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Abstract
Liquid-solid transition, also known as gelation, is a speci�c form of phase separation in which the
interacting molecules cross-link to form a highly interconnected compartment with solid – like dynamical
properties. Here, we utilize RNA hairpin coat-protein binding sites to form synthetic RNA based gel-like
granules via liquid-solid phase transition. we show both in-vitro and in-vivo that hairpin containing
synthetic long non-coding RNA (slncRNA) molecules granulate into bright localized puncta. We further
demonstrate that upon introduction of the coat-proteins, less-condensed gel-like granules form with the
RNA creating an outer shell with the proteins mostly present inside the granule. Moreover, by tracking
puncta �uorescence signals over time, we detected addition or shedding events of slncRNA-CP
nucleoprotein complexes. Consequently, our granules constitute a genetically encoded storage
compartment for protein and RNA with a programmable controlled release pro�le that is determined by
the number of hairpins encoded into the RNA. Our �ndings have important implications for both the
potential regulatory role that naturally occurring granules play and for the broader biotechnology and
gene-expression sectors.

Introduction
Phase separation, the process by which a homogeneous solution separates into multiple distinct phases,
has been connected to a wide range of natural cellular processes in virtually all forms of life1–5. In cells,
phase separation results in the formation of membrane-less compartments containing a high-
concentration mix of biomolecules (e.g., proteins, RNA, etc.), which are surrounded by a low-concentration
solution. Generally, phase separations are classi�ed by the different material states which can lead to
multiple types of transitions (e.g., liquid-solid, gas-liquid, etc.). The forms commonly reported in cellular
biology are broadly liquid-liquid and liquid-solid (e.g., gelation), however determining the exact
mechanisms for phase separation in a living cellular environment is often challenging5.

Liquid-liquid phase transitions can be distinguished from liquid-solid by the dynamical properties of the
resulting condensates. Liquid-based condensates show rapid internal rearrangement of molecules,
fusions between different condensates upon contact, and dependency on the concentration of the
molecules in the condensed phase6,7. On the other hand, liquid-solid based condensates show none of
the above qualities and are mainly dependent on the number of ‘cross-linkers’, which are points of contact
between the molecules, rather than on the concentration of the molecules themselves8–10.

Recently, Jain & Vale11 reported on the formation of RNA granules both in vivo and in vitro, from highly
repetitive RNA sequences associated with repeat expansion diseases. These RNA sequences, comprised
of dozens of triplet-repeats of CAG or CUG nucleobases, form intramolecular hairpin structures12, which
facilitate multivalent intermolecular interactions. The RNA granules presented features associated with
liquid-solid phase transition systems: a lack of internal mobility, virtually no fusion events, and
dependence on the number of repeats in the RNA sequence (i.e., cross linkers) rather than the
concentration of the RNA. These characteristics helped establish the granules as physical solids.
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Hairpin forming RNA sequences are widespread in the RNA world and are not strictly associated with
disease phenotypes. Such sequences are commonly used in synthetic systems for biological research.
Perhaps the most ubiquitous system is composed of RNA sequences that encode for multiple hairpin
motifs that can bind the phage coat proteins (CPs) of PP7 or MS2. Using this system to label the 5’ or 3’
end of a transcript has become commonplace in the last two decades13–18, and enables visualization of
RNA transcripts when the CPs are co-expressed. This approach, originally introduced by Singer and
others13–15, was devised for the purpose of probing the dynamics of transcription and other RNA-related
processes, irrespective of cell-type. When co-expressed, the coat-protein-bound RNA molecules yield bright
puncta, which are similar in appearance to natural biomolecular condensates. Consequently, we
hypothesized that co-suspension of synthetic RNA hairpin cassettes together with their binding CPs can
lead to the formation of gel-like particles via liquid-solid phase separation in vitro. In addition, by utilizing
the CP binding ability of the hairpins, we expect to be able to selectively incorporate proteins of our
choosing into the solid-like granules, resulting in a selective platform for the stable concentration of
proteins.

In this paper, we rely on our previous works19–21 to design and synthesize a variety of PP7 coat-protein
(PCP) binding synthetic long non-coding RNA molecules (slncRNAs). Using �uorescent RNA nucleotides,
we show that these slncRNAs form isolated puncta in vitro in a manner dependent on the number of
hairpins encoded into the RNA. We further show that addition of �uorescent PCP to the suspension
results in almost complete co-localization between protein and slncRNA. By tracking puncta �uorescence
signals over time, we demonstrate that for all slncRNAs used, the various puncta emitted similar signals
characterized by bursts of increasing or decreasing �uorescent intensity. We further show that signal
intensities and temporal characteristics are dependent on the number of hairpins present in the RNA.
Using these observations, we conclude that these “�uorescence-bursts” corresponded to addition or
shedding of slncRNA-PCP nucleoprotein complexes. These events occur at rates that are consistent with
the puncta being phase-separated solid-like granules. Consequently, we present these slncRNA-protein
granules as a genetically encoded platform for the selective storage of proteins as well as a model
system for exploration of liquid-solid phase separation.

