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ABSTRACT During the asymmetric division of the Caenorhabditis elegans zygote, germ (P)
granules are disassembled in the anterior cytoplasm and stabilized/assembled in the poste-
rior cytoplasm, leading to their inheritance by the germline daughter cell. P granule segrega-
tion depends on MEG (maternal-effect germline defective)-3 and MEG-4, which are enriched
in P granules and in the posterior cytoplasm surrounding P granules. Here we use single-
molecule imaging and tracking to characterize the reaction/diffusion mechanisms that result
in MEG-3::Halo segregation. We find that the anteriorly enriched RNA-binding proteins MEX
(muscle excess)-5 and MEX-6 suppress the retention of MEG-3 in the anterior cytoplasm,
leading to MEG-3 enrichment in the posterior. We provide evidence that MEX-5/6 may work
in conjunction with PLK-1 kinase to suppress MEG-3 retention in the anterior. Surprisingly, we
find that the retention of MEG-3::Halo in the posterior cytoplasm surrounding P granules
does not appear to contribute significantly to the maintenance of P granule asymmetry.
Rather, our findings suggest that the formation of the MEG-3 concentration gradient and the
segregation of P granules are two parallel manifestations of MEG-3's response to upstream
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polarity cues.

INTRODUCTION

RNA/protein (RNP) granules are hubs of RNA metabolism that can
rapidly assemble and disassemble in response to cellular cues.
Granules assemble through the interactions between RNA and
proteins that cause them to demix from the surrounding cyto-
plasm through liquid-liquid phase separation (LLPS) (Shin and
Brangwynne, 2017). Granules are not bounded by a membrane,
which allows granule components to exchange freely with the
surrounding cytoplasm. Interest in understanding how granule
assembly and disassembly are controlled is motivated in part by
the association between granule assembly defects and a number
of pathologies (Ramaswami et al., 2013; Alberti and Carra, 2018;
Purice and Taylor, 2018).
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Germ (P) granules in Caenorhabditis elegans provide a striking
example of the dynamic ways in which LLPS can be regulated in
vivo. P granules are micron-sized RNP granules that are present in
germ cells at all stages of their development (Voronina, 2012; Strome
and Updike, 2015). Just before fertilization of the oocyte, P granule
localization shifts from the cytoplasmic face of the nuclear envelope
to the cytoplasm. Following fertilization, P granules are initially sym-
metrically distributed in the cytoplasm. As the zygote polarizes
along the anterior/posterior axis, upstream polarity regulators drive
P granule disassembly in the anterior cytoplasm and assembly/sta-
bilization in the posterior cytoplasm. As a consequence, P granules
become highly enriched in the posterior and are subsequently
inherited by the posterior germline daughter cell (Brangwynne
et al., 2009; Gallo, Wang, et al., 2010).

Dozens of proteins concentrate in P granules, including the
constitutive P granule proteins PGL-1 and PGL-3 (Updike and
Strome, 2010). MEG-3 and MEG-4 (MEG-3/4 hereafter) concentrate
specifically in embryonic P granules and are particularly important
for P granule segregation. MEG-3 and MEG-4 each contain a large
intrinsically disordered region and MEG-3 has been shown to bind
RNA with nanomolar affinity (Wang et al., 2014, Smith et al., 2016).
In meg-3/4 mutant embryos, P granules are not disassembled in the
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anterior cytoplasm and therefore remain symmetrically distributed
along the anterior/posterior axis (Wang et al., 2014). Intriguingly,
MEG-3 concentration is higher in the posterior cytoplasm surround-
ing P granules than in the anterior cytoplasm (Wang et al., 2014),
raising the possibility that the gradient in MEG-3 concentration
along the anterior/posterior (A/P) axis might contribute to the estab-
lishment or maintenance of P granule asymmetry. This idea is sup-
ported by the observation that LLPS is a concentration-dependent
process in vitro (Elbaum-Garfinkle et al., 2015; Zhang et al., 2015;
Saha et al., 2016; Smith et al., 2016) and that increased expression
of RNA granule proteins can drive LLPS in vivo (Molliex et al., 2015;
Bolognesi et al., 2016).

Both the formation of the MEG-3 gradient (Wang et al., 2014)
and the segregation of P granules depend on the cytoplasmic polar-
ity regulators MEX-5 and MEX-6 (MEX-5/6 hereafter), two highly
similar RNA-binding proteins that concentrate in the anterior cyto-
plasm (Schubert et al., 2000). In vitro, MEX-5 competes with MEG-3
and the P granule protein PGL-3 for RNA, thereby inhibiting MEG-3
and PGL-3 from undergoing RNA-stimulated LLPS (Saha et al.,
2016; Smith et al., 2016). P granule disassembly in the anterior cyto-
plasm depends on MEX-5’s ability to bind RNA (Smith et al., 2016),
consistent with the idea that MEX-5/6 destabilizes P granules by
competing with P granule proteins for RNA. A second mechanism
controlling P granule stability depends on MBK-2 (Pellettieri et al.,
2003; Quintin et al., 2003; Pang et al., 2004), a dual-specificity
tyrosine phosphorylation-regulated kinase (DYRK) that phosphory-
lates MEG-3 and promotes the P granule disassembly in the anterior
cytoplasm (Wang et al., 2014). The P granule PP2A phosphatase
subunits PPTR-1 and PPTR-2 counteract MBK-2 by dephosphorylat-
ing MEG-3, thereby stabilizing P granules (Wang et al., 2014).
MBK-2 also phosphorylates MEX-5 and MEX-6 (residue T186 in
MEX-5), generating a binding site for the polo-like kinase PLK-1
(Chase et al., 2000; Nishi et al., 2008). In turn, PLK-1 drives the
RNA-binding protein POS-1 to form a posterior-rich cytoplasmic
gradient (Han et al., 2018). Whether PLK-1 also regulates MEG-3
gradient formation or P granule segregation is not known.

In this study, we address two questions raised by the above find-
ings. First, what are the reaction/diffusion dynamics that maintain
the posterior-rich MEG-3 concentration gradient? Second, what is
the relationship between the MEG-3 gradient and MEG-3’s role in
controlling P granule segregation? Imaging approaches such as
spinning disk confocal microscopy have revealed a great deal about
how the ensemble behaviors of P granule components contribute to
P granule dynamics. However, these approaches obscure the be-
haviors of individual molecules as they move through the cytoplasm
and in and out of P granules. To access these dynamics, we analyzed
the single-molecule behaviors of MEG-3. Our findings suggest that
the formation of the posterior-rich MEG-3 gradient does not pro-
mote MEG-3 association with P granules. Rather, our data suggest
that the formation of the MEG-3 gradient and the incorporation of
MEG-3 into P granules in the posterior are two parallel outputs of
upstream polarity cues.

