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Abstract: SNARE proteins are the core machinery to drive
fusion of a vesicle with its target membrane. Inspired by the
tethering proteins that bridge the membranes and thus prepare
SNARE:s for docking and fusion, we developed a lipid-
conjugated ssDNA mimic that is capable of regulating
SNARE function, in situ. The DNA-lipid tethers consist of
a 21 base pairs binding segment at the membrane distal end that
can bridge two liposomes via specific base-pair hybridization.
A linker at the membrane proximal end is used to control the
separation distance between the liposomes. In the presence of
these artificial tethers, SNARE-mediated lipid mixing is
significantly accelerated, and the maximum fusion rate is
obtained with the linker shorter than 40 nucleotides. As
a programmable tool orthogonal to any native proteins, the
DNA-lipid tethers can be further applied to regulate other
biological processes where capturing and bridging of two
membranes are the prerequisites for the subsequent protein
function.

Specific and programmable DNA hybridization has broad-
ened the applications of DNA beyond biological genetic
information carrier. Membrane incorporation of DNA-lipid
hybrid molecules, rendered by functional modification of
DNA using terminal cholesterol,l'! dialkyllipid,”! or biotin!!
allows DNA-controlled assembly of soft membrane struc-
tures, such as liposome to liposome, and liposomes to solid
supported membrane. These technologies have been applied
to generate arrays or clusters of liposomes on supported lipid
bilayers, to drive liposome-liposome fusion, and to serve as
a distance ruler based on the defined length of dsDNA.
Herein we introduce a new application of DNA-lipid hybrid
molecules to directly, and in situ, regulate a biological process,
the membrane fusion reaction mediated by SNARE (soluble
N-ethylmaleimide-sensitive factor attachment protein recep-
tor) protein.
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Purified t- and v-SNAREs, when reconstituted into
distinct vesicles are capable of driving vesicle fusion, albeit
at a rate in minutes.* This slow rate, together with the
observation that the rate-limiting step, N-terminal assembly,
requires overcoming high energy barrier, suggest that under
physiological conditions, additional protein factors are
required to facilitate SNARE complex formation.>®
Among such proteins, are the tethering factors that, in most
cases, belong to the family of Rab effectors. Prior to SNARE-
driven membrane fusion, tethering factors, residing on the
target membrane, link vesicles to the active zone (on target
membrane) by interacting with the GTP-bound Rab proteins
on vesicles,*” and thus get SNAREs ready to function.

Here, we developed a non-fusogenic DNA-lipid mimic of
tethering factor (Figure 1a). Without directly interacting with
SNARESs, it regulates SNARE function by capturing and
keeping two opposed membranes within controlled distance,
and we were able to control the distance between two
membranes, within which, SNARE-driven membrane fusion
reaches its maximum rate.

The non-fusogenic DNA-lipid hybrid molecules, serving
as artificial tethers in this study, were constructed with three
consecutive structural segments from the membrane-distal to
membrane-proximal ends (Figure 1): 1) a 21 bp hybridization
region, responsible for physically bridging two membranes via
parallel hybridization; 2) a linker region containing 5 to 63
consecutive thymidine (T) nucleotides (Table S1 in the
Supporting Information (SI)), that is inserted to regulate
liposome distance and minimize possible nonspecific fusion
caused by the tethers alone; and 3) the lipid anchor residing in
the lipid bilayer, that is cross-linked to the DNA sequence via
a thiol-maleimide linkage.

To directly monitor the in situ regulation effect of tethers
on SNARE-driven membrane fusion, we reconstituted a pair
of complementary DNA-lipid tethers (noted as “t-tethers”
and “v-tethers”) together with either t- or v-SNARE into two
populations of proteo-liposomes (see SI, Materials and
Methods section for detailed procedure), hereinafter called
t-liposomes (with t-tethers and t-SNARESs) and v-liposomes
(with v-tethers and v-SNARESs), by detergent-dialysis proce-
dure (Figure S3) (see Table S1 for oligonucleotide sequences
and nomenclature). The presence of both DNA-lipid tethers
and SNARE proteins was confirmed by SDS-PAGE. Trans-
mission electron microscopy (TEM) showed that the diam-
eter of the final liposomes was 54.5 +16.3 nm (£ SD).

