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Abstract

RNP granules are membrane-less compartments within cells, formed by phase separation,
that function as regulatory hubs for diverse biological processes. However, the mechanisms by
which RNAs and proteins interact to promote RNP granule structure and function in vivo remain
unclear. In Xenopus laevis oocytes, maternal mRNAs are transported as large RNPs to the vegetal
hemisphere of the developing oocyte, where local translation is critical for proper embryonic
patterning. Here, we demonstrate that vegetal transport RNPs represent a new class of cytoplasmic
RNP granule, termed Localization-bodies (L-bodies). We show that L-bodies are multiphase RNP
granules, containing a dynamic protein-containing phase surrounding a non-dynamic RNA-
containing substructure. Our results support a role for RNA as a critical scaffold component within
these RNP granules and suggest that cis-elements within localized mRNAs may drive subcellular

RNA localization through control over phase behavior.
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Introduction

Spatial organization of the cell cytoplasm has emerged as a key strategy for gene
regulation. For example, reorganization of otherwise ubiquitously distributed mRNA into specific
cytoplasmic foci, termed ribonucleoprotein (RNP) granules, is now recognized as a widespread
post-transcriptional regulatory strategy (reviewed in Banani et al. 2017; Shin and Brangwynne
2017; Gomes and Shorter 2019). Classes of RNP granules, such as stress granules, P-bodies,
neuronal transport granules, and germline specifying granules, have been generally classified by
their cellular context and presumed biological function. While physically distinct, these
cytoplasmic RNP granules share a striking number of common features, including both extensive
compositional conservation and potential overlap in underlying biological function. In addition,
emerging research on the physical characteristics of RNP granules may suggest organizational
similarities between classes of RNP granules (reviewed in Banani et al. 2017).

Phase separation has emerged as a fundamental physical property of RNP granules.
Multivalent RNA binding proteins (RBPs) and proteins that contain intrinsically disordered
regions (IDRs) are enriched in nearly all known cytoplasmic RNP granule classes (Kedersha et
al. 2013; Buchan 2014). Such proteins are thought to work in combination with RNA species that
contain multiple protein-binding sites (Li et al. 2012; Han et al. 2012; Kato et al. 2012; Lin et al.
2015; Elbaum-Garfinkle et al. 2015; Nott et al. 2015; Protter et al. 2018) to drive multivalent
interactions leading to phase separation (reviewed in Brangwynne et al. 2015). In vivo, RNP
granule components are dispersed in the cytoplasm but can assemble into a condensed liquid or
gel-like phase to form RNP granules in response to dynamic cues (Weber and Brangwynne 2012;

Toretsky and Wright 2014). While it remains an open question as to how RNAs and proteins
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determine the physical characteristics of biological condensates, similarities in both composition
and behavior points to RNP granules as conserved centers for post-transcriptional gene regulation.

In addition to RNP granule formation, spatial control of mRNA distribution in the
cytoplasm is regulated through RNA localization (reviewed in Medioni et al. 2012; Eliscovich et
al. 2013; Holt and Schuman 2013). RNA localization, which functions to generate cellular polarity
in a wide variety of cell types and organisms, proceeds through the binding of cis-acting RNA
sequences, termed localization elements, by #rans-acting protein factors (reviewed in Suter 2018).
In this way, combinations of RNA cis-elements and RBPs are required for assembly of specific
RNPs that can be localized to distinct regions of the cytoplasm. While certain components of
localized RNPs have been identified, the physical nature of these assemblies, and the mechanisms
driving their formation, remain largely unknown.

Xenopus laevis oocytes are an important model system for the study of RNA localization.
Here, mRNAs encoding germ layer determinants become restricted in the vegetal hemisphere of
developing oocytes, where they are subsequently transported to the vegetal cortex and act to
pattern the embryo following fertilization (reviewed in Medioni et al. 2012). mRNAs localized
through this pathway, including veg7, trim36, and, most prominently, vg/ (Weeks and Melton
1987; Birsoy et al., 2006; Zhang et al., 1998; Cuykendall and Houston, 2009), rely on interactions
with a core set of RBPs, including hnRNPAB, PTB, Staufen, and Vera to drive the formation of
transport-competent RNP structures (Deshler et al. 1997; Gautreau et al. 1997; Havin et al. 1998;
Cote et al. 1999; Yoon and Mowry 2004; Czaplinski et al. 2005; Lewis et al. 2004). Transport of
these RNPs to the vegetal cortex is achieved through active transport along microtubules, mediated

by kinesin and dynein motor proteins (Betley et al. 2004; Messitt et al. 2008; Gagnon et al. 2013).
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However, the molecular and physical nature of these and other RNP transport cargos remains
uncharacterized.

In this work, we have identified Localization-bodies (L-bodies) as novel biomolecular
condensates. Our results indicate that L-bodies are multiphase RNP granules, composed of a non-
dynamic mRNA-containing substructure enmeshed in a dynamic protein-containing layer. L-
bodies are unexpectedly large and contain a heterogeneous population of localized mRNAs,
packaged by RBPs and surrounded by microtubules and molecular motors. We also show that
incorporation of mRNAs into L-bodies is correlated with localization and appears to rely on
selective entrapment, specified by sequence features of resident mRNAs. Biochemical isolation
and proteomic analysis of L-bodies reveals a high degree of compositional similarity to other
classes of cytoplasmic RNP granules, with the majority of identified proteins showing either direct
conservation with other RNP granule types, or a shared enrichment of multivalent RNA binding
domains and IDRs. For the first time, we have characterized the composition and biophysical
properties of L-bodies, providing new insights into developmentally programmed transport of
maternally loaded mRNAs and the roles that RNP granules play in governing post-transcriptional
gene regulation. Importantly, these results suggest a novel role for mRNA in cytoplasmic granule

organization.
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Results

L-bodies are large RNP complexes that contain vegetally localizing mRNAs

To characterize the molecular features of RNA transport cargos, we first visualized
localized and non-localized mRNAs in immature Xenopus oocytes by fluorescence in situ
hybridization (FISH). During stages II-III of oogenesis, vegetally localized mRNAs including
vgl, vegT, and trim36 are enriched in the vegetal oocyte cytoplasm during transport to the vegetal
cortex (Figs. 1A, A’, S1A, A’). At higher magnification, vg/ mRNA foci are restricted to large
clusters (Figure 1B), which also contain veg7 and #rim36 mRNA (Figs. 1B, S1B). These
heterotypic vegetal bodies, comprised of multiple RNA foci, are surprisingly large, ~5-10 pm
(Figure 1B, B’). In contrast, neither a germinal granule mRNA, nos/, nor a non-localized mRNA,
gapdh, are enriched in the vegetal RNA bodies. nos/, having been localized earlier in oogenesis,
is tightly deposited at the vegetal cortex (Fig. S1C), while gapdh is uniformly distributed
throughout the oocyte cytoplasm (Fig. 1C’"). Interestingly, while not enriched, gapdh is not
excluded from the vegetal RNA clusters (Fig. 1D, D’). Our results show that during localization,
vegetally transported mRNAs are restricted to non-exclusive, heterotypic bodies hereafter termed
Localization-bodies, or L-bodies.

In order to identify additional components of L-bodies, we fractionated lysates prepared
from stage II-11I oocytes using size exclusion (SE) chromatography. Both vg/ mRNA (Fig. 1E),
as well as the vg/ RBP Vera (Fig. 1F), chromatograph as large complexes in the void volume.
After treatment of oocyte lysate with RNase prior to SE chromatography, Vera is no longer present
in the void volume and instead shifts into fractions containing smaller complexes (Fig. 1F),
indicating that the large Vera-containing complexes are RNPs. By contrast, Tubulin

chromatographs in fractions containing small complexes regardless of RNase treatment (Fig. 1F).
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Co-immunoprecipitation (co-IP) analyses using fractions pooled from the void volume after SE
chromatography demonstrate that the well-characterized vg/ RBPs Vera (Igf2bp3; Havin et al.
1998; Deshler et al. 1998), Staul (Staufenl; Yoon and Mowry 2004), and hnRNPAB (40LoVE;
Czaplinski et al. 2005) all co-IP with one another (Fig. 1G). Importantly, these vg/ RBPs also co-
IP vgl mRNA from the large RNP pool (Fig. 1H). These results suggest that vg/ mRNA, Vera,
hnRNPAB, and Staul are packaged together in L-bodies.

We have previously shown that vegetal RNA localization relies on the microtubule motor
proteins kinesin and dynein (Messitt et al. 2008; Gagnon et al. 2013). To determine whether L-
bodies are associated with microtubules and motor proteins, we performed immunofluorescence
in conjunction with FISH (FISH-IF) for vg/ mRNA and Tubulin (Fig. 11, J), kinesin 1 (Fig. 1I")
and dynein (Fig. 1J’). L-bodies are encased in microtubule baskets (Fig. 11, J), which are decorated
with both kinesin and dynein motors (Fig. 11, J'), suggesting that the L-body complex, rather than

individual vg/ mRNAs, are interacting with the transport machinery.