Results
Hairpin containing RNA phase separates in vitro into gel-like granules

To test whether hairpin containing RNA can phase separate in vitro we designed six synthetic long non-
coding RNA (slncRNA) binding-site cassettes using our binding site resource19–21. We divided our
slncRNAs into two groups. For the �rst group (class I slncRNAs), we designed three cassettes consisting
of three, four, or eight hairpins that encode for PCP binding sites (PCP-3x, PCP-4x, and PCP-8x,
respectively). In this group, hairpins were spaced by a randomized sequence that did not encode for a
particular structure. For the second group (class II slncRNAs), we encoded three cassettes that consisted
of three, four, and fourteen PCP binding that were each spaced by hairpin structures that do not bind PCP
(PCP-3x/MCP-3x, PCP-4x/MCP-4x, and PCP-14x/MCP-15x, respectively). The sequences encoding for the
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slncRNAs were cloned downstream to a pT7 promoter and transcribed in vitro to generate the
corresponding RNA. To visualize the RNA, we incorporated �uorescent nucleotides in the transcription
reaction such that an estimated 30% of uracil bases were tagged by Atto-488 �uorescent dye. Each
slncRNA-type was separately mixed with granule forming buffer (see methods and Figure. 1a) at equal
concentration (8.5 nM �nal concentration) and incubated for 1 hour at room temperature. 2 µl of the
granule reaction were then deposited on a glass slide and imaged using an epi-�uorescent microscope.

The images show formation of a multitude of bright localized �uorescent condensates for all slncRNA
types except for the PCP-3x case, where no such structures were detected (Figure 1b). In addition, the
longer slncRNA molecules (e.g., PCP-8x and PCP-14x/MCP-15x) also exhibit larger structures, consistent
with a gel like solid network, in addition to the smaller condensates or puncta. An examination of the
median �uorescence obtained for each slncRNA type condensate (Figure 1c) reveals a dependence on the
number of �uorescently labelled uracil nucleotides or the number of hairpins encoded into the slncRNA.
However, the relationship between the median �uorescence values obtained for each species is not
consistent with a linear dependence on hairpins, and instead suggests a more complex set of structures.  
 

To further analyze the condensate structure, we �tted the measured condensate �uorescence intensity
distributions to a modi�ed Poisson distribution (see Figure 1d, Figure S1 and Supplementary methods).
The panels reveal three characteristic distributions. For PCP-4x, an exponential distribution is recorded
(i.e., λ=0). For PCP-3x/MCP-3x, PCP-4x/MCP-4x, and PCP-8x, a Poisson distribution of λ~1-2 seems to be
the best �t. Finally, for the PCP-14x/MCP-15x, a Poisson distribution of λ~3-5 �t best. These results are
consistent with the formation of condensates that are characterized by an increasing number of slncRNA
molecules that are cross-linked to form a gel-like "granule", where the number of hairpins encoded into the
slncRNA determines the average number of molecules or cross-links within the observed �eld of granules.
Moreover, the interpretation suggested by the shape of the distribution is contrasted by the counter-
intuitive observation of decreasing value of the of the �tting parameter K0 as a function of an increasing
number of hairpins (Figure 1e). In this particular context, this observation is manifested by a signi�cantly
more gradual increase in mean or median granule �uorescence as compared to what would be naively
expected by a simple rescale that takes into account the number of hairpins. Together, these observations
suggest that slncRNA granules form via cross-linking interaction of multiple slncRNA molecules, and that
an increasing number of hairpins and cross-links lead to a denser condensate. Denser granules, in turn,
may result in �uorescence quenching of the labelled uracils22 leading only to a gradual and
disproportionate increase in �uorescence observed.  

RNA-based granules co-localize with protein-binding partners  

            To test if the hairpins retain their ability to bind the PP7 phage coat protein while in the granule
state, we added recombinant tandem dimer PP7 coat protein fused to mCherry (tdPCP-mCherry) to the
granule formation reaction in excess amount (�nal concentration 25 nM) to account for the multiple
binding sites present on one slncRNA molecule (Figure 2a). The tdPCP-mCherry version used lacks the



Page 5/25

necessary moiety to form the wildtype viral capsid23. The images (Figure 2b) show colocalization
between the 488 nm channel (Atto-488) and the 585 nm channel (mCherry) for all slncRNA designs used
in the experiment implying that PP7 coat proteins are able to bind the RNA hairpins in the condensate
state. Hence, the slncRNA and their protein partners form synthetic RNA-protein (SRNP) granules.
Unexpectedly, PP7-3x granules were witnessed in the presence of the protein, implying that tdPCP-
mCherry adds a measure of multivalency to the system, and thus triggers condensation of RNA
molecules that do not phase separate on their own. To check that this condensation was hairpin
dependent, we tested whether a control RNA (of the same length and GC content as PCP-8x) containing
no designed hairpin condensed either on its own or in the presence of tdPCP-mCherry forms granules. In
both cases, no condensates were detected in either the 488 nm or 585 nm channels (data not shown).
Finally, unlike for the slncRNA only case, SRNP granules (particularly for high number of hairpins) show
an increased propensity to form large-scale extended structures, suggesting a more complex structure
formation and condensation for the SRNP granules as compared with the slncRNA-only case.  

Next, we measured the median �uorescence intensity of the mCherry protein in different SRNP granules.
The distributions of median values (Figure 2c) show a clear dependence on the number of binding sites
available for protein binding. First, the PCP-3x/MCP-3x and PCP-4x granules appear to have a similar
number of proteins in the granule and are both weaker than PCP-4x/MCP-4x granules, suggesting that
PCP-4x slncRNAs inside the granules are not fully occupied by proteins. In addition, the PCP-14x/MCP-
15x granules seems to be >2-fold brighter as compared with the PCP-8x granules, despite having <2-fold
the number of hairpins. This stands in contrast to the observation that PCP-14x/MCP-15x granules
appear to be ~3 times brighter than PCP-4x/MCP-4x granules, re�ecting the difference in the number of
binding sites available for binding. Finally, PCP-3x granules appear to be half as bright as PCP-14x/MCP-
15x granules, providing more evidence that the former are not RNA-dependent entities. We also observe
that when the spacing regions within the slncRNA encode for the MCP hairpins, the formed granules
contain a larger protein cargo. 

