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Abstract

Nucleic acids are among the most versatile molecules for the construction of biomimetic systems
because they can serve as information carriers and programmable construction materials. How
nucleic acids interact with membranous coacervate compartments such as lipid sponge droplets
is not known. Here we systematically characterize the potential of DNA to functionalize lipid
sponge droplets and demonstrate a strong size dependence for sequestration into the sponge
phase. Double stranded DNA molecules of more than 300 bp are excluded and form a corona on
the surface of droplets they are targeted to. Shorter DNA molecules partition efficiently into the
lipid sponge phase and can direct DNA-templated reactions to droplets. We demonstrate
repeated capture and release of labeled DNA strands by dynamic hybridization and strand
displacement reactions that occur inside droplets. Our system opens new opportunities for DNA-
encoded functions in lipid sponge droplets such as cargo control and signaling.
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Introduction

Compartmentalization is an essential property of living cells. Among the many important roles of
compartmentalization, it allows cells to regulate reaction rates, maintain reactions in otherwise
incompatible conditions, and generate concentration gradients to power important processes like
ATP production. Synthetic compartments that self-assemble from simple building blocks in vitro
can serve as minimal models for cellular compartments. Coacervates, for example, are
molecularly crowded droplets that form by phase separation of macromolecules or amphiphiles
from an aqueous solution. Coacervate systems composed of oppositely charged polyions or other
interacting macromolecules have been used to emulate the membraneless organelles of
eukaryotic cells, such as RNA granules.[*l Being open to the surrounding environment
coacervates can spontaneously enrich molecules from the surrounding medium, which has led to
enhanced reaction rates for ribozymes,[231 transcription and a number of other enzymatic
processes.[>61 As coacervates are held together by non-covalent interactions that can be
modulated by environmental conditions, coacervates have been engineered to reversibly
assemble and disassemble in response to stimuli such as pH,?®! changes in enzymatic activity,"-
% or temperature.l!% Controlled and reversible sequestration of specific molecules has in turn
been used to regulate rates of biochemical reactions that depend on the availability of the
sequestered molecules.[*112 |n the process of engineering life-like systems with increasing
complexity from the bottom up, synthetic compartments will play an important role in regulating
and integrating multiple biochemical functions by locally and dynamically changing the
concentrations of the molecules involved in these biochemical reactions. Ideally, compartment-
mediated concentration and localization changes should be inducible by signaling molecules,
lead to large rapid changes, and have the potential for multiplexing of signals. Additionally, for a
rational engineering of novel functions in coacervate compartments, it is essential to perform a
systematic characterization of the partitioning of molecular cargo into coacervate droplets.
Partitioning depends on properties of the coacervate phase as well as properties of the guest
molecules such as charge and molecular weight.[%13-15]

We recently developed lipid sponge droplets, a programmable self-assembled coacervate system,
with which we demonstrated acceleration and control of enzymatically catalyzed reactions.*?
Lipid sponge droplets are coacervate compartments that assemble from the glycolipid N-oleoyl
-D-galactopyranosylamine (GOA) and nonionic surfactant octylphenoxypolyethoxyethanol
(IGEPAL). Lipid sponge droplets contain dense, nonlamellar lipid bilayer networks and have
some similarities to the endoplasmic reticulum. The membranous sponge phase is intersected by
nanometric aqueous channels that have characteristic sizes of the order of 4 nm. We
demonstrated that droplets doped with small quantities of functionalized lipids could be
programmed to efficiently sequester specific affinity-tagged proteins. However, there is a strict
threshold due to the size of the water channels, and large protein complexes such as the ClpXP
protease were excluded from the lipid sponge phase.

Nucleic acids offer numerous advantages for programming the molecular functions of cell-like
structures. Nucleic acids such as DNA can serve as a construction material for structures and
machines at the nanometer scale,[*6171 and as an information carrier for the synthesis of
proteins,8 or DNA-based computing.[**l Dynamic DNA nanotechnology leverages the high
degree of programmability and predictability of DNA base pairing rules to construct dynamic
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circuits. DNA-based computations often take advantage of toehold mediated strand displacement
reactions, where short single-stranded extensions of DNA duplexes help to initiate DNA-branch
migration reactions.[? Toehold mediated strand displacement reactions have been used for
information processing and signaling!?1-221 as well as the control of material properties.[2324 It is
still unknown how nucleic acids interact with lipid sponge droplets, to what extent they can be
sequestered, and if they can be used to program droplet functions. Here, we develop an efficient
strategy to target specific nucleic acids into lipid sponge droplets and use double-stranded DNA
as a molecular ruler to determine the size cut-off for sequestration into the droplet phase.

