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ABSTRACT: We describe the design and characterization of
artificial nucleic acid condensates that are engineered to recruit and
locally concentrate proteins of interest in vitro. These condensates
emerge from the programmed interactions of nanostructured
motifs assembling from three DNA strands and one RNA strand
that can include an aptamer domain for the recruitment of a target
protein. Because condensates are designed to form regardless of
the presence of target protein, they function as “host” compart-
ments. As a model protein, we consider Streptavidin (SA) due to
its widespread use in binding assays. In addition to demonstrating
protein recruitment, we describe two approaches to control the
onset of condensation and protein recruitment. The first approach
uses UV irradiation, a physical stimulus that bypasses the need for
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exchanging molecular inputs and is particularly convenient to control condensation in emulsion droplets. The second approach uses
RNA transcription, a ubiquitous biochemical reaction that is central to the development of the next generation of living materials.
We then show that the combination of RNA transcription and degradation leads to an autonomous dissipative system in which host
condensates and protein recruitment occur transiently and that the host condensate size as well as the time scale of the transition can
be controlled by the level of RNA-degrading enzyme. We conclude by demonstrating that biotinylated beads can be recruited to SA-
host condensates, which may therefore find immediate use for the physical separation of a variety of biotin-tagged components.

B INTRODUCTION

The ability to separate, sort, and spatially organize molecules is
central to biological manufacturing and synthetic biology. Of
particular interest is the development of low-cost, low-volume
bioreactors forming on-demand to handle scarce, toxic, or
high-value molecules.”” In this context, methods relying on
spontaneous biochemical separation, rather than physical
separation, are highly sought after. Biological cells have
mastered this task by evolving machinery to autonomously
segregate DNA, proteins, small molecules, and entire reaction
pathways through phase separation.” Organelles without a
membrane, such as glycolytic bodies, stress granules, and
nucleoli, spontaneously condense within cells and recruit
specific molecules and reaction pathways at distinct times and
locations.”® These organelles, also known as biomolecular
condensates, can effectively “host” many molecular “guests” or
“clients”, which do not contribute to the condensation
process.” Taking inspiration from nature, artificial host
condensates arising from the interactions of synthetic
polymers, engineered proteins, nucleic acids, and mixtures of
these components have been developed to biochemically
recruit and localize molecules and pathways.®™”

DNA and RNA are particularly versatile polymers to build
artificial condensates.'”'" Through sequence design, nucleic
acid molecules can be optimized to have a target secondary
structure as well as specific affinity for distinct molecules,
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permitting the synthesis of complexes that phase-separate
predictably. A productive approach to build DNA condensates
is to use artificial motifs that include multiple strands of DNA
that self-assemble into “nanostars”.'> DNA nanostars interact
via single-stranded sticky ends at the tip of each arm,
generating DNA dense compartments with variable viscoelastic
properties that depend on the number of arms (typically 3—6),
the arm length, and the sticky-end length and sequence.'’ The
resulting DNA condensates can form and dissolve in response
to changes in solvent and temperature,'” to specific molecular
inputs,"*"> and to physical stimuli, such as light, which is an
instance of a “remote control” tool for molecular processes and
self-assembly.'®"*° Nanostars can be modified to include
recruitment domains for other oligonucleotides, making it
possible to incorporate strand displacement reactions,® and
even RNA transcription.'>*'
demonstrated to recruit specific proteins through ap-

RNA nanostars have been

22,23 . .
tamers.”””” Thus, nucleic acid nanostars are an excellent
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approach to build host condensates for separation of proteins.”>*> Our host condensates form robustly under in

biomolecules.

Here, we describe a strategy to localize proteins to hybrid
DNA-RNA host condensates through RNA aptamers (Figure
1). We modified DNA nanostars to include an RNA strand
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Figure 1. Selective protein recruitment via hybrid DNA-RNA
nanostar. (A) Schematic of 4-arm hybrid DNA-RNA nanostars that
phase-separate into protein-recruiting condensates. Our design
comprises three DNA strands (green) modified at one end with
single-stranded overhangs (sticky ends, light green) that allow
condensates to assemble and an RNA strand (purple) extended
with an aptamer sequence that is responsible for protein recruitment.
(B) Representative fluorescence microscopy images showing the
assembly of the hybrid DNA-RNA condensates (green, FAM) and the
SA recruitment (red, Alexa 647) 180 min after the annealing step and
isothermal addition of SA. (C) Scatter plot of the measured pixel
intensity showing the correlation (Pearson’s correlation coefficient, r)
of FAM (nanostar) and Alexa 647 (protein) fluorophores in a sample
containing hybrid DNA-RNA condensates recruiting their corre-
sponding client protein (SA). This correlation confirms that nanostars
and proteins are colocalized. We used equimolar amounts of nanostar
and protein, 2.5 yM.

