to
an average diameter of 100 nm and a SNARE:lipid molar ratio
corresponding closely to the estimates for isolated endosomes (refs.
18 and 24 and see Methods for details). LUVs included 20% PS/
0.3% rhodamin-PE/PC lipids as described above, because PS is
necessary for reconstitution of SNARE proteins into liposomal
membrane. Efficient membrane incorporation of the proteins was
confirmed by immunocytochemistry (Fig. S4F) and coflotation
gradients (Fig. 4D). For control, protein-free LUVs were used.
Note that the presence of SNARE proteins did not change the
mobility of LUVs after injection (Fig. S4G).

LUVs were microinjected into HeLa cells whose endosomes
were labeled with Alexa 488-Tfn. After 5 min (a time point at
which LUVs are not yet targeted to the Golgi complex, see Fig.
2B), the cells were fixed and analyzed for colocalization between
LUVs and internalized Alexa 488-Tfn. Indeed, LUVs containing
the four EE-SNARE:S displayed colocalization with Alexa 488-Tfn
(Fig. 4D, white arrows). The histogram of the minimum distance
between 4-EE-SNARE-containing LUVs and Alexa 488-Tfn
exhibited a broad peak between 100 nm and 350 nm (Fig. 4E) that
was clearly absent when the 4-EE-SNARE—containing LUVs were
replaced with protein-free LUVs. Accordingly, 4-EE-SNARE
LUVs significantly colocalized with Tfn-positive endosomes, but
with lower efficiency than isolated Tfn-positive endosomes (Fig.
4F). In contrast, colocalization with LAMP1 was low (Fig. 4F).
These data indicate that SNARE proteins suffice for targeting
liposomes to the correct domain of the secretory pathway.

Injected EE-SNARE-Containing LUVs Fuse with Endogenous Endosomes.
One important question is whether these EE-SNARE~containing
LUVs only associate with endogenous endosomes (docking) or
whether they also fuse with them. Using colocalization by fluores-
cence microscopy we have shown earlier that appropriate thresh-
olds can be applied to the minimum distance histograms shown
above that allow for discriminating between docking and fusion
with reasonable accuracy (19). According to these criteria, the
majority of the liposomes associated with endosomes had un-
dergone fusion. For independent confirmation of our threshold
settings we carried out a control experiment in which LUVs con-
taining syntaxin 6 were injected, followed by colocalization analysis
between the lipid dye and immunostaining for syntaxin 6 (“fusion
control”). A peak at about 75 nm was observed (Fig. S4H), which
shows that our threshold was accurately set.

To prove beyond doubt that the injected liposomes are indeed
fusing with endogenous endosomes, we used several independent
approaches. First, we blocked SNARE function using an approach
similar to that described above for early endosomes. Indeed,
preincubation of the cells with NEM or coinjection of a dominant-
negative aSNAP mutant strongly reduced colocalization (Fig. 54),
confirming that SNARE function is required.
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Second, we monitored encounters between LUVs and endo-
somes by live cell imaging. Fig. 5B and Movie S7 show a green-
labeled endosome approaching an 4-EE-SNARE LUV from a
different direction, followed by contact (time: 0 s). Thereafter, the
red and green spot moved together. Furthermore, the fluores-
cence intensity of the red vesicle decreased just after the collision,
which is probably due to the dilution of the labeled lipid into the
unlabeled membrane (dequenching) and thus indicative of fusion
(Fig. 5B). Only a slight change was observed in the intensity of the
green dye, possibly due to the fact that the dilution factors be-
tween the membrane and the content markers are different. Note
that before fusion the fluorescence intensity of the red particle
showed stronger fluctuations, probably due to Brownian move-
ment along the z axis.

Third, we encapsulated calcein (50 mM) into the SNARE-
containing LUVs before injection and observed encounters with
Alexa 488-Tfn-labeled endogenous endosomes using live cell im-
aging. In several cases, we observed a sudden increase of calcein
fluorescence in Alexa 633-Tfn—positive endosomes due to dilution-
induced dequenching at the contact site between 4-EE-SNARE
LUVs and endosomes. No such dequenching was observable
when protein-free LUVs were used (Fig. 5C and Movie S8).