These findings provide the basis for programming lipid sponge droplets with DNA-encoded
functions. As an example, we show repeated sequestration and release of molecular cargo driven
by a toehold mediated strand displacement reaction. Our results demonstrate how control of
dynamic localization of molecular cargo can be achieved in DNA functionalized droplets, thus
offering a new approach to regulate timing and sequence of biochemical reactions.

Results and discussion

To systematically characterize the sequestration of macromolecules as a function of size, we
prepared a series of double-stranded DNA constructs between 28 and 959 base pairs in length
each carrying a biotin and a TYE665 fluorophore modification on the 5’ ends (Supplementary
Fig. 1). To target these DNA constructs into lipid sponge droplets we preincubated the DNA
with streptavidin and subsequently mixed the DNA-streptavidin complexes with lipid sponge
droplets that were doped with small amounts of biotinyl PE as previously described for protein
sequestration(*?] (Fig. 1). Without the full targeting system, DNA did not partition into the
droplet phase (Supplementary Fig. 2).

biotinyl  strept-
PE avidin

Figure 1. Programming the sequestration of DNA by lipid sponge droplets. Double-stranded DNA constructs of
different lengths containing a biotin and a fluorophore modification on the 5’ ends are produced by PCR. DNA is
targeted into lipid sponge droplets doped with biotinyl PE through interaction with streptavidin. Scale bar: 25 pm.

In the presence of all targeting components, efficient partitioning of DNA constructs up to 93 bp
in length into the droplet phase could be observed by confocal microscopy (Fig. 2A). DNA
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constructs between 108 bp and 208 bp partitioned into the droplet phase with decreasing
efficiency, and DNA constructs of 308 bp and larger were completely excluded from the droplet
phase. Excluded DNA constructs formed a corona with increased brightness observed around the
edges of the droplets (Fig. 2A, B). For DNA constructs of intermediate lengths between 108 bp
and 158 bp, droplet fluorescence was homogeneous immediately after mixing but, following an
incubation for 1-2 h, fluorescence increased around the edges. The phenomenon was particularly
prominent in smaller droplets (Supplementary Fig. 3). This observation indicates that for DNA
constructs of 108 bp and larger, the diameter of the aqueous channels in the droplet phase is a
constraint, which leads to the gradual accumulation of DNA constructs at the solution-droplet
interface. The partition coefficient is a measure for the enrichment in concentration of a molecule
in the droplet phase relative to the solution phase. Here, after correcting for background
fluorescence, the partition coefficient was calculated as the ratio between fluorescence in the
center of a droplet to fluorescence in solution immediately after mixing DNA with droplets (Fig.
2C). Partition coefficients of DNA constructs up to 93 bp in length were around 20, while for
DNA constructs with 308 bp and longer slightly negative partition coefficients were calculated,
indicating exclusion of DNA constructs from the droplet interior. DNA molecules between 108
bp and 208 bp in length were classified as partially excluded based on their gradually decreasing
partition coefficients and the appearance of a corona around the droplets, which appeared faster
and became more pronounced with increasing DNA length (Fig. 2A, Supplementary Fig. 3).
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Figure 2. Transition from sequestration to exclusion of DNA targeted into lipid sponge droplets. (A)
Representative fluorescence images of droplets after mixing with DNA. Images are shown at the same scale, with
the same brightness settings in a logarithmic scale for better visualization. Scale bar: 25 um. (B) Fluorescence
intensity profiles of droplets. A relative distance of 1 corresponds to the droplet edge and 0 is the center. Thin lines
show individual measurements of fluorescence profiles from multiple images and at least 9 droplets per DNA
length. Thick lines show a representative profile for each DNA length for better visualization. (C) Partition
coefficients calculated from background subtracted intensity profiles in (B) (see Methods). Diamond symbols
represent the average and open circles the individual values.

