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Cell ratcheting through the Sbf RabGEF directs force
balancing and stepped apical constriction

Hui Miao!, Timothy E. Vanderleest?, Cayla E. Jewett!@®, Dinah Loerke?®, and . Todd Blankenship'®

During Drosophila melanogaster gastrulation, the invagination of the prospective mesoderm is driven by the pulsed
constriction of apical surfaces. Here, we address the mechanisms by which the irreversibility of pulsed events is achieved while
also permitting uniform epithelial behaviors to emerge. We use MSD-based analyses to identify contractile steps and find
that when a trafficking pathway initiated by Sbf is disrupted, contractile steps become reversible. Sbf localizes to tubular,
apical surfaces and associates with Rab35, where it promotes Rab GTP exchange. Interestingly, when Sbf/Rab35 function is
compromised, the apical plasma membrane becomes deeply convoluted, and nonuniform cell behaviors begin to emerge.
Consistent with this, Sbf/Rab35 appears to prefigure and organize the apical surface for efficient Myosin function. Finally, we
show that Sbf/Rab35/CME directs the plasma membrane to Rabll endosomes through a dynamic interaction with Rab5
endosomes. These results suggest that periodic ratcheting events shift excess membrane from cell apices into endosomal
pathways to permit reshaping of actomyosin networks and the apical surface.

Introduction

Understanding how tissue and cell morphologies are shaped
has required advances in microscopy techniques that permit
rapid time-lapse imaging. With this enhanced temporal res-
olution, a key discovery has been that many processes that
once appeared smoothly continuous are actually composed of
many pulsed, discrete events (Martin et al., 2009; Solon et al.,
2009; Rauzi et al., 2010; Fernandez-Gonzalez and Zallen,
2011; Sawyer et al., 2011; Roh-Johnson et al., 2012). The dis-
continuous nature of cell shaping has deep implications for
the underlying processes and suggests initiation, termina-
tion, and stabilization phases. This is especially apparent in
the behaviors of nonmuscle Myosin II-driven processes, in
which actomyosin assemblies form, generate a contractile
force that deforms cell shape, and then either disband or
undergo a period of remodeling. Pulsatile force generation
therefore raises a central question: once force generation
terminates, how are resultant cell morphologies maintained?
Potential answers to this question are varied and include
actin turnover and the viscoelastic properties of the cortex
(Clément et al., 2017), but a further possible link lies in the
behaviors of the plasma membrane itself. If morphological
processes coordinate membrane trafficking events with cy-
toskeletal force generation, there is the potential for lasting
changes in cell shape to be achieved (Levayer et al., 2013;
Jewett et al., 2017).

Invagination of the mesoderm in Drosophila melanogaster
occurs through the formation of an anterior-posterior (A-P)
elongated furrow on the ventral surface of the embryo (Martin
and Goldstein, 2014). This primarily occurs through ventral
epithelial cells constricting their apical surfaces to adopt a con-
ical shape that then causes a buckling inward of the mesodermal
anlagen (Leptin and Grunewald, 1990). Apical constriction is
driven by actomyosin forces that are localized to the apical
surface through Rho signaling pathways (Young et al., 1991;
Barrett et al., 1997; Dawes-Hoang et al., 2005; Kolsch et al., 2007;
Xie and Martin, 2015; Mason et al., 2016). Importantly, apical
constriction was one of the first systems in which the pulsatile
nature of these Myosin II networks was first appreciated
(Martin et al., 2009), with different transcriptional inputs reg-
ulating contractile and stabilization phases. Subsequent work
elegantly demonstrated how cycles of Myosin II phosphorylation
and dephosphorylation permitted remodeling of contractile
forces during apical constriction (Vasquez et al., 2014), but how
these cytoplasmic forces connect to events at the membrane has
been unclear.

Indeed, while the mechanochemical pathways that direct
Myosin II activities have been extensively explored (Nikolaidou
and Barrett, 2004; Dawes-Hoang et al., 2005; Martin et al., 2009;
Mason et al., 2013), the membrane trafficking networks that
function during apical constriction have been virtually
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unstudied in the Drosophila embryo. Rab proteins and their as-
sociated guanine nucleotide exchange factors (GEFs) are key
mediators of membrane trafficking and cytoskeletal function
(Walch-Solimena et al., 1997; Imamura et al., 1998; Sonnichsen
and Zerial, 1998; Hattula et al., 2002; Grosshans et al., 2006;
Horgan and McCaffrey, 2012; Jean et al., 2012) and form a large
family of trafficking-dedicated monomeric GTPase proteins.
Endosomal pathways guided by Rab proteins receive membrane
from the cell surface through clathrin-mediated endocytosis
(CME) as well as additional endocytic mechanisms (Rodman and
Wandinger-Ness, 2000; Naslavsky et al.,, 2003; Powelka et al.,
2004; Allaire et al., 2013; Maldonado-Baez et al., 2013; Mayor
et al,, 2014). A common pathway in many cells is newly endo-
cytosed material first arriving at Rab5 early endosomes and then
being further trafficked to Rabll recycling endosomes. In pre-
vious work during cell intercalation in Drosophila, we demon-
strated that a select subset of the 31 Drosophila Rab proteins
(Rab4, Rab5, Rab8, Rabll, Rabl4, Rab23, Rab35, and Rab39)
are expressed in the early embryo at levels that are detectable
by live imaging. Here, we show that a RabGEF, Sbf, coordinates
the activity of Rab35 during apical constriction in the ventral
furrow. We study a range of scales that vary from detecting
biochemical activities and molecular interactions between Sbf and
Rab35 to contractile cellular behaviors to final tissue morpholo-
gies. After Sbf or Rab35 disruption, cell ratcheting is compromised
and the apical surface is filled with bleb-like features. Cell areas
become highly variable and A-P anisotropies are compromised,
revealing that Sbf and Rab35 are essential for uniform tissue
constriction. Consistent with this, Sbf/Rab35 appears to prefigure
and organize the apical surface for efficient and balanced Myosin
II network function.