RESULTS

Near-TIRF imaging of PGL-1::GFP and MEG-3::Halo

We first used spinning disk confocal microscopy to image the local-
ization of PGL-1::GFP and MEG-3::meGFP in the polarized C. ele-
gans zygote. Both PGL-1::GFP and MEG-3::meGFP were present in
P granules and in the cytoplasm outside of P granules. Whereas
PGL-1::GFP was uniformly distributed in the cytoplasm outside of
P granules, cytoplasmic MEG-3::meGFP levels were higher in the
posterior cytoplasm than in the anterior cytoplasm (Wang et al.,
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2014) (Figure 1A). To access the behavior of individual molecules as
they move through the cytoplasm and in and out of P granules, we
used near-TIRF (total internal reflection fluorescence) microscopy.
Embryos were imaged at ~20 frames per second with the focal
plane ~0.5 pm from the cell cortex. For simplicity, we will refer to
this region as the cytoplasm in the following sections, although we
note that our near-TIRF imaging studies specifically report on this
“subcortical” region of the cytoplasm and do not necessarily reflect
dynamics deeper in the cytoplasm. The expression levels of trans-
genic PGL-1::GFP were reduced to the single-particle regime
through partial GFP RNA interference (RNAI) (Robin et al., 2014).
Under these conditions, PGL-1::GFP appeared highly dynamic and
homogeneously distributed throughout the cytoplasm outside of P
granules (Supplemental Movie S1). These findings are consistent
with a model in which PGL-1::GFP exchanges between P granules
and a well-mixed cytoplasmic pool.

We next used near-TIRF microscopy to image endogenously
tagged MEG-3::Halo labeled with JFg44-HaloTag ligand (Grimm
et al., 2015). The dynamics of MEG-3::Halo molecules appeared
qualitatively similar to those of MEG-3::meGFP molecules (Supple-
mental Movies S2 and S3). We chose to perform further analysis on
MEG-3::Halo rather than MEG-3::meGFP for two reasons. First,
MEG-3::Halo molecules could be imaged simultaneously with en-
dogenously tagged PGL-1::GFP (Andralojc et al., 2017), which was
used to mark P granules to distinguish MEG-3::Halo molecules
that were associated with P granules and those that were present
in the surrounding cytoplasm (Figure 1, B-E, and Supplemental
Movies S2 and S4). Second, we found that using relatively low con-
centrations of JFg44-HaloTag ligand resulted in sparse labeling of
MEG-3::Halo, which facilitated single-molecule detection and
tracking.

We observed MEG-3::Halo molecules in three apparent diffu-
sive states, which we refer to as P granule (PG), slow-diffusing (SD),
and fast-diffusing (FD) MEG-3::Halo molecules. To estimate the
short-term diffusion coefficient (D) of PG and SD MEG-3::Halo
molecules, we analyzed the mean-squared displacement of trajec-
tories longer than 20 frames and fitted it to MSD = 4D.t* (Robin
et al., 2014; described under Materials and Methods). PG MEG-
3::Halo molecules were associated with P granules (as defined by
their overlap with PGL-1::GFP granules) (Figure 1, C and D) and
exhibited relatively slow, subdiffusive movements, with a median
apparent diffusion coefficient (D) of 0.01 pm?/s (mean D, =
0.05 um?/s; anomaly coefficient o = 0.63) (Figure 1F). Slow-diffus-
ing MEG-3::Halo molecules were dispersed in the cytoplasm out-
side of P granules (Figure 1, C and E) and had a median apparent
D of 0.11 pm?/s (mean D. = 0.16 pm?/s; o. = 0.95) (Figure 1F). The
range in the estimated diffusivities of SD and PG molecules
(Figure 1F) could reflect heterogeneity in the diffusivities of these
molecules or could result from error inherent in estimating diffu-
sivities from short particle tracks (Robin et al., 2014). To distinguish
between these possibilities, we estimated the D, of simulated mol-
ecules with diffusion coefficients of 0.11 or 0.01 pm?/s and the
same track lengths as those of the SD or PG molecules, respec-
tively (Robin et al., 2014). The ranges in the estimated diffusivities
of simulated 0.11 pm?/s molecules and SD molecules are similar
(Figure 1F), indicating that this diffusion coefficient reasonably de-
scribes the diffusivity of SD molecules. In contrast, the range in the
estimated diffusivities of simulated 0.01 um?/s molecules is smaller
than that of PG molecules (Figure 1F), suggesting heterogeneity in
the diffusivity of P granule-associated MEG-3::Halo molecules.

In addition to the PG and SD MEG-3::Halo molecules, we could
readily detect a population of highly dynamic MEG-3::Halo
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FIGURE 1: Single-molecule imaging of MEG-3::Halo. (A) Top, spinning disk confocal images of MEG-3::meGFP and
PGL-1::GFP embryos at NEBD. Scale bar = 10 um. Anterior is to the left, and posterior is to the right in this and all
subsequent images. Bottom, intensity profile along the anterior/posterior axis of the embryos shown above (normalized
to the anterior pole). (B) Near-TIRF imaging of MEG-3::Halo; PGL-1::GFP embryos. MEG-3::Halo molecules (cyan) are
present both within PGL-1::GFP granules (magenta) and in the surrounding cytoplasm. PGL-1::GFP granules are
segmented. Scale bar = 5 pm. (C) Enlargement of the region in B indicated by the dotted box. Note the presence of
MEG-3::Halo molecules both within (PG molecule, marked by arrow) and outside (SD molecules) of the segmented

PGL-1::GFP granules. Under these imaging conditions, fast-diffusing MEG-3::Halo molecules are blurred and cannot be
tracked. Scale bar =1 um. (D, E) Examples of the appearance and disappearance of single MEG-3::Halo PG (D) and SD
(E) molecules. Time relative to the initial appearance of the molecule is indicated above the panels. Right, the
trajectories of the corresponding molecules with the black and the gray dot showing the appearance and disappearance
events, respectively. Scale bar = 1 pm. (F) Violin plot (log-scale) of estimated D, of PG and SD MEG-3::Halo molecules in
the posterior. White dots = median, box = 25th and 75th percentiles, whiskers = 1.5X the interquartile range from the
25th and 75th percentiles. Statistical significance in F, H, and | were determined with Student’s t tests (two-tailed). Gray
lines indicate D, estimates from simulated Brownian motion of molecules with D, = 0.01 pm?/s (left) and D. = 0.11 pm?/s
(right). (G) FCS autocorrelation curves of MEG-3::meGFP in the anterior and posterior cytoplasm (anterior, n = 28;
posterior, n = 15). Error bars indicate SEM. (H) Ratio of fast and slow-diffusing components estimated by fitting the FCS
curves (G) to a two-component model. For H and |, error bars represent standard deviation. (I) D, of the fast-diffusing
component estimated from FCS curves (G). (J) Schematic of an embryo with distinct FD, SD, and PG MEG-3 molecules

and their median apparent D.. P granules are in magenta.