Localized RNAs are specifically enriched in L-bodies

Localization of vg/ mRNA can be recapitulated by a localization element (LE) that is
composed of a duplication of the first 135 nucleotides of a larger element residing in the vg/ mRNA
3" UTR (Gautreau et al. 1997; Lewis et al. 2008). Microinjected LE RNA is enriched in the vegetal
cytoplasm (Fig. 2A) and is both co-packaged with endogenous vg/ mRNA in the vegetal
cytoplasm (Fig. 2A") and incorporated into L-bodies (Figure 2B, B’). By contrast, a mutant version
of the LE RNA (mutLE) harboring point mutations that ablate specific RBP binding (PTB and
Vera; Lewis et al. 2008) is not capable of vegetal localization (Fig. 2C) and fails to accumulate in
L-bodies (Fig. 2D, D). Incorporation of localized and non-localized RNAs into L-bodies was

further examined by SE chromatography (Fig. 2E). Microinjected RNAs were tagged with unique
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qRT-PCR barcodes that do not affect L-body assembly (Fig. S2). As shown in Fig. 2E, both
endogenous vg/ mRNA and microinjected LE RNA are highly enriched in large complexes present
in the void volume, while microinjected non-localized RNAs, mutLE and f-globin, are not. Taken
together, these results suggest that enrichment into L-bodies is mediated by sequence specific
features of target RNAs and that such enrichment is required for subsequent vegetal RNA

localization.

Purification of L-bodies

To analyze the composition of L-bodies we took a biochemical approach (Fig. 3A). First,
crosslinked oocyte lysate was enriched for large complexes by SE chromatography (Figs. 1E-F),
followed by parallel immunoprecipitation (IP) using two known vg/ RBPs, Staul and hnRNPAB
(Fig. 3A). Staul and hnRNPAB, like other characterized vg/ RBPs, are known to have multiple
roles in RNA biogenesis and are not solely involved in mRNA localization (Yisraeli 2005;
Snedden et al., 2013; Heraud-Farlow and Kiebler 2014). Therefore, we reasoned that requiring
interactions with two different vg/ RBPs would more accurately identify constituents specific to
L-bodies. Staul and hnRNPAB are both highly enriched in L-bodies as assessed by FISH-IF (Fig.
3B-E) and SE chromatography (Fig. 3F). Immunoblot analysis confirmed that Staul and
hnRNPAB co-IP with one another, but not with IgG (as in Fig. 1G), and RNA-IP followed by
gRT-PCR (as in Fig. 1H) demonstrated that vg/ mRNA was significantly enriched in the IPs
compared to IgG. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was
performed on each of the three IPs, requiring candidate proteins to be enriched at least 2-fold over
the IgG control in both the Staul and hnRNPAB IPs. These results identified a set of 86 proteins

that represent potential L-body components (Fig. 3G).
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L-bodies contain proteins found in other classes of cytoplasmic RNP granules

The L-body proteome (Fig. 4A) contains all known vg/ RBPs: Elavll, Elavl2, hnRNPAB,
Vera (Igf2bp3), PTB (Ptbp1), Staul, and Stau2 (Havin et al. 1998; Deshler et al. 1998; Cote et al.
1999; Yoon and Mowry 2004; Allison et al. 2004; Colegrove-Otero et al. 2005; Czaplinski et al.
2005; Arthur et al. 2009; Snedden et al. 2013). The presence of both Dynein (Dynll1 and Dynll2)
and Kinesin (Kif3b) subunits is also notable, further suggesting the isolation of a transport
competent RNP. The success in isolating the known vg/-interacting proteins and stringent
thresholds for analyses gives a high degree of confidence that the remaining 76 proteins represent
newly identified L-body components.

Putative L-body components were validated by both FISH-IF (Figs. 4B-E, S3A-J) and SE
chromatography (Figs. 4F, S3K). As shown in Fig. 4, Cpebl (Fig. 4B), Ddx1 (Fig. 4C), G3bp2
(Fig. 4D), and Ybxl (Fig. 4E) are each found in large vg/ mRNA-containing structures. In
addition, the candidate proteins exhibit enrichment in the vegetal cytoplasm and at the vegetal
cortex (Figs. 3, S4) that is similar to the distribution of the known vg/ RBPs hnRNPAB, Staul,
Elavll, Elavl2, PTB, and Vera. Analysis of Cpebl, Ddxl, G3bp2, and Ybxl by SE
chromatography shows that each protein elutes in the void volume (Fig. 4F) in large complexes
that are sensitive to RNase treatment (Table S1). Ddx4, which was not identified as a potential L-
body constituent by mass spectrometry (Fig. 4A), is not enriched in the void volume and is present
in later fractions (Fig. 4F). Using these approaches, we validated 35 of the putative L-body
components listed in Fig. 4A (Table S1, Figs. S3, S4). Gene ontology (GO) analysis (Table S2)
revealed that four of the five top GO-categories are related to nucleic acid binding, with the top
category being RNA binding. We also found a significant enrichment of ATP binding, in part

contributed by the four DDX helicases identified in L-bodies (Fig. 4A), which may act in RNP
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remodeling through their ability to unwind RNA and alter RNA-protein interactions (Gilman et al.
2017).

A striking feature of the L-body proteome is the abundance of proteins that are known
components of previously-described cytoplasmic RNP granules, including stress granules, P-
bodies, neuronal granules, and germ granules (designated S, P, N, and G, respectively; Fig. 4A,
Table S3). Remarkably, the majority (74%) of the identified L-body components are present in at
least one other RNP granule type, with 38 of those (36%) being found in more than one RNP
granule type (Fig. 4H). The remaining proteins (26%) appear to be novel to L-bodies (Fig. 4G)
and could provide functional specificity. These results indicate that L-bodies represent a new class

of cytoplasmic RNP granule.

L-bodies exhibit non-liquid-like properties

Because many proteins found in cytoplasmic RNP granules contain intrinsically disordered
regions (IDRs; Uversky 2017), we also examined the prevalence of IDRs in the L-body proteome.
Using SLIDER (Peng et al. 2014), a predictive tool for IDRs, we found the majority (74%) of all
L-body components contain a putative IDR, which is a significant enrichment over the Xenopus
proteome (56%:; Fig. 5SA). Other types of cytoplasmic RNP granules have been described as phase-
separated bodies, with constituent proteins and mRNAs exhibiting liquid-like behavior in some
RNP granules and gel- or amyloid-like properties in others (reviewed in Banani et al. 2017; Shin
and Brangwynne 2017). Intriguingly, prion-like domains, which are a specialized category of
IDRs that are overrepresented in gel- and amyloid- like structures, are also overrepresented in the
L-body proteome (Fig. S5). To probe the properties of L-bodies, we first stained oocyte sections
with thioflavin, a dye that exhibits a selective fluorescence shift in the presence of cross-beta

strands, which are characteristic of amyloid structures (Guntern et al. 1992). The vegetal oocyte
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cytoplasm stains richly with thioflavin (Fig. 5B), revealing a mesh-like substructure evident at
high magnification (Fig. 5C). To test whether the thioflavin-staining structures correspond to L-
bodies, we next used combined FISH and thioflavin staining to ask whether vegetally-localized
RNAs co-localize with the mesh-like structures. Remarkably, localized mRNAs, vg/ (Fig. 5D),
vegT (Fig. 5SE), and trim36 (Fig. 5F) are highly coincident with the thioflavin staining. By contrast,
non-localized gapdh mRNA is not co-localized with the thioflavin staining (Fig. 5G). The distinct
staining with thioflavin, revealing an apparent mesh-like structure, suggests that L-bodies may not
fall into the class of liquid-like granules and may instead display gel- or solid-like properties. To
test this idea, we prepared lysates from oocytes that were injected with fluorescent LE RNA (as in
Fig. 2A,B,E) to mark the L-bodies. After SE chromatography (as in Fig. 3F), the “ex vivo” L-
bodies were treated with 1,6-hexanediol, which disrupts liquid-like granules (Kroschwald et al.
2015). The ex vivo L-bodies, which are evident as fluorescent spheres (Fig. SH), are insensitive
to this treatment (Fig. 5 H-I), suggesting that ex vivo L-bodies are not liquid-like in nature. These

results raise the possibility that L-bodies may instead have more gel- or solid-like properties.