Results

Sbf, a potential Rab35 GEF, has an apical localization during
apical constriction

We previously identified a pathway centered on Rab35 that was
required for processive cell intercalation (Jewett et al., 2017).
However, the mechanisms that trigger the functioning of this
pathway are unknown. As Rab35 is a member of the small
GTPase Rab family, this suggests that a GEF must be responsible
for initiating this pathway. Three potential Rab35 GEFs
(CG18659, Stratum/CG7787, and Sbf) have been identified
through systematic biochemical purifications (Guruharsha
et al., 2011; Gillingham et al., 2014). As an initial starting
point, we created N- and C-terminal EGFP fusions for each of
these GEFs and imaged a previously constructed GFP:Sbf (Jean
et al., 2012). None of the four CG18659 or Stratum GFP trans-
genes displayed a discrete localization in the early Drosophila
embryo. However, Shf, which was the top hit for Rab35 in a
systematic analysis of Rab-interacting proteins (Gillingham
et al., 2014), possessed a striking localization at cell apices
during mesoderm invagination (Fig. 1, A and C). Punctate and
tubular foci of GFP:Shf were present at cell apices and displayed
dynamic behaviors with an average lifetime of ~70 s (Fig. 1, D
and E). These compartments are similar in their localization
and dynamics to those observed for Rab35 (Jewett et al., 2017).
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We then asked if these apical tubulated Sbf compartments are
open to the extracellular space and whether they fill immedi-
ately with Alexa Fluor 568-dextran following injection into the
perivitelline (extracellular) space of the embryo. Indeed, 87% of
Sbf compartments colocalized with dextran and thus appear to
represent infoldings of the plasma similar to the Rab35 tubules
that form during cell intercalation (Fig. 1, F and G). Sbf com-
partments are also enriched apically in cells of the ventral fur-
row and possess a lower frequency of occurrence at cell-cell
interfaces (Fig. 1 H). Sbf is an interesting multidomain protein
with DENN, GRAM, coiled coil (CC), and pleckstrin homology
(PH) domains (Jean et al., 2012, 2015; Fig. 1 B). Deleting either the
PH or DENN-CC domains removed the ability of Sbf to localize to
cell apices or the plasma membrane, and a DENN-GRAM domain
rescue construct did not localize as well, potentially consistent
with a function for the PH domain in directing Sbf to the plasma
membrane (Figs. 1 C and S1 A). Thus, Sbf localizes to apical re-
gions of invaginating mesodermal cells and is a candidate to act
as the upstream activator for Rab35.

Sbf and Rab35 localize to tubular infoldings at the apical
plasma membrane

In a previous study (Jewett et al., 2017), we showed that Rab35 is
present on ingressing tubules at the plasma membrane as well as
on endosomal compartments during cell intercalation. We were
therefore interested to see if similar distributions of Rab35 are
present during apical constriction. To do so, we performed both
immunogold transmission EM (TEM) and extracellular dextran
labeling of Rab35 compartments (Fig. 2, A and J). GFP-coupled
immunogold particles revealed that 61% of Rab35 localizes to
large tubular structures at the apical surface, while 35% of the
Rab35 signal is at internal endosomal-type structures (Fig. 2 B).
Similar to our results with Sbf (Fig. 1, F and G), 77% of the Rab35
compartments were immediately filled with extracellular dex-
tran (Fig. 2, ] and K). We then determined the extent of coloc-
alization between Shf and Rab35. Between 72% and 89% of mCh:
Rab35/GFP:Shf puncta colocalize with each other (Fig. 2, C-E).
As Sbf possesses a DENN domain, which commonly activates
Rab GTPases, we were curious if Sbf only initiates the formation
of Rab35 compartments or if it is present throughout a com-
partment’s lifetime. Interestingly, Sbf is present during much of
a Rab35 compartment’s lifetime, potentially consistent with a
rapid cycling of Rab35 and a requirement for Shf to maintain
compartmental identity (Fig. 2, F and G).

We then asked if Rab35 compartments were present when
Sbf function is disrupted. There is a deep loss in both the number
and size of Rab35 compartments when measured across the full
time of furrow ingression in Sbf embryos (at 8 min; Fig. 2, H, I,
and L). The number of dextran-labeled compartments is also
deeply reduced in Shf-compromised embryos (Fig. 2, ] and K).
However, at the initiation of gastrulation, there is an unusual
burst of small cytoplasmic Rab35 compartments that is accom-
panied by the loss of apical plasma membrane-associated Rab35
(Fig. 2, H and J-L). This may indicate that in the absence of a
plasma membrane GEF, Rab35 activity is redirected toward an
internal endocytic compartment and would be consistent with
the activity of a separate endosomal Rab35 GEF. All together,
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Figure 1. A potential Rab35 GEF, Sbf, displays apical localization during Drosophila ventral furrow formation. (A) Diagram of the imaging approach used
to follow apical constriction of ventral furrow cells (left). Tangential z-slice of Resille:GFP; Spider:GFP from 2 pm below the apical surface to show cell outlines
(right; image is duplicate of Fig. 4 A control for schematic purposes). (B) Structural domain schematic of Drosophila Sbf protein. (C) Still frames of embryos
expressing EGFP:Sbf, EGFP:SbfACC-PH, EGFP:SbfAPENN, and EGFP:DENN-GRAM during ventral furrow formation. (D) Time-lapse images of an embryo expressing
EGFP:Sbf. Images depicting the lifetime of a Sbf compartment: initiation of Sbf compartment (0 s), elongation phase (67 s), maximum point (68 s), shrinkage (69 s),
and termination of a compartment (96 s). Dashed circle marks the indicated Sbf compartment. (E) Distribution of Sbf compartmental lifetimes. n = 175 com-
partments. (F) Sbf compartments are colocalized with dextran immediately after injection. (G) Quantification of the number of dextran-labeled Sbf compartments
during ventral furrow formation. n = 222 compartments. (H) Quantification of the number of Sbf compartments on the interface or apical surface per cell. n = 132
cells. Scale bars in A and C represent 5 pm, and scale bars in D and F represent 2.5 pm. Error bars indicate standard errors. Statistical significance was calculated
using a Student’s t test. *, P < 0.05; ***, P < 0.0005. In A, C, D, and F, embryos are oriented with anterior up and posterior down.

these results show that Rab35 and Sbf colocalize at the apical
surface in plasma membrane-associated tubules and that Sbf
function is essential for apical Rab35 localization.