The average channel diameter of lipid sponge droplets was previously determined by small-angle
X-ray scattering to be 4.1 nm, and we have observed the exclusion of ClpXP protease, a 14.5 nm
by 11 nm protein complex.[*?] Based on the analysis of Son et al.[?°] we estimate the average
length of a 93 bp long dsDNA molecule that is anchored to a lipid bilayer at one end to be about
15 nm. We therefore conclude that DNA molecules with a length of almost four times the
average channel diameter can be sequestered into the sponge phase. In contrast to the ClpXP
protease, linear dSDNA extends primarily in a single dimension. With their small width, DNA
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molecules can probably be accommodated in the tortuous channel network more easily than most
protein complexes that extend in three dimensions. The dynamic and fluid nature of the sponge
phase explains the slow expulsion of DNA with lengths of 108 to 208 bp, compared to longer
DNA molecules that were completely and immediately excluded from the sponge phase.

Efficient and fast sequestration of short dsSDNA molecules into lipid sponge droplets suggested
that cycles of uptake and release of molecular cargo could potentially be driven by dynamic DNA
networks. We adapted previous designs of toehold mediated strand displacement reactions for
controlled capture and release of DNA strands by lipid sponge droplets.[2%2326] Qur strategy (Fig.
3A) uses a biotinylated single-stranded DNA capture strand (Cs) that is anchored in lipid sponge
droplets via streptavidin and biotinyl PE. A partially complementary and fluorescently labeled
DNA strand F gets sequestered into droplets by base paring with Cs to form a partially double-
stranded complex Ca. In addition to the complementary region, strand F has a toehold domain that
remains single stranded. When F*, the complementary strand to F, is added, it displaces F from
the capture strand. F and F* then leave the droplet as the double-stranded waste product W. This
leaves the capture strand in its initial single stranded state. By sequentially adding equimolar
amounts of F and F* we should be able to cycle droplets through multiple rounds of binding and
unbinding events on demand (Fig. 3B). To distinguish each hybridization step during the exchange
of cargo we used two F strands that were labelled with different fluorophores. Fred carried the
TYEG665 fluorophore and Fgreen Was modified with ATTO488.
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Figure 3. Design of a toehold-mediated DNA strand displacement reaction driving cargo exchange in droplets.
(A) Schematic of hybridization and toehold mediated strand displacement reactions driving sequestration and release
of DNA strands by lipid sponge droplets. Single-stranded capture strand Cs is anchored in droplets via a biotin-
streptavidin interaction and helps sequester a fluorescently labelled cargo strand F by hybridization forming partially
double stranded complex Cq. The cargo can be removed from droplets by the addition of F* that displaces F from the
capture strand by toehold mediated strand displacement. Subsequently, F and F* leave the droplet as double stranded
waste product W, leaving the capture strand Cs in its initial single-stranded form, ready to capture another cargo. (B)
Expected changes in fluorescence intensities of sponge droplets in response to the addition of fluorescently labeled
0ligos Freq OF Fgreen, Which can be displaced from droplets by their complementary sequence F*.

To assess the functionality of our strategy, we followed the sequential hybridization and
subsequent displacement steps via confocal microscopy (Fig. 4A). Cs was anchored in droplets via
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biotin-streptavidin interactions. The sample of droplets was then placed into a well of a chamber
slide for timelapse imaging at 37 °C. Initially, at time 0O h, the droplet sample only contained single
stranded capture strand Cs at a concentration 40 nM. Consequently, droplets showed no
fluorescence. When at 0.1 h, complementary strand Fred Was added in an equimolar amount to Cs,
we observed an immediate increase of fluorescence in droplets (Fig. 4A). Fast hybridization of
Freda forming duplex Cq in droplets was also apparent in the fluorescence traces that were extracted
from selected regions of the imaged sample (Fig. 4B). In a control experiment we verified that the
rapidly increasing TYEG665 fluorescence was indeed due to specific interactions between the
immobilized capture strand Cs and Fred. Droplets without the bound capture strand did not increase
in fluorescence, indicating that the sequestration of Fres was due to specific base pairing between
the complementary strands in the droplets (Supplementary Fig. 4).
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Figure 4. Completion of two cycles of DNA-driven cargo exchange in lipid sponge droplets. (A) Confocal
microscopy images of sequential hybridization and displacement reactions in lipid sponge droplets. Selected images
from time lapse experiment with merged brightfield, TYE665 (red) and ATTO488 (green) channels. Image intensities
are window leveled to the same values. Scale bar: 100 um. (B) Kinetics of the change in fluorescence intensities of
sponge droplets during the hybridization and DNA displacement reactions. Normalized fluorescence intensities of
three selected individual droplets located in different positions in the reaction chamber (dotted lines), and the average
(bold) in corresponding channels. Freq, F*, Fgreen and F* were added at 0.1, 0.8, 4.8, and 7.9 h respectively.