To con�rm this observation, we also observed the SRNP granules in the 488 nm channel. Here a similar
image emerges, whereby the median �uorescence values for each granule are percentage-wise more
differentiated as compared with the slncRNA-only case, re�ecting a more proportional increase in
�uorescence (Figure. 2d). Together, the observations in both channels indicate that SRNP granules are
less dense gel-like structures as compared with the slncRNA-only granules. To authenticate the granules
as being solid-like RNA-protein structures, we imaged them using a SIM super resolution microscope with
120 nm resolution. Figure 2e shows a sample image of a PCP-14x/MCP-15x granule containing the
tdPCP-mCherry protein. The image shows that slncRNA is found mainly in the periphery of the granule,
with �laments protruding into its core, where a high amount of protein is amassed in a network like
con�guration. The RNA seems to encase the protein cargo in a reduced density structure. 

Finally, we explored the phase space of SRNP granule formation. To do so, we characterized formation of
the PCP-14x/MCP-15x SRNP granules as a function of both slncRNA and protein concentration. For this
we produced non-�uorescent RNA molecules (for higher concentrations) and mixed different titers of
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slncRNA and tdPCP-mCherry protein, each varied over two orders of magnitude. Puncta like structures
were detected only for slncRNA and proteins concentrations of 100 ng/μl and above (Figure. 2f). The
images display bright puncta that are embedded within a �lamentous structure. Quanti�cation of the
maximal intensity of the puncta both at time T=0 (i.e., beginning of the reaction) and time T=1 [hr]
(Figure. 2g) reveals a �uorescent intensity distribution which declines by two orders of magnitude (i.e.,
from ~105 to ~103) in a step-like function as the RNA concentration is reduced from 1000 to 10 ng/μl,
providing further indication that RNA is essential for granule formation. Likewise, the intensity distribution
of the puncta declines in a more gradual fashion as the protein concentration is reduced, but overall, a
similar disappearance of puncta is observed. 

Temporal tracking of individual SRNP granules reveals that granules function as protein capacitors

A hallmark of phase separation is the exchange of molecules between the dilute phase and the dense
phase. This is also true for gels with non-permanent intermolecular interactions, wherein random breaks
and rearrangement of the connections which form the inner network allow macromolecules (monomers
and small polymers) to diffuse in and out of the gel phase8–11, albeit at a slow rate. These exchange
events are predicted to occur independently of one another, at a rate which depends on multiple
parameters: the probability of cross linking within the gel network (i.e., number of hairpins), the transient
concentration of the molecules in the surrounding solution, and the average diffusion rate of the
monomers. The movement of molecules (�uorescent CPs, slncRNA, and CP-bound slncRNA complexes)
between the different phases should be re�ected by changes in granule �uorescence intensity.

To test whether the synthetic granules display this characteristic, we tracked the �uorescence intensity of
each granule in a given �eld-of-view for 60 minutes. We analyzed the brightness of each granule at every
time point using a customized analysis algorithm (see Supplementary Methods). The resulting signals
are either decreasing or increasing in overall intensity, and dispersed within them are sharp variations in
brightness, that are also either increasing or decreasing. Next, we employed a statistical threshold which
�agged these signal variation events, or “signal bursts”, whose amplitude was determined to not be part
of the underlying signal distribution (p-value<1e-3) (See Supplementary Methods for de�nitions of bursts,
algorithm details, and relevant numerical controls). The events were classi�ed as either increasing bursts
(green), decreasing bursts (red), or non-classi�ed segments (blue), which are segments where molecular
movement cannot be discerned from the noise (Figure. 3a). For each detected burst, we measure its
amplitude (Δ intensity) and duration (Δ time), in addition to measuring the time between bursts and the
order of their appearance. In Figure. 3b we plot the distributions of amplitudes for all three event types,
obtained from ~156 signal traces, each gathered from a different granule composed of PCP-14x/MCP-
15x and tdPCP-mCherry. We observe a bias towards negative burst or shedding events. Assuming an
interpretation that �uorescent burst events correspond to insertion and shedding events of slncRNA-CP
complexes into or out of the synthetic granules, the amplitude bias towards negative events is consistent
with RNA degradation and lack of transcription within the in vitro suspension, leading to a net shedding
of slncRNA molecules out of the granules over time.
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We repeated the tracking process for granules produced from all previously-described slncRNA designs
(including the PP7-3x which does not phase separate on its own). Comparison of the amplitude
distributions per design (class I vs. II), (Figure. 3c) reveals a dependence on the number of hairpins
available for protein binding, where more protein binding sites translate directly into larger amplitudes.
Next, we also measured burst amplitude in the green-channel to con�rm that bursts indeed correspond to
the shedding of a slncRNA-protein complex from the granule. Figure. 3d shows a sample signal for the
PCP-14x/MCP-15x granules showing concomitant occurrence of bursts in both the red and green
channels, supporting our interpretation of this signal. Using the burst distributions, we then computed the
ratio between the mean granule �uorescence and the mean burst amplitude, providing a measure for the
number of slncRNA molecules within the granule. The results (Figure. 3e-f) show that with the exception
of the PCP-4x based SRNP granules, the ratio in the green channel is 5, suggesting that a typical granule
contains �ve slncRNAs. The ratio computed for the red channel is typically smaller, and for PCP-8x is ~2.
This means that in every burst approximately half the protein content is released with the RNA. This
further implies that PCP-8x may be permeable to proteins diffusing out of the granules due to reduced
cross-linking as a result of a lack of hairpin spacing structures. For the PCP-3x/MCP-3x, PCP-4x/MCP-4x,
and PCP-14x/MCP-15x the ratio in the red channel is approximately equal to that of the green channel,
suggesting that these granules have a better protein storage capacity. Hence, the granules composed of
class II slncRNA seem to form more robust and better insulated granules from the perspective of their
protein storage capacity. 

