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Abstract

The spatial regulation of mRNA translation is central to cellular functions and
relies on numerous complex processes. Biomimetic approaches could bypass these
endogenous complex processes, improve our comprehension of the regulation, and
allow for controlling local translation regulations and functions. However, the causality
between local translation and nascent protein function remains elusive. Here, we
developed a novel nanoparticle-based strategy to magnetically control mRNA spatial
patterns in mammalian cell extracts and investigate how local translation impacts
nascent protein localization and function. By monitoring the translation of the
magnetically localized mRNAs, we show that mRNA-nanoparticle complexes operate
as a source for the continuous production of proteins from defined positions. By
applying this approach to actin-binding proteins, we triggered the local formation of
actin cytoskeletons and identified the minimal requirements for spatial control of the
actin filament network. In addition, our bottom-up approach identified a novel role for
mRNA as a translation-coupled scaffold for the function of nascent N-terminal protein
domains. Our approach will serve as a novel platform for regulating mRNA localization

and investigating the function of nascent protein domains during translation.



Significance Statement

The spatial regulation of mRNA translation is central to cellular functions. Yet no
current approach has achieved the spatial control of mRNAs to reveal the direct
causality between local translation and cellular processes. Here we develop a novel
biomimetic control system that bypasses endogenous complex processes to analyse
this relationship. We demonstrate the magnetic manipulation of mRNA conjugated to
nanoparticles to spatially control translation-based protein synthesis. We examined
how physical constraints can shape mRNA translation and identify a novel
mechanism of spatial control. We found the general principles underlying the spatial
regulation of actin cytoskeleton patterns by local translation. From a biological
perspective, this phenomenon may represent a general mechanism of spatial control

that cells use to produce functional diversity.
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Introduction

One essential element often missing to explain cell-fate control concerns the
spatiotemporal regulation of gene expressions. Though DNA stay compacted in the
nucleus, mRNA species are exported from the nucleus to precise locations in the cytosol
before being translated. Translational control under mRNA spatial regulation
significantly contributes to many important cellular processes, such as the
establishment of polarity, asymmetric division, synaptic plasticity, and memory
consolidation'. For instance, the local translation of actin-associated proteins from
subcellular-localized mRNAs has been increasingly recognized as an important process
for regulating the dynamic formation of the actin cytoskeleton during cell polarization®”
7. Although biochemistry, genetics, cell imaging, biophysics, and “omics” approaches
have increased our understanding of the molecules and reaction mechanisms involved
in the mRNA localization and local translation, none of these approaches can
distinguish the functional contribution of the spatiotemporal dynamics of the mRNA
from the molecular signalling. Thus, the causality between local translation and cell
function remains elusive. Being able to design a bottom-up approach to bypass
subcellular transport systems and uncouple endogenous biochemical regulation from
physical constraints could reveal the principles underlying complex biological systems.
In vitro synthetic biology and cell-free systems are powerful approaches for
understanding the physical constraints that shape gene expression networks such as
molecular crowding, compartmentalization, and space (diffusion, gradient)®'%.
However, understanding the spatiotemporal nature of translation is still

challenging and requires the development of novel orthogonal methods for harnessing



biomolecule functions. Optogenetics, magnetogenetics, and nanoparticle-based
technologies could provide spatiotemporal control of biomolecule activities, but these
approaches remain mainly limited to the control of signalling pathways and

.. . 13-32
transcription-based gene expressions'>

and have not yet achieved spatiotemporal
translation control.

Here, we examined how magnetic control can be implemented to spatially
manipulate mRNA localization and its translation. As a first step towards this goal, we
developed an in vitro local translation model based on synthetic-mRNA conjugated
magnetic nanoparticles (mMRNA-NPs) to control translation-based protein synthesis in
space within confined HeLa cell extracts (Figure 1). The mRNA-NPs were designed
as movable mRNA-based protein factories upon magnetic control. When supplied with
sufficient translational ingredients, they could continuously synthesize specific proteins
with spatiotemporal control (Figure 1). We achieved spatial patterns of mRNA-NPs in
confined HeLa cell extracts using magnetic forces to trigger asymmetric mRNA-NP
string-like patterns (Figure 1). Using this platform, we simultaneously monitored the
localized translation and the dynamic behaviour of the protein products. The results
revealed that translation-coupled anchoring of the N-terminal nascent protein domains
during the translation and mRNA localization can produce a local concentration of the
functional protein domains. Its functional relevance to cell function is demonstrated by
the striking differences in actin filament patterns that were triggered by simply
rearranging an actin-binding protein domain toward the N-terminal or the C-terminal

of the protein translated on the mRNA-NPs.