encoding an aptamer domain for the recruitment of
Streptavidin (SA), which is widely used in combination with
biotin for a multitude of affinity purification assays.”* We first
characterize how the presence of the aptamer and recruitment
of SA affect the growth rate of condensates. We then
demonstrate how DNA-RNA host condensate growth, and
consequently SA localization to the condensates, can be
induced on-demand with physical or biomolecular stimuli. As a
physical input, we use UV light to trigger host condensate
formation by a modified DNA-RNA nanostar that includes a
UV-cleavable domain. We also show that UV light is an
expedient tool to trigger host condensates in water-in-oil
emulsion droplets. As a biomolecular stimulus, we use in situ
transcription of the RNA strand needed to establish necessary
DNA nanostar hybridization as well as recruitment of SA. We
further demonstrate that in the presence of RNase H, host
condensates form transiently through a dissipative process, in
which condensate size and time scale of condensate presence
can be controlled by changing the amount of RNase H. We
conclude by demonstrating that SA-host condensates recruit
biotinylated beads, illustrating the potential of this method to
separate a wide range of biotin-tagged protein guests.

Our approach is modular: the SA aptamer considered here
could be replaced by aptamers recruiting other types of

vitro transcription conditions and could be therefore used for
synthetic biology applications to build dynamically controllable
membraneless organelles for the localization of enzymes and
reactions responding to transcriptional 51gnals

B RESULTS AND DISCUSSION

Hybrid DNA-RNA Condensates Can Be Programmed
to Recruit Client Proteins. We designed 4-arm hybrid DNA-
RNA nanostars that interact via palindromic sticky ends to
form condensates, and that through an encoded RNA aptamer,
can recruit Streptavidin (SA) as an example target protein. The
nanostar includes three DNA strands and one RNA strand,
which are partially complementary to one another and
hybridize to form four arms, each 16-nucleotide (nt) long
(Figure 1A). Palindromic sticky ends are 4-nt long (Figure 1A,
light green domains) and are present at the S’ end of the three
DNA strands only (Figure 1A, green). We extended the S’ end
of the RNA strand to include an SA-binding aptamer.”®
Nanostars were assembled by thermal annealing of all the
strands (each at 2.5 uM concentration) from 72 to 25 °C (at
—1 °C/min) in a buffer including 20 mM Tris-HCl and 12.5
mM MgCl,. Strand interactions and nanostar folding were
verified through native PAGE, shown in the Supporting
Information, Figure S1. To quantify condensate formation,
DNA-RNA nanostars were tagged with a fluorescently labeled
DNA strand (0.5 uM of the total concentration of D, is FAM-
labeled), and SA was tagged with an orthogonal fluorophore
(Alexa 647). This enabled condensate tracking via fluorescence
microscopy (Figure 1B) as well as measuring DNA and protein
colocalization by computing the Pearson’s correlation coef-
ficient (r), which measures the strength of the linear
relationship between the fluorescence intensity values of the
green and red channels on the hybrid DNA-RNA condensates
(Figure 1C). An r close to 0 indicates low colocalization of the
fluorophores on the condensates, while a value close to 1
indicates high colocalization.

Growth Dynamics of DNA-RNA Host Condensates.
We measured condensate formation and growth, as well as
colocalization with SA, by tracking the samples over time via
fluorescence microscopy experiments as shown in Figure 2.
First, we measured how the presence of the RNA strand, the
RNA aptamer, and the SA-aptamer complex affects condensate
growth when compared to all-DNA nanostars previously
considered in the literature.”” We tested different design
variants that include the same 3 “core” strands D,, D,, and D5,
while the fourth strand is either: (A) a DNA sequence
including the sticky end (D,, Figure ZA), (B) a blunt-ended
DNA strand, without the stlcky end (D,°, Figure 2B), (C) a
blunt-ended RNA strand (R,°, Figure 2C), (D) an RNA strand
modified to contain the aptamer site for protein binding (R,*",
Figure 2D). Finally, we considered the case in which the RNA
aptamer and its target SA are both present (R,*" + SA, Figure
2E), where SA was added immediately after annealing. RNA
strands R, and R,® were purified with a column-based
protocol. We imaged condensates within 15, 60, and 180 min
after annealing completion, and we measured their area on the
focal plane and number (Figure 2A—E).

Variants differ in terms of valency (the all- DNA design with
D, has valency 4, and the others have valency 3), as well as in
terms of the size and composition of the fourth arm; thus, we
expected different rates of condensate growth. All samples
produced condensates under our experimental conditions
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Figure 2. Growth of host condensates formed by DNA-RNA nanostars. We programmed nanostar-forming condensates using a “core structure”
(Dy, D,, and D;, green) in which the fourth strand can be replaced with an aptamer-carrying RNA strand. These experiments compare the growth
rate of condensates emerging when using nanostar variants that differ in the nature and length of the fourth strand: (A) a DNA strand with the
sticky end (D,); (B) a blunt-ended DNA strand without the sticky end (D,°); (C) a blunt-ended RNA strand (R,); (D) an RNA strand modified
to contain the aptamer site for protein binding (R,*"); (E) an RNA-aptamer strand targeting the SA protein (R, + SA). Plots at the bottom of
each panel show the average area and number density when incubated at room temperature (25 °C) for 180 min after annealing at strand
concentrations of 2.5 M. The number density is computed as the number of condensates per field of view of each image reported here (see
Experimental Methods for additional detail). The numbers on the left of the images indicate the time (in minutes) at which these images were
captured from the start of incubation (25 °C) after annealing completion. Dots correspond to the average of three experimental replicas (n = 3);

error bars are the standard deviation of the mean.