To provide further evidence for this interpretation, we measured the time duration between events for
each granule type. For the granules, this rate (~5 minutes) is two orders of magnitude above the typical
rate observed in liquid phase separated condensates24, but is in line with the measurements performed
on RNA gels by Vale et. al.11, providing additional con�rmation that the SRNP granules are gel-like
particles. A closer examination of the duration boxplots (Figure. 3g) obtained for each granule-type
reveals that more binding sites lead to longer durations on average, for both negative and positive bursts.
Additionally, there appears to be a difference between the slncRNA designs themselves. While the
granules composed of class I slncRNA granules present on average longer durations between positive
bursts, compared to negative bursts, the opposite is true for the class II slncRNAs. Assuming a roughly
uniform distribution of molecules outside of the granule (given enough time to equilibrate), this may
mean that on average, a protein-bound slncRNA molecule has a higher probability of leaving a class I
slncRNA granule than entering it, and vice versa for the class II slncRNA granules. This result con�rms the
interpretation of the burst ratio analysis, and together these results imply that class II granules are
characterized by a highly-cross-linked slncRNA network which prevents the diffusion away of molecules
(leading to a longer time between negative bursts), while the granule boundary still contains free cross-
linking points that can latch on to incoming molecules more easily, increasing the chances of molecular
entry (leading to a shorter time between positive bursts). Together, these SRNP granule characteristics are
reminiscent of data and energy storage devices (e.g., capacitors), with the protein cargo replacing the
electric charge in the biochemical analog.
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Expression of slncRNAs and protein in bacteria yields puncta-like condensates 

Given the capacitor analogy, we hypothesized that in vivo the granules can be used as devices that store
the granule-bound proteins. This is due to the steady state production of slncRNAs and proteins via the
cellular transcriptional and translational machinery, that ensures a constant �ux of proteins into the
granules. To show this, we �rst proceeded to test whether the granule material characteristics that are
measured in vivo match the in vitro measurements. To do so, we decided to utilize two previously
reported slncRNA designs which were shown to yield bright localized puncta in vivo in earlier work19. The
�rst slncRNA is of a class II design, PCP-4x/ QCP-5x, consisting of four native PCP binding sites and �ve
native Qβ coat protein (QCP) hairpins used as spacers in an interlaced manner. The second slncRNA is
the ubiquitous PCP-24x cassette25, which from the perspective of this work can be regarded as a class I
design slncRNA. 

To con�rm the granules form conditions in vivo, we encoded the slncRNA component under the control of
a T7 promoter, and the tdPP7-mCherry under the control of an inducible pRhlR promoter (Figure. 4a). We
�rst wanted to test whether puncta develop in vivo and whether they are dependent on the existence of
hairpins in the RNA. For this we co-transformed plasmids encoding either the negative control RNA or the
PCP-4x/QCP-5x slncRNA, together with a plasmid encoding for the tdPCP-mCherry protein, into BL21-DE3
E. coli cells. Examination of cells expressing the slncRNA and protein following overnight induction of all
components revealed the formation of bright puncta at the cell poles (Figure. 4b), which were absent in
cells expressing the control RNA which lacks hairpins (Figure. 4c). 

Next, to test whether cellular concentration of slncRNA in�uences the formation of the granules, we
quanti�ed the fraction of puncta per cell for cells expressing the PCP-4x/QCP-5x from a multicopy
expression vector, and cells expressing the same slncRNA from a bacterial arti�cial chromosome (BAC)
expression vector which is maintained at a single copy level in cells. We found that cells containing the
multicopy plasmid frequently present puncta in at least one of the poles, while cells containing the single
copy generally show between zero and one punctum (Figure. 4d). Given that cells expressing the
slncRNAs from single copy vectors still present puncta, we decided to continue using this expression
vector in follow-up experiments to reduce variability stemming from copy number differences.