Results
Translation of mRNA - nanoparticle conjugates in HeLa cell extracts

As a first step towards the spatial manipulation of mRNA molecules using
magnetic forces, we designed mRNA-conjugated magnetic nanoparticles (mMRNA-NPs)
and assessed their translation efficiency by monitoring green fluorescent protein (GFP)
synthesis in HeLa cell extracts. Messenger RNAs encoding GFP were transcribed in
vitro and biotinylated at their 3’ end. The mRNAs were grafted onto the surface of
streptavidin-conjugated superparamagnetic NPs (size 200 nm, see Methods) by mixing
in high salt buffer at a stoichiometry of about 800-1600 mRNAs per NP (SI Appendix,
Fig. S1a).

We next monitored GFP protein synthesis from mRNA-NPs in HelLa cell
extracts, a model cytoplasm with a full complement of translational factors. To mimic
the geometrical confinement by the cell membranes, the extracts and mRNA-NPs were
encapsulated in spherical droplets dispersed in mineral oil with diameters ranging
between 10-130 um (Methods, SI Appendix, Fig. S1b). To assess the translational
efficiency of the mRNA-NPs, we monitored the fluorescence of GFP translated from
GFP-encoding mRNA-NPs in encapsulated extracts and found mRNA grafted on NPs
as function of time (SI Appendix, Fig. S2). Thus, mRNA-NPs do not affect mRNA
translatability and can be used for studying translation and protein synthesis.

Next, we assessed whether we could observe asymmetrically localized mRNA-
NPs and their translation efficiency in the droplets. For the fluorescent detection of
mRNA-NPs, CyS5-labeled biotin-mRNAs were supplemented with non-fluorescent
biotin-mRNA during the conjugation with NPs (Methods). Droplets of cell extracts
were transferred into a slide chamber at the vicinity of a permanent NdFeB magnet that

generates a field of about 0.15 T and a gradient of 50 Tem™ (Methods, Figure 2a).



Within a few seconds after applying the magnetic field, the dispersed mRNA-NPs
became organized into micrometric string-like assemblies that were aligned
perpendicularly to the magnet side of the droplet interface (Figure 2b). The droplets
were incubated for 4 hours with or without the field, and their fluorescence intensity
showed that translated GFP were homogeneously distributed within the droplets
(Figure 2¢ and SI Appendix, S2b). This finding suggests that the newly synthesized
GFP proteins were successfully released from mRNA-NPs and rapidly diffused
throughout the encapsulated cell extracts. Relative GFP concentration showed that the
efficiency of GFP synthesis was independent of the magnetic field, indicating that
neither the magnetic field nor the string-like mRNA-NP assemblies perturbed the
translation process (Figure 2¢ and SI Appendix, S2b). In order to have information
about the spatial localization of ribosomes, we labeled the 28s rRNA subunits of the
ribosomes by using ECHO-liveFISH probes™. In the absence of magnetic localization
of the mRNA-NPs, we observed a strong background noise and a few natural hotspots
(SI Appendix, Fig. S3). In contrast, we observed bright fluorescent signals co-
localizing with mRNA-NPs in the presence of magnetic accumulation of the mRNA-
NPs, which support an enrichment of the ribosomes on the mRNA-NPs, thus translation

localization (SI Appendix, Fig. S3).

Monitoring of nascent proteins on localized mRNA-NPs

To better characterize the mRNA-NP complexes, we developed an assay to
monitor protein synthesis on localized mRNA-NPs and designed a fusion protein
permitting the use of nascent N-terminal GFP as a real-time reporter of local translation.
We hypothesized that the translation duration of GFP-mCherry would be about twice

that of GFP and will allow nascent GFP to monitor the location of its own mRNA until