We evaluated the tethering effects on SNARE function
using liposome-liposome fusion assay.®! We mixed the t-
liposome (with or without t-tethers) containing no fluorescent
probes and the v-liposome (with or without v-tethers)
containing fluorescently quenched lipid probes, NBD-
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=== Full length VAMP2 on pink SUV
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Figure 1. Design of the DNA-lipid tether system. A) A pair of comple-
mentary DNA-lipid tethers were incorporated into two populations of
liposomes, t- and v-liposomes, respectively, at a loaded lipid:oligo
molar ratio of 200:1 (100 per liposome), unless otherwise specified.
The t-liposome (mol %, 85% POPC, and 15% DOPS) contains co-
expressed t-SNARE (syntaxin 1/SNAP25, Cys free) with loaded lipid:
protein molar ratio of 200:1 (100 per liposome), and the fluorescent v-
liposome (mol %, 82% POPC, 15% DOPS, 1.5% NBD-DPPE, and
1.5% Rho-DPPE) contains v-SNARE (VAMP2, Cys free) with loaded
lipid:protein molar ratio of 400:1 (50 per liposome). B) Structure of
DNA-lipid tethers. From the membrane distal end, a DNA-lipid tether
hybrid molecule contains a 21 bp hybridization region (purple),

a linker region containing 5 to 63 consecutive nucleotides, thymidine
(T) (orange), and a thiol-maleimide linked membrane anchor.

DOPE and Rho-DOPE, that de-quench during membrane
fusion as a result of the dilution of lipid upon lipid mixing.
Hence, fusion was measured by following the fluorescence
intensity increase of NBD-DOPE over time (Figure 2).

As shown in Figure 2a and Figure S1, DNA-lipid tethers
stimulated SNARE-dependent membrane fusion. Under our
assay conditions, liposomes containing DNA-lipid tethers
alone only contributed to the background level of membrane
fusion. Proteo-liposomes (t-SNARE, loaded at 100 per lip-
osome; v-SNARE, loaded at 50 per liposome) alone showed
12% of the maximum fluorescence intensity increase after
2h. However, when DNA-lipid and SNARE were both
present in liposome (same loaded density as controls), 30 % of
intensity increase was observed. Moreover, membrane fusion
could be blocked by soluble cytoplasmic domain of VAMP2
(CDV) protein (the counterpart of t-SNARE on white
liposome), indicating that all the fusion observed here was
specifically SNARE-dependent. Noticeably, the initial reac-

Angew. Chem. Int. Ed. 2015, 54, 1438814392

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ang

Internatic

37 °C fusion

+ CDV or buffer
%

+ CDV or buffer
—>

+ buffer
5= o

37 °C fusion

37 °C fusion

+ Tether/+ SNAREs

N
o

»n
o

-
o

- Tether/+ SNAREs

% of Max. Intensity
s

o

+ Tether/- SNAREs
- Tether/+ SNAREs, CDV

o

Y
-

s N
N
g
/,

o (=]
N
=
>
|

/ —@—— 100 tethers per v-vesicle
/ — -y — - 200 tethers per v-vesicle
’/ ——@-— 400 tethers per v-vesicle

k-
s

Fold of Stimulation
(Rate(+tethers)/Rate(-tethers))
N
-

0 100 200 300 400
Number of Tethers per t-vesicle

Figure 2. DNA-lipid tether significantly increased the initial rate of
SNARE-mediated membrane fusion. A) In the SNARE-driven lipo-
some-liposome fusion assay, the initial reaction rate was increased 10-
fold by about 50 externally facing i-42T DNA-lipid tethers on each side
of the t- and v-liposomes. B) DNA-lipid tethers stimulated SNARE-
driven lipid mixing in a dose-dependent manner (using i-42T tether

pair).

tion rate (within the first 20 min), measured by the fluores-
cence intensity change in unit time, increased by 10 fold for
about 50 externally facing i-42T DNA-lipid tethers on each
side of the t- and v-liposomes.

We also observed that DNA-lipid tethers stimulated
SNARE-driven membrane fusion in a dose-dependent way
(Figure 2b). Below 100-200 tethers per vesicle (loaded, with
about half of the tethers on the outer leaflet of each vesicle),
increasing the tether density on liposome enhanced the
stimulation effect. However, this stimulation effect plateaued
and even decreased when the density of tethers was over 200
per vesicle on either t- or v-liposome (loaded, that is, over
about 100 of the tethers on the outer leaflet of each vesicle).
ssDNA (total of 63 nt in each i-42T tether) is generally
considered to behave as polymer chains. The configuration of
polymer chains that are adsorbed or grafted to a surface
depends on their density. At low surface density, in which the
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neighboring polymer chains do not overlap with each other
laterally, they display the “mushroom” configuration. In
contrast, at high density, the neighboring chains are close
enough to overlap, and the resulting layer adopts the “brush”
structure.1” Under our assay conditions, at the density of 100
tethers on the outer leaflet of one vesicle, the conformation of
ssDNA changes from “mushroom” to extended “brush” (see
SI, Calculations), which makes the t- and v-SNAREs harder
to overlap and assemble after two vesicles are bridged.
Therefore, the stimulation effect of tethers is compromised
beyond this density.