We compared cells expressing the PCP-4x/ QCP-5x or the PCP-24x (expressed from a BAC vector) in
terms of the spot per cell fraction. Much like in the in vitro experiments, we found a dependence on the
number of binding sites in accordance with the in vitro results and the cross linking model of gel phase
formation6,26 (Figure. 4d). Finally, to test whether the polar localization of the granules is a consequence
of nucleoid exclusion27, we grew the cells in starvation conditions for several hours, triggering a transition
to stationary phase. In stationary phase the nucleoid is known to condense28–30, thus increasing the
amount of cellular volume which is likely to be molecularly dilute. This, in turn, generates a larger
accessible cellular volume for granule formation, which should lead to different presentation of the
phase-separation phenomena as compared with exponentially growing cells. In Figure. 4e, we show
images of bacteria displaying ‘bridging’ (the formation of a high intensity streak between the spots) of
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puncta (left), whereby granules seem to �ll out the available dilute volume, and the emergence of a third
puncta at the center of the cell (right). Both behaviors are substantially different than the puncta
appearing under normal conditions. Such behavior was observed in >40% of the �uorescent cells and
was not detected in non-stationary growth conditions. Thus, SRNP granules with characteristics that are
consistent with the in vitro observations form in vivo, in a semi-dilute bacterial cytosolic environment and
independent of cell-state. 

slncRNA expression increases cellular protein concentration 

To investigate the dynamic properties of granules formed in vivo, we utilized the same analysis approach
as was used in the in vitro experiments, with minor differences.  Normalizing the �uorescence of the
granule by that of the cell (see methods) for every time point results in a signal vs. time trace largely
independent from the effects of photobleaching and cellular background noise, allowing us to search for
and measure burst events, as was done previously. In Figure. 5a, we plot the distributions of amplitude (Δ
intensity) of all three event types (positive, negative, and non-classi�ed), obtained from 255 traces
gathered from cells expressing the PCP-4x/QCP-5x slncRNA together with the tdPCP-mCherry protein. The
symmetry in both shape and spread of the negative and positive distributions indicates that both are
measurements of the same type of macromolecule, distinguished only by the direction in which it travels
(into or out of the granule). Moreover, a similarly symmetric burst distribution is recorded for the PCP-24x
slncRNA (Figure S1). This result contrasts with the in vitro amplitude distribution data (Figure 3b), which
presented a skewness towards negative bursts. This implies that in vivo, the transcriptional and
translational processes in the cell balance the loss of granule components due to degradation.

Next, we measured the amplitudes of the bursts for both slncRNAs and found that positive and negative
amplitudes are proportional to the number of binding sites within the encoded cassette (Figure 5b). In
addition, a more quantitative analysis of these distributions (Figure S2) reveals that a single burst for the
24x cassette is ~2.5-3x more �uorescent as compared with the 4x cassette, indicating that the molecules
transitioning in and out of the 24x granules are slncRNAs partially or fully bound rather than lone
proteins. Moreover, estimations of the positive and negative amplitudes are practically equal per slncRNA,
providing additional evidence that these are in fact representations of one physical process, with the
difference being the directionality of the transitioning slncRNA-protein molecule. Finally, we measured the
duration between burst events, revealing that slow shedding and absorption processes on the order of
minutes are taking place for the in vivo granules as well (Figure 5c). Altogether, the non-existence of
puncta in cells expressing the negative control RNA, the slow exit/entry rate of molecules, and the
dependence on the number of binding sites, suggest that synthetic RNA protein granules are phase
separated condensates in vivo and possess the same gel-like characteristics that were observed for the in
vitro suspensions. Consequently, in vivo burst analysis is consistent with the capacitor model, where the
amount of protein stored within the SRNP granule seems to be in steady state when there is a steady
supply of protein and slncRNA.
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Next, to ascertain whether the granules facilitate increased protein titers in vivo in accordance with the
capacitor model predictions, we measured for each bright granule the mean �uorescence intensity (Figure
5d), and the mean intensity of the cell which contains it (Figure 5e). We observed a dramatic increase in
mean cellular �uorescence between cells which express only tdPCP-mCherry and cells which express it
together with a slncRNA, suggesting that slncRNA molecules have some effect in the cytosol, regardless
of the granules. To quantify this phenomenon more accurately, we measured the total �uorescence of the
population using �ow cytometry. For this, we grew cells expressing only the protein component (tdPCP-
mCherry), and cells expressing both protein and a slncRNA (PCP-4x/QCP-5x or PCP-24x), with different
combinations of induction: IPTG (induces the slncRNA) and C4HSL (induces the protein). The data
(Figure 5f) shows that cells expressing a slncRNA, regardless of induction (due to T7 leakiness), show
higher �uorescence than cells expressing the protein only. In addition, induction of slncRNA expression
with IPTG results in an increase in �uorescence, indicating that slncRNA is a deciding factor in this
behavior. Finally, cells expressing the PCP-24x slncRNA show higher �uorescence than cells expressing
PCP-4x/QCP-5x, displaying a dependence of the cellular protein titer on number of binding sites available
for protein binding. 

Discussion
In this study, we show that synthetic gel-like RNA – protein granules can be designed and assembled
using phage coat proteins and RNA molecules that encode multiple CP binding sites, both in suspension
and in vivo. Using �uorescently labelled RNA, we show that granule formation is nucleated by RNA-RNA
interactions that are proportional to the number of hairpins encoded into the RNA. In addition, the binding
of the proteins seems to further enhance and assist the granule formation process. Using �uorescent
single molecule signal analysis, we reveal entry and exit events of molecules into and out of the granules.
By investigating their size and rate of occurrence, we show that these events correspond to entry and
shedding of protein-bound slncRNA molecules, and that they are dependent on the number of hairpins
available for protein binding. Transitioning of macro-molecules across a phase boundary is frequently
observed in phase-separated condensates, particularly in liquld-liquid based system. In particular, the
frequency of these transitions re�ects the underlying order, internal interactions, and density of the
condensed phase. While in liquid-liquid phase separation systems such transitions occur on the scale of
seconds or less, here we observe shedding and insertion events on a much longer time scale of minutes
or longer, that is more consistent with a solid or gel-like condensed phase. The slow release and strong
internal interactions which keep the granules intact for long durations, combined with the selectivity of
our system due to the RNA binding component, could be utilized as a programmable controlled release
mechanism in suitable biological settings. Hence, our granules can be thought as protein and RNA
storage modules akin to a capacitor, with a monophasic release pro�le that can be tuned based on the
slncRNA design.