the release of GFP-mCherry proteins (Figure 2d scheme). To investigate this
hypothesis, the translation of mRNA(GFP-mCherry)-NPs was analysed using time-
lapse microscopy. About 10 minutes after the reaction started, we first detected a GFP
signal that was persistent for hours and matched the localized mRNA-NP pattern
(Figure 2e and 2f). Furthermore, the GFP fluorescence within the droplets increased
homogeneously, indicating that GFP-mCherry proteins were continuously translated
and released from the mRNA-NPs (Figure 2d, 2f, SI Appendix, S4 and
Supplementary Movie 1 & 2). After 70-80 minutes, the GFP signals on the mRNA-
NPs reached a maximum and then slowly decayed, possibly because of the limited
translational efficiency of the confined cell extracts. Regarding mCherry, its
fluorescence started to increase homogeneously within the droplets 50 minutes after the
reaction was initiated, in agreement with the slower mCherry maturation time (40 min)
compared to GFP**° (8 min, Figure 2f, red curve and Supplementary Movies 1 &
2). In addition, we did not observe any co-localization between mCherry and mRNA-
NPs, confirming that GFP-mCherry fusion proteins did not stall or accumulate on NP
surfaces.

These observations identified several remarkable properties of the local
translation mediated by mRNA-NPs. One is that the mRNA-NPs function to locally
and continuously produce GFP-mCherry proteins that are released and dispersed in the
solution. Therefore, as we hypothesized, the accumulation of GFP fluorescence on
MRNA(GFP-mCherry)-NPs indicates that nascent N-terminal GFP was spatially
retained on the mRNA via ribosomes during mCherry synthesis (see Schematic Figure
2d). Thus, we could consider the N-terminal GFP as a transient fluorescent indicator of
local translation from mRNA-NPs. To further investigate the link between protein

synthesis and the spatial retention of the nascent protein domain, we next monitored



local GFP synthesis as a function of the length of the downstream sequence after the
GFP sequence. We designed two RNA constructs whose downstream sequences were
shorter and longer than mRNA(GFP-mCherry), respectively: mRNA(GFP-122aa) and
mRNA(GFP-375aa-mCherry) (Figures 2g and 2h). We found a small and short-lived
GFP protein accumulation on RNA-NPs during mRNA(GFP-122aa) translation
(Figures 2g, SI Appendix, S4 and Supplementary Movie 3), but strong GFP protein
accumulation on the NPs during mRNA(GFP-375aa-mCherry)-NPs translation
(Figures 2h, SI Appendix, S4 and Supplementary Movie 4). These data underlie that
the spatial retention time of GFP on mRNA-NPs is correlated with the peptide
elongation length during translation, as showed by the time delay difference between
the GFP signal on mRNA-NPs and the GFP diffusion fraction in the droplet (Figures
2i and, SI Appendix, S5). The translation speed in the droplets was estimated to be
about 0.2-0.6 aa/s (SI Appendix, SI Appendix, Fig SSb and S5c¢), thus 5-10 times
slower than that previously measured in mouse ES cells’’. We have attributed this
difference to two factors®®’: first our cell extract preparations were diluted, and second,
our experiments were performed at 30 °C which is lower than physiological
temperature. From a biological perspective, this phenomenon may represent a simple
translation-based retaining mechanism of proteins at the site of translation for a time

span defined by the mRNA translation duration.

Spatiotemporal control of F-actin meshwork by localized mRNA translation
Next, we asked whether the spatial retention of the N-terminal protein domain

on localized mRNA-NPs could produce downstream functional diversity. We chose

actin cytoskeleton pattern formation because of its relevance to important functions of

40,41

a living cell, its versatile patterns, and its high dynamic nature™ " . Many efforts have



been made on deciphering the molecular players involved in targeting and locally
regulating actin-related mRNAs, yet current models are tightly dependent on the
cellular context through multiple processes and regulators. We focused on a functional
domain that is widely shared by the actin-binding protein superfamily, namely, the
actin-binding domain of utrophin (hereafter, ABD), which is shared with Dystrophin
and a-Actinin* . This 30 kDa domain contains two actin-binding sites to bind and
stabilize actin filaments, and its GFP fusion protein can be used as an actin filament
promoting factor and label*®. We replaced the mCherry protein of the GFP-mCherry
fusion with ABD (Figure 3).

