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tribution of solar energetic particles, now indicate
a relative enrichment of (isotopically heavy) frac-
tionated SW from greater depths due to, for
example, the loss of outermost grain layers.
Examples of this are 20Ne/22Ne ratios as low as
~11 in interplanetary dust particles (6). One may
also speculate that the “Ne B” component in
Earth’s mantle proposed by (26, 27) is possibly a
result of a contribution of fractionated implanted
SW-Ne during terrestrial accretion.
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Sara Endosomes and the
Maintenance of Dpp Signaling
Levels Across Mitosis
Christian Bökel,1* Anja Schwabedissen,1 Eugeni Entchev,1
Olivier Renaud,1† Marcos González-Gaitán1,2‡

During development, cells acquire positional information by reading the concentration of
morphogens. In the developing fly wing, a gradient of the transforming growth factor–b (TGF-b)–
type morphogen decapentaplegic (Dpp) is transduced into a gradient of concentration of the
phosphorylated form of the R-Smad transcription factor Mad. The endosomal protein Sara (Smad
anchor for receptor activation) recruits R-Smads for phosphorylation by the type I TGF-b receptor.
We found that Sara, Dpp, and its type I receptor Thickveins were targeted to a subpopulation of
apical endosomes in the developing wing epithelial cells. During mitosis, the Sara endosomes and
the receptors therein associated with the spindle machinery to segregate into the two daughter
cells. Daughter cells thereby inherited equal amounts of signaling molecules and thus retained the
Dpp signaling levels of the mother cell.

In recent years, it has become clear that
trafficking through the endosomal pathway
is intimately linked with the emission,

dispersion, and transduction of intercellular
signals during development (1). In particular,

the endosomal adaptor protein Sara (Smad
anchor for receptor activation) plays a key role
during transforming growth factor–b (TGF-b)
signal transduction (2). To study the role of Sara
during development, we first determined the

Fig. 3. Comparison of Ne data measured in plagioclase separates from several lunar soils by in vacuo
etching (10) (squares, circles, triangles, and diamonds), with a simulated mixture of SW Ne fractionated
as a function of implantation depth according to SRIM (crosses) and GCR-Ne, assuming SW sputter-
saturation equilibrium (16). Surface sputtering shifts SRIM results to SW-like values for surface-sited Ne.
Adding GCR-Ne moves the modeled data points to higher 21Ne/22Ne ratios, leading to a slightly curved
line (solid line) that is hardly discernible from the straight line fit through the measured lunar data
points for later steps (Fig. 1). Therefore, the lunar data are well reproduced by a SW and GCR mixture
only, without an SEP-Ne component. This reflects the fact that the heavily fractionated solar Ne from the
deepest layers (with 20Ne/22Ne value below that of SEP-Ne) is rare and hardly influences the mixing
simulation. This strongly indicates that an independent component with the isotopic composition of
SEP-Ne is not required to explain the lunar data.
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subcellular localization of Sara in developing wing
epithelial cells in Drosophila (3). As in mammals
(2, 4), Sara in Drosophila wing disc cells accu-
mulated at early endosomes. Sara colocalized with
the early endosomalmarker Rab5 (Fig. 1A and fig.
S1E) and with fluorescent dextran internalized in a
short pulse (fig. S1, A and E). In contrast, Sara
endosomes did not colocalize with dextran after a
40-min chase (fig. S1, B and E). Furthermore, Sara
was absent from Rab7-positive late endosomes
and lysosomes andRab11-positive recycling endo-
somes (fig. S1, C to E). Sara endosomes thus rep-
resent an early endosomal compartment.