molecules that appeared to be homogeneously distributed through-
out the zygotic cytoplasm (Supplemental Movie S2). We refer to
these molecules as FD MEG-3::Halo molecules. Because they were
highly dynamic, we could not reliably track FD MEG-3::Halo mole-
cules and therefore did not include them in our single-particle track-
ing analysis. To estimate the diffusivity of FD MEG-3 molecules, we
performed fluorescence correlation spectroscopy (FCS) on MEG-
3:meGFP in the anterior cytoplasm and in the posterior cytoplasm
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outside of P granules. FCS autocorrelation curves (Figure 1G) were
fitted with a two-component model in which the D, of the slow com-
ponent was constrained to 0.16 pm?%/s and o = 0.95 (the average
diffusivity of SD MEG-3::Halo particles) (Figure 1F). We estimate a
D, of ~5 uym?/s (4.6 ym?/s in the anterior and 5.1 ym?/s in the poste-
rior) for FD MEG-3::meGFP molecules (Figure 11). We estimate that
MEG-3::meGFP is predominantly in the FD state in the anterior
cytoplasm (~72% FD and 28% SD molecules in the anterior) and
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FIGURE 2: Single-molecule behaviors underlying MEG-3::Halo gradient formation. (A) The
number of SD MEG-3::Halo particles across the A/P axis of embryos with the indicated
genotype. Particles numbers were normalized to the anterior end and averaged among the
indicated number (n) of embryos. Error bars indicate SEM. (B) Tracks of SD MEG-3::Halo
molecules in representative embryos of the indicated genotype. Trajectories longer than 250 ms
during 10 s acquisitions are shown. (C) Appearance events of SD MEG-3::Halo molecules in
embryos of the indicated genotypes. The same embryos were analyzed in B and C. (D) Top,
displacement of SD MEG-3::Halo molecules in the anterior and posterior cytoplasm from the
embryo in B and C. For each molecule, the appearance position is normalized to the center of
the graph and the disappearance position is indicated by a blue dot. Only the displacements of
tracks >250 ms are shown. Bottom, frequency of displacements of tracks >250 ms along the A/P
axis. Tracks are pooled from 37 embryos (n = total number of tracks analyzed). (E) Average
appearance rate of SD MEG-3::Halo particles along the A/P axis. Appearance rate is normalized
to the anterior region for each embryo. Note that we cannot directly compare appearance rates
between embryos due to variability in Halo labeling and in illumination. The same embryos
were analyzed in A, E, and F. n = number of embryos analyzed. Error bars indicate SEM.

(F) Cumulative frequency of track durations for the indicated genotypes. Track duration values
are pooled from the indicated number embryos in A. n = number of particle tracks analyzed.
Note that genotypes within the brackets show similar cumulative frequency distributions.

reflects the association and subsequent dis-
sociation of MEG-3::Halo with binding part-
ners in P granules or distributed in the sur-
rounding cytoplasm. On the basis of these
initial  observations, we conclude that
MEG-3 exists in three diffusive states and
that MEG-3 frequently transitions between
diffusive states (Figure 1J).

MEG-3 gradient formation

Although we did not directly measure
their distribution, the relatively fast diffu-
sion of FD MEG-3::Halo molecules sug-
gests that they were likely to be symmetri-
cally distributed throughout the cytoplasm.
In contrast, the concentration of SD MEG-
3::Halo molecules was approximately
threefold higher in the posterior cyto-
plasm than in the anterior cytoplasm of
wild-type embryos (Figure 2A). We pro-
pose that the asymmetric distribution of
SD molecules gives rise to the cytoplasmic
MEG-3 gradient. To begin to understand
how the MEG-3 gradient forms, we there-
fore characterized the single-molecule
dynamics that enrich SD MEG-3::Halo
molecules in the posterior. The displace-
ment of MEG-3::Halo molecules in the SD
state was small (<1 ym) and was symmetric
along the A/P axis (Figure 2, B and D),
suggesting that the gradient in SD MEG-
3::Halo molecules does not reflect direc-
tional transport of SD molecules toward
the posterior. Rather, we hypothesized
that the kinetics of MEG-3::Halo switching
between the FD and SD states might vary
along the A/P axis such that the SD mole-
cules become enriched in the posterior. To
monitor the conversion of FD molecules
into SD molecules, we quantified the rate
at which new SD MEG-3::Halo molecules
appeared along the A/P axis (Figure 2C).
We found that new SD MEG-3::Halo mol-
ecules appeared twofold more frequently
in the posterior cytoplasm relative to the
anterior cytoplasm (Figure 2, C and E). SD
MEG-3::Halo appearance events ap-
peared to be broadly distributed in the
cytoplasm outside of P granules, suggest-
ing that the binding reactions that gener-
ate SD molecules occur at dispersed sites.
Additionally, SD MEG-3::Halo molecules
were significantly more persistent in the
posterior cytoplasm than in the anterior
cytoplasm (Figure 2F), which further con-
tributed to their accumulation in the
posterior.

predominantly in the SD state in the posterior cytoplasm (~44% FD The formation of the MEG-3 gradient depends on MEX-5/6
and 56% SD molecules in the posterior) (Figure 1H). and on MBK-2 kinase (Wang et al., 2014; Smith et al., 2016). In

During near-TIRF imaging, MEG-3::Halo molecules appeared = mbk-2(RNAI) and mex-5/6(RNAI) embryos, the distribution (Figure
and subsequently disappeared either within a P granule (PG mole- 2, A and B), appearance rate (Figure 2, C and E), and persistence
cules) or outside of P granules (SD molecules), which presumably  (Figure 2F) of SD MEG-3::Halo molecules were symmetric along
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FIGURE 3: Brightness analysis of MEG-3::meGFP SD particles. (A) Representative near-TIRF images of MEG-3::meGFP
in mex-5/6(RNAi) embryos before and after bleaching. The overall intensity of the embryo is brighter before bleaching
because of higher particle density and out-of-focus signal. Scale bar =5 um. (B) Relative number of MEG-3::meGFP
particles normalized to the average number between 0 and 1 s and plotted over time. After 100 s of photobleaching,
the number of detectable MEG-3::meGFP particles dropped by an average of ~80%. Average of five embryos. Error
bars indicate SEM. (C) Brightness analysis of endogenously tagged MEG-3::meGFP particles in mex-5/6(RNAi) embryos
before and after bleaching. Frequency of normalized intensity of all detectable MEG-3::meGFP particles pooled from
the beginning of movies (0-1 s, the solid line) or from the end of the movies (95-100 s, the dashed line). Intensity is
normalized to the peak value of 95-100 s for individual embryos as described in the methods. n = the total number of
particle brightness estimates from five embryos. Note that because we did not track individual particles between
frames, the brightness of each particle was estimated in each frame in which it was detected.

the A/P axis (Supplemental Movies S5 and S6), indicating that
MEX-5/6 and MBK-2 drive MEG-3 gradient formation by establish-
ing asymmetries in the kinetics of SD molecule appearance and
disappearance. MBK-2 phosphorylates MEX-5 on T186, priming
MEX-5 to interact with PLK-1 kinase (Nishi et al., 2008). To test
whether MEX-5 phosphorylation on T186 is required for MEX-5 to
control MEG-3 dynamics, we analyzed mex-5(T186A) embryos in
which the redundant MEX-5 homologue MEX-6 had been de-
pleted by RNAI. The distribution, appearance rate and persistence
of SD MEG-3::Halo molecules in mex-5(T186A);mex-6(RNAI) em-
bryos were identical to mex-5/6(RNAi) and mbk-2(RNAi) embryos
(Figure 2, A-C, E, and F, Supplemental Movies S5-S7). These re-
sults are consistent with a model in which the priming of the inter-
action between MEX-5 and PLK-1 by MBK-2 is required for MEG-3
segregation.

The uniform distribution of SD MEG-3::Halo molecules in
mex-5(T186A);mex-6(RNAi) embryos suggests a potential role
for PLK-1 in controlling the distribution of SD MEG-3::Halo mol-
ecules. Consistent with this possibility, in plk-1(RNAI) embryos,
the posterior enrichment of SD MEG-3::Halo molecules was re-
duced (Figure 2, A and B) due to reductions in the differences in
the appearance rate (Figure 2, C and E) and the persistence
(Figure 2F) of SD MEG-3::Halo molecules between the anterior
and posterior (Supplemental Movie S8). The plk-1(RNAi) em-
bryos analyzed in these experiments likely retained some PLK
activity because strong RNAi depletion of PLK-1 and its homo-
logue PLK-2 results in sterility (Nishi et al., 2008). Therefore, we
do not know whether the intermediate SD MEG-3::Halo mole-
cule segregation phenotype in plk-1(RNAi) embryos was due to
residual PLK activity or to PLK-independent function of MEX-5/6
and MBK-2.