(Figure 2A—E), confirming that three sticky ends (valency 3)
are sufficient for condensation and that nanostar interactions
are not compromised by the presence of RNA, RNA aptamer,
or SA. We found design (A) with four sticky ends (valency 4)
to produce larger growing condensates, leading to the largest
average area after 180 min of incubation (Figure 2A—E,
bottom). At the same time, design (A) shows the lowest
condensate number density (computed as discussed in
Experimental Methods), which indicates that condensates
fuse faster than other designs. Valency 3 DNA design (B) and
hybrid DNA-RNA designs (C, D) yield condensates with a
comparable average area near 6 um’ after 180 min. The
decrease in number density over time is again indicative of
fusion events; the presence of SA RNA aptamer (with or
without SA) appears to induce the emergence of a large
number of small condensates, which grow and fuse more
slowly (Figure 2D,E). Box plots of condensate area as well as
total condensate numbers are in Figure S2.

Importantly, these experiments show that design (D), which
includes the SA aptamer (strand R,*"), in the presence of SA
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produces condensates that recruit SA to the DNA-RNA dense
phase, as shown by the representative images and the
colocalization plots in Figure 2E. These condensates form
robustly, and they grow at a speed comparable to the case in
which SA is absent, indicating that our DNA-RNA nanostars
are a viable motif to localize proteins to artificial membraneless
compartments.

UV Light Activation of Nanostar Condensation and
Protein Recruitment. We next demonstrate that the timing
of host condensate formation as well as client recruitment can
be controlled by building nanostars whose interactions are
regulated by an external input. We first consider UV light as a
physical input, which is convenient as a “remote” control that
does not require changes in the sample composition. Building
on previous work,"® we modified our nanostar design so that
one of the three DNA arms (D,**, Figure 3A) includes a
UV-activatable sticky-end domain. This domain is designed to
fold into a hairpin structure and cover the sticky end (red,
Figure 3), preventing interactions with other sticky ends. This
domain reduces the nanostar valency to 2, which is insufficient

https://doi.org/10.1021/jacs.4c07555
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Figure 3. UV-controlled host condensate formation and protein capture. (A) We modified strand D, to include a hairpin domain that protects and
inactivates the sticky end (D,"). The hairpin stem includes a UV-photocleavable linker: upon UV irradiation, the protective domain unbinds
from the sticky end, changing nanostar valency from 2 to 3 and allowing the nanostar to form condensates. (B) Plots of the average area and the
number density of condensates up to 180 min after UV irradiation (irradiation time tyy = 180 s) in the absence or presence of protein. Dots
correspond to the average of three experimental replicas (n = 3); error bars are the standard deviation of the mean. (C) Representative fluorescence
microscopy images for activated nanostars phase-separating into condensates. Protein capture is achieved only when the RNA strand contains an
aptamer. Images were captured at 15, 60, and 180 min after UV irradiation at 25 °C. (D) Schematic of the encapsulation process of hybrid DNA-
RNA nanostars, as well as proteins, followed by protein recruitment within emulsion droplets. (E) Example fluorescence images of hybrid DNA-
RNA nanostars and their client protein inside droplets shown at 15 and 180 min after irradiation; correlation plots confirm that the reporters are
colocalized. (F) Intensity analysis of an example droplet 180 min after UV irradiation. The plots show the fluorescence intensity variation across an
individual droplet, and clearly, the peak intensity increases in both channels at the location of condensate.

for condensation. The backbone of the hairpin stem contains a
photocleavable (PC) linker (2-nitrobenzyl photolabile func-
tional group) that is cleaved by UV light at a specific
wavelength (300—350 nm).”* This wavelength range is
classified as UV-A; thus, DNA damage is negligible.29 Upon
UV irradiation and cleavage of the protector strand, the hairpin
unbinds from the sticky end, bringing the nanostar valency to 3
and enabling the formation of condensates. Since the PC linker
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is unstable at high temperatures, the PC-modified strand was
added isothermally at 25 °C after annealing.'®
confirmed that in the absence of UV irradiation, no
condensates form regardless of which RNA strand is included
(Figure S3). Then, we confirmed that UV irradiation of
nanostar variant (C) or (D) (including respectively R®, and

First, we

R,*") for 180 s triggers the formation of condensates in the
absence or presence of SA (see Figure S4 for representative

https://doi.org/10.1021/jacs.4c07555
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Figure 4. Cotranscriptional control of host condensate formation and protein capture. (A) Schematic representation of cotranscriptional
production of the RNA strands from synthetic genes at 37 °C and binding of the RNA strand that completes the inactive nanostar core. When the
nanostars are complete (all the arms are double-stranded), they interact to form condensates; if the SA aptamer is present, SA protein is recruited
to the dense phase. (B) Plots of the average area and the number density of condensates up to 180 min in the absence (samples R,* and R,**) and
presence of SA (samples R,* + SA and R + SA). Dots correspond to the average of three experimental replicas (n = 3); error bars are the
standard deviation of the mean. (C) Fluorescence microscopy images of cotranscriptionally activated nanostars taken 15, 60, and 180 min after the
start of transcription. SA recruitment does not occur for design (C) that includes R,% SA is only recruited to condensates formed by design (D)
that includes strand R,*". The colocalization of FAM (condensates) and Alexa 647 (SA) reporters is confirmed by correlation plots (right).