To investigate the significance of the N-terminal position of ABD in the mRNA
sequence, two mRNA fusions were developed in which the order of ABD and GFP was
swapped (ABD-GFP and GFP-ABD) (Figure 3a, left). The mechanism of spatial
retention permitted us to anticipate two situations: The translation of mRNA(GFP-
ABD)-NPs were designed to spatially retain N-terminal GFP on the mRNA-NPs area
and will produce GFP-ABD that diffuse immediately after synthesis; the translation of
mRNA(ABD-GFP)-NPs were designed to spatially retain N-terminal ABD on the
mRNA-NP area and then release ABD-GFP that diffuse homogeneously in the droplets
(Figure 3a).

First, we checked the translation of these two mRNAs and their capacity to
trigger the formation of actin filaments (F-actin). The two mRNAs (without conjugation
to NPs) were translated for 3 hours in cell extract droplets supplemented with
monomeric actin and fluorescent phalloidin, a probe for observing F-actin (SI
Appendix, Fig. S6). We found that both mRNA constructs generate an interconnected
F-actin meshwork (SI Appendix, Fig. S6). Phalloidin staining perfectly matched the

translated ABD-GFP and GFP-ABD localization, which indicated that the respective
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ABDs have the capacity to both promote and bind F-actin in the cell extracts (SI
Appendix, Fig. S6).

To assess actin filament formation from the localized mRNAs, we next
conjugated each mRNA construct with NPs (with 800:1 ratio) and assembled the
mRNA-NPs into string-like patterns in confined extracts. Interestingly, when
examining the translation of asymmetrically distributed mRNA-NPs, we found that the
pattern of the F-actin meshworks was highly dependent on the N-terminal or C-terminal
position of the ABD sequence on the mRNAs (Figures 3b and 3c).

The translation of localized mRNA(GFP-ABD)-NPs led to the formation of a
homogenous F-actin meshwork without any local enrichment of the filaments at the
vicinity of the mRNA-NPs (Figure 3b zoom), as indicated by the phalloidin signal
(Figure 3b, Cy5-mRNA-NPs and Phalloidin). In addition, we also observed the GFP
signal accumulate at the position of Cy5-labeled mRNA-NPs and confirmed the spatial
retention of N-terminal GFP during downstream ABD local translation as in the case
of GFP-mCherry (Cy5S-mRNA-NP and GFP-ABD in Figures 3b and SI Appendix,
Fig. S7). In contrast, the local translation of mRNA(ABD-GFP)-NPs showed a
phalloidin signal that densely accumulated around Cy5-labeled mRNA-NPs, which
suggested that the F-actin were locally nucleating by the spatially retained N-terminal
ABD on mRNA-NPs (Cy5-mRNA-NP and Phalloidin in Figure 3¢ zoom).
Moreover, string-like assemblies of mRNA-NPs displayed a more compact and denser
pattern, as if the formation of a F-actin meshwork had modified the mRNA(ABD-
GFP)-NP spatial organization (Cy5S-mRNA-NP and Phalloidin in Figures 3b and 3¢
zoom). Though some diffused ABD-GFP molecules randomly promoted F-actin
formation in the rest of the droplet, the locally translated ABD-GFP mainly co-recruited

around the mRNA-NPs with the accumulating F-actin cytoskeleton (Cy5-mRNA-NP,
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Phalloidin, and GFP-ABD in Figure 3¢ and SI Appendix, Fig. S7). The formation of
localized F-actin mediated by the spatially-retained N-terminal ABD was also
confirmed using time-lapse microscopy (Figure 3d and Supplementary Movie 5). F-
actin accumulation on mRNA-NPs formed prior to non-localized actin formation, as
revealed by the local enrichment in phalloidin staining at the early stage of translation
(after about 10 minutes, Figure 3d and Supplementary Movie 5). The observation of
an ABD-GFP-stained F-actin meshwork was detected later (after about 40 min),
consistent with the timescale of the steady-state production of full-length ABD-GFP
proteins (Figure 3d). Time-lapse observation also showed that the compacting of
string-like assemblies of mMRNA-NPs was correlated with the formation of localized F-
actin meshworks (Figure 3d and Supplementary Movie 5).

Altogether, these data showed that the N-terminal position of ABD in the mRNA
sequence and mRNA localization in the droplet collaboratively dictated the

micrometric local formation of the F-actin cytoskeleton.