As a fourth approach, we loaded liposomes and endogenous
endosomes with an enzyme-substrate pair that generates a fluo-
rescent signal only when both components are in the same com-
partment. The 4-EE-SNARE LUVs were loaded with a quenched
fluorescein-tagged f-galactosidase substrate (C12FDG) and then
injected into HeLa cells that had internalized Tfn conjugated with
fB-galactosidase and labeled with Alexa 633, simultaneously. If fu-
sion between LUVs and endosomes occurs, the substrate is cleaved
by the enzyme, liberating fluorescein in the lumen. Indeed, in Alexa
633-Ttn—positive endosomes of cells injected with 4-EE-SNARE
LUVs contained a significantly higher fluorescein signal than
endosomes in cells injected with control LUVs (4-EE-SNARE
LUVs without C12FDG, protein-free C12FDG LUVs) (Fig. 5D).

In the final approach, we took advantage of the fact that the
interior of endosomes is acidified by the action of a V-type proton
pump (25). The 4-EE-SNARE LUVs were prepared that contain
pHrodo conjugated to PE (26). pHrodo is a fluorescent pH sensor
which increases fluorescence in acidic environments (27). When
these vesicles were injected into cells, we detected an increase in
fluorescence intensity exclusively in Alexa 633-Tfn—positive endo-
somes (Fig. SE), which was not observed when protein-free LUVs
were injected (Fig. SE). Moreover, the signal was reduced if cells
were treated with the V-ATPase inhibitor bafilomycin (Fig. 5F).

Taken together, we conclude that it suffices to incorporate
purified EE-SNARE:s into artificial vesicles to induce targeting
and fusion with endogenous endosomes.

Interference with Endosomal Trafficking by Incorporation of an Affinity
Tag into Endosomes via Fusion with Liposomes. Above we have shown
that liposomes can be directed to mitochondria if both membranes
are equipped with complementary affinity tags. Moreover, the
data above show that liposomes containing 4-EE-SNARE:s fuse
with early endosomes, thus providing a tool for introducing ex-
ternal molecules into endosomes (scheme in Fig. 64). Therefore,
we asked whether a combination of both approaches can be used
to divert early endosomes to mitochondria, thus interfering with
the recycling of transferrin. First, we tested in vitro whether li-
posomes containing both HaloTag ligand and 4-EE-SNARE:s can
recruit early endosomes to mitochondria derived from cells
expressing HaloTag-GFP-MAO. Indeed, when HaloTag ligand +
4-EE-SNARE LUVs were mixed with a postnuclear supernatant
obtained from cells expressing HaloTag-GFP-MAO, a marker
of early/recycling endosomes (Tfn receptor) robustly associated with
mitochondria immunoisolated with anti-GFP antibodies (Fig.
6B). Next, we microinjected HaloTag ligand + 4-EE-SNARE
LUVs into HaloTag-GFP-MAO-expressing cells. No drastic
changes in the distribution of EEAl-positive endosomes,
lysosomes, and the Golgi were observable at low magnification
(Fig. S5). However, at high magnification, Tfn-positive endosomes
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Fig. 5. Injected EE-SNARE containing LUVs fuse with endogenous endosomes. (A) Effect of NEM (10 uM) and of a dominant negative «SNAP mutant (L294A,