microscopy images). For design (C), the condensate average
area increases over time, while the number density decreases,
indicating that fusion events occur (Figure 3B). Variant (D)
that includes the SA aptamer shows slower initial growth, and
the condensate number density increases first before
decreasing due to fusion events (Figure SS includes box
plots of condensate size for each assay). When present in the
sample, SA is recruited only to photoactivated condensates of
variant (D) that include SA aptamer R, resulting in
significant colocalization (r = 0.85 at 180 min). Colocalization
analysis of 60 condensates in the absence and presence of SA is
shown in Figure S6, confirming quantitatively that the aptamer
is essential for protein recruitment. Overall, these results show
that our photoactivatable nanostars partition the proteins into
condensates only after UV irradiation, with growth kinetics
comparable to the initial variants (Figure 2).

A useful application of light-triggerable host condensates is
that they could be activated on-demand in microcompartments
that do not permit material exchange with the surrounding
environment. Water-in-oil droplets are a versatile platform for
high-throughput screening of reactions as well as minimalistic
synthetic cells.”*™** Building on our previous results, we
demonstrate that nanostars encapsulated in water-in-oil
droplets can be triggered to form host condensates and
capture proteins using UV irradiation.'® In these experiments,
we encapsulated a mixture of inactive nanostars (preannealed
D, D, and R*"), strand D,*™", and SA by vortexing the

sample with oil and surfactant mix using a benchtop
1932 Droplet samples were then transferred to Ibidi
imaging chambers for observation as described in Experimental
Methods. As in the nonencapsulated experiments, we observed
that the inactive nanostars (no UV irradiation) remain

vortexer.

dispersed after encapsulation (example images are in Figure
S7). Condensation begins only after UV irradiation, which
cleaves the PC linker and activates the protected sticky end. As
condensates fuse over time, a single condensate is visible in
most droplets 3 h after UV light irradiation (Figure S8); the
condensates recruit SA client protein, consistent with expect-
ation, as shown by the very high correlation coeflicients of the
reporters for nanostars and proteins (Figure 3E). Figure 3F
shows an example droplet and the condensate fluorescence
intensity profile.

Cotranscriptional Control of Nanostar Condensation
and Protein Recruitment. Another way to achieve kinetic
control over condensation of our hybrid nanostars is to use the
RNA output of synthetic genes to bind nanostars and enable
their interactions (Figure 4A). First, we verified that the
preannealed inactive nanostar core (D;, D,, and D;) can be
activated by isothermal addition (at 37 °C) of the
corresponding RNA strand in variants (C) and (D). Here,
column-purified RNA strands R®, and R, were added to
separate samples including preannealed inactive nanostar
cores, and we verified the formation of condensates; control
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Figure S. Transient capture and release of SA into host condensates mediated by enzymatic production and degradation of RNA. (A) Schematic of
the reactions occurring in a sample that includes an inactive nanostar core, SA, gene, RNAP, and RNase H (Rh). (B, C) The average condensate
area and count increase when growth is triggered by the addition of the gene (black curve) in the absence of RNase H. By tuning the concentration
of RNase H (0.00—0.04 U/uL), we can control the time required to dissolve condensates and thus protein recruitment (green curves). After an
initial growth stage, RNase H-mediated degradation dominates, resulting in the dissolution of RNA condensates and the release of SA. Dots
correspond to the average of three experimental replicas (n = 3), and error bars represent the standard deviation of the mean. (D—G) Fluorescence
microscopy images of the sample for different RNase H levels; the size of condensates increases and SA is recruited only transiently at larger
amounts of RNase H. The correlation of FAM and Alexa 647 signals indicates colocalization of condensates and SA during the experiment (bottom

plots).

samples including the inactive nanostar core alone do not yield
condensates (Figure S9).