Sbf directly associates with Rab35 and increases GTP
exchange rates

As it was not possible to purify full-length Sbf protein, we
tested if the putative Sbf GEF-DENN domain (amino acids
1-452) could directly associate with Rab35. Indeed, in vitro
experiments demonstrated that MBP:Sbf-DENN could directly
pull down Rab35 (Fig. 3, A and C). This displays a degree of
specificity, as the recycling endosomal Rabll was not pulled
down by MBP:Sbf-DENN. Further, the interaction between
Rab35 and Sbf-DENN is nucleotide dependent, as Rab35
loaded with a nonhydrolyzable GTP (GMP-PNP) is not

Miao et al.
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efficiently pulled down by MBP:Sbf-DENN (Fig. 3, B and C).
We then examined if the DENN domain could promote Rab35
GTP exchange. Interestingly, in vitro Rab35 possesses a high
intrinsic rate of exchange (Fig. 3, D and E). However, Sbf-
DENN does promote a further increase in the rate of GTP
exchange, which can be competed with excess GMP-PNP
(Fig. 3, D and E). The observed GTP assay kinetics may rep-
resent the artificial conditions that an in vitro environment
presents (the absence of a lipid bilayer, altered Rab-RabGEF
binding geometries, or the absence of a RabGDI). Alterna-
tively, these results are consistent with Rab35 being a rapid
cycling small GTPase that requires an association with the
RabGEF throughout the lifetime of a Rab35 compartment
(Fig. 2 G). These results also establish that Sbf interacts with
Rab35 directly and specifically in a GDP-dependent form.
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Figure 2. Sbf associates with Rab35 in apically constricting cells. (A, A’, and A”) Immunogold TEM images of anti-GFP CRISPR:GFP:Rab35 demonstrates
that Rab35 is present at apical surfaces and in large endosomal structures. (A’ and A”) Magnification of area marked by dashed lines in A showing apical
surface- (A’) or endosomal structure-associated (A’”) Rab35 immunogold compartments (arrows). (B) Quantification of Rab35 localization in A. (C) Time-lapse
images of embryo expressing UAS:mCh:Rab35 (red) and UAS:EGFP:Sbf (green). mCh:Rab35 displays similar dynamics as CRISPR:GFP:Rab35 (see Materials and
methods; Fig. S1, B and C). (D) The interaction between EGFP:Sbf (green) and mCh:Rab35 (red) over time. Arrowhead indicates colocalized Sbf and Rab35
compartment. (E) Percentage of colocalization between Rab35 and Sbf. n = 241 (Rab35) and 177 (Sbf) compartments. (F) Sbf association with Rab35 over the
lifetime of a Rab35 compartment. n = 190 compartments. (G) Tracking of fluorescence intensity during the lifetime of a colocalized Rab35 and Sbf com-
partment. (H) Still frames of embryos expressing CRISPR:GFP:Rab35 in control or Shf shRNA backgrounds during either early or late ventral furrow formation.
(1) Quantification of the size of Rab35 compartments in control and Shf shRNA embryos at early (t = 0) and late (t = 8 min) time points. n = 79 (control, 0 min),
101 (Sbf shRNA, 0 min), 171 (control, 8 min), and 169 (Sbf shRNA, 8 min) compartments. (J) Images of embryo expressing CRISPR:GFP:Rab35 in either control or
Sbf shRNA background injected with dextran into extracellular space. Very few Rab35 compartments are labeled with dextran when Sbf function is com-
promised. Yellow dashed line marks the cell outline. (K) Quantification of the labeled Rab35 compartments in J. n = 245 (control) and 312 (sbf shRNA)
compartments. (L) Quantification of the average number of Rab35 compartments in control and Sbf sShRNA embryos. n = 433 (control, 0 min), 820 (Sbf shRNA, 0
min), 272 (control, 8 min) and 200 (Sbf shRNA, 8 min) compartments. Scale bar in A represents 200 nm, scale bars in H and | represent 5 um, and scale bars in C
and D represent 2.5 pum. Statistical significance was calculated using Student’s t test (K) or Mann-Whitney U test in (E, |, and L). *, P < 0.05; ***, P < 0.0005. In
C, D, H, and J, embryos are oriented with anterior up and posterior down.

Sbf is required for apical constriction

Given the striking apical dynamics of Sbf protein, we examined
apical constriction during ventral furrow formation in Sbf-
disrupted embryos. Sbf sShRNA embryos failed to form a ven-
tral invagination (Fig. 4, A and B; and Video 1), prompting a
closer look at apical constriction rates. The overall rate of con-
striction was reduced by 32% in Sbf-disrupted embryos as
compared with control embryos (Fig. 4, C and D); however, an
interesting dynamic emerged when rates were broken down
into initial, early, mid-, and late contractile periods. In initial
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time points of apical constriction (0-120 s), constriction rates
between wild-type and Sbf-disrupted cells are highly similar
(Fig. 4 E). But as apical constriction proceeds, Sbf-compromised
embryos display progressively stronger defects in constriction
rates (Fig. 4, F-H). These disruptions in apical constriction led to
deep defects in the overall flow of cells toward the ventral
midline, with wild-type cells displacing significant distances in
the course of invagination (19.5 pm), while cells in Sbf-disrupted
embryos possessed compromised displacements (7 pum; Fig. 4, I
and J). We also examined Rab35 function during these periods

Journal of Cell Biology
https://doi.org/10.1083/jcb.201905082

620z Jequiade( £0 U0 3senb Aq 4pd-z8050610Z A0l/288< L9L/SY8E/L L/8LZ/APd-8ome/qol/Bio sseidny//.dpy woly pepeojumoq

3848


https://doi.org/10.1083/jcb.201905082

Input Pull down
MOPhe = - + - - MBP:DENN
MBP:DENN  — = _ + +
His:Rab35
His:Rab35 + - + + i

His:Rab11 - + - + GMP-PNP-His:Rab35
92.8 kD — Py | BPDENN 928 kD |
42KD | — - wBP 23.2kD
24.7kD _ His:Rab11 —
23.2kD | W— f— His:Rab35
14 t t t t t 100 —
GMP- PNP MBP:Rab35+MBP:DENN
MBP:Rab35+water
13- * MBP:Rab11+MBP:DENN
e ||BP:Rab11+water 80 —

Pull down 150 — o
-
+ +
S
3
£ 100
. + 8
2
£
°
MBP:DENN  §
©
£ 50 —
b £
His:Rab35 o
) %
0 T T T T
MBP MBP:DENN MBP:DENN  MBP:DENN
+His:Rab35 + His:Rab35 + His:Rab11
GMP-PNP-His:
I Water Rab3s
N DENN

/

)

60 —
Water or DENN
1k

40 —

o
L

20 —

Normalized fluoresence intensity

ns

Normalized fluoresence intensity change (%)

-20

s s

07 } } t t }
870 1770 2670 3570 4470
Time (S)

+ MBP:Rab35
- GMP-PNP

+MBP:Rab11
- GMP-PNP

+ MBP:Rab35
+ GMP-PNP
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and observed similar decreases in apical constriction rates and
flow toward the ventral midline in Rab35 shRNA embryos (Fig. 4,
C, D, and K; and Video 1). Thus, Sbf and Rab35 are required after
the initiation of apical constriction to permit the continued
constriction of cell apices.