Taken together, these data are consistent with a model in which
MBK-2 and MEX-5/6 (potentially in conjunction with PLK-1) sup-
press the MEG-3::Halo SD state in the anterior cytoplasm, leading
to the accumulation of SD MEG-3::Halo molecules in the posterior
cytoplasm. Having analyzed the single-molecule behaviors that give
rise to the MEG-3::Halo gradient, we next sought to analyze the
connection between the MEG-3 gradient and the segregation of P
granules to the posterior cytoplasm.
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Estimation of the oligomeric state of SD MEG-3::meGFP

The observation that recombinant MEG-3 can phase separate in vi-
tro indicates that MEG-3 is capable of homotypic interactions (Smith
etal., 2016). Therefore, we considered the possibility that SD MEG-3
molecules reflect the formation of small MEG-3 assemblages that
might be intermediates in the formation/growth of P granules. Such
a model would predict the presence of multiple MEG-3 molecules
within SD particles. To test this possibility, we assessed whether en-
dogenously tagged MEG-3::meGFP was oligomeric within SD par-
ticles. Because of the transience of MEG-3::meGFP in the SD state,
we could not reliably use the bleaching profile of individual SD par-
ticles to estimate the number of MEG-3::meGFP molecules present.
Instead, we reasoned that if SD particles contain multiple MEG-
3:meGFP molecules, then the brightness of SD particles would be
reduced after extensive photobleaching of the embryo. Alterna-
tively, if SD particles contain one MEG-3::meGFP molecule, then
photobleaching would reduce the number of SD MEG-3:meGFP
particles but not their brightness. We analyzed the brightness of SD
MEG-3::meGFP particles before and after extensive photobleach-
ing in mex-5/6(RNAJ) embryos, in which the SD MEG-3::meGFP
particles were dispersed throughout the cytoplasm and therefore
more amenable to single-particle detection and intensity analysis.
After 100 s of photobleaching, the total number of SD MEG-
3:meGFP particles in the focal plane decreased by ~80% (Figure 3,
A and B). Strikingly, however, the intensity of SD MEG-3:meGFP
particles did not change (Figure 3C). These data suggest that MEG-
3:meGFP is predominantly monomeric in the SD state. We there-
fore propose that SD particles do not reflect the formation of small
MEG-3::meGFP oligomers or granules. It is important to note that
we cannot rule out the possibility that other factors may be associ-
ated with MEG-3::meGFP SD molecules.

Single-molecule analysis of MEG-3::Halo association

with P granules

We next considered the possibility that the higher concentration of
MEG-3 in the posterior cytoplasm might increase the rate at which
cytoplasmic MEG-3 encounters P granules, thereby promoting
P granule stability/growth. The arrival rate Ryqye of a cytoplasmic
protein at the surface of a granule with the radius Ry is described by
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Rarrive = 47CRgDcCcyt

Therefore, the arrival rate of a cytoplasmic
protein at the surface of an existing P gran-
ule (for example, during P granule mainte-
nance) is a function of both the protein’s
cytoplasmic concentration and its cytoplas-
mic diffusivity. To estimate the concentra-
tion of MEG-3:meGFP and PGL-1::GFP,
embryos were bathed in either 300 nM re-
combinant GFP or 75 nM recombinant
meGFP, which were used as standards to
calibrate the intracellular protein concentra-
tion (Figure 4A). Background fluorescence
intensity was estimated by imaging N2 em-
bryos under the same conditions (Figure 4,
B and D). The mean apparent concentration
of PGL-1::GFP was 2281 nM in P granules
and 530 nM in the cytoplasm outside of P
granules (Figure 4, B and C), which is in rea-
sonable agreement with previous mass
spectrometry-based estimate of ~1200 nM
concentration of PGL-1 in mixed stage em-
bryo lysates (Saha et al., 2016). The mean
apparent concentration of MEG-3::meGFP
was 126 nM in P granules and 22.6 nM in
the posterior cytoplasm surrounding P gran-
ules (Figure 4, D and E). On the basis of
our estimate that the ratio of FD:SD mole-
cules in the posterior cytoplasm is 44:56
(Figure TH), we estimate that the concentra-
tion of FD molecules is roughly 9.9 nM (0.44
* 22.6 nM) and the concentration of SD mol-
ecules is roughly 12.7 nM (0.56 * 22.6 nM)
(Table 1). We could not reliably estimate
MEG-3 concentration in the anterior cyto-
plasm because the intensity values were
close to the background values. This analy-
sis suggests that due to its higher cytoplas-
mic levels, cytoplasmic PGL-1 will encoun-
ter P granules at a significantly higher rate
than cytoplasmic MEG-3. Furthermore,
even though the concentration of FD mole-
cules is lower than SD molecules in the pos-

terior (44 and 56%, respectively; Figure 1H), FD molecules likely

encounter P granules at a significantly higher rate than SD MEG-3

where c is the cytoplasmic concentration and D, is the cytoplas-
mic diffusion coefficient of the protein (Berg and Purcell, 1977).

(Figure 1, Fand |).
MEG-3 diffusive states
SD (slow-diffusing)

0.11 pm?/s (Figure 1F)

Diffusive state FD (fast-diffusing)

Diffusion coefficient 5 um?/s (Figure 11)

Distribution Symmetric (assumed)  ~3-fold posterior-rich gradient (Figure 2A)
MEG-3 concentration
Outside of P granules
FD:SD ratio
Total (Figure 4D) (Figure 1H) FD
Anterior N.D. 72:28 9.9 nM (assumed)
Posterior 22.6 nM 44:56 9.9 nM (0.44*22.6 nM)

Summary of findings.
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molecules because of the ~30-fold difference in their diffusivity

PG (P granule)
0.01 um?/s (Figure 1F)

Posterior (in P granules)

SD In P granules
3.9 nM =28/72*9.9 nM N.A.
12.7 nM (0.56*22.6 nM) 126 nM
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To determine whether the predicted difference in the encounter
rate of FD and SD MEG-3::HALO molecules with P granules was re-
flected in the rate at which FD and SD molecules incorporate into P
granules, we assessed the relative contribution of FD and SD mole-
cules to the recruitment of MEG-3::HALO into P granules. We first
examined MEG-3::Halo particles that appeared within a 3-pym radius
of individual P granules and observed that most SD MEG-3::Halo
particles did not enter P granules (Figure 5A). To quantify the propor-
tion of MEG-3::Halo molecules that entered P granules from the FD
or the SD state, we very sparsely labeled MEG-3::Halo such that only
~10 labeled molecules were present in the focal plane at a given
time. To minimize potential tracking errors, we manually analyzed the
association of individual MEG-3::Halo molecules with P granules that
1) initially had no labeled MEG-3::Halo within them, 2) remained in
focus throughout the imaging, and 3) never contained more than
1 labeled MEG-3::Halo molecule at any given time. From 23 em-
bryos imaged, we tracked a total of 43 MEG-3::Halo molecules
associated with P granules that met these criteria.