Next, we tested whether inactive nanostars can be activated
in a one-pot transcription reaction at 37 °C from DNA
templates (0.33 #M) including the bacteriophage T7 promoter
in the presence of T7 RNA polymerase (RNAP). We found
that condensation occurs robustly both in the presence and in
the absence of the client SA (Figure 4B and Figure S9; Figure
S$10 includes box plots of condensate size). Figure 4C shows
example fluorescence microscopy images of the resulting
hybrid DNA-RNA condensates under transcription conditions,
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tracked up to 3 h. The growth of condensate for design (D) is
initially slower when compared to design (C). This indicates
that the secondary structure of transcribed R,*" as well as its
length may hinder isothermal binding to the inactive core
(Table S2 shows the NUPACK *-predicted folding of R,*").
Further, the aptamer may compromise nanostar interactions
and nanostar incorporation in growing condensates, as
suggested by the slow increase in the number density for
design (D) over the first 3 h. Longer incubation of the
transcription reaction produces micrometer-sized condensates
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Figure 6. SA-host condensates recruiting biotinylated beads. (A) Schematic of annealed DNA-RNA nanostars that contain the aptamer capturing
SA, through which biotin-tagged beads can be recruited into the condensates. (B) Plot showing the average area, as well as the number density, of
the condensates measured up to 180 min after the addition of SA and beads to annealed nanostars. Data points correspond to the average of three
experimental replicas (n = 3), and error bars represent the standard deviation of the mean. (C) Epifluorescence microscopy images of condensates
recruiting biotinylated beads taken 15, 60, and 180 min after the addition of 2.5 yuM SA and 2.5 pM beads to 2.5 M nanostars at the end of
annealing. The colocalization of condensates and beads is confirmed by correlation plots (right). (D) Confocal microscopy images of three
individual condensates with an equimolar amount of nanostars and SA (2.5 uM), with beads at concentrations of 0.5 pM (top row) and 2.5 pM
(bottom row). Images were taken 240 min after the addition of SA and beads to the nanostar solution. (E) Epifluorescence microscopy images
showing that host condensates do not recruit beads in the absence of SA. Images were taken 180 min after only beads, and not SA, were added to
the annealed nanostar solution. Correlation plots confirm the lack of nanostar and bead colocalization. Experiments were done in triplicate (n = 3).

for both designs (see Figure S9D, as well as follow-up control
experiments in Figure SB).

For design (C), which does not recruit SA, condensate
growth and number density are comparable in the presence or
absence of SA (Figure 4B). In contrast, the host condensates
emerging from design (D) that includes R,¥" show faster
growth and an increase in number density when SA is present.
The presence of SA may promote correct folding of R, as it
is transcribed and thus facilitates nanostar activation.
Colocalization of SA during transcription is confirmed by the
correlation plots in Figure 4C. Finally, colocalization analysis
of condensates formed in the absence and presence of SA is
shown in Figure S11, reaffirming that only variant (D) is
capable of protein recruitment.

Control of Protein Recruitment with Enzymes That
Produce and Degrade RNA. Next, we sought to achieve
transient protein recruitment to host condensates by
combining catalytic production and degradation of RNA,
which introduces a dissipative mechanism for condensate
formation.”> For this purpose, in addition to producing the
RNA activating condensates cotranscriptionally using RNAP,
we introduced degradation of the RNA hybridized to DNA
using RNase H (Figure SA). Having just demonstrated that the
host nanostar design (D) can be activated cotranscriptionally
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(without RNA purification or annealing), we expected that
RNase H-mediated RNA degradation would dissolve host
condensates by degrading R,*" hybridized to the DNA
nanostar core DNA structure. Further, the RNase H level
should regulate the time scale of dissolution. Because
degradation of R,¥" also causes the release of SA from the
nanostars, the RNase H level should also control the time scale
of client protein localization.

As a control experiment, we first tracked condensate growth
and protein capture for up to 480 min in the absence of RNase
H and verified that the average condensate area continues to
grow over time (Figure SB; box plots are reported in Figure
S12). The recruitment of SA is confirmed by the colocalization
of reporters shown by correlation plots (Figure SD—G). We
then investigated how the temporal evolution of protein
recruitment is affected at different levels of RNase H. Thus, in
samples containing 2.5 uM inactive nanostar core, gene (0.33
uM) producing R,*, and a fixed level of RNAP (2.5% v/v), we
varied the level of RNase H (0.02, 0.03, and 0.04 U/uL) while
incubating the reaction at 37 °C (Figure SB,C). In this range of
RNase H levels, formation of condensates dominates for the
first 3—4 h of the reaction (no condensates formed, however,
at 0.05S U/uL RNase H). The effects of RNA degradation
become prominent after 4 h: condensates dissolve at a speed
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proportional to the amount of RNase H supplied and result in
delocalization of the SA client (Figure SD—G and Figures S12
and S13). We attribute the RNase H-dependent dominance of
condensate dissolution to multiple phenomena that have been
previously observed in DNA tile assembly, including loss of
RNAP activity over time and accumulation of transcription and
degradation byproducts that form nanostar complexes lacking
the correct structure for condensation.

Both condensate area and number density show a “pulsed”
behavior, in which the duration and peak of the pulse inversely
correlate with the amount of RNase H. Overall, these
experiments show that autonomous, temporal recruitment of
proteins to host condensates can be enabled by the interplay of
RNA production and degradation. In our setup, transcription
generates R,*" that works as a fuel molecule supporting host
condensate formation and protein recruitment. Degradation of
R,*" is a mechanism of dissipation of the fuel molecule, which
drives the return to a uniformly dispersed phase of the
nanostars.

Recruitment of Biotin-Tagged Components into Host
Condensates. We conclude our study with illustrating the
versatility of SA-host condensates by showing that they can be
used to recruit biotinylated components. For this purpose, we
adopted biotin-labeled fluorescent polystyrene beads,”” which
were mixed to annealed nanostars (design D) together with
SA, as illustrated in Figure 6A. We selected beads with a
nominal diameter of 200 nm, which is significantly larger than
the expected hydrodynamic diameters of SA (about 5 nm),*®
nanostars (about 11 nm), and most proteins.”” Through an
initial screening, we calibrated the bead concentration to be
roughly 0.5—-2.5 pM; mixing exclusively SA and beads in the
condensate buffer does not yield spontaneous microscale
separation (Figure S14).