Dynamics of L-body RNAs and proteins differ in vivo

To examine the dynamics of L-bodies in vivo, protein mobility was assessed by
fluorescence recovery after photobleaching (FRAP) in live oocytes. In these experiments, we
marked L-bodies by microinjection of fluorescently-labeled LE RNA into stage II oocytes along
with mRNA expressing mCherry-tagged L-body proteins (Fig. 6A-B). To determine dynamics
within the L-bodies, partial granule FRAP was performed on three previously known L-body
proteins (hnRNPAB, Staul and Vera) as well as a newly-identified constituent, Ybx1 (Tafuri and
Wolffe 1990). Each of these proteins contain at least one RNA-binding domain and both

hnRNPAB and Ybx1 additionally contain IDRs. Each of the four RBPs exhibited significant
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mobility within the L-body, with hnRNPAB showing the highest mobile fraction (94.2%) and Vera
having the lowest (52.9%; Fig. 6A). These data indicate that protein constituents of L-bodies are
dynamic, which was unexpected due to the thioflavin staining and the 1,6-hexanediol insensitivity
(Fig. 5). These results suggest that L-bodies may be multiphase condensates, with a subclass of
L-body constituents exhibiting dynamic properties and others being more gel- or solid-like.

The distinct thioflavin staining of L-bodies (Fig. 5 B-G) suggests that they may contain
one or more non-dynamic constituents, in addition to the dynamic protein constituents (Fig. 6A).
We first examined the distribution of L-body proteins by IF, and none of the 46 proteins tested
exhibited a mesh-like pattern similar to the thioflavin staining pattern (Fig.S3 and data not shown).
Because thioflavin may also stain structured RNAs (Xu et al. 2016), we tested whether Xenopus
oocyte RNA is capable of staining with thioflavin. Indeed, Xenopus oocyte RNA, which forms
droplets at low concentrations and gels at high concentrations (Fig. S6B,C), binds to thioflavin in
a time- and concentration-dependent manner (Fig. S6A). To examine the dynamics of L-body
RNAs in vivo, we performed FRAP on microinjected RNAs. Both vg/ LE (LE) and vegT LE (TLE)
RNAs are highly immobile in vivo, with mobile fractions of 4% and 19%, respectively (Fig. 6C-
E). In contrast, non-localized RN As are much more dynamic; the mobile fractions for mutLE RNA
and gapdh mRNA are 61.2% and 56.1%, respectively (Fig. 6D,F). Notably, mobility does not
correlate with length of either the proteins or the RNAs (Table S4). The low mobility of localized
RNAs compared with the dynamic behavior of constituent proteins (Fig. 6F) suggests at least two
distinct phases within L-bodies, with RNA as a potentially solid- or gel-like phase enveloped in a

dynamic protein phase.
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Discussion

In this work, we have discovered that vegetal mRNA localization in Xenopus oocytes
proceeds via the formation of L-bodies, which are a new class of cytoplasmic RNP granules. We
base this conclusion on several lines of evidence: First, L-bodies are large cytoplasmic RNPs that
are specifically enriched for vegetally localized mRNAs (Figs. 1-2). Second, incorporation into L-
bodies is determined by cis-elements within mRNAs and enrichment is required for subsequent
localization. Third, the protein composition of purified L-bodies exhibits a high degree of
similarity to that of other classes of cytoplasmic RNP granules (Figures 3-4). In addition to over
two-thirds of the proteins being directly conserved amongst cytoplasmic RNP granules, the over-
representation of multivalent RBPs and IDR-containing proteins (Fig. 5) provides a compositional
link between L-bodies and other classes of phase separated RNPs (reviewed in Wang et al. 2014;
Banani et al. 2017; Shin and Brangwynne 2017; Putnam et al. 2019). Finally, we find that L-
bodies are multi-phase RNP granules composed of dynamic proteins and non-dynamic localized
RNAs (Fig. 6), with RNA potentially serving as a scaffold component.

Maternal mRNAs are transported within developing oocytes of Xenopus and many other
species where their local translation is critical for proper embryonic patterning. Motor-based
transport of such mRNAs relies on the assembly of RNP transport cargos, a conserved feature of
mRNA localization pathways (Gagnon and Mowry 2011). Yet, the molecular and physical nature
of these cargos has remained largely unknown. Our work establishes that transport cargos in
Xenopus oocytes are large cytoplasmic RNP granules. We find that L-bodies, which contain many
copies of localized mRNAs, are surrounded by a dense network of microtubules that are decorated
by molecular motors with known roles in vegetal mRNA transport (Betley et al. 2004; Messitt et

al. 2008; Gagnon et al. 2013) (Fig. 1). In contrast with some other types of transport cargos,
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where mRNAs are packaged singly (Batish et al. 2012; Buxbaum et al. 2014; Little et al. 2015),
multiple localized transcripts are contained within each L-body (Fig. 1). Importantly, vegetally-
localized RNA sequences are specifically incorporated into L-bodies, while non-localizing RNAs
are not, regardless of length (Figs. 1-2), suggesting that enrichment in L-bodies is required for
vegetal mRNA localization. New insight into the molecular and physical nature of these transport
cargos came from our purification and mass spectrometry results, which revealed that L-bodies
contain protein constituents that are shared among many cytoplasmic RNP granules (Figs. 3-4).
Taken together, these results show that vegetal mRNAs are transported in L-bodies, which are a
new type of cytoplasmic RNP.

A clear substructure of L-bodies is apparent upon staining with thioflavin (Fig. 5), a dye
that typically stains amyloid-like aggregates formed by protein -sheet interactions (Nilsson
2004). While extensive efforts to identify protein components with both structured patterns of L-
body localization and non-dynamic intra-granule motility did not provide insights into the
composition of the mesh-like substructure, evidence of a role for RNA emerged. The overlap of
thioflavin staining with localized mRNA (Fig. 5D-F) raises the possibility that the mesh-like
substructure may be composed of RNA. This is particularly intriguing given recently observed
functions for mRNA structure in liquid-liquid phase separation and transitions to gel- or solid-like
phases (Jain and Vale 2017; Langdon et al. 2018). RNA-RNA interactions have also been
implicated in RNA transport and localization. In Drosophila oocytes homotypic intermolecular
RNA-RNA interactions are necessary for localization of bicoid and oskar mRNAs (Ferrandon et
al. 1997; Jambor et al. 2011). In Xenopus oocytes, depletion of vegT mRNA, a L-body component,
leads to the mislocalization of vg/ mRNA (Heasman et al. 2001), suggesting a role for heterotypic

mRNA interactions. Notably, thioflavin has been demonstrated, both here (Fig. S6) and elsewhere
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(Xu et al. 2016), to recognize dense networks of RNA structure, suggesting that RNA may be the
source of thioflavin staining observed in L-bodies.

Our results using in vivo imaging strategies and ex vivo analysis of purified L-bodies to
probe their physical nature reveals that L-bodies are multiphase condensates containing both
nondynamic RNAs and dynamic proteins. With RNA as a potential scaffold, dynamic client
proteins are both enriched over and actively exchanging with the surrounding cytoplasm (Figs. 3-
6). This multiphase body composition parallels findings in P granules (Wang et al. 2014; Putnam
et al. 2019) and stress granules (Jain et al. 2016) and may reflect a fundamental aspect of RNP
granule organization. However, unlike in other examples, our findings suggest that in L-bodies,
RNA is a critical scaffold component, as localized RNAs are non-dynamic within L-bodies (Fig.
6). While RNA has been viewed as a multivalent platform, capable of mediating intermolecular
interactions between trans-acting proteins, recent studies have challenged this ancillary role for
RNA in granule organization, and offered new roles for RNA-RNA interactions in defining the
composition of RNP granules (Jain and Vale 2017; Van Treeck et al. 2018; Langdon et al. 2018;
Niepielko et al. 2018; Yamazaki et al. 2018). Interestingly, within the dynamic phase of L-bodies,
protein mobility may correlate with the degree of resident valency, as Vera which harbors multiple
sequence-specific RNA-binding domains shows reduced mobility relative to lower valency RBPs
(Fig. 6). These data support a model in which RNP granule composition is specified by heterotypic
multivalent interactions (Banani et al. 2016), wherein the intra-granular behavior of a client protein
is dictated by its potential to interact with multivalent RNA scaffolding.

The extremely low mobility of localized RNAs within L-bodies further suggests an
important distinction between the localizing RNA containing portion of this RNP granule and non-

localizing RNAs. While non-localized mRNAs are not concentrated within the L-body, they are
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not excluded (Figs. 1-2). Interestingly, non-localizing mRNAs, including the length-matched
mutant vg/ LE (mut-LE) and gapdh, may also remain in dynamic exchange with the surrounding
cytoplasm (Fig. 6). Incorporation into L-bodies relies on sequence-encoded features of the RNAs
(Fig. 2; Lewis et al. 2008) and likely represents a capture event of freely diffusing RNA. This is
supported by the observation that exogenously expressed transcripts are recruited into preexisting
L-bodies, rather than packaged independently (Fig. 2). Importantly, the observation that sequence
mutations within the vg/ LE that are known to ablate localization (Lewis et al. 2008) also block
L-body enrichment (Fig. 2), functionally links L-bodies to mRNA localization.