Spatial retention of actin-binding proteins on hotspots of translational activity
promotes reorganization of the actin filament meshwork

Our observations strongly suggest that mRNA(ABD-GFP)-NPs behave as
hotspots of active ABD-covered NPs to promote local F-actin formation. In addition,
we found that mRNA(ABD-GFP)-NP string-like patterns were changed upon local F-
actin formation and eventually densely organized. Accordingly, we next examined how
the spatial organization of mRNA-NP complexes can be regulated by their own protein
products in the absence of external magnetic forces. We first examined how individual
mRNA(GFP-ABD)-NPs and mRNA(ABD-GFP)-NPs could trigger different F-actin

morphologies. As expected, the translation of mRNA(GFP-ABD)-NPs led to the
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formation of a homogenous F-actin meshwork with a homogeneous spatial distribution
of NPs within the droplets (Figures 4a and 4c), as observed in Figure 3b. Time-
dependent confocal observations distinguished the local translation activity on
mRNA(GFP-ABD)-NPs, as indicated by the co-localization of Cy5-labeled mRNAs
with GFP fluorescence (Figures 4a, 4c, SI Appendix, Fig. S8, and Supplementary
Movie 6 top). In contrast, the translation of mRNA(ABD-GFP)-NPs led to a major
spatial reorganization of mRNA-NPs as function of time (Figures 4b, 4d, and SI
Appendix, S8, and Supplementary Movie 6 bottom). After 15 minutes, the initially
homogeneous distribution of mRNA-NPs in the droplets started to form random
micrometric clusters and eventually evolved into large assemblies within 45 minutes
(Figure 4d). Interestingly, this spatial reorganization of mRNA-NPs was correlated
with the spatial remodelling of the F-actin meshwork (Figure 4d). The formation of a
hybrid meshwork composed of F-actin connected to NPs may explain the dynamic
clustering of mRNA-NPs observed in Figure 4d and may account for the compaction
of mRNA-NP string-like structures into dense organizations (Figures 3¢ and 3d). To
test this hypothesis, we monitored the translation of non-biotinylated mRNA(ABD-
GFP) in the presence of unconjugated NPs (SI Appendix, Fig. S9 and Supplementary
Movie 7). In this case, F-actin formed a homogeneous meshwork coexisting with
randomly distributed NPs, thus phenocopying the translation of mRNA(GFP-ABD)-
NPs (SI Appendix, Fig. S9 and Supplementary Movie 7). These findings suggest that
the multivalency provided by the multiple mRNA-NPs function as local hotspots for
translational activity, which is required for the large-scale reorganization of F-actin
meshworks in our system.

In conclusion, these data suggest that the spatial retention of ABD on hotspots for

translational activity impact the spatiotemporal dynamics of F-actin assemblies, which
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can, in turn, regulate the localization of mRNA-NPs. Thus, the temporary retention of
ABD renders the mRNA complexes the ability to interact with their own coding

proteins and downstream functional products.
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Discussion

Our bottom-up approach is a first step towards the spatial control of mRNA
translation using magnetic NPs, thus expanding the applications of magnetogenetics
and NP-based technologies to RNA-based gene expression and spatial control. The
designed mRNA-based complexes provide a novel platform for the spatial
manipulation of local translation. This feature relies on two properties of the mRNA-
NPs: first, by concentrating numerous mRNAs on an iron-oxide NP with defined
stoichiometry, the mRNA-NPs behave as hotspots of local translation to continuously
produce nascent proteins. Second, the mRNA-NPs can be manipulated by magnetic
forces to generate localized spatial patterns. An exciting perspective of this work
concerns the implementation of mRNA-NPs in cells and organisms where the
spatiotemporal control of RNA translation is key to determining cell fate behaviour.

Over the past years, several studies have identified how molecular players such
as cis-acting RNA localization elements and RNA-binding proteins along with the
transport of RNA granules by molecular motors along cytoskeletal fibers can act
collectively to specifically regulate subcellular protein synthesis'. However, the
mechanisms regulating the dynamic behavior and spatial positioning of the synthetized
proteins upon translation termination and protein release remain elusive. To remain
localized in a subcellular area, specific mechanisms are used by cells to counterbalance
the diffusion and spreading in space of the newly synthetized proteins. For instance,
protein anchoring to a localized scaffold at the site of translation and reduced mobility
due to geometrical constraints or molecular crowding may confine proteins at the site
of translation. Interestingly, in our study, by monitoring both local translation on
mRNA-NPs and nascent fluorescent protein synthesis, we found that mRNA can act as