The apical surface becomes deeply convoluted after Sbf/
Rab35 disruption

As Sbf and Rab35 localize to the apical, tubular surface and
disrupting their function compromised apical constriction, we
probed the membrane ultrastructure of constricting cells. To do
so, scanning EM was performed to image the apical surface in
control and Sbf- or Rab35-disrupted embryos. Remarkably,
scanning EM images show that Sbf/Rab35-disrupted embryos
have surfaces that are deeply convoluted, with hundreds of bleb-
like protrusions rising from the apical surface (Fig. 5, A and B).
We also imaged embryos by TEM to obtain cross sections of
ventral furrow cells through the apical-basal axis (Fig. 5 C).
Again, these data revealed a highly convoluted surface. This also
permitted the measurement of surface areas. Sbf/Rab35 ventral
furrow cells had greatly increased apical areas as compared with
control cells (Fig. 5 D). These results are consistent with a failure
to properly remodel and organize the apical surface when either
Sbf or Rab35 function is compromised.
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Automated identification of cell steps in the invaginating
mesoderm by mean square displacement (MSD)-based
analysis

Given the observed apical defects, we examined how these apical
changes could influence the generation of pulsed, contractile steps.
We therefore developed a method to identify periods of active mo-
tion based on the analysis of MSDs (see Materials and methods). As a
first application, we compared apical area steps during apical con-
striction to the reversible area oscillations that occur in intercalating
cells of the germband. In wild-type cells of the invaginating meso-
derm, contractile steps are prolonged, with mean steps of ~60 s and
area loss of 0.16 pm?/s (Fig. S2, A-E). This is in contrast to con-
tractions in the germband in which area contractile steps have a
mean step duration of ~40 s (Fig. S2, A, D, and E) with interface
length changes of 0.02 um/s (Jewett et al., 2017). Area oscillations in
the germband also display different contractile efficiencies, with
total contraction rates of 0.07 um?/s and contraction-only steps of
0.11 pm?/s (Vanderleest et al., 2018; Fig. S2, A-C). By these quanti-
tative criteria, periods of active contraction in the ventral furrow are
more sustained and possess higher rates than the reversible oscil-
lations in apical area that occur during cell intercalation in the
adjacent ventrolateral ectoderm. Given these differences, we were
interested in quantifying the nature of cell ratcheting during apical
constriction when Sbf- and Rab35-direct trafficking is compromised.
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Figure 4. Sbf function is required for apical constriction. (A) YZ cross sections (schematic, top) and XY still images (bottom) of cell outlines revealed with
Spider:GFP during ventral furrow formation. (B) Still images of embryos expressing Spider:GFP in Shf shRNA background during ventral furrow formation.
(C) Quantification of cell area change over time in control, Sbf shRNA, and Rab35 shRNA backgrounds. (D) Quantification of the absolute rate of area change in
control, Sbf shRNA, and Rab35 shRNA embryos. (C and D) n = 3 (control), 4 (Sbf shRNA), and 3 (Rab35 shRNA) embryos. (E-H) Absolute rate of cell area change
in control and Sbf shRNA embryos during 0-2 min (E), 2-4 min (F), 4-6 min (G), and 6-8 min (H). (E-H) n = 152 (control), 196 (Sbf shRNA), and 216 (Rab35
shRNA) cells. (I-K) Examples of control (1), Sbf shRNA (J), and Rab35 shRNA (K) cell centroid trajectories movement traced over 8 min during ventral furrow
formation. Time is color-coded (see color bar at the bottom). Scale bars represent 5 um. Error bars indicate standard errors. Statistical significance was
calculated using a Student’s t test. ***, P < 0.0005. In A and B, embryos are oriented with anterior up and posterior down.

Sbf is essential for ratcheted apical constriction

As the initiation of apical constriction appeared normal in Sbf-
disrupted embryos, we examined contractile step behaviors. As
discussed above, wild-type cells cycle through periods of con-
tractile stepping and stable behaviors (Fig. 6, A and B). Sbf- and
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Rab35-disrupted cells still possessed contractile steps (Fig. 6, A,

C, and D) but possessed slightly decreased step durations (Fig. 6,
E and F). Intriguingly, however, expansion periods are present
in Sbf and Rab35 embryos that are not present in wild-type cells
(green, Fig. 6, A-D). This was apparent when the number of
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reversing expansion steps that follow contractile steps was
measured (Fig. 6 G), as well as the presence of a second peak in
the region of positive area displacement (Fig. 6 H). These results
demonstrate that Sbf and Rab35 enforce a membrane ratcheting
activity required for apical constriction.

A requirement for cell ratcheting to maintain uniform

furrow behaviors

Previous work has demonstrated that a gradient of forces is
present across the incipient furrow during mesoderm invagi-
nation in Drosophila (Heer et al., 2017). As cells will experience
different pulling forces across this gradient, we questioned
whether a requirement for cell ratcheting would be equally
present in apically constricting cells. To do so, we categorized
cells by their distance from the ventral midline (the region of
highest contractile forces) to the peripheral edges of the invag-
inating furrow (Fig. 7 A). Interestingly, there appears to be a
higher requirement for ratcheting and Sbf function in cells
closest to the ventral midline. Cells in the central regions of the
ventral furrow had the deepest disruption in constriction rates,
while peripherally located cells had near-wild-type, or even
slightly greater than wild-type, rates (Fig. 7 B). This suggests
that membrane ratcheting becomes increasingly important in
tissue regions where cells are in an environment in which they
are surrounded by high-force-generating neighbors.

Given the above defects in constriction rates, we then ex-
amined the effects of Sbf and Rab35 function on cell shape in the
ventral furrow. In wild-type furrows, apical constriction drives
a narrowing of cells along the dorsal-ventral axis, such that cells
shift from an isotropic configuration to an anisotropic shape
that eventually achieves a uniform tissue configuration of

Miao et al.
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constricted cells that possess a longer axis aligned with the A-P
axis (Martin et al., 2010). In 8 min, wild-type cells will shift to an
aspect ratio that is ~2.2 times longer along the A-P axis (Fig. 7, C
and D). Instead, in Sbf- and Rab35-disrupted embryos, cells be-
come increasingly more disordered, with a variety of apical cell
sizes and orientations (Fig. 7, C-E). Cells with small apical sur-
faces are often juxtaposed to larger cells, and a “selfish” cell
phenotype begins to emerge in which cells appear to constrict at
the expense of neighboring cells (black-dotted cells, Fig. 7 C).
This is also evident in a wider measured distribution of the
standard deviation of cell areas (Fig. 7 E), and the organization of
the overall tissue is disrupted as seen by the observed decreases
in A-P aspect ratio (Fig. 7 D). At the individual cellular level,
there is an ~25-30% increase in cells with larger apical surfaces
(<40 pm?) in Sbf- and Rab35-compromised embryos (Fig. 7 F).
Interestingly, these large cells still possess step frequencies that
are similar to cells in wild-type embryos, but they experience a
greater degree of reversals that suggests they may not be able to
consolidate gains and resist tissue pulling forces (Fig. 7, G and
H). The reversals in area contractions then result in a reduced
contraction rate (Fig. 7 I). These results suggest that cell ratch-
eting is required to permit proper force balancing between cells
and to achieve uniform cell behaviors in the invaginating
mesoderm.