We propose a model for L-body structure and assembly (Fig. 7). Localized RNAs provide
an organizational scaffold, wherein interactions with specific RBPs both promotes the local
enrichment of L-body factors and controls specific incorporation of localized mRNAs into L-
bodies. As localized RNAs become strongly enriched, high RNA concentrations promote RNA-
RNA interactions and the formation of a solid- or gel-like RNA phase. Thus, RNA acts as a
scaffold and self-assembly drives the observed multiphase behavior of L-bodies. Protein
constituents become further enriched in L-bodies through their interaction with the RNA scaffold,
while non-localized RNAs and other proteins, which lack the capacity to interact with the RNA
scaffold, freely diffuse in and out of L-bodies.

By defining the physical cargo of vegetal transport in Xenopus oocytes as multiphase RNP
granules (L-bodies), regulation of distinct transport and developmental steps can be understood in
the context of the unique physical properties of phase-separated structures. Cytoplasmic RNP
granule components have been observed to transition between diffuse, liquid-like, or more solid
states in response to environmental cues that regulate coassembly, viscosity, and demixing

specificity within granules (Hubstenberger et al. 2013; Elbaum-Garfinkle et al. 2015;
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Hubstenberger et al. 2015; Jain et al. 2016; Putnam et al. 2019). In this way, the innately reversible
interactions that underlie RNP granule composition allow for fine-tuning of RNP granule
dynamics, which can be exploited as a regulatory mechanism. In oocytes, which are non-cycling
for protracted periods of time, packaging of maternal mRNAs into non-dynamic gel- or solid-like
RNP granules, such as L-bodies, may be an important mechanism to silence translation over long
timeframes. Upon response to appropriate developmental cues, these stable RNP granules must
then be disassembled. The mechanisms regulating stabilization and disassembly in oocytes are
likely to represent general paradigm for understanding regulation of dynamic phase transitions in

space and time.
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Materials and Methods

Qocyte Isolation and Culture

Oocytes were harvested from Xenopus laevis females, either J Strain (NXR, catalog # NXR 0024)
or wild type (Nasco, catalog # LM00535MX). All animal experiments were approved by the
Brown University Institutional Animal Care and Use Committee. Oocytes were enzymatically
defolliculated in 3 mg/ml collagenase (in 0.1 M KPO3) followed by washes in MBSH (88mM
NaCl, 1mM KCl, 2.4mM NaHCO3, 0.82mM MgSOs, 0.33mM CaCl,, 0.33mM Ca(NO3)2, 10mM
HEPES pH7.6). Stage II-11I oocytes were cultured at 18°C in XOCM [50% Leibovitz L-15, 15 mM
HEPES (pH 7.6), Img/mL insulin, 50U/mL nystatin, 100U/mL penicillin/streptomycin, 0.l mg/mL

gentamicin].

RNA Transcription and Microinjection

Fluorescently-labeled RNAs, vgl LE (Gautreau et al. 1997), vegT LE (TLE) (Bubunenko et al.
2002), nonlocalizing mutant vg/ LE (mutLE) (Lewis et al. 2008), and fglobin (Krieg and Melton
1984) were generated from linearized plasmids pSP73-2x135, pSP73-VegTLE, pSP73-
VLEAE2AVMI, and pSP64-XBM respectively. For transcription of gapdh a PCR product was
generated using gapdh-specific primers (gapdh T7 Fwd and gapdh Rev), with the forward primer
containing the T7 promoter sequence. Transcription was performed using the MEGAscript T7
transcription kit in the presence of 250 nM Cy™ 3- or Cy™ 5-UTP. mCherry (mCh)-tagged RNAs
were generated using the mMessage machine transcription kit from linearized plasmids, as
follows: pSP64:mCh-hnRNPABx2, pSP64:Staul-mCh, pSP64:Vera-mCh, and pSP64:YBXI-
mCh. Barcoded RNAs were generated from PCR products using pSP73-2x135, pSP73-
VLEAE2AVMI, and pSP64-XBM plasmids as templates and the following primers: LE barcode

A Fwd, mutLE barcode B Fwd, LE/mutLE Rev, Bglobin barcode A Fwd, Bglobin barcode B Fwd,
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Bglobin barcode C Fwd, Bglobin Rev. Cy-labeled RNAs were injected at 200 nM, mCh RNAs
were injected at 500 nM and barcoded RNAs were injected at 1.25 nM. Following microinjection,

oocytes were cultured for 16-24 hrs. at 18°C in XOCM.

Fluorescence in situ hybridization and immunofluorescence

Oocytes were fixed for 1 hour at 22°C in FTG (80 mM K PIPES, pH6.8, I mM MgCl,, 5 mM
EGTA, 0.2% Triton X-100, 3.7% formaldehyde, 0.25% glutaraldehyde, 0.5 um paclitaxel),
followed by post-fixation in 100% methanol overnight at 22°C (Becker and Gard 2006). After re-
hydration in TBS, oocytes were incubated overnight at 4°C in 100 mM NaBH4 in TBS (Becker
and Gard 2006). After 2 washes in TBSN (0.1% NP-40 in TBS), followed by 2 washes in TBSNB
(0.2% ultrapure BSA in TBSN), oocytes were equilibrated stepwise in TBSNB-30S (30% sucrose
in TBSNB) and, after equilibration in an embedding mold, TBSNB-30S was replaced with OCT
compound and snap frozen in an ethanol-dry ice bath.

Cryosectioning and fluorescence in situ hybridization (FISH) was performed as described in Neil
and Mowry (2018), with custom FISH probes for gapdh, trim26, vegT, and vgl, applied at 500
nM. To assess incorporation of injected LE RNA into endogenous L-bodies, a modified vg/ALE
probe set was engineered to exclude probes from the vg/ LE sequence. For combined FISH-IF,
slides were subsequently washed twice in TBSNB, incubated for 3 hours at 22°C in TBS-plus (5%
v/v normal goat serum, 2 mg/ml ultrapure BSA in TBSN), and incubated overnight at 4°C with
primary antibodies at 20 pg/ml in TBS-plus. Primary antibodies were directly labeled with Alexa-
405, Alexa-546, or Alexa-647 using Zenon labeling kits. After four 10-minute washes in TBSNB
at 22°C, slides were mounted with ProLong Gold Antifade. For thioflavin staining, cryosections
were incubated in thioflavin S solution (1% in 80% ethanol) for 20 min, at room temperature,

followed by washes with 80% ethanol, 70% ethanol, and H>O. Slides were either mounted in
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Prolong Gold Antifade or processed for FISH as described previously (Neil and Mowry 2018)
with probe sets restricted to Quasar 670 to avoid overlap with the thioflavin fluorescence. Imaging

was performed on a Zeiss LSM 800 Confocal Laser Scanning Microscope.

Fluorescence Recovery After Photobleaching (FRAP):

Two nl of RNA encoding mCh-tagged proteins (at 500 nM) or fluorescently-labeled RNAs (at
200nM) were injected into stage Il oocytes and allowed to localize for 48 hours in XOCM for
18°C. Imaging was performed on an Olympus FV3000 confocal microscope with a UPLSAPO
30x oil objective (1.05NA). A 10um? ROI was bleached using a 561nm laser at 100% for 2
seconds. Recovery was monitored at five second intervals for 100 iterations. FRAP calculations

were as previously described (Gagnon et al. 2013) and curve fitting was performed in GraphPad

Prism 8 using Y=YO0 + (Plateau-Y0)*(1-exp(-K*x).

QOocyte lysate preparation

Approximately 2500 stage II-III oocytes were washed with PBS, followed by crosslinking (0.1%
formaldehyde in PBS) for 10 minutes at 22°C. The reaction was quenched with 0.25 M glycine
(in 25 mM Tris pH 7.4,) for 5 minutes at 22°C. Oocytes were washed in column running buffer
(CRB; 0.05% NP-40, 1 mM DTT, 10 mM Hepes 7.4, 100 mM KOAc, 3 mM MgOAc, 5 mM
EGTA, 100 mM sucrose, 2 nU/ml Ribolock RNase Inhibitor, 1x HALT Protease Inhibitors) and
homogenized in CRB (~20 oocytes/ul). The lysate was clarified by centrifugation at 10,000xg for

10 minutes at 4°C and adjusted to a final protein concentration of 50 mg/ml in CRB.