coinjected at 10 mg/mL) on colocalization between injected 4-EE-SNARE LUVs and endogenous endosomes, labeled with Alexa 488-Tfn. (B) Snapshots from a
movie (Movie S7) showing approach between an Alexa 488-Tfn—labeled endosome (white arrow) and a 4-EE-SNARE LUV (white arrowhead). After contact (time:
05), the red and green spot merged and moved together. (Scale bar, 2.5 pm.) Movement trajectories of the endosome (green) and the LUV (red) are shown in the
Upper Right plot. After contact the movements are identical. (Scale bar, 1 um.) Lower Right shows the fluorescence intensities of the tracked endosome (green)
and the LUV (red). Shortly after contact there is a sharp drop in red fluorescence, probably caused by the dilution of the labeled lipid after fusion and thus
indicative of fusion. Only a slight change was observed in the intensity of the green dye, possibly due to the fact that the dilution factors between the membrane
and the content markers are different. (C) Snapshots from a movie (Movie S8) showing increase of calcein fluorescence due to dilution-induced fluorescence
dequenching upon fusion of a liposome with an endogenous vesicle. An endosome (blue) docked to a calcein-containing LUV reconstituted with 4-EE-SNAREs
(red) exhibited a sudden increase in calcein fluorescence (green) signal (0 s time point) in the endosome. (Scale bar, 2 um.) The graph shows the fluorescence
intensities of the tracked endosome, labeled with Alexa 633-Tfn (blue) and calcein (green). There is a sharp increase in green fluorescence, caused by the dilution
of calcein by fusion (0 s time point). (D) C12FDG, a fluorescein-based f-galactosidase substrate, was loaded into 4-EE-SNARE LUVs, followed by injection into HelLa
cells that were preincubated with a p-galactosidase-Tfn fusion protein and with Alexa 633-Tfn. The cells were incubated for 15 min and fixed. A fluorescein
(green) signal, generated by cleavage of C12FDG, was detectable in Alexa633-Tfn—positive endosomes (blue), whereas no such signal was observed when the
injected and preloaded liposomes did not contain the four EE-SNARE proteins. (Scale bar, 5 pm.) (E) The fluorescent pH sensor pHrodo was incorporated into 4-EE-
SNARE LUVs that were also labeled with 0.3% nitrobenzoxadiazole (NBD)-PE. These liposomes were injected into HelLa cells preincubated with Alexa 633-Tfn to
label endogenous endosomes. Fifteen minutes after injection, an increase in pHrodo fluorescence was observable that overlapped with Alexa 633 and that was
absent when the SNARE proteins were omitted. (Scale bar, 5 pm.) (F) The increase in pHrodo fluorescence is sensitive to the V-ATPase inhibitor bafilomycin. Cells
injected with 4-EE-SNARE LUVs containing pHrodo were incubated for 15 min and then the capturing of time-lapse imaging was started. After addition of
bafilomycin (200 nM) a decrease in fluorescence intensity was observable. The plot shows fluorescence intensity changes of pHrodo in individual cells before and
30 s after addition of bafilomycin. For all plots in this figure, error bars indicate SEM, *P < 0.05, **P < 0.01, ***P < 0.001, determined by unpaired t test.