an anchoring molecule that can spatially retain N-terminal folded protein domains
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during translation. By examining the local translation of magnetic assemblies of
mRNA-NPs coding for ABD, we found that the spatial retention of ABD at the mRNA-
NP area was required to localize F-actin patterns (Figures 3 and SI Appendix, Fig. S6).
These localized F-actin assemblies can, in turn, modify the localization of the mRNA-
NP position, providing a feed-forward mechanism between localized mRNA
translation activity and cytoskeleton self-organization (Figure 4). In this picture, the
temporary spatial retention of ABD renders the mRNA-NP to interact with its own
synthesized protein and functional partners (Figure 5). Experiments performed in
bacteria and yeast have demonstrated that protein complexes can assemble while
subunits are synthetized by the ribosome machinery co-translationally in cells*’ **. In
addition, recent studies have discovered novel functions of RNA as scaffolds that
promote protein-protein interactions, with the 3> UTR of the mRNAs recruiting proteins
to the site of translation to determine the subcellular protein localization®’, or with long
non-coding RNA acting as platforms for post-translational functions®'. Here, we show
that the coding sequence of mRNA, in addition to providing genetic information, can
also act as a scaffold molecule to localize protein-protein interactions between protein
domains that fold during translation and binding protein partners (Figure 5).

The mechanism for spatially retaining protein domains during local translation
may have relevant physiological implications. Given the modular organization of
protein domain structures, a temporary local concentration of functional modules that
are produced early in translation can be generated. Numerous actin-binding proteins

have ABDs at their N terminals**

, suggesting the possibility of the spatial and
temporal retention of the ABDs on mRNA templates for a duration defined by the

extent of the downstream mRNA translation process. For instance, in humans, utrophin

mRNAs and proteins are both known to be localized at neuromuscular junctions in
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mouse muscle cells, and the long utrophin mRNA sequence downstream of the ABD
(9537 bases which is 13 times longer than that of GFP) may thus serve as a scaffold to
spatially retain ABD***.

To conclude, our in vitro local translation model allowed us to identify possible
anchoring functions of mRNA occurring co-translationally and mediated by the spatial
retention of the N-terminal domain (Figure S). Further investigations are needed to
determine if this anchoring property occurs in vivo to enable localized protein-protein

interactions by creating an enriched concentration of nascent functional protein

domains that regulate local translation.
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Materials and Methods

In vitro transcribed and biotin-end labelled mRNA were conjugated to streptavidin
coated magnetic nanoparticles and encapsulated with HeLa cell extract in droplets. The
droplets in a slide chamber besides NdFeB magnet were incubated at 30 °C and
monitored under epifluorescence or confocal microscope. Phalloidin-568 was
supplemented with the extract to visualize actin cytoskeleton formation. Detailed

materials and methods are available in ST Appendix.
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Figure legends

mRNA-Nanoparticle localized protein synthesis
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Figure 1. Magnetic nanoparticle-based spatiotemporal regulation of mRNA
translation. Messenger RNAs conjugated to iron-oxide nanoparticles (mMRNA-NPs)
are designed as an RNA-based local source of protein synthesis, which combines the
features of magnetic mobility and specific mRNA localization around the nanoparticle.
The mRNA-NPs can continuously synthesize specific nascent proteins (e.g., GFP) and
release them from the nanoparticles. The spatial control of mMRNA-NPs is mediated by
a magnetic field to generate mRNA localization in order to assess the effect of mRNA-

NPs on local translation.
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Figure 2. Translation of mRNA - nanoparticle conjugates in HeLa cell extract
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droplets. a-c GFP translation from localized mRNA-NPs. a, Schematic of the
translation from asymmetrically localized mRNA-NPs performed in HeLa cell extract
confined in droplets. The HelLa extract droplets were incubated in an observation
chamber beside a permanent magnet. b, Epifluorescence microscopy observation of
Cy5-labeled mRNAs conjugated to NPs and asymmetrically aligned perpendicularly to
the magnet side of the droplet interface. The translation of mRNA-NPs produces GFP
that homogeneously diffuse within the droplet. Scale bar, 20 um (b). ¢, Relative GFP
concentration measured in the droplets after 4 hours incubation with (n=52) or without
(n=26) the magnet. d-f GFP-mCherry translation from asymmetrically localized
mRNA-NPs. d, Top: Schematic of the translation process on localized mRNA-NPs. N-
terminal nascent GFPs are anchored to mRNA-NPs via translating mCherry peptides
and ribosomes. Bottom: Representative time-lapse images of translated GFP and
mCherry with epifluorescence microscopy. e, Cy5-labeled mRNA on NPs colocalize
with the translated GFP. f, Time-dependent evolution of the normalized mean
fluorescence intensities of GFP and mCherry in selected regions of interest in the