Size Exclusion Chromatography
Oocyte lysate was chromatographed on Sephacryl S400 HR resin in CRB. Column fractions were

analyzed by qRT-PCR for vg/ mRNA and by immunoblot for proteins of interest. Fractions
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containing the vg/ RNA peak were pooled for further analysis. For ex vivo analyses, oocytes were
microinjected with 2nl of 1uM Cy-labeled LE RNA prior to oocyte lysate preparation and
chromatography. For RNase treatment of oocyte lysates prior to S400 chromatography, Ribolock
RNase Inhibitor was omitted from all buffers, and RNase A was added to a final concentration of
0.1 pg/ul and incubated for 10 min. at 37°C. To control for RNA extraction efficiency, 2.5 pg of
luciferase RNA was added to each column fraction. RNA was isolated using the Direct-Zol RNA
MicroPrep kit, and cDNA was prepared from 10 pl of RNA using the iScript cDNA synthesis kit.
For analysis of vg/ mRNA distribution across fractions, qRT-PCR was performed using Luna
One-Step qPCR with forward (qPCR vgl Fwd) and reverse (qPCR vgl Rev) vgl primers, and
forward (qPCR luc Fwd) and reverse (QPCR luc Rev) luciferase primers. Copy numbers of vg/
and luciferase RNAs were determined by standard curve and vg/ copy number was divided by
luciferase copy number per fraction. For analysis of injected RNA distribution across column
fractions, qRT-PCR was performed using Luna One-Step qPCR using the following primers:

Barcode A qPCR Fwd, Barcode B qPCR Fwd, Barcode D qPCR Fwd, Barcode C qPCR Rev.

Immunoprecipitation and Immunoblotting

Antibodies were covalently crosslinked to Dynabeads, which were washed in 0.1% BSA for 5
minutes at 22°C, blocked for 1-hour in RNA blocking solution (0.05% CHAPS, 0.32 pg/ul torula
RNA, PBS), and washed three times in CRB. S400 vg/ RNA peak “pool” was incubated for 6
hours at 4°C with antibody-coupled Dynabeads in PIP buffer (50 mM Tris pH 7.4, 0.1% NP40,
0.05 mM MgCl,, 2 nU/ml Ribolock RNase Inhibitor, and 1x HALT Protease Inhibitors) for protein
co-IP, or in RIP buffer (25 mM Tris pH 7.4, 0.5% NP40, 0.5 mM DTT, 150 mM KCI, 5 mM
EDTA, 2 nU/ml Ribolock RNase Inhibitor, 1x HALT Protease Inhibitors) for RNA co-IP. For

RNA-IPs, two step qRT-PCR was performed using SybrGreen Powerup MasterMix. For mass
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spectrometry, bound proteins were eluted with 50 mM Tris pH 8.0, 0.2% SDS, 0.1% Tween-20 at
25°C, followed by incubation at 70°C for 1 hour to reverse the crosslinking and removal of Tween-
20 using HiPPR columns. For immunoblotting, antibodies were used at 1:1000, except for PTB
(1:2000), Staul (1:2000), Tubulin (1:500), Vera (1:2000), and Ybxl (1:100). Secondary

antibodies (goat anti-rabbit IgG or goat anti-mouse IgG) were used at 1:10,000.

Mass Spectrometry

LC-MS/MS was performed at the COBRE CCRD Proteomics Core Facility (RI Hospital) on an
automated platform (Yu and Salomon 2009, 2010) connected to a Q Exactive Plus mass
spectrometer (Thermo Fisher Scientific) as detailed in (Ahsan et al. 2017). Peptide spectrum
matching of MS/MS spectra of each file was searched against a species-specific database (Xenopus

laevis; UniProt; downloaded 2/1/2015) using MASCOT v. 2.4. A concatenated database

containing “target” and “decoy” sequences was employed to estimate the false discovery rate
(FDR) (Elias and Gygi 2007). Msconvert v. 3.0.5047, using default parameters and with the
MS2Deisotope filter on, was employed to create peak lists for Mascot. The Mascot database search
was performed with the following parameters: trypsin enzyme cleavage specificity, 2 possible
missed cleavages, 10 ppm mass tolerance for precursor ions, 20 mmu mass tolerance for fragment
ions. Search parameters permitted variable modification of methionine oxidation (+15.9949 Da)
and static modification of carbamidomethylation (+57.0215 Da) on cysteine. The resulting peptide
spectrum matches (PSMs) were reduced to sets of unique PSMs by eliminating lower scoring
duplicates. To provide high confidence, the Mascot results were filtered for Mowse Score (>20).
Peptide assignments from the database search were filtered down to a 1% FDR by a logistic

spectral score as previously described (Elias and Gygi 2007; Yu et al. 2009). Mass spectrometry
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proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE via the

PRIDE (Perez-Riverol et al. 2019) partner repository with the dataset identifier PXD013742.

Gene Ontology, and Domain Analysis

Gene Ontology (GO) analysis was determined using DAVID (Huang et al. 2009b, 2009a), with
Xenopus tropicalis as background. Identification of putative IDRs were determined using SLIDER
(Peng et al. 2014), which predicts long disordered segments (>30 consecutive disordered residues),
against the rnRNPAB/Staul dataset or the Xenopus laevis J-strain 9.2 genome (xenbase.org). Only
those proteins with a SLIDER score greater than 0.55 were considered likely to have an IDR.
Prion-like domains were calculated using PLAAC (Lancaster et al. 2014) with default settings.
Only those proteins with a COREscore greater than zero were considered to have a prion-like

domain.

Quantification and Statistical Analysis

For mass spectrometry bioinformatics and analysis, peptide counts were generated by the Rhode
Island Hospital, COBRE CCRD Proteomics Core Facility affiliated with Brown University.
Downstream analysis was performed in-house using R/R Studio (v3.5.0/v1.1.447 & v1.1.453).
For Staul and hnRNPAB IPs, only those proteins with peptides with at least 3 replicates were
considered. Enrichment over IgG was determined if the sum of peptides across all four biological
replicates was as least two-fold greater than the sum of the peptides in all four IgG experiments.
For unannotated protein hits (i.e.:. LOC, MGC, Xelaev, Xetrov delimitators), peptides were
BLAST against the Xenopus laevis JGI 9.1v1.8.3.2 annotation database, available from
xenbase.org. Area proportional venn diagrams were produced using the VennDiagram package for

R (v3.5.0).
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All bioinformatics analysis was carried out with either R/R Studio (v3.5.0/v1.1.447 or v1.1.453)
or Microsoft Excel (Office 365) software. For RNA-IP analysis, LinRegPCR (Ramakers et al.
2003) was used to calculate primer efficiency for both vg/ and luciferase primers. The geometric
mean of primer efficiency was calculated in Excel for each primer across four experimental
replicates. The relative fold enrichment was calculated using the Pfaffl method (Pfaffl 2001), and
the geometric mean efficiency of vg/ and luciferase primers as determined by LinRegPCR
(Ramakers et al. 2003). Log?2 fold enrichment of vg/ in RBP-IPs was calculated relative to IgG
and normalized to luciferase. Four replicates were performed, and a Mann-Whitney U test was
performed for statistical significance (De Neve et al. 2013) using R studio. Statistics relating to
relative enrichment of gene ontology annotations, intrinsically disordered domains, and prion-like

domains were performed in R/R studio (v3.5.0/v1.1.453) using the Fisher’s exact test.

Data and Software Availability
The ex vivo RNP granule analysis script was developed in-house and is freely available as an
Image] plugin at:

https://github.com/sjeschonek/mowrylab_rna localization/blob/master/ExVivo_GranuleAnalysis.py.
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Figure Legends

Figure 1. Vegetally localizing mRNA is contained in a large RNP complex. (A) A cryosection of
a stage Il oocyte probed by FISH for vg/ mRNA (red) and veg7T mRNA (A’, green) is shown, with
the vegetal cortex at the bottom. Scale bar=50 pm. (B) Higher magnification view of the vegetal
cytoplasm of a stage II oocyte probed by FISH for vg/ mRNA (red), shown merged in B" with
vegT mRNA (green). Scale bar=10 pm. (C) A cryosection of a stage Il oocyte probed by FISH for
vgl mRNA (red) and gapdh mRNA (C', green) is shown, with the vegetal cortex at the bottom.
Scale bar=50 um. (D) Higher magnification view of gapdh mRNA in the vegetal cytoplasm of a
stage II oocyte probed by FISH for gapdh mRNA (green), shown merged in D’ with vg/ mRNA
(red). Scale bar=10 um. (E) After size exclusion (SE) chromatography, vg/ mRNA levels were
quantitated column fractions by qRT-PCR, normalized to luciferase control RNA. Error bars
represent standard error of the mean (n=11 columns). (F) Oocyte lysate was treated with RNase A
prior to SE chromatography, followed by immunoblot analysis with anti-Vera and anti-Tubulin
antibodies. Column fractions from untreated (-) lysate are shown at the top and column fractions
from RNase-treated (+) lysate are shown at the bottom. (G) Pooled SE column fractions (2-5) were
immunoprecipitated (IP) using anti-Vera (V), anti-Staul (S), anti-hnRNPAB (AB), and IgG. After
SDS-PAGE, co-IP of Vera, Staul, and hnRNPAB were confirmed by immunoblotting with anti-
Vera (top), anti-Staul (middle), and anti-hnRNPAB (bottom). (H) Pooled SE column fractions (2-
5) were IPed using anti-Vera, anti-Staul, anti-hnRNPAB, and IgG. Following isolation of bound
RNA, vgl RNA was detected by qRT-PCR, with normalization to a /uciferase RNA control.
Shown is log2-fold enrichment for vg/ RNA from the Vera (left), Staul (middle), and hnRNPAB
(right) co-IPs over IgG. n=5 and error bars represent standard error of mean. ** indicates p <0.01,

* indicates p < 0.05. (I) FISH-IF is shown for vg/ mRNA (red) and anti-Tubulin (green), and in
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I" with anti-Kinesin (blue). Scale bar=10 pm. (J) FISH-IF is shown for vg/ mRNA (red) and anti-

Tubulin (green), and in J’ with anti-Dynein (blue). Scale bar=10 um. See also Figure S1.