To evaluate how DNA-lipid tethers affect the assembly of
t- and v-SNAREs, we employed fluorescence resonance
energy transfer (FRET) experiment with an Alexa488-Texas
Red donor-acceptor pair. In this assay, residue 20 on SNAP25
was labeled with Alexa 488 and residue 28 on VAMP2 was
labeled with Texas Red. Since the residues are located at the
N-termini of t- and v-SNARES, respectively, the change of
FRET intensity over time directly reflects the kinetics of N-
terminal assembly of SNAREs during membrane fusion.

As shown in Figure 3 a, the assembly rate of N-termini of
SNARESs was significantly increased by DNA-lipid tethers
within the first 20 min of the fusion reaction. In the later stage
of membrane fusion, the two curves (with and without DNA-
lipid tethers) gradually increased in a more parallel manner,
indicating that the stimulation effect of DNA-lipid tethers
became less significant in the later stage of reaction. When
Texas Red labeled VAMP-4X mutant (VAMP2L70D, A74R,
AS81D, L84D), a mutant of VAMP?2 that forms stable complex
with t-SNARE without triggering fusion,"! was used in the
fusion assay and the FRET assay (Figure S2), in the presence
of DNA-lipid tethers, SNARE-driven lipid mixing was
completely blocked; however, the acceleration of the N-
terminal assembly of SNARE:s in the initial stage of fusion
reaction was unaffected. These observations further con-
firmed that the designed DNA-lipid tethers did not drive
membrane fusion by themselves, and that their only function
was to promote the formation of SNARE complexes,
probably during the initial stage of fusion reaction.

To compare the assembly rate of DNA-lipid tethers with
that of t- and v-SNARE, we put the same donor—acceptor pair
at the distal ends of DNA-lipid tethers and used unlabeled
proteins and unlabeled liposomes in the FRET assay. As
shown in Figure 3b, in contrast to the kinetics of SNARE
assembly during fusion, DNA-lipid assembled gradually with
a constant rate, and this rate was not affected by the presence
of SNARESs or CDV. This observation suggested that hybrid-
ization of just a small number of DNA-lipid tethers was
sufficient to promote the assembly of t- and v-SNAREs
(drastic increase of SNARE assembly) and, therefore,
significantly accelerate the resulting fast membrane fusion
(drastic increase in lipid mixing).

The dsDNA segments at the membrane distal end of the
DNA-lipid tethers were designed to hybridize in a parallel
manner. Further zippering of this hybridization segment was
prevented by the ssDNA linker segment. Assuming the
dsDNA are fully hybridized (in an orientation away from the
linkage between two membranes), the distance spanning the
bridged membranes is determined by the length of the ssDNA
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Figure 3. DNA-lipid tether increased the rate of N-terminal assembly
of t- and v-SNAREs. A) Rate of SNARE N-terminal assembly during
liposome-liposome fusion. The change of FRET intensity between the
full-length t-SNAREs, SNAP25 Q20C labeled with Alexa 488, and the
full-length v-SNARE, S28C labeled with Texas Red (right before SNARE
domain) (using i-16T tethering pairs) was followed during fusion.

B) Rate of DNA-lipid assembly during liposome-liposome fusion. The
change of FRET intensity between the tether, i-21T, labeled with Alexa
488 and its complementary tether, anti i-21T, labeled with Texas Red
was followed during fusion.

linker segment. Therefore, by varying the number of nucle-
otides in the linker segment, we are able to control the
separation distance between the membranes. However,
ssDNA is flexible and non-structural under our assay
conditions. To our knowledge, it is impossible to experimen-
tally determine the precise end-to-end length of ssDNA under
our conditions, in which random pulling forces are applied by
colliding liposomes to the tethers. So our best estimation of
the actual separation distance is based on the contour length
of ssDNA (L = number of bases x 0.5 nm per base),''? which
gives the maximum length of the linker segment. Under low
forces (up to a few pN and ~70% extension), the length of
the tethers linearly increases with the load. It is also worth
mentioning that ssDNA only reaches its maximal length
under extremely high stretching forces, which do not exist in
our fusion system. Hence, the actual distance between
tethered liposomes will fluctuate by Brownian motion but
will remain lower than this estimated maximum length. In
addition, multiple tethers, hybridizing in parallel between
opposing liposomes, self-exclude and thus certainly bring the
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Figure 4. Length of the linker region affects the stimulation effect of
DNA-lipid tethers. A) Representative fusion curves in the absence and
in the presence of DNA-lipid tethers bearing different length of linkers.
B) The initial fusion rate (first 10 min) as a function of the length of
linker. Under assay conditions, when the linker region contains 40 or
less nts, tethers stimulated SNARE driven-membrane fusion most
efficiently.

liposomes much closer than the separation distance estimated
based on the contour length.