were found to overlap with liposomes recruited to the surface of
HaloTag-expressing mitochondria (Fig. 6C). No such association
was observable if EE-SNARESs were omitted or if HaloTag ligand
LUVs were injected in GFP-MAO-transfected cells, regardless of
whether they contained SNARE:s or not (Fig. 6C).

Together, these data show that liposomes containing EE-
SNARES and an artificial mitochondrial targeting signal can be
used to deliver at least some endosomes to mitochondria. We
then asked whether mitochondrial trapping interferes with
endosomal recycling. To this end, we loaded cells with Alexa
633-Tfn and then monitored fluorescence for different chase
times. After 3 min, no change was observable between injected
and noninjected cells (Fig. 6 D and E). However, upon increasing
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chase time, selective retention by injected cells of the labeled Ttn
became obvious (Fig. 6 D and E) and the distribution of Alexa
633-Tfn—positive endosomes were scattered (Fig. 6F), suggesting
that the early endosomes are effectively trapped, thus interfering
with the recycling of Tfn.

Discussion

A major goal of modern synthetic biology is to reconstruct fea-
tures of life cells from scratch using purified components that are
capable of forming dynamic molecular networks copying those of
intact cells. To achieve this, it is necessary to better understand
the self-organizing capacity of the cytoplasm. In this study, we
have probed this capacity by introducing synthetic nanoparticles
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design. LUVs were prepared that contain both 4-EE-SNAREs and HaloTag ligand. These liposomes are then injected into Hela cells expressing HaloTag-GFP targeted
to the outer mitochondrial membrane as shown in Fig. 2. (B) In vitro recruitment of endosomes incubated with 4-EE-SNARE LUVs containing HaloTag ligand to
mitochondria. Postnuclear supernatants (PNSs) were used as source for endosomes and mitochondria that were obtained from Hela cells expressing either GFP-
MAO or GFP-MAO fused to HaloTag, and incubation was carried out for 30 min with the liposomes. Mitochondria were then immunoisolated using an anti-GFP
antibody. Note that transferrin receptor (TfnR) showed significant coprecipitation with mitochondria when 4-EE-SNARE + HaloTag ligand proteoliposomes (PL), but
not when HaloTag ligand liposomes (Lipo) were used for microinjection. (C) HaloTag-GFP-MAO-expressing Hela cells were injected with HaloTag ligand LUVs
containing 4-EE-SNARE proteins (Top) or with HaloTag ligand LUVs devoid of 4-EE-SNAREs (Bottom). Fifteen minutes after injection of the LUVs, Alexa 633-Tfn was
internalized for 5 min and the cells were chased for 30 min. Note that Alexa 633-positive endosomes were associated with mitochondria and showed colocalization
with liposomes only when the liposomes contained both 4-EE-SNARE and HaloTag ligand. (Scale bar, 2.5 um.) The panels on the Right show intensity plots of the line
scans (a purple line) in the pictures on the Left. (D) Alexa 633-Tfn (green) trafficking in 4-EE-SNARE + HaloTag ligand LUV (red)-injected cells expressing HaloTag-GFP-
MAO (blue). Fifteen minutes after injection of the LUVs, Alexa 633-Tfn was internalized for 5 min and the cells were chased for 3 or 15 min. Asterisks indicate the
HaloTag-GFP-MAO-expressing cells injected with 4-EE-SNARE LUVs containing HaloTag ligand. (Scale bar, 20 um.) (E) Fluorescence intensity ratio of internalized
Alexa 633-Tfn between HaloTag-GFP-MAO-expressing Hela cells injected with 4-EE-SNARE + HaloTag ligand LUVs and noninjected cells. Microinjection of 4-EE-
SNARE + HaloTag ligand LUVs resulted in retention of the fluorescence signal that was significantly higher than in control cells. (F) Quantification of the distribution
of Alexa 633-Tfn—positive endosomes between the peripheral region and the perinuclear region after 15-min chasing. The perinuclear index (see Methods for
details) decreased in HaloTag-GFP-MAO-expressing cells after microinjection of 4-EE-SNARE + HaloTag ligand LUVs, suggesting that Alexa 633-Tfn—positive
endosomes were scattered. For all plots in this figure, error bars indicate SEM, *P < 0.05, **P < 0.01, determined by unpaired t test.

with defined compositions, focusing on artificial vesicles. Our Injected protein-free liposomes accumulate in the Golgi region
results show that cells are remarkably adept in dealing with such  of the cell, but both kinetics and mechanism of targeting depended
foreign material. on the properties of the liposomes. SUVs undergo random diffusion
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and are rapidly captured by the Golgi apparatus, in agreement with
previous observations (9). As shown recently (10), capture is me-
diated by the ALPS motif of GMAP-210 located on the cis-Golgi
membrane. The ALPS motif has a high affinity for small vesicles
enriched in unsaturated lipids (10). In contrast, LUVs reach the
Golgi more slowly and require transport along microtubules as
random diffusion of these larger particles is hindered (28). Trans-
port is mediated by a dynein/dynactin complex that is recruited
from the cytoplasm by phosphatidylserine in the liposome mem-
brane. This complex pulls LUVs toward the perinuclear region that
contains resident early/late endosomes, lysosomes, and the Golgi.
As expected, removal of PS from liposomal membrane, or func-
tional inhibition of dynein, decreased LUV targeting to this region.