Figure 2. Assembly into L-bodies is correlated with vegetal localization. (A) A cryosection of a
stage Il oocyte is shown, with microinjected fluorescently-labeled LE RNA (green) and
endogenous vg/ mRNA (A’) detected by FISH (red) is shown. The vegetal cortex at the bottom,
and the scale bar=50 um. (B) High magnification view of the vegetal cytoplasm of a stage Il oocyte
with endogenous vg/ mRNA (red) detected by FISH and microinjected LE RNA (green) shown
merged in B'. Scale bar=10 um. (C) A cryosection of a stage Il oocyte is shown, with microinjected
fluorescently-labeled mutant LE RNA (mutLE) in green and endogenous vg/ mRNA (C') detected
by FISH in red. The vegetal cortex at the bottom and the scale bar=50 pm. (D) High magnification
view of the vegetal cytoplasm of a stage II oocyte with endogenous vg/ mRNA (red) detected by
FISH and microinjected mutLE RNA (green) shown merged in D’. Scale bar=10 um. (E) Stage II-
IIT oocytes were microinjected with LE RNA (green), non-localizing mutLE RNA (red), and non-
localizing f-globin RNA (blue). Oocyte lysates were subjected to SE chromatography and the
levels of the microinjected RNAs and endogenous vg/ mRNA (black) were quantitated in SE
column fractions by qRT-PCR, normalized to luciferase control RNA. Error bars represent

standard error of the mean (n=4 columns). See also Figure S2.

Figure 3. Isolation of L-bodies. (A) Schematic of the L-body isolation procedure. Stage II/I11
oocytes were formaldehyde crosslinked, homogenized, clarified by centrifugation, and
fractionated by SE chromatography. Fractions containing vg/ mRNA were pooled and divided

equally for immunoprecipitations using anti-Staul (Stau) and anti-hnRNPAB (AB) antibodies,
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with IgG as a negative control. (B) A cryosection of a stage II oocyte is shown, with the vegetal
cortex at the bottom. Combined FISH-IF was used to detect nRNPAB protein (B, green) and vg/
mRNA (B’, red) The merge is shown in B”. Scale bar=20 um. (C) High magnification view of
the vegetal cytoplasm of a stage II oocyte showing colocalization of vg/ mRNA (red) and
hnRNPAB (green). Scale bar=10 um. (D) A cryosection of a stage II oocyte is shown with the
vegetal cortex at the bottom. Combined FISH-IF was used to detect Staul (D, green) and vg/
mRNA (D’, red) The merge is shown in D”. Scale bar=20 pm. (E) High magnification view of
the vegetal cytoplasm of a stage II oocyte showing colocalization of vg/ mRNA (red) and Staul
protein (green). Scale bar=10 pm. (F) Immunoblot analysis is shown, of SE column fractions
probed with anti-Staul, anti-hnRNPAB, and anti-Tubulin. The input (load) is at the left and
fraction numbers are shown at the bottom. Staul and hnRNPAB chromatograph primarily in the
void volume; fractions 2-5, which were pooled for further purification. (G) Mass spectrometry was
performed on parallel IPs using anti-Staul, anti-hnRNPAB, and IgG. A Venn diagram shows the
overlap between hnRNPAB (red) and Staul (blue); 86 proteins were identified as enriched over

IgG in both the hnRNPAB and Staul IPs.

Figure 4. L-bodies contain protein components common to other classes of cytoplasmic RNP
granules. (A) Protein constituents of L-bodies are also found in stress granules (S, orange), P-
bodies (P, green), neuronal granules (N, yellow), and germ granules (G, blue). Proteins found in
L-bodies but not reported in other granules, are italicized and previously known vg/ RBPs are
bolded. (B-E) Combined FISH-IF was performed to validate potential protein constituents of L-
bodies. Shown are images of the vegetal cytoplasm of stage II oocytes with the vegetal cortex at

the bottom; scale bars=10pum. Shown in red is vg/ mRNA detected by FISH. Merged in green is
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IF using the following antibodies: (B) anti-Cpeb1, (C) anti-Ddx1, (D) anti-G3bp2, and (E) anti-
Ybx1. (F) Immunoblot analysis is shown, of SE column fractions probed using anti-Cpeb1, anti-
Ddx1, anti-Ddx3, anti-G3bp2, anti-Ybx1, anti-Ddx4, and anti-Tubulin antibodies. The fraction
numbers are indicated at the bottom. (G) Overlap (black, 74.4%) of L-body constituents with
other cytoplasmic granules; unique proteins are indicated by gray (25.6%). (H) The percent of
identified L-body proteins that are found in other cytoplasmic RNP granule types: stress granules
(60.4%, 52 of 86), P-bodies (23.3%, 24 of 86), neuronal granules (34.8%, 33 of 86), and germinal

granules (10.5%, 9 of 86). See also Figures S3 and S4, and Tables S1, S2, and S3.

Figure 5. L-bodies exhibit a mesh-like structure and non-dynamic characteristics. (A)
Comparison by SLIDER analysis (Peng et al. 2014) for long stretches (>30 consecutively
disordered residues) IDRs for the X. laevis proteome vs. the L-body proteome. *** indicates p <
0.001. See also, Figure S5. (B) A stage II oocyte stained with thioflavin is shown, with the vegetal
cortex at the bottom. Scale bar=50 pm. (C) High magnification view of the vegetal cytoplasm of
a stage II oocyte stained with thioflavin. Scale bar=10 pm. (D-G) High magnification views of the
vegetal cytoplasm of stage II oocytes stained with thioflavin are shown; scale bars=10 pum.
Thioflavin staining was combined with FISH for detection of the following RNAs: (D) vg/ RNA,

(E) vegT RNA, (F) trim36 RNA, (G) gapdh RNA. (H) L-bodies labeled with fluorescent LE RNA

were enriched by SE chromatography and treated for 15 minutes at 18°C with 10% 1,6-hexanediol
(10% Hex, left) or “Mock” control (right). Scale bars=2um. (I) The number of fluorescent
granules was quantitated after treatment with 10% 1,6-hexanediol (gray) or mock treatment

(black). Error bars indicate standard error of the mean. See also Figure S6.
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Figure 6. L-bodies contain dynamic proteins and non-dynamic RNAs. (A) Stage Il oocytes
expressing mCherry (mCh), or the following mCh-tagged proteins: hnRNPAB, Staul, Ybxl,
Vera, were microinjected with Cy5-labeled vg/ LE RNA to mark L-bodies. Recovery curves are
shown for mCherry (red), mCh-hnRNPAB (blue), Staul-mCh (green), Ybx1-mCh (orange), and
Vera-mCh (purple). Error bars indicate standard error of the mean. (B) An image of the vegetal
cytoplasm of an oocyte microinjected with mCh-hnRNPAB is shown, with a 10 pm? ROI (yellow);
scale bar=10 um. B’ and B"" show the post-bleach and 500 second (s) timepoints, respectively.
Photobleaching was corrected using the ImageJ plugin CorrectBleach V2.0.2. Zenodo (Miura et
al., 2014) (C) Stage II oocytes were microinjected with Cy3-labeled vg/ LE RNA to mark L-bodies
and co-injected with the following Cy5-labeled RNAs for FRAP analysis: vg/ LE, mutated vg/
LE (mutLE), vegT LE (TLE), or gapdh. Recovery curves are shown for LE RNA (green), mutLE
RNA (red), TLE RNA (gray), and gapdh RNA (blue). Labeling of RNAs with Cy3 vs. Cy5 does
not affect dynamics (see Fig. S7). Error bars show standard error of the mean. (D) An image of
the vegetal cytoplasm of an oocyte microinjected with Cy5-labeled LE RNA is shown, with a 10
um? ROI (yellow); scale bar=10 um. D’ and D" show the post-bleach and 500 second (s)
timepoints, respectively. Photobleaching was corrected using the Image] plugin CorrectBleach
V2.0.2. Zenodo (Miura et al., 2014) (F) The mobile fraction is shown for LE RNA (green,
4.8%10.6%), TLE RNA (gray, 19.2£1.4%), mutLE RNA (red, 61.2%+3.6%), and gapdh RNA
(blue, 56.1+£6.7%), determined by FRAP as in panel C. The results from 7 oocytes per RNA are
shown and error bars show standard error of the mean. P-values were calculated using one-way
ANOVA with Tukey’s multiple comparison correction; ***p<0.001, ns is not significant. (F) The
mobile fraction for mCh-hnRNPAB (blue, 94.2+1.9%), Staul-mCh (dark green, 74.5+2.0%),

Ybx1-mCh (orange, 80.1+3.2%), Vera-mCh (purple, 52.943.4%), TLE RNA (gray, 19.2+1.4%),
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and LE RNA (green, 4.8%%0.6%) was determined by FRAP, as in panels A and C. The results
from 7 oocytes per protein and RNA are shown and error bars indicate standard error of the mean.
P-values were calculated using one-way ANOVA with Tukey’s multiple comparison correction;

*#%p<(0.001, ns is not significant. See also Table S4.