Sbf and Rab35 ratcheting behaviors guide Myosin I

force generation

As the above results suggested that cell ratcheting is required to
maintain an appropriate balancing of forces, we examined
Myosin II behaviors in relation to Rab35 and Sbf compartments.
Rab35 and Sbf puncta were often apparent in the same apical
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regions as Myosin II (Fig. 8 A). However, an interesting dynamic
emerged when time-lapse movies were made. Rab35 puncta
preceded Myosin II localization by ~45-60 s (Fig. 8 B and Video 2).
This potential prefiguring of Myosin II concentrations was
apparent regardless of GFP/RFP fluorophore combinations, and
the degree of colocalization increased as Rab35 compartments
matured (Fig. 8, B and C). Additionally, Rab35 compartments
assembled just before the onset of apical constriction (Fig. S3, A
and B). Given these results, we imaged Myosin II localization in
Sbf- and Rab35-disrupted embryos. Overall intensities of Myo-
sin IT when measured across the entire epithelium were largely
similar to wild type (Fig. 8 E), although comparably sized Rab35-

Miao et al.
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disrupted cells had a mild 11% decrease in Myosin II from wild-
type while Sbf disruption led to a deeper 43% decrease in Myosin
II (Fig. 8 L). Additionally, Myosin II organization appeared de-
fective (Fig. 8 D). Myosin II displayed a greater degree of vari-
ability from cell to cell and was more asymmetrically distributed
in the ingressing furrow (Fig. 8, I-K and M). Importantly,
“selfish” cell behaviors were often correlated with a high/low
juxtaposition of Myosin II localizing cells (asterisk, Fig. 8 D), and
cell areas and Myosin II intensities displayed a direct corre-
lation, but greater variability, in Sbf and Rab35 compromised
cells (Fig. 8, F-H and M). These results suggest that Sbf/Rab35
compartmental and ratcheting-driven behaviors act as an
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informational cue to direct Myosin II distributions in the
ventral furrow.

An endocytic pathway feeds plasma membrane to recycling
endosomes during apical constriction

The trafficking pathways that function during mesoderm in-
vagination in Drosophila have been unexamined, so we focused
on the function of CME, Rab5, Rabll, and Rab35 during apical
constriction. We found that Rab35 compartments displayed
transient interactions with both Rab5 early endosomes and
Rabll recycling endosomes (Fig. S4, A-C). While a higher per-
centage of Rabll recycling endosomes displayed at least a partial
colocalization with Rab35 compartments, Rab5 early endosomes
displayed particularly active associations with Rab35 (Fig. S4, B

Miao et al.
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Control

=
Sbf Rab35
shRNA  shRNA

and C). We therefore wanted to determine if Rab35 is respon-
sible for directing plasma membrane to Rab5 and Rabll endo-
somal compartments. To test this, we disrupted CME through
injection of two independent CME inhibitors. Disruption of CME
did not change the number of Rab5 or Rabll endosomes (Fig. 9,
A-C) but did change the size and dynamics of endosomal com-
partments (Fig. 9, D-H; and Fig. S5, E-I). In particular, Rabll
endosomes became much smaller, consistent with a failure to
deliver the membrane to the recycling endosome (Fig. 9, A, D,
and E; and Fig. S5, E-G). Additionally, Rab5 endosomes often
appeared to become stuck adjacent to Rab35 compartments at
the cell surface, and Rab5 therefore displayed a more extensive
colocalization with Rab35 in CME-disrupted embryos (Fig. 9,
F-I; and Fig. S5, H and I). It is also interesting to note that
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Figure 8. Sbf and Rab35 are required for Myosin Il organization. (A) Still frames from two-color live imaging of embryo expressing endogenous CRISPR:
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average Myosin Il intensity in control, Rab35 shRNA, and Sbf shRNA cells. Scale bars in A and D represent 5 pm. In bar plots, error bars indicate standard errors.
Statistical significance was calculated using a Mann-Whitney U test (E and L) and a Student’s t test (M). *, P < 0.05; **, P < 0.05; ***, P < 0.0005. In A and D,
embryos are oriented with anterior up and posterior down.
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coexpression of mCh:Rab35 led to slightly larger Rabll endo-
somes (Fig. S5 A). However, disrupting Rabll function by shRNA
had no effect on ventral furrow formation, suggesting that it is
the uptake of apical membrane, and not an indirect effect on
recycling endosome function, that is the key Rab35 function
during apical constriction (Fig. S5 J). These results suggest that
Rab5 early endosomes associate with Rab35 compartments to
potentiate membrane transfer to Rabll recycling endosomes and
the remodeling of the apical surface.

Discussion

Whether and how trafficking networks function during apical
constriction has not been clear. Here, we demonstrate that the
Sbf RabGEF and Rab35 are essential for processive apical con-
striction and the formation of the ventral furrow. Sbf and Rab35
are present in tubular infoldings at the apical surface and co-
ordinate cytoskeletal and membrane trafficking processes re-
quired for cell ratcheting during apical constriction. Rab35
directs membrane intake through CME to Rab5 early endo-
somes, while Sbf/Rab35 ratcheting directs the organization of
Myosin II networks. In the absence of Sbf/Rab35 function, the
apical surface fails to remodel and large, bleb-like structures
create deeply convoluted surfaces. Additionally, processivity
fails and apical constriction across the tissue loses uniformity
and aberrant cell behaviors emerge, resulting in the disruption
of ventral furrow formation. These results suggest that Sbf-
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generated Rab35 compartments represent a convergence of
actomyosin and endocytic function.