Sara was targeted to phosphatidylinositol 3-
phosphate [PI(3)P]–containing early endosomes
via its PI(3)P-binding FYVE domain (figs. S1E
and S2, A and B) (2) and colocalized with the
FYVE-domain protein hepatocyte growth
factor–regulated tyrosine kinase substrate (Hrs)
(figs. S1E and S2D). Hrs itself colocalizes with
early endosomes (5), where it initiates multi-
vesicular endosome (MVE) biogenesis (6). Like
Hrs (7) and other FYVE-domain proteins, Sara
was found on the MVE-limiting membranes
(Fig. 1F and fig. S11), although the internal
vesicles show peak levels of PI(3)P (8). MVEs
can be intermediates in the degradation pathway
but have also been implicated in the recycling
and storage of endocytic cargo (9). Indeed, Sara

1Max Planck Institute of Molecular Cell Biology and
Genetics, Pfotenhauerstrasse 108, 01307 Dresden, Ger-
many. 2Department of Biochemistry and Department of
Molecular Biology, Geneva University, Sciences II, 30 Quai
Ernest-Ansermet, 1211 Geneva 4, Switzerland.

*Present address: Biotechnological Center, Dresden Uni-
versity of Technology, Tatzberg 47, 01307 Dresden,
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†Present address: Automation Project, Plateforme d'Imagerie
Dynamique, Institut Pasteur, 25–28, rue du Docteur Roux,
75015 Paris, France.
‡To whom correspondence should be addressed. E-mail:
marcos.gonzalez@biochem.unige.ch

Fig. 2. Sara endosomes in
dividing cells. (A to D) GFP-
Sara (green) localizes to the
central spindle (arrows)
marked by Pavarotti [(A)
and (B), blue; (C), red] at
progressive stages of mito-
sis [(A), early anaphase;
(C), late anaphase; (B),
telophase; (D), cytokinesis]
in dividing wing epithelial
cells outlined with FasIII [(A),
(B), and (D), red; (C), blue].
(E) A fraction of intracellular
Tkv-GFP (green) colocalizes
with endogenous Sara (red)
at the cleavage plane (ar-
rows). Cell was outlined by
means of FasIII (blue) and
DNA was marked by 4´,6´-
diamidino-2-phenylindole
(DAPI) (light blue). (F and G)
Dividing wing cells stained
for Pavarotti [(F), red] or Sara
[(G), red], acetylated tubulin
(green), and actin with the
use of fluorescent phalloidin
(blue). Acetylated tubulin
appears in the midzone dur-
ing telophase and surrounds
the central spindle defined
by Pavarotti (F). At this stage,
the Sara endosomes colo-
calize with acetylated tubulin
(G) and not with Pavarotti
(arrows). Dotted lines indicate
cell outlines. (H) Time lapse
documenting the segrega-
tion of GFP-Sara (green) ex-
pressed at high levels. A
dividing wing epithelial cell
outlined by the lipid dye FM4-64 (red) is shown. Each panel contains a single slice of confocal stack
centered on the cleavage site. Scale bars, 2 mm.

Fig. 1. Sara endosomes in interphase cells. (A to C)
Apical XY confocal sections through imaginal disc cells.
(A) Colocalization between Sara endosomes (GFP-Sara,
green) and Rab5 (red). [(B) and (C)] Endogenous Sara
(red) colocalizes with Tkv-GFP [(B), green] or GFP-Dpp [(C),
green]. Cells were outlined by means of FasIII immuno-
staining (blue). 5.8 ± 0.7% of the total Tkv-GFP is in Sara
endosomes and the rest is at the plasma membrane and
other vesicular structures (fig. S13C). (D to F) MVE
localization of Tkv-GFP [(D) and (E)] and GFP-Sara (F) with
antibodies to GFP in cryoimmunoelectron micrographs.
Tkv-GFP is detected at the limiting membrane of an early
MVE [(D); arrowhead indicates an invaginating internal
vesicle] and at both the limiting membrane and internal
vesicles in amatureMVE (E). GFP-Sara is exclusively found
at the limiting membrane (F). (G and H) Z wing
cryosections reveal tight apical localization of Sara
endosomes [GFP-Sara, (G), green; GFP-Rab5, (H), green;
endogenous Sara, (H), blue; FasIII, red]. There is an
absence of Sara from more basal Rab5 endosomes (H).
Arrowhead in (G) indicates a dividing cell. Examples for colocalization of GFP-tagged Dpp, Tkv, and Rab5 with Sara endosomes are highlighted by white circles in (A) to
(C) and (H). Scale bars, 2 mm in (A) to (C) and (H), 100 nm in (D) to (F), and 5 mm in (G).
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endosomes correspond to a signaling compart-
ment that segregates from the degradation
pathway (10).