A decreasing rate of fluorescence increase indicated that hybridization of Fred in droplets was
approaching saturation. Fred Was then released from droplets by adding an equimolar amount of
the invading strand F*, which was designed to form the double-stranded waste product W after
hybridizing to Fred in a toehold mediated strand displacement reaction. Strand displacement and
release of Frea could be observed after a short delay by decreasing droplet fluorescence. Even
though fluorescence of Frea was not quenched, dilution of the released waste duplex W in the
solution leads to decreasing fluorescence in the droplets.

When droplet fluorescence approached background levels, we initiated a second cycle of cargo
uptake, this time adding a different cargo strand, Fgreen, Which carried the ATTO488 fluorescent
label. Again, after a short delay, hybridization and sequestration into droplets was rapid. When
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fluorescence plateaued, F* was added. Again, following a delay, droplet fluorescence started
decaying, demonstrating the completion of two successful cycles of on-demand cargo uptake and
release (Supplementary Movie 1).

We observed a difference in the kinetics for the hybridization reaction (sequestration of Fred and
Fgreen into droplets) compared to the toehold mediated strand displacement reaction (release of Fred
and Fgreen from droplets). Sequestration was much more rapid than the release, which can be
explained by the fact that hybridization between two single-stranded oligonucleotides is very fast.
In contrast, release of the fluorescent cargo F required hybridization of F* to the toehold on F and
a subsequent three-way branch migration reaction, which is a slower process.[?1 The fluorescence
release from droplets could be sped up by doubling the molar concentrations of the invading strand
F* to two equivalents of the Fred concentration (Supplementary Fig. 5). The delays in the reaction,
between adding a DNA strand and the beginning of a change in droplet fluorescence, were likely
due to diffusion of the added strands through the chamber and the molecularly crowded sponge
phase of droplets, where diffusion is slowed.[*?] Despite the observed delays, reactions completed
at comparable time scales to toehold mediated strand displacement reactions in well mixed
solutions.[?] Our results demonstrate that toehold mediated strand displacement reactions are a
viable approach to control capture and release of molecular cargo by lipid sponge droplets on
demand. DNA-based localization control led to higher fold-changes in cargo loading and release
than a light-controlled protein-protein interaction™? and DNA base pairing interactions have the
advantage that they can be programmed and multiplexed easily.

In conclusion, we have systematically characterized the potential of DNA functionalization in
lipid sponge droplets. Our results lay the foundation for DNA-templated chemistry in lipid
sponge droplets and at their solution interface. Double stranded DNA constructs that are too long
to be accommodated in the nanometric channels of the lipid sponge phase accumulate on droplet
surfaces. Length-dependent surface decoration of droplets with DNA could be used to program
physical interactions between individual droplets or droplets and substrates in the future. In
contrast, double stranded DNA up to approximately 100 bp in length is sequestered into the
interior of lipid sponge droplets with high efficiency. While this length is too short to encode
proteins, RNA signals!?” could potentially be produced by transcription in droplets. Here we
demonstrate that we can take advantage of the open nature of the lipid sponge phase and use
DNA strands as signals to initiate hybridization and strand displacement reactions in droplets.
These reactions control uptake and release of molecular cargo that is coupled to DNA. In the
future, the system could be extended to include communication between individual neighboring
droplets through nucleic acid signals that could be released locally upon activation.[?8-30]
Communication and computations based on nucleic acids as signals can be easily programmed
and multiplexed opening up new opportunities for molecular localization control and signal
processing in lipid sponge droplets.
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