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distances. These NMR restraints were also supplemented
by a limited number of intersubunit inter-residue
distance restraints derived from disulfide mapping
measurements that used single-cysteine mutant forms of
DAGK. Care was taken to avoid possible motional
complications to the disulfide mapping—derived
distances. The structure was calculated using standard
restrained molecular dynamics and simulated annealing
protocols.
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In sexually reproducing organisms, embryos specify germ cells, which ultimately generate sperm
and eggs. In Caenorhabditis elegans, the first germ cell is established when RNA and protein-rich
P granules localize to the posterior of the one-cell embryo. Localization of P granules and their
physical nature remain poorly understood. Here we show that P granules exhibit liquid-like
behaviors, including fusion, dripping, and wetting, which we used to estimate their viscosity and
surface tension. As with other liquids, P granules rapidly dissolved and condensed. Localization
occurred by a biased increase in P granule condensation at the posterior. This process reflects a
classic phase transition, in which polarity proteins vary the condensation point across the cell.
Such phase transitions may represent a fundamental physicochemical mechanism for structuring

the cytoplasm.

tarting from the fertilized egg, the cells of a

developing embryo differentiate to give

rise to somatic tissues, as well as maintain-
ing an immortal germ line that will generate sperm
and oocytes. Germ-cell specification is mediated
in part by ribonucleoprotein granules assembled
from RNA and RNA-binding proteins, although
the precise function of these granules remains un-
known (1, 2). In Caenorhabditis elegans, the germ
granules are called P granules. P granules are ini-
tially distributed uniformly throughout the unpolar-
ized one-cell embryo. Upon symmetry breaking,
the embryo polarizes along the anterior-posterior
(AP) axis: Cortical and cytoplasmic flows devel-
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op (3), the polarity proteins PAR-1 and PAR-2
appear on the posterior cortex, and P granules
become localized to the posterior half of the cell
(Fig. 1A and movie S1; all embryos are ~50 um
long); the embryo then divides, giving rise to a
P granule—containing progenitor germ cell and
anon—P granule—containing somatic sister cell.
Two processes have been proposed to mediate
this posterior localization: (i) P granule migra-
tion by cytoplasmic flow (4-6) and (ii) subse-
quent disassembly or degradation of remaining
anterior P granules (5-8). However, evidence
supporting either of these mechanisms is sparse.
To study P granule localization in the one-cell
embryo, we used three-dimensional (3D) particle
tracking to monitor the movement and fluores-
cence levels of P granules labeled with green
fluorescent protein (GFP)-tagged PGL-1 (9, 10)
or GLH-1 (9, 11), both constitutive P granule com-
ponents. We found that some P granules move into

the embryo posterior; however, close to the cortex
there was a flux of P granules into the anterior that
was of similar magnitude to the posteriorly di-
rected flux (Fig. 1, D to F). This behavior closely
matched the overall flow behavior of cytoplasmic
material such as yolk granules (6), quantified by
particle imaging velocimetry (PIV) (Fig. 1, B and
C) (9). P granules cannot preferentially localize to
the posterior by convection in the surrounding
cytoplasm alone. Thus, flows have little or no role
in P granule localization (9).

We next examined intensity changes of in-
dividual P granules during localization. We found
that P granule size is spatiotemporally controlled
(Fig. 2A). We determined the average rate of rel-
ative intensity change of a population of P granules,
&, at different points in space and time (9); neg-
ative & indicates P granule dissolution (i.e., shrink-
age) and positive & indicates P granule condensation
(i.e., growth). Before symmetry breaking, & was
negative across the entire embryo, indicating over-
all P granule dissolution (fig. S1). After the onset
of symmetry breaking, & stayed negative in the
anterior but became positive in the posterior of the
embryo, indicating posterior condensation [Fig. 2,
B (WT, wild type) and C]. As predicted from this
analysis, if we delayed symmetry breaking using
RNA interference (RNAI) to deplete the centro-
somal protein SPD-5 (12), & stayed negative across
the whole embryo, and P granules appeared to
dissolve completely [Fig. 2B, spd-5(RNAi)]. When
these embryos eventually broke symmetry, P gran-
ules appeared to form de novo, in the vicinity of
posterior PAR proteins (Fig. 2D and figs. S5 and
S6). This occurred concomitant with a depletion
of soluble P granule components from the an-
terior cytoplasm (Fig. 2E), and in the absence of
notable cytoplasmic flows (movie S3). As with
WT embryos, the rate of P granule condensation
peaked before leveling off. The maximum of the
posterior growth rate in spd-5(RNAi) embryos was
three times as high as that in WT embryos, which

www.sciencemag.org SCIENCE VOL 324 26 JUNE 2009

Downloaded from www.sciencemag.org on June 25, 2009

1729


http://www.sciencemag.org



http://www.sciencemag.org