Nature of ratcheting

Apical constriction during Drosophila gastrulation is a classic
system for the study of pulsed force generation that results in
stepped contractile behaviors. When Sbf and Rab35 function are
disrupted, contractile steps occur with near-wild-type dynam-
ics; however, contractile steps are followed by periods of re-
expansion of apical surfaces. A particularly revealing aspect of
these disruptions in ratcheting is the behavior of Myosin II
motor proteins at the tissue and cellular level. Overall levels of
apical Myosin II are very similar between wild-type and Sbf/
Rab35-compromised embryos. However, Myosin II distributions
become highly variable, and wide deviations in cell areas and
anisotropies are observed. These results suggest that cell
ratcheting is particularly important in a multicellular and tissue-
based context. As each epithelial cell is exerting contractile
forces, a potential tug of war occurs within the tissue. In Sbf/
Rab35-disrupted cells, it appears that forces become mis-
balanced, as cells selfishly constrict at the expense of large
neighboring cells. Larger cells still possess contractile periods but
are inefficient at maintaining constrictive gains. It is also in-
triguing that Sbf and Rab35 are present before Myosin II local-
ization, consistent with a higher-order coordination between
membrane ratcheting and actomyosin networks. It should also
be noted that Myosin II levels are moderately decreased but
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possess greater fractional variability in Rab35- and Sbf-disrupted
embryos when cells of comparable sizes are measured, which
may further contribute to the misbalancing of forces across the
ventral epithelium.

What then is the nature of this underlying ratchet? We
envision two possibilities: (1) a physical mechanism in which
endocytic processes remove plasma membrane blebs of excess
membrane during constriction that would otherwise interfere
with the formation of a productive Myosin II network, or (2) a
signaling mechanism in which Sbhf/Rab35 compartments are
signaling hubs that guide cyclic recruitments of Myosin II motor
proteins. These models are not mutually exclusive, and it is
worth noting that recent work has shown that GPCR signaling
activates Rhol-Myosin II through receptor clustering in mem-
brane invaginations (Jha et al., 2018). However, the deep con-
volution of the apical surface after Sbf/Rab35 disruption (as
observed by scanning EM and TEM imaging) is certainly con-
sistent with the first, physical mechanism model. Both models
are also consistent with previous work demonstrating that re-
organization of actomyosin networks (through F-actin turnover
and cyclic Myosin II phosphorylation) is essential to maintain
ratcheting and a balance of forces in the ventral furrow (Mason
et al., 2013; Vasquez et al., 2014; Jodoin et al., 2015). It will be
interesting to further examine if Shf/Rab35 has effects on the
endocytic rates of the Mist/Smog GPCRs, which could further
link their function to the organization of Myosin II networks.

Sbf as a Rab35 GEF

Shf colocalizes with Rab35 at the apical surface and physically
interacts with Rab35 in a GTP/GDP-dependent manner, with Sbf
having a preferential binding for Rab35 in its GDP state. Thisisa
characteristic of RabGEF proteins and is consistent with the
large tripartite DENN (uDENN/cDENN/dDENN) domain that is
present in Sbf. The DENN domain of Sbf can also promote GDP-
GTP exchange in Rab35. However, there are two interesting
facets in the relationship between Sbf and Rab35 that suggest
some intriguing subtleties. When Sbf function is removed, there
is a deep apical depletion of Rab35, but there is also an early
burst of small Rab35 cytoplasmic puncta that occurs at the
beginning of ventral furrow formation. Our work indicates
that Rab35 is present both in endosomal and apical surface-
associated populations. Additionally, although there is a high
degree of colocalization between Rab35 and Sbf, there are a
small percentage of Rab35 compartments that appear to lack Sbf.
These results are consistent with the existence of a separate
endosomal GEF for Rab35-associated endosomes. This could also
suggest a competition between Sbf and the endosomal GEF for
Rab35 and may explain why an endosomal GEF would direct a
burst of cytoplasmic, endosomal compartments in the absence of
the apical Sbf GEF. These endosomal Rab35 bursts may also in-
dicate a deeper, underlying change in membrane trafficking
pathways that occur at the initiation of apical constriction in the
early embryo. The high intrinsic rate of GDP-GTP exchange by
Rab35 in vitro is also interesting. This could be a simple effect of
the artificial conditions an in vitro environment presents, or it
could also be consistent with Rab35 functioning as a rapid cy-
cling Rab GTPase protein. It is intriguing that Sbf is present
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throughout much of the lifetime of an apical Rab35 compart-
ment and suggests that rapid cycles of GTP exchange are es-
sential to remodel the apical surface and permit the proper
generation of Rab35 tubules. Alternatively, it may be that the
absence of a RabGDI in in vitro assays causes nonrepresen-
tative changes in GTP/GDP cycles. It will be interesting to
further explore these differences in reconstitution assays in
future work.

Membrane trafficking and the constriction of cell surfaces
Although the role that membrane trafficking pathways play
in apical constriction during ventral furrow formation in
Drosophila has been unclear, it interesting to note that work
in other systems has also implicated endosomal processes in
apical constriction. For instance, a dominant—negative version
of Rab5 has been shown to interfere with apical constriction
during the invagination of Xenopus laevis bottle cells, and
disruption of the recycling endosomal protein Rabll inhibits
apical surface contraction in neural folding, neural tube
folding, and bottle cell formation (Lee and Harland, 2010;
Ossipova et al., 2014, 2015). There have also been conflicting
reports on the impact of disrupting trafficking pathways on
actomyosin networks (Lee and Harland, 2010; Ossipova et al.,
2014, 2015), but it is intriguing that during neural tube folding
the accumulation of activated Myosin II is undetectable when
Rabll function was compromised by either dominant-negative
constructs or morpholino injection (Ossipova et al., 2014).
These results suggest that there may be a conserved function
by which endocytic membrane trafficking events are coordi-
nated with cytoskeletal and contractile function to achieve
apical constriction.

Materials and methods

Cell segmentation

Image and data analysis was performed in MATLAB. Cells were
segmented using a seeded watershed algorithm and tracked in
time. Cell area was measured as the sum of the pixels within the
contour of the watershed segmentation lines converted to
square microns. Additional segmentation analysis was per-
formed as described in Jewett et al. (2017).