Sara has been implicated in TGF-b and deca-
pentaplegic (Dpp) signal transduction (2, 4, 11).
Consistently, Sara-positive endosomes contained
Dpp and its receptor Thickveins (Tkv) (Fig. 1, B
and C). Tkv was found at the limiting membrane
of earlyMVEs and the internal vesicles of mature
MVEs (Fig. 1, D and E, and fig. S11).

The Sara-positive endosomes were clustered
in the top 3 mm of the 30-mm-tall columnar wing
epithelium (Fig. 1G and fig. S3, A and C). More
basal Rab5-positive early endosomes lacked Sara
(Fig. 1H and fig. S3, B and C). In total, only 12%
of the Rab5 endosomeswere Sara-positive. Thus,
Sara defined a strictly apical subpopulation of
early endosomes confined to a small volume
representing the top 10% of each cell (fig. S3A).
We wondered how the mother cells ensure that
this polarized compartment and its cargo are
partitioned to each daughter cell during mitosis.

Dividing wing cells rounded up at the apical
surface of the epithelium during prophase (Fig.
1G). At anaphase, Sara was targeted to the
mitotic spindle midzone (also called the central

spindle) as monitored by immunostaining with
the centraspindlin kinesin Pavarotti/kinesin-like
protein–1 (12) (Fig. 2, A to C). These Sara-
positive structures corresponded to endosomal
compartments as they colocalized with internal-
ized dextran and the endosomal markers Rab5
and green fluorescent protein (GFP) fused to a
tandem FYVE domain (2xFYVE-GFP) (fig. S4).
Furthermore, Sara-positive endosomes at the
cleavage plane contained the transmembrane
receptor Tkv (Fig. 2E). Later during cytokinesis,
the Sara endosomes were displaced off the
Pavarotti-positive central spindle and colocalized
with acetylated tubulin at both ends of the central
spindle (Fig. 2, F and G). In this way, the pool of
Sara endosomes targeted to the center of the cell
was partitioned into two subpopulations, which
then segregated into the two daughter cells. After
mitosis, the Sara compartments remained asso-
ciated with the midbody at the apical side of the
epithelial cells (Fig. 2, D and H), which then
regained their columnar aspect.

Other endosomal structures, such as lyso-
somes and late endosomes, did not associate with
the spindle but were randomly segregated during
mitosis (fig. S5A). Rab11-positive recycling

endosomes associate with the centrosomes dur-
ing cytokinesis (13, 14) (fig. S5B). In the case of
Rab5-positive early endosomes, one subset
segregated randomly, whereas another popula-
tion potentially corresponding to the Sara endo-
somes associated with the central spindle (Fig.
3D and figs. S4B and S5C).

In order to analyze the role of Sara in endo-
somal or cargo targeting to the central spindle, we
generated Sara deletions. sara12 removes the
entire Sara coding region and represents a null
mutation (Fig. 3A and fig. S12D). Zygotic sara12

mutants died during late larval and pupal
development. In rare cases (5%), they survived
until adulthood, showing variable vein defects
(Fig. 4, L to Q). Most maternal/zygotic sara12

mutants (92.2%) died during embryogenesis with
erratic phenotypes, including cellularization and
dorsal/ventral patterning defects among others
(Fig. 3, B and C). Few animals (1.4%; n = 1520)
reached the third instar larval stage. Both Mad
phosphorylation and the pattern of the Dpp target
gene spalt were normal in the absence of Sara
(figs. S10 and S12). Thus, although Sara is
essential for activin/TGF-b signaling by recruit-
ing Smad2/3 to the receptor complex for