Like in the previous experiments, we used fluorescence
microscopy to track over time the average area and number
density of condensates grown in the presence of beads, shown
in Figure 6B (box plots of condensate size are in Figure S15).
The behavior of condensates is consistent with the case in the
absence of beads (Figure 2E). Example epifluorescence
microscopy images in Figure 6C, and the computed Pearson’s
correlation coefficient (r), show that beads and condensates
are colocalized (histograms of r are in Figure S16), and
confocal images in Figure 6D reveal that beads are present
throughout the condensate volume (see also Movies S1 and
S2, corresponding to condensates 3 in Figure 6D at bead
concentrations of 0.5 and 2.5 pM, respectively). When using a
lower bead concentration (0.5 pM), we qualitatively observe a
reduced number of bright spots inside condensates. Finally, in
the absence of SA, the beads are not colocalized with
condensates (dyed with D,****7), as shown in Figure 6E.

Our results are consistent with expectation since trivalent
and tetravalent DNA nanostars with 4 nucleotide sticky ends
form low density condensates that can maintain a liquid
state.'#*>*® Therefore, large target biomolecules can be
recruited to our SA-condensates. Size exclusion can occur
when nanostar mobility in the dense phase is reduced by
elongating the sticky ends and/or by increasing the nanostar
valency: in this case, previous work demonstrated that
condensates exclude dextran depending on its molecular
weight, while long DNA strands can still be successfully
recruited through complementary domains but preferentially
localize at the surface due to entropic effects.”'

B CONCLUSIONS

We have demonstrated methods to build nucleic acid host
condensates for the recruitment of Streptavidin (SA) as a
model protein. The formation of condensates is driven by the
interactions of DNA-RNA nanostructured motifs, which
include an RNA aptamer that binds to SA. We illustrated
two methods to trigger the formation of our host condensates
and the localization of their target protein: we used UV light as
a physical input and transcription as an example biochemical
reaction. Both approaches are amenable to fine-tuning the
growth rate of host condensates, for instance by dosing the UV
irradiation time'® or by fine-tuning the concentration of
transcription components (template and RNAP).** We
showed that the combination of reactions for RNA production
and degradation leads to autonomous, transient formation of
host condensates and thus of protein recruitment. Finally, we
demonstrated that SA-host condensates can recruit and
separate large biotinylated targets.

The combination of DNA and RNA into a hybrid design has
some unique advantages when compared to alllDNA or all-
RNA nanostars. The DNA nanostar core proved to be a robust
motif, because a range of variants generate condensates
growing at comparable speeds. Sequence design could improve
the condensate growth speed when it is affected by the
presence of the aptamer while ensuring that aptamer-target
binding affinity is preserved. In our study, we achieved UV
controllability of condensates by inserting a photolabile
functional group in the DNA core, but different DNA
modifications could render the condensates responsive to
additional physical or chemical inputs.”> Transcriptional
control is contributed by the presence of an RNA molecule
that is essential for condensation, in addition to having the role
of recruiting a target ligand. RNA aptamers are an ever-
expanding class of molecules that can bind their target with
high specificity and sensitivity,"* and host condensates could
potentially be used in the context of biosensing or toward the
development of active biomaterials operating under physio-
logical conditions. The successful recruitment of large
biotinylated beads shows that our SA-host condensates may
separate a variety of biotin-tagged particles in a range of sizes.
However, owing to the negatively charged nature of nucleic
acids, nonspecific binding of nanostars to positively charged
proteins may occur in the absence of aptamers, which points to
a limitation of this approach. In addition to simply hosting and
separating molecules, our condensates could also perform
catalytic reactions via RNA enzymes."**> It has not been
demonstrated yet whether DNA condensates can be delivered
to living cells; however, preliminary work in our group
indicates that single-stranded RNA nanostars’”*’ can be
produced and form condensates in cells, where they could
operate as the host condensates described here with the
inclusion of aptamer domains.

Host condensates made with DNA or RNA motifs may be
built through a variety of approaches, including those relying
on long sequence repeats,” although DNA nanostars are
particularly versatile. First, a variety of aptamers could be
modularly appended to nanostar arms to localize specifically a
diverse set of ligands, while excluding others.”' Another
advantage of DNA nanostars is that their viscoelastic properties
can be finely tuned by modifying the sticky-end interaction
energy and the number of arms,” in addition to being
dependent on temperature and ionic conditions. This means
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that the local conditions of the dense phase could be optimized
for specific guest molecules and reactions. Through sequence
optimization, distinct coexisting DNA condensates can be
spatially segregated or made to interact to form compartments
that include multiple subcompartments: this means that DNA
condensates could be used to host multistep reactions and
potentially enhance their yield.”"*** Finally, the recruitment
and release of guest molecules could be finely controlled
through strand displacement reactions that could fold or
disrupt the guest binding domains.™