Cell categorization

Cells are categorized based on the distance of their centroid
from the ventral furrow midline and are numbered from 1 to
5, with 1 being nearest the midline. The position of the midline
is defined at the beginning of furrow formation, time frame t,,
by a two-step process: (1) a line is drawn on the embryo at a
point in time where the center of the furrow is discernable,
and (2) the cells that were along that line are highlighted at
frame t, and the midline is drawn again across those cells.
Next, the perpendicular distance of each cell’s centroid to the
midline is calculated, and the distances are binned to deter-
mine the category label. Bin width is calculated for each em-
bryo separately as the average diameter of the cells at t,. Cell
diameter is calculated from the cell area with the approxi-
mation that the cells are circular.
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Step detection

To detect active motion steps in our vertex position trajectories,
we used a rolling analysis window technique adapted from Huet
et al. (2006). The MSD is the customary method to classify a
subtrajectory into active, diffusive, or constrained motions based
on whether the MSD curves upward, is linear, or curves down-
ward, respectively. For periods of active motion, the MSD behaves
as a power law MSD(t) o 1Y, where Yy > 1. By calculating the pa-
rameter y along a trajectory using a rolling window, we can
identify periods of active and nonactive (i.e., either diffusive or
constrained) motion. We chose a sliding window size of 57 s (n =
19 frames), because it resulted in detected steps that were vali-
dated by controlled manual measurements. For each time win-
dow, we fit the MSD to lags between 4 and (N - 1)/2 frames,
where N is the odd-numbered number of points in the window.
The first three lags were left out of the fitting, because localization
error leads to artifactual subdiffusion at this short time scale
lowering the value of y. To reduce computation time, we per-
formed linear fitting of the MSD verses T on a log-log plot. The
determination of systematic from nonsystematic periods is made
by setting a threshold on y(t) of 1. We applied a2 minimum dura-
tion requirement of 20 s, because we found that positive de-
tections below that duration did not represent real active periods.

Cell aspect ratio

The aspect ratio of cell shape is calculated using the MATLAB
regionprops function to obtain each cell’s major and minor axes.
The aspect ratio is defined as the major axis length divided by
the minor axis length.

Cell area standard deviation

The cell area standard deviation metric is a measure of how
much variation in cell size there is at a given time point. For each
embryo, the cell areas are normalized by the average area, and
the standard deviation is taken. Then, the average and standard
error is determined over individual embryos. This is done over
just the first three cell categories. The terminal time represents
the last time frame in which the cells were segmented.

Fraction of negative followed by positive steps

The fraction of negative followed by positive steps is a measure
of how many step reversals occur within a cells time course. It is
the ratio of the number of times a contraction (negative) step is
immediately followed by an expansion (positive) step to the total
number of contraction steps. The fraction of negative followed
by positive steps can take values between 0 and 1, O if every step
of a cell is a contraction and 1 if every contraction is followed by
an expansion.

Cell centroid trajectories

The centroid positions of cells are computed using MATLAB's
regionprops function. The centroid trajectory images are pro-
duced with a couple modifications to the raw centroid positions.
First, the positions are rotated such that the ventral furrow
midline is vertical. Second, because in most cases the tissue
tends drift in the direction of the A-P axis, we subtract this
component of the drift. The A-P drift component is calculated as
the average A-P motion of all the cells.
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Embryo processing for scanning EM, TEM, and
immunogold TEM
For TEM and scanning EM sample preparation, OreR, Sbf
shRNA, or Rab35 shRNA embryos were dechorionated in 50%
bleach solution and fixed for 20 min at the interface of heptane
and 25% glutaraldehyde in 50 mM sodium cacodylate buffer (pH
7.4). Embryos were then postfixed in 1% 0sO4 and 50 mM cac-
odylate buffer (pH 7.4). The embryos were dried using hexam-
ethyldisilazane for scanning EM preparation or were dehydrated
and embedded in Embed 812 resin for TEM. Embryos were
imaged on a JEOL JSM-6010LA scanning EM at 10 kV or a FEI
Tecnai G2 Biotwin Transmission Electron Microscope at 80 kV.
For immunogold labeling, endogenous CRISPR:GFP:Rab35
embryos were dechorionated in 50% bleach solution and fixed
for 45 min at the interface of heptane and 16% formaldehyde
in 50 mM sodium cacodylate buffer (pH 7.4). Embryos were
manually devitellinized and stained with mouse anti-GFP
(1:100, catalog no. A11120; Thermo Fisher Scientific) anti-
body and 6 nm gold-conjugated anti-mouse antibody (catalog
no. 25124; Electron Microscopy Sciences) before embedding.
Embryos were then postfixed in 1% OsO, and 50 mM caco-
dylate buffer (pH 7.4). Embryos were imaged on a FEI Tecnai
G2 Biotwin TEM at 80 kV.

Live imaging and injection

Embryos were dechorionated in 50% bleach solution for 2 min
and then washed with water, staged on apple juice plates, and
mounted with the ventral side up on a coverslip coated with
heptane glue (3M double-sided tape dissolved in heptane).
Embryos were covered with Halocarbon 27 oil. All imaging
was performed on a CSU10b Yokogawa spinning-disk confocal
from Zeiss and Solamere Technologies Group with a 63x/1.4
NA objective or a CSUXIFW Yokogawa spinning disk confocal
from Nikon and Solamere Technologies Group with a 60x/1.4
NA objective. For drug or dye injection, following dechorio-
nation and mounting as above, embryos were dehydrated for
12-15 min and then covered with Halocarbon 700 oil and in-
jected with Chlorpromazine (10 mM, catalog no. C8138;
Sigma), Pitstop2 (1.25 mM; Abcam), or Alexa Fluor 568-
dextran (20 pg/ml, catalog no. D22912; Thermo Fisher
Scientific). Injected embryos were imaged 20 min after
chlorpromazine and Pitstop2 injection or immediately after
Alexa Fluor 568-dextran injection.

Protein preparation and pull-down assays

The DENN domain of Sbf or full-length Rab35 or Rabll was
amplified by PCR and cloned in-frame into pET-15b vector. The
recombinant proteins were induced for 16 h at 20°C in Esche-
richia coli BL21 (DE3) using 1 mM IPTG. The bacteria were lysed
by sonication and 6xHis- or MBP-tagged fusions were purified
by incubation with Cobalt resin beads (catalog no. 89964;
Thermo Fisher Scientific) or amylose resin beads (catalog no.
E8021S; New England Biolabs), respectively. The recombinant
proteins were eluted with 250 mM imidazole or 20 mM maltose
in PBS buffer. Pull-down assays were performed by incubating
50 ug MBP fusions prebound to amylose resin beads for 1 h at
room temperature with 6xHis fusions protein.
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GTP exchange assay

A RhoGEF Exchange Assay Biochemistry Kit (catalog no. BK100;
Cytoskeleton) was used to do N-methylanthraniloyl (mant)-GTP
exchange assays. Fluorescence spectroscopic analysis of mant-
GTP incorporated by GTPase proteins was performed using a
Tecan Infinite M1000 fluorescent spectrophotometer. 2 pM
GTPase protein (MBP:Rab35 and MBP:Rabll) were incubated in
exchange buffer and mant-GTP for 3 min, after which water
control or 2 uM GEF (DENN domain of Sbf) was added. At
43 min, competing 1 ul Guanosine 5'-[B,y-imido] triphosphate
trisodium salt hydrate (GMP-PNP, catalog no. G0635; Sigma)
was pipetted into the reaction to 10 mM. Reactions were mon-
itored and recorded for 82.5 min with readings every 30 s.