Fig. 3. Sara targets signaling cargo to the central
spindle. (A) Genomic organization of Sara (tran-
script, green; open reading frame, solid green) and
flanking genes (FKBP13 and Syndecan). A trans-
posable element EY4602 (blue) inserted in the first
intron of Syndecan was used to generate a 5.8-kb
deletion by imprecise excision (sara12, red), which
complements the loss-of-function Syndecan alleles.
Amino acid exchanges in TILLING mutants, FYVE-,
and Smad-binding domains (SBD) are indicated. (B
and C) Double stainings of wild-type (WT) (B) and
maternal/zygotic mutant sara12 (C) embryos. Cell
outlines were marked with FasIII (green) and nuclei
were marked by DAPI (red, left panel; gray, center
panel). Nomarski images appear in the right panel.
High-magnification insets show local cellulariza-
tion of sara12mutant embryos. The lower density
of nuclei in the anterior part of the mutant em-
bryo (C) uncovers a mitotic defect before cel-
lularization. (D and E) Endogenous Rab5 (red)
colocalizes (arrows) with spindle-acetylated tu-
bulin (green) both in WT [(D), 91% of cells] and
sara12 [(E), 89% of cells] dividing wing disk cells
outlined with fluorescent phalloidin (blue).
Dotted lines indicate cell outlines. (F and G)
Intracellular Tkv-GFP (green) associates with the
midbody marked by Pavarotti (arrows, red) in WT
[(F), 90% of cells] but not sara12 mutant cells
[(G), 10% of cells] outlined by means of FasIII
immunostaining (blue). Levels of total Tkv in all
endo- and exocytic subcellular compartments in
the two daughter cells are approximately equal
when the complete z axis is quantified (1.20 ± 0.28
ratio of Tkv levels in the sibling cells, n = 13 cell
pairs; not significantly different from ratio = 1,
P > 0.531), and overexpression levels do not
differ between WT and mutant backgrounds (fig.
S13E). Scale bars, 50 mm in (B) and (C) and 2 mm
in (D) to (G).
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phosphorylation (2, 4), it is not required in the
same way for Dpp/bone morphogenetic protein
signal transduction.

We also generated 32 Sara point mutations
(Fig. 3A) in two targeted induction of lesions in
large genomes (TILLING) reverse genetic
screens (15). These mutations included sara1, a
Met538→Lys538 amino acid exchange in a con-
served position of the FYVE domain that mis-
targets Sara out of the apical endosomes into the
cytosol (fig. S2, E and F). Both sara12 and sara1

were lethal mutations sharing phenotypes de-
scribed below (fig. S6). Both phenotype and
lethality could be rescued by expressing a Sara
transgene under the tubulin promotor or the GFP-
Sara fusion by means of the Gal4 system (table
S1 and fig. S7). Thus, the defects described were

caused by impaired Sara function, and GFP-Sara
was functional.

In both sara1 and sara12 zygotic mutants,
targeting of endosomes to the central spindle is
normal (Fig. 3, D and E, and fig. S8). However,
Tkv failed to localize to the central spindle (Fig.
3, F andG, and fig. S13, A, B, andD). Thus, Sara
is involved in targeting signaling cargo to endo-
somes associated with the spindle machinery.

To test whether this biological function of
Sara was functionally relevant for Dpp sig-
naling, we quantified Mad phosphorylation in
interphase cells and twin daughter cells after
cell division. In wild-type wings, phospho-
rylated Mad (pMad) in interphase cells forms
a single exponential concentration gradient
profile that parallels the Dpp gradient (16):

Over a range of 30 mm (~10 cell diameters),
the levels of nuclear pMad phosphorylation
decayed by a factor of 6 (Fig. 4A and fig. S10).
This pMad gradient is thought to encode the
anterior/posterior positional information in the
disk (16).