We further characterized two options for slncRNA design: a homogeneous design which is comprised of
multiple CP hairpin binding site and non-structured spacing regions (class I), and a hybrid design which is
comprised of hairpin binding sites and additional hairpins in the spacing regions (class II). We show that
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the design choice has implications for the granule’s protein-carrying capacity and dynamics. In particular,
class II granules formed particles with increased cross-linking capability in the RNA-only granule, which in
turn led to an increased ability to insulate the protein cargo in the SRNP granule phase. On the �ip side,
class I granules were characterized by decreased cross-linking in the RNA-only phase and increased
permeability of the protein cargo in the SRNP-granule phase. In addition, class I granules displayed a
faster shedding or dissolution rate, which in turn lead to a smaller protein cargo on average. This two-
dimensional phase space of capacity vs. rigidity offers substantial �exibility and tunability when
designing SRNP granules for a variety of applications.

The capacitor- or storage-like behavior displayed by the SRNP granules implies that in vivo, the granules
together with the gene-expression machinery form a biochemical analog of an RC-circuit. In a
conventional RC-circuit, energy is stored within the capacitor for release at a later time. Such circuits are
often used to protect electrical devices against sudden surges or stoppages of power. Here, the protein
and slncRNA �ux into the cytosol correspond to the current, which results in the formation of fully
"charged" SRNP granules. This genetically encoded slncRNA and protein storage facility, which is
constantly maintained, effectively increases the protein and slncRNA content of the cell beyond the
steady-state levels facilitated by standard transcription, translation, RNA degradation, and proteolysis.
This storage capacity is precisely the function that is carried out by capacitors in RC-circuits, allowing
electrical devices to function even after "power" is cut-off. In the case here, the granules can be used not
only to increase levels of a protein of choice by nearly an order of magnitude (as shown in Fig. 5) without
adversely affecting the cell, but may also provide a mechanism to increase the cell's ability to survive
when a harsh or stressful environment is encountered. While the former may have important implications
to the biotechnology sector, the latter may hint at an important function that natural granules (e.g.,
paraspeckles, p-bodies, etc.) may have evolved for in vivo. Further studies will be required to explore the
biological relevance of RNP granules to the survivability of cells and organisms under various forms of
stress.

Materials And Methods

Bacterial strains
E. coli BL21-DE3 cells which encode the gene for T7 RNAP downstream from an inducible pLac/Ara
promoter were used for all reported experiments. E. coli TOP10 (Invitrogen, Life Technologies, Cergy-
Pontoise) was used for cloning procedures.

Addgene plasmids
pCR4-24XPP7SL was a gift from Robert Singer (Addgene plasmid # 31864;
http://n2t.net/addgene:31864; RRID: Addgene_31864).

pBAC-lacZ was a gift from Keith Joung (Addgene plasmid # 13422; http://n2t.net/addgene:13422; RRID:
Addgene_13422).
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Construction of the slncRNA plasmids
All sequences encoding for the in vitro slncRNAs (i.e., PP7-3x, PP7-4x, PP7-3x/MS2-3x, PP7-4x/MS2-4x,
PP7-8x and PP7-14x/MS2-15x) were ordered from Integrated DNA Technologies (IDT) (Coralville, Iowa)
as gBlock gene fragments downstream to a T7 promoter and �anked by EcoRI restriction sites on both
sides. gBlocks were cloned into a high-copy plasmid containing an Ampicillin resistance gene and veri�ed
using Sanger sequencing.

The 5Qβ/4PP7 slncRNA sequence was ordered from GenScript, Inc. (Piscataway, NJ), as part of a puc57
plasmid, �anked by EcoRI and HindIII restriction sites. pBAC-lacZ backbone plasmid was obtained from
Addgene (plasmid #13422). Both insert and vector were digested using EcoRI and HindIII (New England
Biolabs [NEB], Ipswich, MA)and ligated to form a circular plasmid. Sequence was veri�ed by sanger
sequencing.

Design and construction of fusion-RBP plasmids
Fusion-RBP plasmids were constructed as previously reported21. Brie�y, RBP sequences lacking a stop
codon were ampli�ed via PCR off either Addgene or custom-ordered templates. Both RBPs presented
(PCP and QCP) were cloned into the RBP plasmid between restriction sites KpnI and AgeI, immediately
upstream of an mCherry gene lacking a start codon, under the so-called RhlR promoter containing the
rhlAB las box31 and induced by N-butyryl-L-homoserine lactone (C4-HSL) (Cayman Chemicals, Ann Arbor,
Michigan). The backbone contained either an Ampicillin (Amp) or Kanamycin (Kan) resistance gene,
depending on experiment.