MEG-3::Halo molecules that first appeared as SD molecules in
the cytoplasm surrounding granules and subsequently moved into
granules were counted as SD—PG transitions. PG MEG-3::Halo
molecules that first appeared within the P granule were assumed to
have transitioned from the FD to the PG state directly and were
counted as FD—PG transitions. Of 43 molecules, 34 underwent ap-
parent FD—PG transitions (Figure 5B and Supplemental Movie S9).
Three of these 34 molecules subsequently left the P granule as SD
molecules (FD—PG—SD; Figure 5B and Supplemental Movie $10).
The remaining 31 molecules suddenly disappeared from the P gran-
ules, either due to photobleaching or due to dissociation into the
FD state. Nine molecules underwent SD—PG transitions (Figure 5B
and Supplemental Movie S11), two of which subsequently left the
granules as SD molecules (SD—PG—SD; Figure 5B and Supple-
mental Movie S12). The persistence of MEG-3::Halo molecules in
the PG state was significantly longer than in the SD state, which
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contributes to the enrichment of MEG-3 in P granules (Figure 5C).
These results suggest that the majority of MEG-3::Halo molecules
enter P granules from the pool of FD MEG-3::Halo molecules, even
though the local concentration of MEG-3::Halo SD molecules is
higher.

PLK-1 contributes to P granule segregation

On the basis of our observations suggesting that MEX-5/6 work in
conjunction with PLK-1 to control MEG-3 gradient formation, we
considered the possibility that PLK-1 might also contribute to the
segregation of P granules. To test this possibility, we analyzed the
distribution of MEG-3::meGFP and PGL-1::GFP granules in mex-
5(T186A);mex-6(RNAI) and plk-1(RNAi) embryos. We found that
similar to mex-5/6(RNAI) and mbk-2(RNAi) embryos, P granules
were uniformly distributed in mex-5(T186A);mex-6(RNAI) embryos
(Figure 6, A-D). In plk-1(RNAI) embryos, the P granule domain was
significantly shifted toward the anterior (Figure 6, A-D). These data
suggest that PLK-1, likely acting with MEX-5, contributes to the
suppression of P granules in the anterior cytoplasm.

DISCUSSION

Taking together the findings described in this study (summarized
in Table 1), we propose the following model for the single-mole-
cule behaviors underlying MEG-3 dynamics during polarity main-
tenance phase. We propose that outside of P granules, MEG-3
transitions between fast-diffusing states (D. = 5 pm?/s; Figure 1)
and slow diffusing states (median D, = 0.11 pm?/s, o = 0.95;
Figure 1F), presumably through binding/dissociation with an un-
known cytoplasmic binding partner(s). The threefold enrichment of
MEG-3::Halo SD molecules in the posterior (Figure 2A) reflects
both a twofold higher FD—SD transition rate (Figure 2, C and E)
and an increased persistence in the SD state in the posterior cyto-
plasm relative to the anterior cytoplasm (Figure 2F). MEX-5/6,
MBK-2 and PLK-1 act to suppress the MEG-3::Halo SD state in the
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anterior by regulating the kinetics with which MEG-3::Halo switches
into and out of the SD state (Figure 2, C, E, and F). Although we
have not quantified the distribution of FD MEG-3 molecules, their
rapid diffusion suggests they are likely to be approximately sym-
metrically distributed along the A/P axis. MEG-3 is most highly
concentrated in P granules, where MEG-3::Halo is relatively persis-
tent (Figure 5C) and its diffusion is relatively slow (median D, =
0.01 um?/s, a.=0.63; Figure 1F). Even though the majority of MEG-
3:meGFP molecules in the posterior cytoplasm outside of P gran-
ules are in the SD state (44:56 ratio of FD:SD; Figure 1H), the ma-
jority of MEG-3::Halo molecules appear to transition into P
granules from the FD state (Figure 5B). We speculate that the dis-
proportionate incorporation of FD molecules into P granules may,
at least partly, be because the higher diffusivity of FD molecules re-
sults in FD molecules encountering P granules at a higher rate than
SD molecules. We do not know whether there is a difference in the
incorporation rates of FD and SD molecules when they encounter
a P granule.

Importantly, our findings argue against a model in which the
MEG-3 gradient contributes significantly to the maintenance of P
granules in the posterior. Rather, we favor a model in which the
maintenance of the MEG-3 gradient and P granule asymmetry are
two separable outputs of the upstream polarity system. Consistent
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with the idea that gradient formation and P granule formation are
separable, Smith et al. (2016) previously showed that the intrinsi-
cally disordered region of MEG-3 forms a gradient but does not
form granules. In the future, it will be important to analyze MEG-3
dynamics early in the process of P granule segregation as it re-
mains a possibility that the MEG-3 gradient plays a more instruc-
tive role during the establishment of P granule asymmetries.
Additionally, such studies could address whether changes in the
kinetics of MEG-3 association/dissociation from P granules drives
the disassembly of P granules in the anterior cytoplasm and
growth/stabilization of P granules in the posterior cytoplasm.

MEG-3 gradient formation

The dynamics underlying the MEG-3 gradient are similar in some
respects to those that underlie the posterior-rich PIE-1 and POS-1
gradients. MEX-5/6 locally control the kinetics with which MEG-3,
PIE-1, and POS-1 transition between FD and SD states such that
the SD state accumulates in the posterior cytoplasm (Wu et al.,
2015, 2018; Han et al., 2018; this study). In the case of PIE-1 and
POS-1, the switch to the SD state appears to depend, at least in
part, on their association with RNA (Han et al., 2018). While we do
not know how MEG-3 switches to the SD state, MEG-3 binds RNA
with high affinity in vitro (Smith et al., 2016), raising the possibility
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that the transition to the SD state reflects MEG-3 binding to RNA
distributed in the cytoplasm surrounding P granules. Interestingly,
the concentration of available MEG-3 target RNAs is higher in the
posterior than in the anterior (Smith et al., 2016), which could ex-
plain the enrichment of MEG-3 SD molecules in the posterior. An-
other, nonexclusive possibility is that the association between
MEG-3 and its binding partner(s) is inhibited in the anterior and/or
stimulated in the posterior. MEX-5/6 appear to drive POS-1 segre-
gation by recruiting PLK-1 to the anterior cytoplasm (Nishi et al.,
2008), which phosphorylates POS-1 to locally inhibit POS-1 reten-
tion in SD molecules (Han et al., 2018). Whether an analogous
mechanism, perhaps mediated by PLK-1, inhibits MEG-3's switch
to the SD in the anterior cytoplasm is not known. An important
step in testing these different models will be to identify the MEG-3
binding partner(s) that mediate formation of SD molecules.

P granule segregation

MEG-3 can assemble into granules in vitro (Smith et al., 2016),
suggesting homotypic MEG-3 interactions contribute to the re-
cruitment of MEG-3 into P granules in vivo. In contrast, SD MEG-
3::meGFP molecules appear to be monomeric, suggesting the
MEG-3 aggregation/oligomerization is unlikely to underlie the
transition into the SD state (Figure 3C). In addition to homotypic
interactions, MEG-3 interactions with RNA (Smith et al., 2016) and
potential interactions with other P granule proteins, some of which
have been shown to phase separate on their own (Elbaum-Garfin-
kle et al., 2015; Saha et al., 2016), are likely to stabilize MEG-3 in P
granules. The potential for multiple interactions within P granules
may account for the observation that MEG-3 is less mobile and
more persistent in P granules than in the SD state outside of P
granules.