Why does the Golgi serve as default target for protein-free li-
posomes? The Golgi is a hub for intracellular trafficking, col-
lecting, packaging, and sorting of numerous lipids and proteins
(29). Additionally, the Golgi remodels membrane lipids by lipid-
synthesizing enzymes, lipid flippases, and lipid-transport proteins
(LTPs). In particular, LTPs are thought to be lipid sensors im-
portant for maintaining lipid homeostasis in cells (29, 30).
Therefore, we think that the Golgi collects vesicles that are not
transported elsewhere and thus integrates them into cellular
pathways by remodeling of their lipid constituents. Moreover, our
data suggest that injected LUVs fuse with Golgi cisternae. Again,
this agrees with earlier work showing fusion of SUVs with Golgi
membranes when added to perforated cells (9), and also in vitro
when liposomes were incubated with isolated Golgi membranes
(31). The mechanism of fusion is not known. Both studies showed
that protease treatment decreased the fusion efficiency. However,
it is not clear which proteins are involved and particularly whether
SNAREsS participate. Most SNARES are tail-anchored (TA)
proteins that are posttranslationally inserted into the ER mem-
brane by the GET pathway (32). This pathway requires a specific
membrane receptor, and thus SNAREs are not expected to be
inserted into membranes devoid of the receptor, although some
insertion may also occur in the absence of the GET system (see
ref. 33 for a more comprehensive discussion). Alternatively, it is
possible that both lipid mixing and content dequenching used for
monitoring fusion are due to disintegration of the liposomes and
redistribution of the lipids rather than to fusion. For instance, it
has recently been reported that autophagosome-like structures
can be generated under certain conditions at the Golgi, followed
by degradation of engulfed molecules by fusion with lysosomes
(34). This may explain why some of the labeled lipids from in-
jected LUVs end up in LAMPI1-positive structures (Fig. 2B).
Whichever of the scenarios is correct, it is evident that cells have
the capacity to remodel zip code-free membranes by various
mechanisms that probably are too slow to affect functional
trafficking vesicles but become apparent after extended resi-
dence time of a stranded vesicle in the cytoplasm.

Intriguingly, the slow default targeting to the Golgi is completely
overridden if the injected vesicles contain targeting information.
Endosomes that are isolated from cells and then reinjected largely
maintain their targeting specificity and fuse with their endogenous
counterparts, showing that both targeting and fusion information is
imprinted on the trafficking vesicle and survives disruption of cells
and purification of organelles. Thus, SNARE proteins are both
necessary and sufficient to convert liposomes into trafficking vesicles
endowed with both correct targeting information and the capacity
for fusion. Note, however, that dysfunction of SNARE proteins does
not interfere with docking of early endosomes in vitro (19). Ap-
parently, vesicle targeting results from cooperative interaction of
several regulators (including Rab proteins, polyphosphoinositides,
and their effectors) that may partially compensate for each other,
whereas in the simplified system used here, the role of single reg-
ulators can be investigated. Indeed, targeting can be partially
“overridden” using an artificial system such as HaloTag, which al-
lows targeting of injected liposomes to predefined sites.

Intriguingly, the reconstitution of SNARE proteins did not
change the movement of LUVs after injection (Fig. S4G), sug-
gesting that targeting specificity appears to be largely defined by
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target recognition and capture rather than by target-directed
transport. It appears that traveling on microtubule tracks allows
vesicles to explore the cytoplasmic space, i.e., to “look” for targets
with which they interact. This “capture” probably involves tethering
factors as documented in a recent study showing that ectopic ex-
pression of tethering proteins on mitochondria redirects targeting
of Golgi-destined vesicles (35, 36). Our work shows that this feature
can be exploited by steering artificial vesicles toward a predefined
site using simple affinity tagging (as shown here by LUV targeting
to mitochondria). Vesicles that are not captured eventually end up
in the Golgi area via the default mechanism described above.

In summary, our results show that introduction of (proteo)lipo-
somes as biomimetics into life cells may serve as a powerful tool to
answer questions that cannot be accessed with more conventional
approaches. The fact that only SNAREs are needed to convert a
liposome devoid of any other trafficking component (such as Rab
proteins, polyphosphoinositides, tethering factors, and coat proteins)
into a functional trafficking vesicle impressively documents the power
of self-organization of the cytoplasmic protein “soup”—evidently all
other required factors are recruited from the cytoplasm. More-
over, as shown here in an exemplary fashion, the combination of
basic biological information (e.g., vesicle targeting by SNARE pro-
teins) with tools or sensors (e.g., lipids, fluorescent reporters, tags,
and polymers) that cannot be expressed by conventional genetic
approaches provides an opportunity for probing and manipulating
cellular functions.