In Figure 4 a, a series of representative kinetic curves for
fusion reactions between two populations of liposomes were
shown, each of which contains DNA-lipid tethers with
specified number of oligonucleotides (nt), T, in the linker
segment. The fusion reactions in the presence of the longest
tether, i-63T (Table S1), was slightly faster, but not distinctly
different from those in the absence of tethers (SNARE
alone). This suggests that when two liposomes are 63 nm
(maximal) apart, the rate of SNARE complex formation
between two bridged liposomes is close to that between two
freely diffusing liposomes, analogous to using infinitely long
tethers. Note that, at our lipid concentration (1 mm), the
average distance between two liposomes is ~ 300 nm (see SI,
Calculations). When the linker length ranged from 5 to 42 nt,
we observed that all the fusion reactions were stimulated by
tethers and they followed very similar kinetics with fluctua-
tions within a small range. We have done similar experiments
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at higher lipid concentration and lower v-SNARE density and
the acceleration with 42 nt linker length is conserved (Fig-
ure S4). All these results indicate that when two liposomes are
kept within this distance range (maximal 40 nm), the SNARE
complex formation was promoted by the tethers at rates
relatively independent of the linker length.

In Figure 4b, we plotted the initial fusion rate (the first
10 min after the reaction started) of SNARE-driven mem-
brane fusion, measured by the percentage of NBD fluores-
cence intensity change in unit time, against the length of the
linker segment. This plot demonstrated that SNARE activity
inversely correlates with the maximum distance between two
bridged membranes. Although the exact maximal distance
could not be determined and the actual distance fluctuates in
time because of Brownian motion, we qualitatively showed
that when two membranes are kept closer to each other,
membrane fusion driven by SNAREs occurs with increasing
rate, until reaching a maximal distance of at most 40 nm,
within which the reaction rate plateaued. This distance-
dependent activity of SNAREs can be regulated and con-
trolled using our non-fusogenic DNA-lipid tethers, which are
designed to implement the bridging function of tethering
factors.

Zippering of t- and v-SNARE into a four-helix bundle
generates sufficient force to trigger membrane fusion. The
energy landscape of neuronal and other SNAREsP !
determined by high-resolution dual-trap optical tweezer
experiments, reveals a sequential three-stage model for
SNARE assembly. It includes a slow intrinsic assembly of
N-terminal domain (NTD), an intrinsic pause near the ionic
layer, and unobstructed, fast zippering of the C-terminal
domain (CTD) and the linker domain (LD) to open the fusion
pore. According to this proposed model, SNARE function
can be regulated at any stage of its assembly.

Examples of regulatory proteins, such as Muncl8 that
stimulates membrane fusion by stabilizing SNARE com-
plexes," and Complexin that inhibits membrane fusion by
clamping further zippering after NTD,!"'*l have been inves-
tigated in details. Examples of conformational switches, such
as C- or N-terminal segment of the soluble v-SNARE (termed
as Vc or Vn peptides), that can activate membrane fusion by
directly binding to, and thereby pre-arranging t-SNARE
conformation into its fusion-competent conformation, have
also been reported.®!* Different from the regulatory proteins
and Vc/Vn peptides, DNA-lipid tethers regulate SNARE
assembly by bridging two membranes close to each other
without directly interacting with SNARE proteins. Conse-
quently, local concentrations of cognate SNARE proteins are
increased, and thereby, the encounter probability of t- and v-
SNARE:S also significantly increased.

DNA-lipid tethers provide an in situ tool to control the
separation distance between two membranes. Previous inves-
tigations on the membrane-embedded neuronal SNARE
proteins, measured by surface forces apparatus (SFA),
demonstrated that during the approaching of two SNARE
bilayers, no force was detected until the membranes reach
a separation distance of 20 nm, where t- and v-SNAREs begin
overlapping (not binding yet), and then, SNAREpins start
assembling when the separation distance reaches 8 nm. In
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fact, using tethers containing shorter and shorter linkers
mimics the procedure of approaching two facing membranes
in a controlled manner in solution. Consistent with the
general trend of SFA results, we observed similar correlation
between SNARE activity and the distance between two
apposed membranes, that is DNA-lipid tether does not
stimulate SNARE function efficiently until the linker is
shorter than 40 nt and the stimulation effect stays at plateau
level with even shorter tethers.

In general, DNA-lipid tethers provide an independent
tool (other than native proteins) to regulate biological
processes. It can be further applied, insitu, to facilitate
function of proteins that require pre-assembly of two
membranes within certain distance, and to mimic or bypass
functions of membrane binding proteins. In addition, replace-
ment of DNA with its enzyme resistant analogue, peptide
nucleotide acid (PNA), will allow incorporation of such
artificial tethers into cells to build synthetic and controllable
biological system in vivo.
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