Likely because MBK-2 kinase stimulates P granule disassembly
(Pellettieri et al., 2003; Quintin et al., 2003; Pang et al., 2004)
both through phosphorylation of MEG-3/4 (Wang et al., 2014)
and through phosphorylation of MEX-5 T186A (Nishi et al., 2008;
this study), the P granule disassembly defect is stronger in mbk-2
mutant embryos than in mex-5/6 mutant embryos (Gallo, Wang,
et al., 2010). Interestingly, we find similar defects in the distribu-
tion, appearance rate and persistence of SD MEG-3::Halo mole-
cules in mbk-2 and mex-5/6 mutant embryos. One possible ex-
planation for the difference in the severity of the P granule and SD
MEG-3 molecule phenotypes in these mutant embryos is that
MBK-2 phosphorylation might specifically inhibit MEG-3's ability
to scaffold P granules but not its ability to form SD molecules in
the cytoplasm outside of P granules. As a consequence, MBK-2
activity would destabilize P granule in mex-5/6 mutant embryos
but would not affect SD MEG-3 molecule dynamics. Our finding
that P granule segregation is defective in mex-5(T186A),mex-
6(RNAI) and plk-1(RNAi) embryos supports a role for PLK-1 kinase
in P granule disassembly. We consider it unlikely that the P granule
segregation defect in mex-5(T186A);mex-6(RNAI) and plk-1(RNAI)
embryos is a consequence of the defect in SD MEG-3::Halo
molecule segregation, which suggests PLK-1 may have a more
direct role in regulating P granule disassembly, either through
modification of a P granule component such as MEG-3 or through
a regulator of P granule segregation.

Our findings highlight the importance of diffusivity in consider-
ing the propensity of a protein to undergo LLPS. Mechanisms that
modulate the diffusivity of a protein outside of granules will modu-
late the rate at which the protein reaches the surface of the granule
and therefore the rate at which it can incorporate into the granule.
While both protein and RNA concentration are recognized as critical
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parameters that regulate phase-separation behavior, it will be inter-
esting to learn the extent to which modulation of protein mobility is
used to regulate LLPS in vivo.

MATERIALS AND METHODS

Caenorhabditis elegans strains and culturing

Caenorhabditis elegans strains were maintained on Nematode
Growth Medium (NGM) plates with OP50 Escherichia coli as a
source of food (Brenner 1974). The following strains were used in
this study: JJ2101: zuls242(nmy-2::PGL-1::GFP), unc119(+) II; unc-
119(ed3) Il (Sheth et al, 2010); DUP75: pgl-1(sam33[pgl-
1:GFP::3XFLAG]) IV (Andralojc et al, 2017); EGD364: meg-
3(egx4[meg-3::Halo]) X; EGD369: meg-3(egx4[meg-3::Halo]) X;
pgl-1(sam33[pgl-1::GFP::3XFLAG]) IV; JH3441: mex-
5(axIs4301[T186A]) IV, JH3503 meg-3(ax3054[meg-3::meGFP]) X
(Smith et al., 2016); EGD320: mex-5(axIs4301[T186A]) IV, meg-
3(ax3054[meg-3::meGFP])  X; EGDA430:  pgl-1(sam33[pgl-
1::GFP::3XFLAG]) IV; mex-5(axIs4301[T186A]) IV; EGD426: pgl-
1(sam33[pgl-1::GFP::3XFLAG]), mex-5(axIs4301[T186A]) IV, meg-
3(egx4[meg-3::Halo]) X. The wild-type strain was N2. All strains
were maintained at 20°C except for JJ2101, which was maintained
at 25°C to prevent transgene silencing.

Feeding RNAi was performed as described previously (Timmons
and Fire, 1998). mex-5/6(RNAI), mex-6(RNAI) and mbk-2(RNAi) were
performed by culturing L4 worms on RNAI plates for 24 h at 25 °C
and plk-1(RNAI) was performed by culturing L3 worms on RNAI
plates for 26-28 h at 25°C. mex-5/6(RNAi) was performed by mixing
equal volumes of mex-5(RNAi) and mex-6(RNAI) bacteria prior to
seeding on RNAI culture plates. mex-6(RNAI) targets the 3'UTR of
MEX-6 and specifically depletes MEX-6 but not MEX-5 (as demon-
strated in Han et al., 2018). For near-TIRF imaging of PGL-1::GFP
transgene (JJ2101), expression levels were reduced using GFP RNAi
bacteria diluted 1:4 with control L4440 RNAI bacteria, which re-
duced the strength of the RNAi and resulted in a partial depletion of
PGL-1::GFP levels.

MEG-3::Halo labeling

MEG-3::Halo labeling for spinning disk imaging (Supplemental
Movie S4) was performed in liquid culture in a 96-well plate in 25 pl
S medium containing concentrated OP50 and 2.5 pM JFg44-
HaloTag ligand (Grimm et al., 2015). L4s (30-40) were picked into
each well, and 150 pl H,O was added into the surrounding wells to
reduce evaporation. Plates were covered with aluminum foil and
cultured for 24 h at room temperature at 150 rpm on a benchtop
shaker.

MEG-3::Halo labeling for near-TIRF imaging was performed on
solid medium in a 24-well plate. RNAi culture (50 pl) containing
0.6 puM of JFg4e-HaloTag ligand was spotted per well, which con-
tained 500 pl solid medium with 25 pg/ml Carb and 1 mM IPTG
(isopropyl B-p-1-thiogalactopyranoside). dsRNA expression was
induced overnight. The next day, 40-50 worms were picked onto
the plate and incubated for 22-26 h, depending on the RNAI (see
above). Worms were then transferred to the appropriate RNAI
plate without JFg4e-HaloTag ligand and cultured for either 2 h
(Supplemental Movies S2 and S5-S8 and Figures 1, 2, and 5A) or
3 h(Figure 5, B and C, and Supplemental Movies S9-S12) to “wash
out” excess free dye and to reduce the concentration of labeled
MEG-3::Halo molecules.

Gene editing

Except for the T186A mutation, gene editing was performed
with CRISPR/Cas? using dpy-10 as the co-conversion marker as
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described previously (Arribere et al., 2014). To introduce halo into
the meg-3 locus (between amino acids 121 and 122), we used a
single guide RNA (sgRNA) sequence located internally in the
MEG-3 intrinsically disordered region as described in Smith et al.
(2016). Oligos containing the sgRNA sequence (gaagtctgcagaga-
agacgg) YW174 and YW175 were annealed and ligated into the
sgRNA expression vector pRB1017 (Arribere et al., 2014). The re-
pair template was a PCR product amplified from pDD378 (kind gift
from Dan Dickinson) using the primers YW176 (gcatgcagctcaagga
aacggcagcaacgcctttaacagtattcctectacggeccccgetgaaattggcacagg
attcc) and YW177 (gctggagctattgegtgtttgcaagttgcggcggaagtctg-
cagagaagactccggagatctcgagggtggag). The injection mix con-
tained 40 ng/pl meg-3 sgRNA vector, 30 ng/l repair template, 15
ng/pl dpy-10 sgRNA vector (pJA58) (Arriberel et al., 2014), 300 nM
dpy-10 ssODN repair template (BH0271, IDT) and 50 ng/ul Cas9
expression vector (pDD162) (Dickinson et al., 2013). The mix was
injected into N2 hermaphrodites, and F1s rollers were genotyped
by duplex PCR using oligos YW180 (cctcaaaaccttacccaagcggtct),
YW182 (ccaagacattgctggtgaacattgg), and YW156 (ctggcttgtcgg-
actttcecattc). The ~300 base pairs flanking the insertion site in the
genome was verified by sequencing.

mex-5(T186A) was introduced into the N2 strain using preas-
sembled CRISPR-Cas? ribonucleoprotein complexes, as described
(Paix et al., 2015). CRISPR RNA (crRNA) JScr7 containing sgRNA
sequence tgttggaagaggagtagacg and a single-stranded DNA re-
pair template with the sequence gtggagattagtagcacacgcacagctc-
cattgacgagctctgctectcttccaacaagtctcgaatacgagactgttc were  used.
Genotyping was performed by PCR with oligos JS198 (ggagctcag-
caagtcatgc) and JS199 (ccgaacttctegecacg) followed by Sacl diges-
tion. The mutation was sequence verified.