B EXPERIMENTAL METHODS

Oligonucleotides, Guest Particles, and Enzymes. All DNA
strands were purchased from Integrated DNA Technologies (Coral-
ville, IA). Oligonucleotides were standard desalted, except fluo-
rescently labeled strands, which were HPLC-purified. RNA strands
were transcribed in-house and column-purified using the Monarch
RNA Cleanup Kit (New England Biolabs). The concentration of
oligonucleotides was quantified by UV—vis spectrophotometry using a
Thermo Fisher Scientific NanoDrop 2000 Spectrophotometer. All the
oligonucleotides were resuspended in double-distilled H,O and kept
at —20 °C for long-term storage. Sequences were either adapted from
the literature or designed using Nupack.>* Oligonucleotide sequences
and modifications are provided in the Supporting Information,
Section 1.

Streptavidin (Molecular Probes Streptavidin, Alexa Fluor 647
Conjugate) was purchased from Fisher Scientific. Biotinylated
carboxylate-modified polystyrene beads, FluoSpheres Biotin-Labeled
Microspheres (#F8767), 0.2 um, yellow-green fluorescent (505/515),
1% solids, were acquired from Thermo Fisher Scientific.

Transcription reactions were performed using the AmpliScribe T7-
Flash RNA Polymerase (RNAP) enzyme. RNase H (stock
concentration: 5 U/uL) was ordered from Thermo Fisher Scientific.
All the enzymes were stored at —20 °C.

RNA Production. Template and nontemplate strands of the
synthetic genes used to produce RNA were mixed in 1X transcription
buffer (AmpliScribe 10X Reaction Buffer) and annealed from 90 to 25
°C at a rate of —1 °C/min. RNA was transcribed in vitro using the
AmpliScribe T7-Flash Transcription Kit (Biosearch Technologies) for
3—4 h at 37 °C. The reaction was quenched by adding DNase I (5%
v/v) and incubating the sample at 37 °C for an additional 15—30 min.
The Monarch RNA Cleanup Kit (New England Biolabs) was used to
purify transcribed RNA strands, whose concentrations were then
measured by Nanodrop.

Assembly of Nanostars and Condensate Formation. Nano-
stars were prepared by mixing each strand at a final concentration of
2.5 uMin 12.5 mM MgCl, and 20 mM Tris-HCI, pH 8.0 buffer, using
Eppendorf DNA Lobind tubes. We selected MgCl, to form our
condensates due to its stabilizing role in nucleic acid folding and RNA
transcription. When compared to NaCl typically used to form DNA
condensates, MgCl, facilitates protein-RNA binding, as well as
aptamer folding. For experiments including SA, condensates were
formed by annealing each strand at 2.7 yM, and SA was added
immediately after annealing to reach at a 2.5 uM final concentration
of both nanostars and SA. Three variants of D, were labeled with
FAM (D,®" default in this study unless otherwise noted), Cy3
(D,®), or Atto 647 (D,*°%*"). For visualizing condensates during
fluorescence or confocal microscopy experiments, D;™™ was used at
0.5 uM and 10 or 20% molar ratio; D,** and D,*****” were used at
2.5% molar ratio. To prepare the photoactivatable nanostars, the PC-
modified strand (D,”'*°) was added isothermally at 25 °C after
annealing. Annealing was performed by a Bio-Rad T100 Thermal
Cycler, starting at 90 °C for all-DNA samples and at 72 °C for DNA-
RNA samples, and cooled down to room temperature at a rate of —1
°C/min. After annealing, samples were incubated at 25 °C unless
otherwise noted. Throughout the study, the SA concentration was 2.5
UM (the same as the nanostar concentration).

For cotranscription experiments, the inactive nanostar core (D, +
D, + D;) was annealed at an initial concentration of S uM in the
aforementioned buffer, which then was added to the mixture of SA (if
applicable) and cotranscription medium to reach a target concen-
tration of 2.5 uM. The cotranscription mix contains 1X transcription
buffer, 0.33 uM gene, 25 mM rNTPs, 10 mM MgCl,, and 5% (v/v)
RNAP. For the SA capture and release experiments, the same
cotranscription mix was used, to which we added the appropriate
amount of RNase H. The cotranscription mix was optimized to
include high rNTP and high MgCl, to enhance RNA production rate
in order to form condensate within a short time frame.”’

For the photoactivatable nanostars, strands D, and Dj, as well the
RNA strand (R, or R,*"), were first annealed from 72 to 25 °C, and
the PC-modified strand (D,P"*°) was then added isothermally to the
sample. Next, the sample was UV-irradiated for 180 s at a roughly 4
cm distance by a 320 nm, 8 W light source (115 V, 60 Hz). Unless
otherwise stated, all the experiments were done in triplicate (n = 3).