Figure 7. Model for L-body structure and assembly. Localizing RNAs (blue) interact with
specific RNA-binding proteins (RBPs) that facilitate local enrichment. Non-localizing RNAs
(gold) lack binding sites for these RBPs and do not condense with other localized RNAs. Specific
RBPs (red) facilitate enrichment (large arrows) of localized RNAs in L-bodies (gray). L-body
enrichment results in high local RNA concentrations, facilitating RNA-RNA interactions and
formation of a gel-like phase. Non-localized RNAs (and proteins) are not excluded from L-bodies,

and can freely move in and out (double arrows).
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Supplemental Figure Legends

Figure S1. The germinal granule mRNA, nosl, is localized in early oogenesis and is not present
in L-bodies. Trim36 mRNA, which is transported to the vegetal hemisphere during stages II-II of
oogenesis is contained in L-bodies, while nanos/ mRNA, which is found in germ granules and is
localized earlier in oogenesis, is not. (A) A cryosection of a stage II oocyte probed by FISH for
trim36 mRNA (green), shown merged in A’ with vg/ mRNA (red) is shown. The vegetal cortex at
the bottom. Scale bar=50 um. (B) Higher magnification view of #im36 mRNA (green) and vg/
mRNA (red) in the vegetal cytoplasm of a stage II oocyte. Scale bar=10 um. (C) A cryosection
of a stage II oocyte probed by FISH for nanos/ mRNA (green), shown merged in C' with vg/
mRNA (red) is shown. The vegetal cortex at the bottom. Scale bar=50 um. (D) Higher
magnification view of nanos! mRNA (green) and vg/ mRNA (red) in the vegetal cytoplasm of a

stage II oocyte. Scale bar=10 um.

Figure S2. Barcodes used for quantitation do not affect RNP complex assembly or drive
incorporation into L-bodies. Because simultaneous detection of the microinjected RNAs by qRT-
PCR required tagging of the RNAs with unique barcodes, we tested whether the barcodes used for
quantitation of LE RNA (LE barcode A) or mut-VLE RNA (mutLE barcode B) could affect SE
chromatography (as in Fig. 2E) of microinjected fglobin RNA complexes. Stage II-III oocytes
were injected with Fglobin RNA (blue, as in Fig. 2E), f-globin RNA tagged with LE barcode A
(A, green), and f-globin RNA tagged with mutLE barcode B (B, red). Oocyte lysates were
subjected to SE chromatography and the levels of the microinjected RNAs and endogenous vg/
mRNA (black) were quantitated in SE column fractions by qRT-PCR, normalized to /uciferase

(Luc) control RNA. While vg/ RNA (black) was incorporated into large complexes, untagged -
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globin RNA (blue), LE barcode A (green) tagged [(+globin RNA, and barcode B (red) tagged /-

globin RNA were indistinguishable from each other and not incorporated into large RNPs.

Figure S3. Validation of candidate L-body constituents. Potential L-body constituents were
validated by FISH-immunofluorescence (FISH-IF) and size exclusion chromatography. (A-J)
Shown are FISH-IF images of the vegetal cytoplasm of stage II oocytes with the vegetal cortex at
the bottom; scale bars=10pum. Shown in red is vg/ mRNA detected by FISH. Merged in green is
IF using the following antibodies: (A) anti-Ddx3, (B) anti-Ddx5, (C) anti-Dhx9, (D) anti-Fam98B,
(E) anti-Lsm2, (F) anti-Lsm14A, (G) anti-Lsm14B, (H) anti-Padi2, (I) anti-Tial, and (J) anti-
Ybx2. These potential L-body proteins are all found in large vg/ mRNA-containing bodies. (K)
SE column fractions were immunoblotted with the following antibodies: anti-PTB, anti-
Cl4orf166, anti-Ddx3, anti-I1f3, anti-Lsm14A, anti-Lsm14B, anti-Padi2, anti-Pabp, anti-Ybx2,
and anti-Tubulin. The potential L-body proteins, C14orf166, Ddx3, I1f3, Lsm14A, Lsm14B, Pabp,
Padi2 and Ybx2 are enriched in large complexes that chromatograph in the void volume (fractions
1-5), as is the known vg/ RBP, PTB (Ptbpl). By contrast, Tubulin, is not enriched in the void

volume and is present in later fractions. The fraction numbers are shown at the bottom.

Figure S4. Candidate L-body proteins are enriched in the vegetal cytoplasm. Both known vg/
RBPs (A-D) and candidate L-body constituents (E-H) are enriched in the vegetal cytoplasm and
at the vegetal cortex. Immunofluorescence (IF) was carried out for known vg/ RBPs using the
following antibodies: (A) anti-Vera, (B) anti-PTB, (C) anti-Elavl, and (D) anti-Elav2. IF was
carried out for potential vegetal RNP transport proteins using the following antibodies: (E) anti-
Cpeb, (F) anti-Ddx1, (G) anti-G3bp2, and (H) anti-Ybx1. Shown are images of the vegetal

cytoplasm of stage II oocytes, with the vegetal cortex at the bottom. Scale bars=20um.
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Figure S5. Proteins with prion-like domains are enriched in the L-body proteome. The percentage
of prion-like domains in the L-body proteome was compared to the Xenopus proteome using
PLAAC. Prion-like domains are 6-fold enriched in L-bodies (12.9%) relative to the Xenopus

proteome (2.02%). *** indicates p < 0.001.

Figure S6. Xenopus oocyte RNA stains with thioflavin and phase-separates in vitro. (A) DIC
Image of droplets formed at 1 mg/mL oocyte RNA. Scale bar=5um. (B) Image of RNA gel
formed at 10 mg/mL Xenopus oocyte RNA. Scale bar=Imm. (C) Stage II-IIl Xenopus oocyte
RNA was serially diluted into buffer containing 125 nM thioflavin-T (in 10 mM Tris pH=7.4, 4
mM MgClz). After heating to denature RNA secondary structure, thioflavin fluorescence was
monitored at 482 nm. RNA concentrations were as follows: 0.0625 (yellow), 0.125 (purple), 0.25

(green), 0.5 (blue), and 1 (red) mg/mL.

Figure S7. Dynamics of Cy3- and Cy5-labeled RNAs are indistinguishable. Stage 11 oocytes were
microinjected with Cy3-labeled LE RNA, Cy5-labeled LE RNA, Cy3-labeled TLE RNA, or Cy5-
labeled TLE RNA. FRAP was performed as in Fig. 6. The mobile fractions for Cy3- and Cy5-
labled LE RNA were 5.05 +/- 0.18 % and 3.67 +/- 0.42 %, respectively. The mobile fractions for
Cy3- and CyS5-labled TLE RNA were 19.24 +/- 1.41% and 20.82 +/- 1.18%, respectively. The
results from 7 oocytes per RNA are shown and error bars indicate standard error of the mean. P-
values were calculated using one-way ANOVA with Tukey’s multiple comparison correction; ns

is not significant.