Time-lapse image editing and quantification

In box and whisker plots, the boxes represent 25th to 75th
percentiles, the whiskers represent minimum to maximum, and
the middle lines represent the medians. t = O was set as the
inflection point on apical area curves when apical constriction
initiated. Spinning-disk images were edited with Image] or
Photoshop, and images were leveled identically between sam-
ples. Myosin II fluorescence intensity was measured using
Image]. Endogenous immunogold-labeled Rab35 compartments
were calculated by counting gold particles in individual sections
of images at 49,000x. Apical surface-associated or interface-
associated compartments are particles within 20 nm of apical
surfaces or interfaces, respectively. Gold particles within 20 nm
of vesicles or tubular structures were assigned as endosomal/
cytoplasmic compartments. The quantity of gold particles lo-
calization at different places was expressed as the percentage of
the total number of compartments. Colocalization between
Rab35 and Sbf, Rab35 and Myosin II, and Rab35 and Rab5 or
Rabll was performed on time-lapse images. Rab35 puncta
>2 pixels (Solamere spinning disk; pixel size = 0.164 um/pixel)
were selected. The selected puncta were then overlaid with the
opposing channel. When the overlapping region was equal or
larger than 2 x 2 pixels, the relationship between two proteins
was determined as “colocalized.” Average colocalization was
found by performing a weighted average calculation from im-
ages collected from three different embryos, and standard de-
viations were plotted. Quantification of association times
between Rab35 and Sbf, Rab35 and Myosin II, and Rab35 and
Rab5 was performed using Image] on time-lapse images. Rab35
puncta were selected, tracked, and overlapped with the opposing
channel over a compartment’s lifetime. When the overlapping
region was 21 x 1 pixel and the overlapping period was =1 s, the
relationship between two proteins was determined as “associ-
ated.” Lag time between Rab35 and Myosin II is defined as the
duration between the appearance of Rab35 and the start time
point of association.

Embryo fixation and immunostaining

Embryos were dechorionated in 50% bleach solution for 2 min
and fixed for 1 h 10 min at the interface of heptane and 4%
formaldehyde. Embryos were then manually devitellinized and
stained with Alexa Fluor 546-phalloidin (1:200; Molecular
Probes) and Rabbit anti-GFP (1:1,000; Invitrogen). Alexa Fluor
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488 (1:500; Molecular Probes)-conjugated secondary antibodies
were used. Embryos were mounted in Prolong Gold with DAPI
(Molecular Probes).

Fly stocks and genetics

The following fly stocks were used in this study: UAS-Sbf TRiP
Valium 20 (57301), UAS-Sbf TRiP Valium 20 (44004), UAS-Sbf
TRiP Valium 20 (32419), UAS-YFP:Rab35 9821, UASp-YFP:Rab5
24616, UASp-YFP:Rabll 9790 (all from the Bloomington Dro-
sophila Stock Center); Spider:GFP (Szeged stock center);
mCherry:Sqgh (a gift from A. Martin, Massachusetts Institute of
Technology, Cambridge, MA); CRISPR GFP:Rab35, UAS-mCh:
Rab35 (Jewett et al., 2017); UAS:EGFP:Sbf, UAS-EGFP:SbfDENN/
GRAM, UAS-EGFP:SbfACC-PH, and UAS-EGFP:SbfADENN (A.
Kiger, University of California, San Diego, La Jolla, CA). UAS-
mCh:Rab35 and CRISPR GFP:Rab35 display similar dynamics,
although fewer mCh:Rab35 compartments were detected, con-
sistent with the lower fluorescence from mCherry fluorophores
as compared with EGFP (Fig. SI, B and C). UAS transgenic flies
were crossed to mataTub-Gal4VP16 67C;15 (D. St. Johnson,
Gurdon Institute, Cambridge, UK) maternal driver females, and
second-generation embryos were analyzed. Embryos were col-
lected from cages at 25°C, except embryos from Sbf TRiP Valium
lines and the Rab35 Walium line, which were collected at 18°C.
Consistent with shRNA knockdown with Valium 20 constructs,
the penetrance of strongly defective Sbf shRNA embryos was
~50% in different crosses and trials, and two different shRNA
constructs (44004 and 32419) produced similar defects. Embryos
have a higher penetrance in Resille:GFP, mCh:Sqh; Sbf shRNA.
The penetrance of strongly defective embryos in Rab35 shRNA
is ~40%, although the remaining embryos often have weaker
gastrulation defects. The scored penetrance is the number of
embryos that have strong defects and unsuccessful apical con-
striction during ventral furrow formation divided by the total
embryos imaged with additional embryos possessing weaker
ventral furrow defects. Rab35 Walium 22 shRNA was con-
structed using the following primers: forward, 5'-CTAGCAGTG
CTTCGATCATCTATTCAAGTTAGTTATATTCAAGCATATTGA
ATAGATGATCGAAGCCGGCG-3'; and reverse, 5'-AATTCGCCG
GCTTCGATCATCTATTCAATATGCTTGAATATAACTAACTTG
AATAGATGATCGAAGCACTG-3'. Primers were annealed and
cloned into pWALIUM22 plasmid. All DNA constructs were
validated by DNA sequencing.

Repeatability
All measurements were quantified from a minimum of three
embryos and represent at least two individual trials.

Online supplemental material

Fig. Sl (related to Fig. 1) shows fixed cells of the various Shf
deletion constructs, which permits covisualization of cell out-
lines with phalloidin (F-actin), and compares endogenous GFP:
Rab35 localization to that of UAS-mCh:Rab35. Fig. S2 compares
contractile step dynamics during cell intercalation versus apical
constriction. Fig. S3 demonstrates that Rab35 appears just before
the onset of apical constriction. Fig. S4 reports on the degree of
colocalization between Rab35 compartments with Rab5 early
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endosomes or Rabll recycling endosomes. Fig. S5 shows various
data on how Rab35, CME, or Rabll affects membrane trafficking
dynamics or formation of the ventral furrow. Video 1 shows the
disruption of apical constriction and ventral furrow formation in
Sbf- and Rab35-compromised embryos as compared with a wild-
type embryo. Video 2 demonstrates how Rab35 compartments
(GFP) precede Myosin II recruitment (mCherry) to the apical
surface.
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