Materials and Methods

Materials. All phospholipids were obtained from Avanti Polar Lipids. Primary
antibodies were obtained from the following companies: anti-GM130, anti-
EEA1, and anti—p150Glued from BD Biosciences; anti-LAMP1, anti-a-tubulin,
and anti-mitofilin from Abcam; anti-FLAG from Sigma-Aldrich; anti-dynein in-
termediate chain from Millipore; anti-PDI from ABfinity; anti-GFP, anti-syntaxin
6, anti-syntaxin 13, anti-vti1a, anti-VAMP4, and anti-Rab5 from Synaptic Sys-
tems; anti-LC3 from MBL International. Cy2- or Cy3-conjugated goat anti-
mouse and goat anti-rabbit IgG and HRP-conjugated goat anti-mouse and
goat anti-rabbit IgG and rabbit anti-sheep IgG were obtained from Jackson
ImmunoResarch Laboratories. Alexa Fluor-conjugated transferrins, streptavidin-
conjugated p-galactosidase, and 5-dodecanoylaminofluorescein di-p-p-
galactopyranoside (C12FDG) were from Molecular Probes. The 100-um fluorescent
polystyrene beads, biotin-conjugated transferrin, calcein, N-ethylmaleimide,
and DAPI were from Sigma-Aldrich. Ciliobrevin D was from Millipore.

Chemical Synthesis. HaloTag succinimidyl ester (O4) ligand (Promega) was used
as a stock solution in chloroform. It was conjugated with DOPE lipid (Avanti
Lipids) according to the following procedure: DOPE in chloroform was mixed
with the HaloTag ligand stock solution, and triethylamine was added. The re-
action mixture was stirred for 1 h and left for 3 h at room temperature. Af-
terward, an additional amount of HaloTag succinimidyl ester was added, and,
after 4 h, the reaction mixture was concentrated by evaporation at 30 °C in the
rotary evaporator. The residue was dissolved in a minimal amount of chloro-
form and applied onto a 10 x 10 cm high-performance TLC plate with silica gel
60 (Merck KGaA); layer thickness was 0.2 mm. The plate was developed with an
eluent consisting of chloroform, methanol, and water (65/35/5, volivol/v). The
required product zone was visualized with cerium-ammonium nitrate de-
veloper (applied onto a narrow side stripe of the plate; blue spot appeared
upon heating). The product lane was scratched from the plate, and the product
was extracted from silica gel with the eluent (see above), followed by sonifi-
cation, centrifugation, and repeated extraction. The liquid extracts were com-
bined, and volatile materials were evaporated in vacuum. The successful
labeling of DOPE was confirmed by electrospray ionization MS (ESI-MS). The
experiment showed peaks containing the proton adduct (m/z 1,137.9) with the
expected molecular mass (CsgH110CIN2O14P, M = 1,136.78). Synthesis and puri-
fication of pHrodo-PE is described in ref. 26.

Preparation of Proteoliposomes. LUV preparation was performed as described
(37). Lipids were mixed in chloroform:methanol (2:1) and the solvents were
evaporated. The dried lipid film was redissolved in diethyl ether followed by
addition of HB150 buffer [150 mM KCl, 20 mM Hepes (pH 7.5)] containing
1 mM DTT. After dispersal by sonication, the diethyl ether was removed by
evaporation. Liposomes were extruded using polycarbonate membranes with a
pore size of 100 nm (Avanti Polar Lipids) to give uniformly distributed large
unilamellar vesicles. Incorporation of proteins into LUVs was achieved by
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n-octyl-B-b-glucoside (OG)-mediated reconstitution. Proteins in OG were mixed
with LUVs and then detergent was removed by overnight dialysis at 4 °C in
HB150 buffer containing SM-2 biobeads (BioRad). To prepare calcein encapsu-
lated liposomes, the dried lipid film was resuspended with 50 mM calcein in
20 mM Hepes (pH 7.5) buffer (adjusted to an osmolarity of 330 mOsm with KCI).
After five freeze-thaw cycles, liposomes were extruded using polycarbonate
membranes of a pore size of 100 nm. To reconstitute proteins, proteins and OG
were mixed with LUVs and then the detergent was removed by overnight dialysis
at 4 °C in 50 mM calcein buffer. Just before microinjection, nonencapsulated
calcein was removed through a Sephadex G-50 desalting column. SUV prepara-
tion was performed according to the comicellization method as described pre-
viously (38). The mixture of lipids and detergent (2% sodium cholate) was passed
through a Sephadex G-50 column using the HP150 buffer to form unilamellar
liposomes by detergent removal. The 20% PS/PC liposomes consist of 79.7% PC
(L-a-phosphatidylcholine), 20% PS (.-a-phosphatidylserine) and, 0.3% rhodamine-
PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-lissamine rhodamine B sul-
fonyl ammonium salt) (molar ratios). Ten percent of C12FDG, 0.3% pHrodo-PE,
and 2% HaloTag ligand-PE was added and PC contents were adjusted.