41


https://doi.org/10.1101/2020.05.08.084814
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.08.084814; this version posted May 10, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Supplemental Tables

Protein FISH-IF Chromatography RNase Sensitivity
Cl4orf166 + + +
Cct6 + nd nd
Cnotl + nd nd
Cpebl + + +
Ddx1 + + +
Ddx3 + + +
Ddx5 + + -
Ddx9 + nd nd
Dynein + nd nd
Eif4g nd + -
Elavll (HuR) + nd nd
Elavl2 (HuB) + nd nd
Fam98a + nd nd
Fam98b + nd nd
Fmrp + nd nd
G3bp2 + + +
Hnrnpab (40LoVe) + + +
Hnrnpd (Aufl) + nd nd
Igf2bp3 (Vera) + + +
112 nd + +
11£3 + + +
Lsml na + nd
Lsm?2 + nd nd
Lsml4a + + +
Lsm14b + + +
Nudt16 + + nd
Pabp nd + +
Padi2 + + nd
Prkr nd + +
Ptbpl (PTB) + + +
Ruvbll + nd nd
Staul + + +
Tial + nd nd
Ybxl + + +
Ybx2 + + +

Table S1. Validation of candidate L-body constituents. Proteins listed in Fig. 4A, for which
antibodies were available, were validated by three approaches: 1) Combined immunofluorescence
and FISH for vg/ RNA (FISH-IF). 2) Chromatography as large complexes using size exclusion
chromatography and immunoblot analysis, as in Fig. 2F. 3) Sensitivity of the large complexes to
RNase treatment prior to size exclusion chromatography, such that that the large complexes either

shift to a smaller size or come out of solution.
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Molecular Function — Gene Ontology Count Percentage P-value
RNA binding 27 314 6.46E-19
Nucleotide binding 18 20.9 3.96E-11
ATP binding 15 17.4 7.78E-02
Nucleic acid binding 10 11.6 4.53E-02
mRNA binding 6 7.0 5.59E-05
mRNA 3'UTR binding 4 4.7 1.59E-03
ATP-dependent RNA helicase activity 4 4.7 1.14E-02
Double-stranded RNA binding 4 4.7 3.93E-04
Helicase activity 3 3.5 2.60E-02
Poly(A) binding 3 3.5 1.09E-03
Poly(U) binding 2 2.3 2.58E-02
mRNA 5'UTR binding 2 2.3 4.23E-02

Table S2. Gene ontology (GO) analysis of the proteins enriched in L-bodies. The “Count” column
indicates the number of proteins identified in Fig. 4A with a given molecular function gene
ontology category. The “Percentage” column indicates the percent of proteins in Fig. 4A
containing a given gene ontology category. The “P-value” column represents the significance of
a measure of overrepresentation of each of these categories, as calculated by DAVID (Huang et

al., 2009a; Huang et al., 2009b).

L-Body Protein Other RNP  References
Granule(s)

Actgl N (Elvira et al. 2006)
Cl4orfl166 S (Jain et al. 2016; Markmiller et al. 2018)
Cct6 S (Jain et al. 2016)

Cltc N (Elvira et al. 2006)

Cnotl S (Jain et al. 2016)

Cpebl S,P, N (Wilczynska 2005; Huang 2003; Jain et al. 2016;
Markmiller et al. 2018)

Ddxl1 S, N (Kanai et al. 2004; Elvira et al. 2006; Fritzsche et al.
2013; Jain et al. 2016; Markmiller et al. 2018)

Ddx3 S,P,N (Kanai et al. 2004; Elvira et al. 2006; Beckham et al.
2008; Jain et al. 2016; Markmiller et al. 2018)

Ddx5 S,N, G (Kanai et al. 2004; Elvira et al. 2006; Meikar et al. 2014;
Jain et al. 2016; Markmiller et al. 2018)

Dhx9 S, P (Hubstenberger et al. 2017; Markmiller et al. 2018)

Dynll1 S (Markmiller et al. 2018)

DynlI2 S (Jain et al. 2016)

Eefla N (Elvira et al. 2006)
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Eif3a
Eif3e
Eifde
Eif4g
Elavll

Elavl2

Fam98a
Fam98b
Fmrp

G3bpl
G3bp2

G3bp3
Hnrnpab

Hnrnpd
Hnrnpk
Hnrpm
Hspa8
Igf2bp3
1f2
11£3

Lsml
Lsm?2
Lsml4a

Lsm14b

Nop56
Nop58
Pabp
Parp
Piwil3
Prkra
Ptbpl
Ptbp3
Rbms2

Rtcb
Ruvbll
Sslbp

S, P
S,P,G

S,P, N

S, N
S, N

S, N

S, N
S, N
S, N
S,P,N,G
S, N
S,P,N,G
S,P, N
S,P, N
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(Jain et al. 2016; Markmiller et al. 2018)

(Jain et al. 2016; Markmiller et al. 2018)
(Hubstenberger et al. 2017; Markmiller et al. 2018)
(Markmiller et al. 2018)

(Meikar et al. 2014; Jain et al. 2016; Hubstenberger et al.
2017; Markmiller et al. 2018)

(Elvira et al. 2006; Jain et al. 2016; Hubstenberger et al.
2017; Markmiller et al. 2018)

(Jain et al. 2016; Markmiller et al. 2018)

(Markmiller et al. 2018)

(Kanai et al. 2004; Fritzsche et al. 2013; Jain et al. 2016;
Markmiller et al. 2018)

(Elvira et al. 2006; Jain et al. 2016; Markmiller et al.
2018)

(Elvira et al. 2006; Fritzsche et al. 2013; Jain et al. 2016;
Markmiller et al. 2018)

(Markmiller et al. 2018)

(Kanai et al. 2004; Elvira et al. 2006; Jain et al. 2016;
Markmiller et al. 2018)

(Kanai et al. 2004; Elvira et al. 2006; Markmiller et al.
2018)

(Elvira et al. 2006; Jain et al. 2016; Markmiller et al.
2018)

(Elvira et al. 2006; Meikar et al. 2014; Hubstenberger et
al. 2017; Markmiller et al. 2018)

(Kanai et al. 2004; Elvira et al. 2006; Jain et al. 2016;
Markmiller et al. 2018)

(Barbee et al. 2006; Meikar et al. 2014; Jain et al. 2016;
Hubstenberger et al. 2017; Markmiller et al. 2018)
(Elvira et al. 2006; Hubstenberger et al. 2017; Markmiller
et al. 2018)

(Elvira et al. 2006; Hubstenberger et al. 2017; Markmiller
et al. 2018)

(Sheth and Parker 2003; Markmiller et al. 2018)

(Sheth and Parker 2003)

(Jain et al. 2016; Hubstenberger et al. 2017; Markmiller et
al. 2018)

(Jain et al. 2016; Hubstenberger et al. 2017; Markmiller et
al. 2018)

(Hubstenberger et al. 2017)

(Hubstenberger et al. 2017)

(Jain et al. 2016; Markmiller et al. 2018)

(Fritzsche et al. 2013)

(Megosh et al. 2006)

(Jain et al. 2016; Markmiller et al. 2018)

(Fritzsche et al. 2013; Markmiller et al. 2018)

(Jain et al. 2016; Markmiller et al. 2018)

(Farazi et al. 2014; Furukawa et al. 2015; Aguero et al.
2016)

(Markmiller et al. 2018)

(Jain et al. 2016)

(Aulas et al. 2017)
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Staul S, N (Fritzsche et al. 2013; Jain et al. 2016; Markmiller et al.
2018)
Stau2 S,P,N (Elvira et al. 2006; Fritzsche et al. 2013; Jain et al. 2016;
Hubstenberger et al. 2017; Markmiller et al. 2018)
Stipl S (Jain et al. 2016)
Strap S, N (Kanai et al. 2004; Jain et al. 2016; Markmiller et al.
2018)
Tial S (Jain et al. 2016; Markmiller et al. 2018)
Tsn N (Kobayashi et al. 1998; Krichevsky and Kosik 2001)
Tuba3c S (Jain et al. 2016)
Tubb N (Elvira et al. 2006)
Upfl S,P,N, G (Barbee et al. 2006; Meikar et al. 2014; Jain et al. 2016;
Markmiller et al. 2018)
Uspl0 S, N (Fritzsche et al. 2013; Jain et al. 2016; Markmiller et al.
2018)
Usp5 S (Jain et al. 2016)
Ybx1 S, P, N (Elvira et al. 2006; Jain et al. 2016; Markmiller et al.
2018; Sun et al. 2018)
Ybx2 G (Meikar et al. 2014)
Ythdf1l S (Jain et al. 2016; Markmiller et al. 2018)
Zar2 P,G (Hu et al. 2010)

Table S3. L-body proteins are found in other cytoplasmic RNP granules. L-body proteins (Fig.
4A) that are found in other classes of cytoplasmic RNP granules are listed. The other cytoplasmic

granule types are as follows: stress granules (S), P-bodies (P), neuronal granules (N), and germinal

granules (G).
Proteins Length % Mobile RNAs Length % Mobile
Staul-mCh 959 aa 74.5+£2.0  gapdh 1101 nt  56.1 £6.7
Vera-mCh 835 aa 529434  vegT LE (TLE) 499 nt 19.2 +1.4
mCh-hnRNPAB 544 aa 942 +1.9 vgl LE (LE) 353 nt 4.8 £0.6
Ybx1-mCh 540 aa  80.1£3.2  vgl mutLE (mutLE) 353 nt 61.2 £3.6
mCherry 237aa 943129

Table S4. Mobility does not correlate with length of either proteins or RNAs in L-bodies. The
lengths of proteins (left) in amino acids (aa) and RNAs (right) in nucleotides (nt) are shown, along

with the mobile fractions (% Mobile) determined by the FRAP experiments shown in Fig. 6.
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