droplets (one frame every 5 minutes). Error bars represent standard deviation (SD). g,h,
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Representative time-lapse images of translated GFPs from localized mRNA-NPs for
mRNA(GFP-122a.a) and mRNA(GFP-375a.a.-mCherry), respectively. i, Time
dependent evolution of the mean fluorescence intensity of accumulated GFPs on
mRNA-NPs  for mRNA(GFP-375a.a.-mCherry), mRNA(GFP-122a.a) and

mMRNA(GFP-mCherry).
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Figure 3. Spatial control of the F-actin meshwork by localized mRNA translation
highlights key role of spatial retention of actin-binding protein. a, To assess the
effect of the spatial retention of the N-terminal domain of actin-binding protein (ABD)
during local translation on the actin filament assembly, two mRNA sequences were
designed by swapping the order of ABD and GFP: ABD-GFP and GFP-ABD. These
mRNAs were translated from localized mRNA-NPs in HelLa extract droplets. The
translation of mMRNA(GFP-ABD)-NPs was designed to spatially retain N-terminal GFP
on the localized mRNA-NPs, whereas the translation of mRNA(ABD-GFP)-NPs was
designed to spatially retain N-terminal ABD on the localized mRNA-NPs. b, c,

Representative confocal fluorescence microscopy images of Cy5-mRNA-NPs,

25



Phalloidin-568 (F-actin marker), and GFP-ABD (b) or ABD-GFP (c¢) after 3 hours of
translation. b, zoom: Formation of a homogenous F-actin meshwork without any local
enrichment of filaments at the vicinity of the mRNA-NPs. ¢, zoom: Formation of a
local and dense F-actin meshwork colocalizing with mRNA-NPs. d. Left panel:
Representative time-lapse images of F-actin formation upon the translation of localized
mRNA(ABD-GFP)-NPs. Right panel: Quantification of the mean fluorescence
intensity of Phalloidin-568 and GFP signal as a function of time in the mRNA-NP area.

Scale bars, 20 um (b-d).
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Figure 4. Spatial retention of actin-binding proteins on hotspots of translational
activity promotes reorganization of the actin filament meshwork

a,b, Confocal observations of translation from mRNA(GFP-ABD)-NPs (a) and
mRNA(ABD-GFP)-NPs (b) to assess how the spatial organization of mRNA-NP
complexes can be regulated by their own protein products. Observations were
performed after two hours of translation. The F-actin meshwork is labeled by GFP-
ABD and mRNA-NPs by Cy5 labeled-mRNAs. ¢,d, Time-lapse observations of the
dynamics of mRNA translation and mRNA-NP complexes ¢, N-terminal GFP signals
(green) are localized on mRNA(GFP-ABD)-NPs (red, Cy5 labeled-mRNAs) after 45
minutes of translation. mRNA-NPs are spatially distributed in the droplet, and GFP-
ABD-bound actin filaments form a homogenous meshwork. d, Translation of
mRNA(ABD-GFP)-NPs leads to a spatial reorganization of mRNA-NPs as a function
of time: mRNA(ABD-GFP)-NPs (red) and ABD-GFP (green) bound to actin filaments
spontaneously accumulate together to form a dynamic meshwork that remodels

spatially. Scale bars, 20 um.
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Figure S: Proposed model of mRNA as translation-coupled scaffold with

anchoring function to spatially constrain protein interactions

Spatially contrained protein interactions could be co-translationally mediated by the

spatial retention of nascent protein domains on localized mRNA. For instance, the N-

terminal position of the actin binding domain sequence on localized mRNA leads to the

spatial retention of the protein domain during translation and eventually promotes actin

filament localization.
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