In vitro transcription of slncRNA

A vector containing the slncRNA DNA sequence, �anked by two EcoRI restriction sites, was digested with
EcoRI-HF (NEB, #R3101S) per the manufacturer’s instructions to form a linear fragment encoding the
slncRNA sequence. The enzyme was then heat-inactivated by incubating the restriction reaction at 65  C
for 20 minutes. For �uorescently labelled RNA, 1 µg of the restriction product was used as template for in
vitro transcription using HighYield T7 Atto488 RNA labeling kit (Jena Bioscience, Jena, Germany, RNT-
101-488-S), according to the manufacturer’s instructions. Non-�uorescent RNA was transcribed using the
HiScribe™ T7 High Yield RNA Synthesis Kit (NEB, #E2040S). Following in vitro transcription by either kit,
the reaction was diluted to 90 µl and was supplemented with 10 µl DNAse I buffer and 2 µl DNAse I
enzyme (NEB #M0303S) and incubated for 15 minutes at 37  C to degrade the DNA template. RNA
products were puri�ed using Monarch RNA Cleanup Kit (NEB, #T2040S) and stored in -80 .

Protein expression and puri�cation
E. coli cells expressing tdPP7-mCherry fusion protein were grown overnight in 10 ml LB with appropriate
antibiotics at 37  C with 250 rpm shaking. Following overnight growth cultures were diluted 1/100 into
two vials of 500 ml Terri�c Broth (TB: 24 g yeast extract, 20 g tryptone, 4 ml glycerol in 1 L of water,
autoclaved, and supplemented with 17 mM KH2PO4 and 72 mM K2HPO4), with appropriate antibiotics



Page 13/25

and induction (100 µl C4-HSL) and grown in 37  C and 250 rpm shaking to OD600 > 10. Cells were
harvested, resuspended in 30 ml resuspension buffer (50 mM Tris-HCl pH 7.0, 100 mM NaCl and 0.02%
NaN3), disrupted by four passages through an EmulsiFlex-C3 homogenizer (Avestin Inc., Ottawa,
Canada), and centrifuged (13,300 RPM for 30 min) to obtain a soluble extract. Fusion protein was
puri�ed using HisLink Protein puri�cation resin (Promega) according to the manufacturer’s instructions.
Buffer was changed to 1xPBS using multiple washes on Amicon columns (Biorad).

In vitro granule microscopy

In vitro experiments were performed in granule buffer (750 mM NaCl, 1 mM MgCl2, 10% PEG4000).
Reactions were set up as follows: 8 µl granule buffer, 1 µl protein, 1 µl RNA and allowed to rest at room
temperature for 1 hour. 1–2 µl from the reaction was then deposited on a glass slide and imaged in a
Nikon Eclipse Ti-E epi�uorescent microscope (Nikon, Japan). Excitation was performed at 488 nm (Atto
488) for experiments containing �uorescent RNA, and 585 nm (mCherry) wavelengths by a CooLED
(Andover, UK) PE excitation system. Images were captured using the Andor iXon Ultra EMCCD camera
with a 500 msec exposure time for 488 nm and 250 msec exposure time for 585 nm.

In vivo microscopy

BL21-DE3 cells expressing the two plasmid system (single copy plasmid containing the binding sites
array, and a multicopy plasmid containing the �uorescent protein fused to an RNA binding protein) were
grown overnight in 5 ml Luria Broth (LB), at 37  with appropriate antibiotics (Cm, Amp), and in the
presence of two inducers – 1.6 µl Isopropyl β-D-1-thiogalactopyranoside (IPTG) (�nal concentration 1
mM), and 2.5 µl C4-HSL (�nal concentration 60 µM) to induce expression of T7 RNA polymerase and the
RBP-FP, respectively. Overnight culture was diluted 1:50 into 3 ml semi-poor medium consisting of 95%
bioassay buffer (BA: for 1 L—0.5 g Tryptone [Bacto], 0.3 ml glycerol, 5.8 g NaCl, 50 ml 1 M MgSO4, 1 ml
10×PBS buffer pH 7.4, 950 ml DDW) and 5% LB with appropriate antibiotics and induced with 1 µl IPTG
(�nal concentration 1 mM) and 1.5 µl C4-HSL (�nal concentration 60 µM). For stationary phase tests,
cells were diluted into 3 ml Dulbecco's phosphate-buffered saline (PBS) (Biological Industries, Israel) with
similar concentrations of inducers and antibiotics. Culture was shaken for 3 hours at 37  before being
applied to a gel slide [3 ml PBSx1, mixed with 0.045g SeaPlaque low melting Agarose (Lonza,
Switzerland), heated for 20 seconds and allowed to cool for 25 minutes]32. 1.5 µl cell culture was
deposited on a gel slide and allowed to settle for an additional 30 minutes before imaging.

Live cell microscopy
Gel slide was kept at 37  inside an Okolab microscope incubator (Okolab, Italy). A time lapse experiment
was carried out by tracking a �eld of view for 60 minutes on Nikon Eclipse Ti-E epi�uorescent microscope
(Nikon, Japan) using an Andor iXon Ultra EMCCD camera at 6 frames-per-minute with a 250 msec
exposure time per frame. Excitation was performed at 585 nm (mCherry) wavelength by a CooLED
(Andover, UK) PE excitation system.
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Quanti�cation of the fraction of cells presenting puncta was done by taking 10–15 snapshots of
different �elds of view (FOV) containing cells. The number of cells showing puncta and the total number
of �uorescent cells in the FOV were counted manually.
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Figures