Near-TIRF imaging

Near-TIRF imaging was conducted on a Nikon Ti-E inverted micro-
scope equipped with a TI-TIRF illuminator and an 100x/1.49NA
APO TIRF objective with the temperature correction collar set to
23°C. Both 488- and 640-nm laser illumination was delivered from
the Andor Laser Combiner. Image collection was performed on two
Andor iXon 897 cameras (17-MHz readout speed, gain = 3, intensi-
fication = 300) mounted on an Andor Tucam. Image collection was
controlled by NIS Elements software (Advanced Research 4.50.00
Build 1117 Patch 03). The laser illumination angle was determined
empirically to maximize signal to noise.

To image either MEG-3::meGFP or transgenic PGL-1::GFP em-
bryos, embryos were dissected into M9 on a coverslip, to which
approximately one hundred 20-pym polysterene beads were added
(Bangs Laboratories). The coverslip was mounted on a slide and
sealed with Vaseline. To image MEG-3::Halo; PGL-1::GFP embryos,
embryos were dissected and then mouth pipetted into M9 on a new
coverslip to minimize the amount of the free dye in the dissection
media. Embryos were then washed twice with M9 before polyster-
ene beads were added.

PGL-1::GFP transgene expression levels were depleted as
described above. Endogenously tagged MEG-3::meGFP does not
require partial depletion because it is expressed at relatively low
levels; however, a short period of photobleaching (-5 s) was
conducted to reduce the density of fluorescent MEG-3::meGFP to
facilitate single-particle tracking. For brightness analysis of MEG-
3:meGFP SD particles, no prebleaching was performed. To image
either PGL-1::GFP or MEG-3::meGFP, a 488/561 dual-band set was
used, and movies were taken under 100% laser power for 50-ms
exposures with continuous imaging (Fast Acquisition mode) in NIS-
Elements (Nikon).
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Spinning disk confocal microscopy

Embryos were dissected into M9 buffer and mounted on a 3%
agarose pad and imaged on a spinning disk confocal microscope
built around a Zeiss Axio Observer Z.1 equipped with a Zeiss
Plan-Apochromat 63x/1.4NA oil immersion objective, a CSU-X1
spinning disk (Yokogawa), an Evolve 512 x 512 electron-multiply-
ing charge-coupled device (EMCCD) camera (Photometrics) and a
50-mW 488-nm solid state laser and controlled by the Slidebook
software package (3l, Inc). The still images of MEG-3::meGFP in
Figures 1 and 6 were taken at the midplane with 60% laser power,
1-s exposures and camera intensification of 300 and gain of 1. Im-
ages of PGL-1::GFP in Figures 1 and 6 are from Z stacks (0.5-pm
step size) covering the half of the embryo closest to the coverslip
(the middle plane is shown in Figure 1, and maximum intensity
projections are shown in Figure 6). Z stacks were collected using
20% laser power, 100-ms exposures, a gain setting of 1. To quan-
tify the distribution of granules in Figure 6, granules with a diam-
eter >0.7 pm were counted. For Supplemental Movie S4, images
were captured at the middle plane at 15 s intervals with 20% laser
power, 100-ms exposures, camera intensification of 300 and gain
of 1 for the 488-nm channel and 60% laser power, 300-ms expo-
sures, camera intensification of 300 and gain of 2 for the 640-nm
channel.

Single-particle tracking and brightness analysis

Single-particle tracking of MEG-3::Halo was performed according
to the methods described in Robin et al. (2014) and Sailer et al.
(2015). Particles were detected using the Kilfoil (http://people
.umass.edu/kilfoil/downloads.html) implementation of the Crocker—
Grier algorithm (Crocker and Grier, 1996). Feature size, minimum
intensity, and integrated intensity threshold were empirically chosen
so that >90% of visible particles were detected. Particles were linked
to trajectories with a gap size of three frames in pTrack using the
Browning motion model (Jagaman et al., 2008). No splitting or
merging was allowed.

To segment P granules, our two-channel near-TIRF movies
were segmented based on the PGL-1::GFP channel in Imaris 9
(Bitplane) with the Surface function using the Background Sub-
traction (Local Contrast) thresholding method. In the initial seg-
mentation step, a maximum P granule size was set to 1 micron.
This size limit was then removed, and we manually adjusted the
segmentation intensity threshold. Decreasing the segmentation
intensity threshold caused the segmentation domain of large,
bright P granules to swell outside of the actual P granule bound-
ary, whereas increasing the threshold excluded small, dim PGL-
1::GFP granules. We chose thresholds that included ~80% of the
visible PGL-1::GFP granules and primarily excluded very small,
dim PGL-1::GFP granules. The diameter of the P granule seg-
mentation regions ranged from 0.3 to 2.5 um (mean = 0.9 um).
Masks were then created for the segmented P granules and a
pseudobinary image was generated by setting the intensity in-
side and outside the masks to constant values (0 for inside and
255 for outside). The pseudobinary image was exported from
Imaris and then imported to Matlab (version R2016b; MathWorks)
for further analyses. To separate slow-diffusing MEG-3 from P
granular MEG-3, a custom Matlab script was used to identify
tracks that are associated with P granules at any time point.
These tracks are termed PG tracks. Tracks that are not associated
with P granules at any given time are termed SD tracks.

To analyze the appearance rate and SD particle number, all
tracks (longer than two frames) are divided into five equally spaced
regions (regions 1-5 from the anterior to the posterior) along the
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anterior/posterior axis, depending on where they first appeared. To
calculate the relative appearance rate, the number of new tracks
per unit area in each region was normalized to that of region 1 (the
anterior). Note that the absolute appearance rate cannot be com-
pared between embryos due to variability in labeling density in dif-
ferent embryos. To analyze the distribution of SD particles, the total
number of SD particles per unit area in each region was normalized
to that of region 1. Cumulative frequency curves of track durations
were plotted in Prismé (GraphPad Software, La Jolla, CA). To mini-
mize tracking errors in the PG particle analysis (Figure 5B), we report
particles in P granules only where no other particles were observed
within the last 20 frames. Particles that lasted for at least 20 frames
were used for this analysis.

To estimate the diffusion coefficient of SD and PG particles, the
first five lag times of trajectories longer than 20 frames were fitted to
the equation MSD = 4Dt* (Robin et al., 2014). Estimated diffusion
coefficients of SD and PG particles in regions 4 and 5 are graphed
as violin plots, which were generated using an online graphing tool
(http://shiny.chemgrid.org/boxplotr/). The same analysis was per-
formed on simulated diffusion tracks that have the same lengths as
the experimental tracks, with diffusion coefficients of 0.11 and
0.01 pm?/s.