Mitotic cells showed 10-fold higher levels of
Mad phosphorylation than surrounding inter-
phase cells (fig. S9) but retained a pMad gradient
profile (Fig. 4B). After mitosis, wild-type twin
daughter cells that were identified morphologi-
cally or by molecular markers reliably showed
equal levels of pMad both in the wing disk (Fig.
4, C and E and fig. S14, B and D) and in pupal
wings (Fig. 4G and fig. S15A). In contrast,
mutant sara12 twin daughter cells showed a high
variability in pMad levels, reaching up to 2.5-fold

Fig. 4. Sara maintains Dpp
signaling levels across mitosis. (A)
Normalized pMad immunofluo-
rescence intensity in individual
cells plotted against the distance
from Dpp source. a.u., arbitrary
units. Cell outlines correspond to
average actual dimensions. The
different colors and symbols de-
note individual disks. (B) Normal-
ized pMad signal in mitotic cells
versus distance from Dpp source.
Although absolute pMad levels are
about 10-fold increased relative to
interphase, a regular gradient is
retained (n = 3 discs). (C and D)
pMad staining (green) in WT (C)
and sara12mutant sibling cell pairs
(D) at the exit of mitosis, counter-
stained with FasIII (red) and DAPI
(blue). Compare equal pMad levels
in the WT sibling cells (C) with
unequal pMad levels in the mutant
(D). (E and F) Ratios of pMad
signals in WT (E) and sara12 (F)
pairs of sibling cells (n = 60 pairs
per genotype) at the exit of mitosis.
(G and H) Dividing cells of WT (G)
and sara12/Df(2R)PK1 (H) pupal
wings in 17 hours after puparium
formation (apf). Sibling pairs are
identified by the accumulation of
actin (fluorescent phalloidin, blue)
and acetylated tubulin (green) at
the contact site. Dashed lines
indicate cell outlines. Ratios of
pMad (red) intensity between
sibling cells are 1.09 for the WT
(G) and 2.07 for the mutant pair
(H). (I) Quantification of apoptosis
levels in WT and sara12/Df(2R)PK1
wing disks via caspase-3 immuno-
staining and acridin orange stain-
ing. Differences were significant
(P < 0.001). Error bars indicate SD. (J and K) WT (J) and sara12/Df(2R)PK1 (K)
wings 25 hours apf, stained for pMad (red). Nuclei were marked with DAPI
(blue). pMad activation defines the presumptive vein territories, but ectopic
pMad (arrowhead) appears in the intervein territory of the mutant wing
(center and right panels are magnifications of the boxed areas in the left

panels). (L to Q) sara12 mutant flies [(O) to (Q)], but not WT control flies [(L)
to (N)], exhibit delta formation at vein junctions with the margin [(L) and (O),
85% of mutant wings], branching of the posterior cross-vein [(M) and (P),
28%], and partial vein duplications [(N) and (Q), 15%]. Scale bars, 2 mm in
(C), (D), (G), and (H) and 20 mm in (J) and (K).
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between the twin daughter cells (Fig. 4, D, F, and
H, and figs. S14, C and D, and S15B), cor-
responding to a positional information distance
of up to six cells (or 20 mm) (Fig. 4A). Dis-
tribution of nonphosphorylated Mad was not af-
fected (fig. S13F). Thus, Sara endosomes store
signaling molecules (receptors and/or tran-
scription factors) and are partitioned into the twin
daughter cells by association with the central
spindle. Sara itself is required for central spindle
targeting of the receptor cargo and ensures the
maintenance of the levels of pMad within the
gradient across mitosis.

The differences in pMad levels between twin
sibling cells decrease with time after mitosis in
Sara mutants, leading to an overall normal pMad
gradient with normal amplitude and range in
interphase cells (fig. S10). Consistently, wings of
sara12 escapers did not exhibit large-scale Dpp-
related patterning phenotypes (Fig. 4, L to Q).
This result implies the existence of mechanisms
that smooth the uneven signaling levels in Sara
mutants after mitosis. These mechanisms may
include the elimination of cells causing discontinu-
ities in the pMad gradient by brinker-mediated
apoptosis (17). Correspondingly, elevated apo-
ptosis levels were observed both in Sara mutant
wings (Fig. 4I and fig. S16, B, C, and E) and in
Sara mutant clones relative to the surrounding
tissue (fig. S16, A and D). Cells entering apo-
ptosis, as monitored by the expression of head
involution defective (Hid), exhibited elevated
pMad levels in comparison with their neighbors
(fig. S16F), which is consistent with previous
observations (18, 19). In contrast, daughter cells
with inappropriately low signaling levels after
mitosis appeared to recover in interphase, im-
plying that, in the larval disk, there is time for de
novo signaling by the extracellular gradient of
Dpp before cells are committed to a specific fate.