The SNARE protein-to-phospholipid molar ratio was adjusted to that of
early endosomes (18, 24). Accordingly, for EE-SNARE LUVs, the protein-to-
lipid ratio of syntaxin 13, vti1a, syntaxin 6, and Vamp4 was 1:2,000, 1:10,000,
1:1,200, and 1:15,400, respectively.

Microinjection. A total of 2 mM (proteo)liposomes and 10 pg/mL DAPI (injection
marker) in HB150 were filled in Femtotips (Eppendorf). The 1 x 10* Hela cells
were plated on poly-L-lysine (Sigma-Aldrich)-coated 12-mm coverslips (Mar-
ienfeld GmbH) and then the coverslip was placed into a 35-mm Petri dish
(Becton Dickinson) filled with prewarmed injection medium [F12 medium
(Invitrogen), supplemented with 10% FCS, 10 mM Hepes (pH 7.5) and 100 units/
mL each of penicillin and streptomycin]. Microinjection was performed using a
Femtojet (Eppendorf) and Injectman micromanipulator (Eppendorf) under a
Leica DMIL inverted microscope for 5 min per coverslip. After microinjection,
the cells were incubated at 37 °C in the cell culture medium and then fixed with
4% paraformaldehyde (PFA) (Sigma-Aldrich) in PBS for 10 min followed by
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immunocytochemistry using antibodies specific for organelles as indicated. To
label transferrin-positive endosomes, microinjection was performed in 5 pg/mL
Alexa Fluor 488-, Alexa Fluor 568-, or Alexa Fluor 633-transferrin—containing
injection medium for 5 min. After microinjection, the cells were incubated at
37 °C in the cell culture medium, then fixed with 4% PFA in PBS for 10 min.

Preparation of Early Endosomes. Early endosomes were prepared as in ref. 39
with modifications. Hela cells were harvested by trypsin/EDTA treatment
(Lonza GmbH), followed by washing once with fresh culture medium and once
with internalization medium (OptiMEM, containing 10 mM glucose; Invi-
trogen). To label early endosomes, the prewarmed Hela cells were then in-
cubated at 37 °C with 50 ug/mL Alexa Fluor 488- or Alexa Fluor 568-transferrin
(Invitrogen) for 5 min, dissolved in internalization medium. The reaction was
stopped by chilling on ice and the cells were washed three times with ice-cold
PBS containing 5 mg/mL BSA and once with homogenization buffer (250 mM
sucrose, 3 mM imidazole-HCl, pH 7.4). The cellular pellets were resuspended in
homogenization buffer with protease inhibitor (Complete EDTA-free, Roche)
and cracked using a ball homogenizer with a clearance of 0.02 mm. The ho-
mogenate was centrifuged at 2,000 x g for 15 min, and the postnuclear su-
pernatant (PNS) fraction was layered on top of a Nycodenz gradient consisting
of 3 mL each of ice-cold Nycodenz solutions of 28%, 19%, 7.3%, respectively,
followed by centrifugation at 200,000 x g for 90 min at 4 °C in a Beckman
SW41 rotor. The 7.3%/19% boundary (early endosome-rich fraction) was
concentrated while changing the buffer HB150 using a VIVASPIN 2 (30,000
molecular weight cutoff) (Sartorius). Concentrated endosomes were snap
frozen in liquid nitrogen.
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