Figure 1
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Hairpin-containing slncRNA molecules phase separates in vitro. a, Construct diagram depicting in vitro
transcription of hairpin containing slncRNA molecules used and their gelation under suitable conditions.
b, Microscopy images showing dependence of structure morphology on the number of binding sites in
the slncRNA. PP7-3x results in no visible puncta, while other slncRNAs shows multiple isolated puncta
and additional larger �uorescent structures. c, Violin plots of median condensate �uorescence of
slncRNA-only condensates. d, Poisson function �ts for the median �uorescence intensities of the
slncRNA granules. e, K0 estimates calculated from the Poisson �ts, showing a dependence on the number
of binding sites in the slncRNA molecule.
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Figure 2

slncRNAs and proteins can form RNA-protein granules in vitro. a, Construct diagram depicting the
suspension of tdPCP-mCherry recombinant protein together with in vitro transcribed slncRNA, resulting in
synthetic RNA-protein granules. b, Microscopy images showing an overlay of the 585 nm channel (red)
and the 488 nm channel (green). c, Boxplots of median 585 nm (mCherry) �uorescence intensity values
collected from multiple granules. d, Mean of median 488 nm (Atto488) �uorescence intensity values
collected from multiple slncRNA granules (blue) and slncRNA-protein granules (orange). RNA-protein
granule data in panels c,d was collected from 60 PCP-3x granules, 27 PCP-3x/MCP-3x granules, 26 PCP-
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4x granules, 31 PCP-4x/MCP-4x granules, 79 PCP-8x granules, and 79 PCP-14x/MCP-14x granules. RNA
granule data was collected from 112 PCP-3x/MCP-3x granules, 165 PCP-4x granules, 204 PCP-4x/MCP-
4x granules, 121 PCP-8x granules, and 89 PCP-14x/MCP-15x granules. e, Structured illumination super
resolution images of (Top) slncRNA-protein granule, and (bottom) slncRNA-only granule. Both based on
PCP-14x\MCP-15x slncRNA. Scale bar is 2 µm. f, Microscopy images for serial dilutions of reaction
components taken at T = 1 hr after reaction setup. Highest concentrations show the formation of highly
�uorescent �lamentous structures, as seen in the top left image. Lower RNA concentrations result in
smaller structures, while lower protein concentration result in weaker �uorescence. Scale bar is 10 µm.
Due to high dynamic range, the intensities presented are the square root of the raw data images. g,
Maximal observed intensity values for each reaction condition at time T=0 and T=1 hr.
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Figure 3

Granule temporal dynamics are dependent on slncRNA con�guration. a, Sample traces of the PCP-
14x/MCP-15x slncRNA with tdPCP-mCherry SRNP granules with annotations of puncta signal.
Annotations represent increasing intensity burst events (green), decreasing intensity burst events (red),
and non-classi�ed signal (blue), respectively. b, Amplitude distributions gathered from ~156 signal traces
in vitro c, Boxplots depicting positive amplitude distributions for all slncRNAs. d, Matching sample traces
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of both slncRNA �uorescence (top) and protein �uorescence (bottom) measured from a single granule
over the course of 60 minutes. e, Boxplots depicting ratio between granule protein �uorescence and mean
burst amplitude. f, Boxplots depicting ratio between granule slncRNA �uorescence and mean burst
amplitude. g, Boxplots depicting distributions of durations between a positive burst and a subsequent
positive burst (green), and durations between a negative burst and a subsequent negative burst (red).
Data in panels c, e, f, g gathered from: 167 traces from PP7-3x granules, 117 traces from PP7-4x granules,
151 traces from PP7-8x granules, 71 traces from PCP-3x/MCP-3x granules, 99 traces from PCP-4x/MCP-
4x granules, and 156 traces from PCP-14x/MCP-15x granules.

Figure 4
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Synthetic phase separated droplets within bacterial cells. a, Construct diagram depicting expression of
the two slncRNA cassettes used in the in vivo experiments, in the presence of tdPCP-mCherry. b, (Left)
Merged DIC-585 nm image of cell expressing the PCP-24x slncRNA together with tdPCP-mCherry. (Right)
Heatmap of the same image showing a highly �uorescent punctum as the cell pole. Color bar indicates
�uorescence intensity. c, (Left) Merged DIC-585 nm image of cell expressing the negative control RNA
together with tdPCP-mCherry. (Right) Heatmap of the same image showing a weak uniform �uorescence
across the cell, color bar indicates �uorescence intensity d, Bar plot showing fraction of puncta per cell.
(Green) PCP-4x/QCP-5x expressed from either a single copy or a multicopy expression vector. (Yellow)
PCP-24x expressed from a single copy vector. e, Typical images of �uorescent bacteria in stationary
phase, which are different than the 1-2 puncta image obtained for exponentially growing cells. A close
examination shows “bridging” or spreading of puncta (left), and emergence of an additional punctum in
the middle of the cell (right). Bottom images show heatmaps of the top images. 



Page 24/25

Figure 5

In vivo granules present similar dynamics as in vitro. a, Empirical amplitude distributions gathered from
255 traces in vivo from cells expressing the PCP-4x/QCP-5x slncRNA together with the tdPCP-mCherry
protein b, Boxplots depicting burst amplitude distributions (top – positive bursts, bottom – negative
bursts). c, Boxplots depicting distributions of durations between a positive burst and a subsequent
positive burst (green), and durations between a negative burst and a subsequent negative burst (red).
Data in panels b, c gathered from 255 traces from PCP-4x/QCP-5x granules, and 391 traces from PCP-
24x granules. d, Boxplot of mean granule �uorescence intensity gathered from 96 PCP-4x/QCP-5x
granules, and 182 PCP-24x granules. e, Boxplot of mean cell �uorescence intensity. f, Population
intensities of E. coli BL21 cells expressing tdPCP-mCherry with different slncRNAs and different
combinations of induction.
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