Preparation of Water-in-Oil Emulsion Droplets. To generate
emulsion droplets, we first prepared a 2% (w/w) mixture of surfactant
(008 FluoroSurfactant, RAN Biotechnologies) and oil (FC-40
Fluorinert, Sigma-Aldrich). Using Eppendorf DNA Lobind tubes,
we combined an 80 yL oil-surfactant mixture with 20 uL of premixed
SA and protected (inactive) hybrid nanostars including R,*". Next,
the sample was shaken for about 50 s using a bench vortexer to
generate a large population of isolated, immiscible droplets of various
sizes. The vortexed sample was equilibrated at room temperature for a
few minutes prior to transferring an aliquot of the emulsion (milky
fraction of the sample) into an Ibidi chamber (u-Slide VI 0.4). The
channel was sealed to prevent evaporation and to limit droplet motion
due to pressure differences. The channel was irradiated with UV light
for 180 s. All emulsion experiments were performed in triplicate (n =
3).

Epifluorescence Microscopy. Prior to imaging, coverslips
(Fisherbrand, 60 X 22 mm? 0.13 to 0.17 mm thick) were soaked
in 5% (w/v) bovine serum albumin (BSA) for several minutes to
prevent nonspecific interactions of DNA on the glass surface. After
BSA coating, the slides were then washed five times with distilled
water and dried inside a fume hood. A small imaging chamber was
prepared using a Parafilm (Fisher Scientific) square with a hole
punched in the middle, taped to the washed coverslips by heating to
40—50 °C. After cooling the coverslip, 2 L of sample was aliquoted
inside the punched Parafilm area. The sample was covered with a
second coverslip (Fisherbrand, 22 X 22 mm?, 0.13—0.17 mm thick) to
prevent evaporation of the sample during imaging. BSA coating
prevents nanostar interactions with the glass surface and limits
surface-induced nucleation of condensates as well as their adhesion to
the surface.

Samples were imaged with a Nikon Eclipse Ti. Condensate images
were acquired using a Nikon CFI Plan Apo Lambda 60X Oil objective
and Eclipse filter cubes with excitation wavelengths of 448 nm for
FAM:-labeled nanostars and 646 nm for Alexa 647-labeled SA. Two
separate channels, both with exposure times of 90 ms, were used to
image the Alexa 647 and FAM dyes. For the majority of experiments,
at least 10 single or multichannel images were acquired at each time
point. Emulsion droplets were imaged using a Nikon Plan Fluor 20X/
0.5 NA objective on a fixed field of view with 2 s exposure time (time-
lapse imaging).

Confocal Microscopy. To confirm the presence of the beads
inside condensates, confocal imaging was performed using a Nikon
Eclipse Ti integrated with an NLS+ confocal module (Confocal.nl).
Images were obtained using a Nikon CFI Plan Apo 60X Oil objective,
and the excitation wavelength of 488 nm was used for the beads and
638 nm for Alexa 647-labeled SA. The exposure for both channels was
set to 10 ms and the slice spacing to either 0.2 or 0.3 ym. Samples for
confocal imaging were prepared consistently the same as samples for
epifluorescence microscopy.

Image Processing. We processed and analyzed all the microscopy
images with custom Python scripts (available on Github: https://
github.com/klockemel/Condensate—Detection). For each experimen-
tal condition, we randomly selected eight images out of a pool of at
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least 10 images and ran the script over their green channel, which
ultimately calculated the condensate average area and number, along
with its mean intensity. In the cases where nanostars were not dyed,
we used the red channel that represents SA captured in the
condensates. The normalized number of condensates reported in
each figure corresponds to the average number of condensates
measured over an area measuring 42.4 X 42.4 ym?® (corresponding to
the size of images reported in the figures). This number was
computed from the total number of condensates measured over eight
fields of view (144.8 X 144.8 um®) and averaged over three
experimental replicates. Colocalization analysis was performed using a
Fiji Image] plugin, Just Another Colocalization Plugin (JACoP),*>*
available at https://imagej.net/plugins/jacop. The pixel intensities of
both channels (X;) were obtained, normalized as x; = (X; — X,,;,)/
(Xypax — Xpuin), and plotted using Python. Pearson’s correlation
coeflicient corresponding to each microscopy snapshot shown in the
figures was calculated using Python’s Scipy library.

Native PAGE Experiments. Native polyacrylamide gels (15%)
were prepared with TBE (10X), 30% ammonium persulfate (APS,
0.18% v/v), and tetramethylethylenediamine (TEMED, 0.11% v/v).
Gels were cast in 10 X 10 cm?, 1.5 mm-thick disposable minigel
cassettes and allowed to polymerize for at least 30 min before
electrophoresis. The gel was incubated with a running buffer (1X TBE
solution, pH 8.0) for 30 min at 25 °C. Sample volumes of 10 uL were
combined with 1 yL of 6X Orange DNA Loading Dye and then
loaded directly into the gel. Native PAGE was run in an
electrophoresis unit at 25 °C using 1X TBE buffer at pH 8.0 and a
constant voltage of 120 V for 150 min. Gels were stained with SYBR
Gold for 20 min and scanned using a ChemiDoc MP imaging system
(Bio-Rad).
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Movie S1: confocal z-stack of condensate with a bead
concentration equal to 0.5 pM (AVI)

Movie S2: confocal z-stack of condensate with a bead
concentration equal to 2.5 pM (AVI)
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