Uneven signaling levels after mitosis should
become fixed if differentiation occurred right
after division. In the pupal wing, Dpp signaling
involved in the determination of vein versus
intervein tissue coincides with the final mitotic
wave (20, 21). Consistently, we observed cells
with ectopically elevated Dpp signaling levels in
the intervein territory of Sara mutant wings but
not wild-type wings (Fig. 4, J and K), as well as
corresponding morphological defects such as
branching or partial duplication (Fig. 4, L to Q).

Why do daughter cells retain the Dpp sig-
naling levels of their mother across mitosis, if
they are able to read the extracellular gradient of
Dpp again after division? We speculate that our
observations might be related to the phenomenon
of cellular memory of activin signaling in
Xenopus, where cells remember activation levels
for 3 to 6 hours (even across mitosis) (22, 23)
because of the retention of activated receptors
within the endocytic pathway (24). Dpp signaling
in flies does not show long-term memory over
several cell generations (25). However, Dpp
signaling may well exhibit short-term memory
of a few hours, which would buffer against

signaling fluctuations. Uneven distribution of
signaling molecules during mitosis (as in Sara
mutants) would then generate a situation in
which one of the daughter cells may exhibit
signaling levels above the levels corresponding
to its actual position. Such discontinuities com-
promise the robustness of the interpretation of the
gradient but will to some extent be compensated
by brinker-dependent apoptosis (17). Our obser-
vations thus imply a double mechanism to ensure
robustness in the interpretation of the gradient:
first, error prevention by preempting the appear-
ance of discontinuities after mitosis through Sara
and then, should discontinuities appear, error
correction through proofreading and apoptosis
(17, 18).
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Abortive Initiation and Productive
Initiation by RNA Polymerase
Involve DNA Scrunching
Andrey Revyakin,1,2* Chenyu Liu,1,2,3 Richard H. Ebright,1† Terence R. Strick2,3†

Using single-molecule DNA nanomanipulation, we show that abortive initiation involves DNA
“scrunching”—in which RNA polymerase (RNAP) remains stationary and unwinds and pulls
downstream DNA into itself—and that scrunching requires RNA synthesis and depends on RNA
length. We show further that promoter escape involves scrunching, and that scrunching occurs in
most or all instances of promoter escape. Our results support the existence of an obligatory
stressed intermediate, with approximately one turn of additional DNA unwinding, in escape and are
consistent with the proposal that stress in this intermediate provides the driving force to break
RNAP-promoter and RNAP-initiation-factor interactions in escape.

Transcription initiation involves a series of
reactions (1–3). RNA polymerase (RNAP)
binds to promoter DNA to yield an RNAP-

promoter closed complex (RPc). RNAP then
unwinds ∼1 turn of DNA surrounding the
transcription start site to yield an RNAP-promoter
open complex (RPo). RNAP then enters into
abortive cycles of synthesis and release of short
RNA products as an RNAP-promoter initial
transcribing complex (RPitc) and, upon synthesis

of an RNA product ~9 to 11 nucleotides (nt) in
length, escapes the promoter and enters into pro-
ductive synthesis of RNA as an RNAP-DNA
elongation complex (RDe).

The mechanism by which the RNAP active
center translocates in abortive initiation and
promoter escape has remained unclear. It has
remained unclear because of two seemingly
contradictory observations. First, RNA products
up to ~8 to 10 nt in length are synthesized in
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