For brightness analysis, the total intensity of each particle
(without tracking) was subtracted by the integrated intensity
within two-pixel radius around the particle (background signal).
Histograms were plotted for particle intensity at 95-100 s in Mat-
lab and then all the intensity values (including 0-1 s and 95-100 s)
were normalized to the peak intensity value of 95-100 s for indi-
vidual embryos. Normalized values from five embryos were then
pooled to plot the distribution using ksdensity function in Matlab.
We did not exclude P granule MEG-3 from our brightness analy-
sis. However, given the relatively smaller number of P granules
compared with the slow-diffusing particles, they do not signifi-
cantly contribute to the overall distribution of the brightness
values.

Fluorescence correlation spectroscopy

FCS was performed on a Nikon A1 laser scanning confocal micro-
scope using a 60x/1.27NA water immersion objective (Plan Apo IR;
Nikon) and a pulsed 485-nm laser at 20-MHz repetition frequency
(PDL800-D; PicoQuant) with pinhole set to one Airy unit. Autocor-
relation curves were obtained with afterpulsing suppression in Sym-
PhoTime (PicoQuant). The effective confocal volume approximated

by a Gaussian profile Vg = n%wézo was calibrated by fitting the
autocorrelation curve of 1 nM fluorescence dye ATTO488 (ATTO-
TEC GmbH) to a three-dimensional triplet state model with one free
diffusing species:

1
T

G(r)= 1—T+Te('?) ﬁ(ﬂ %T(” ’51%]2

where wy is the effective lateral focal radius at 1/€? intensity, zg is
the effective focal radius along the optical axis at 1/e? intensity, T
is the triplet fraction of molecules, 77 is the lifetime of the triplet
state, N is the average number of molecules in the focal volume, 7;
is the diffusion time, k = z5/wy is the length to diameter ratio of
the focal volume. The diffusion coefficient D. is given by D, =
w§ / 4t. Given the diffusion coefficient of ATTO488 (360 um?2/s),
mean ¥ values of 5.2 (SEM = 0.0005), and mean effective confocal
volume Vg = 0.27 fl (SEM = 0.005) were acquired. Embryos were
dissected from young adults and imaged in M9. FCS data were
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collected for 60 s at ~15% embryo length (anterior cytoplasm) or
~85% embryo length (posterior cytoplasm) at nuclear envelope
breakdown (NEBD). Autocorrelation curves were fitted to a three
dimensional, two-component anomalous diffusion model with
one triplet species,

T

G(1)= 1—T+Te(7?) p{”[%]al[”K—l(%)aiw

where o and o are the anomaly parameters, Gnr is the correlation
offset. We constrained one component to have a D, = 0.16 um?/s
and a = 0.95 (the SD MEG-3::Halo molecules from our single-parti-
cle tracking data) and o of another component to be 1 (assumes FD
molecules are free diffusing).

+GiNF

Partial purification of meGFP and GFP
The following amino acids differ between meGFP/GFP: 81Q/R,
85L/F, 86T/C, 207K/A, and 288L/H. meGFP was amplified from
JH3503 genomic DNA (Smith et al., 2016) and GFP was synthesized
as a gBlock gene fragment (IDT). Both open reading frames were
cloned into the BamH1 and Xho1 sites of pGEX-KG (Guan and
Dixon, 1991), which was modified to include a 6xHis-TEV cleavage
site (gift from Henry Higgs, Dartmouth College). The resulting vec-
tors, pTG91 (pGEX-KG-TEV-GFP) and pTG93 (pGEX-KG-TEV-
meGFP), also included the linker GlySerGlyArgSer between TEV
and meGFP/GFP.

pTG?1 and pTG93 were transformed into BL21(DE3) pLysS (New
England Biolabs), grown in 250 ml Terrific Broth at 37°C to ODggg =
0.8 and induced with 1 mM IPTG overnight at 16°C. Pellets were
resuspended in 20 ml extraction buffer (50 mM Tris-HCI, pH 8,
500 mM NaCl, 5 mM EDTA, 1 mM dithiothreitol [DTT], Roche com-
plete protease inhibitors) and sonicated twice for 60 s. Extracts were
pelleted at 17,000 x g for 10 min at 4°C, and supernatants were
loaded onto column with glutathione resin (G Biosciences) equili-
brated in glutathione S-transferase (GST) buffer (10 mM Tris—HCl,
pH 8, 250 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.1 % NP40). Columns
were washed two times with 3 ml GST buffer. The bound protein
was cleaved with 10 pl GST-tagged AcTEV protease (Thermo Fisher
Scientific) overnight at 4°C. Supernatants were loaded onto 1 ml Q
Sepharose Fastflow resin (GE Lifesciences) equilibrated in 10 mM
Tris—HCI, pH 8, 80 mM NaCl, 1T mM EDTA, 1 mM DTT and eluted
with 4 ml 10 mM Tris-HCI, pH 8, 250 mM NaCl, T mM EDTA, 1 mM
DTT. Elution fractions containing meGFP or GFP were pooled and
dialyzed overnight at 4°C into 10 mM Tris-HCI, pH 8, 140 mM NaCl,
1 mM EDTA, 1 mM DTT using SepctraPor7 MWCO 8000 dialysis
tubing. Protein concentrations were estimated by Bradford Assay
(BioRad) and were confirmed by BCA Assay (Pierce) and on SDS-
PAGE gels using a bovine serum albumin (BSA) standard.

Estimation of MEG-3::meGFP and PGL-1::GFP
concentrations

N2, MEG-3::meGFP, and PGL-1::GFP gravid adults were dissected
on a coverslip in 3 pl of M9 buffer. The buffer was exchanged at least
four times with 10 pl M9 supplemented with 100 pg/ml BSA and
either 75 nM meGFP or 300 nM GFP. Roughly one hundred 20 pm
polystyrene beads (Bangs laboratory) in either M9/BSA/meGFP or
M9/BSA/GFP were added, and the coverslip was sealed to a slide
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with Vaseline. The mean intensity within N2 embryos bathed in ei-
ther 75 nM meGFP or 300 nM GFP was used to estimate the back-
ground signal within the embryo. meGFP and GFP fluorescence in-
tensities were corrected for camera background, which was
estimated from slides prepared with M9 only. The change in fluores-
cence intensity as a function of GFP or meGFP concentration was
determined by measuring at least five images from at least two in-
dependent slides. The data points in the Figure 4, C and E, insets
are the mean intensities from each slide.

PGL-1::GFP and MEG-3::meGFP concentrations were esti-
mated in a second independent experiment with independent
GFP and meGFP purifications. In the second experiment (which
was not included in Figure 4), BSA was not added to the recombi-
nant protein and MEG-3::meGFP embryos were bathed in 150 nM
meGFP. In this experiment, we estimated MEG-3::meGFP concen-
tration in the posterior cytoplasm to be 29.4 nM (n = 23 embryos;
SEM =7.1 nM) and in P granules to be 148 nM (n= 114 P granules
from 14 embryos; SEM = 5.0 nM). We estimated PGL-1::GFP con-
centration in the cytoplasm to be 426 nM (n = 8 embryos; SEM =
23.1)and 1361 nM (n= 119 P granules from eight embryos; SEM =
72.3 nM). We report the estimates from the first experiment in
Figure 4 because the addition of BSA resulted in a more uniform
distribution of recombinant GFP and meGFP and because the flu-
orescence of 75 nM meGFP more closely matches the fluores-
cence of MEG-3::meGFP zygotes than 150 nM meGFP.
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