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Ubiquitylation by Rab40b/Cul5 regulates Rap2
localization and activity during cell migration

Emily D. Duncan'@®, Ke-Jun Han?, Margaret A. Trout, and Rytis Prekeris'®

Cell migration is a complex process that involves coordinated changes in membrane transport and actin cytoskeleton
dynamics. Ras-like small monomeric GTPases, such as Rap2, play a key role in regulating actin cytoskeleton dynamics and cell
adhesions. However, how Rap2 function, localization, and activation are regulated during cell migration is not fully
understood. We previously identified the small GTPase Rab40b as a regulator of breast cancer cell migration. Rab40b contains
a suppressor of cytokine signaling (SOCS) box, which facilitates binding to Cullin5, a known E3 ubiquitin ligase component

responsible for protein ubiquitylation. In this study, we show that the Rab40b/Cullin5 complex ubiquitylates Rap2.
Importantly, we demonstrate that ubiquitylation regulates Rap2 activation as well as recycling of Rap2 from the
endolysosomal compartment to the lamellipodia of migrating breast cancer cells. Based on these data, we propose that
Rab40b/Cullin5 ubiquitylates and regulates Rap2-dependent actin dynamics at the leading edge, a process that is required

for breast cancer cell migration and invasion.

Introduction

Cell migration is essential for many normal biological processes
including development, wound healing, and the immune re-
sponse (Franz et al., 2002; Vicente-Manzanares, 2005). On the
other hand, it is also critical for the progression of cancer me-
tastasis (Bravo-Cordero et al., 2012). It is well accepted that cell
migration requires coordinated changes in membrane traffick-
ing, the actin cytoskeleton, adhesion dynamics, and the targeted
secretion of matrix metalloproteinases (MMPs; Ridley et al.,
2003; Pollard and Borisy, 2003; Parsons et al., 2010; Murphy
and Courtneidge, 2011; Jacob and Prekeris, 2015; Warner et al.,
2019). However, the molecular machinery that governs these
processes is not fully understood and is a main focus of current
studies in the field.

Small monomeric GTPases are tightly regulated molecular
switches, cycling between an “active” GTP state and an “inac-
tive” GDP state to facilitate proper protein recruitment to dis-
tinct subcellular locations (Reiner and Lundquist, 2018).
Members of the Ras GTPase superfamily have been shown to
play essential roles in cell migration by coordinating the dy-
namics of many events described above (Wennerberg et al.,
2005; Sadok and Marshall, 2014; Lawson and Ridley, 2018;
Gimple and Wang, 2019). Although the Rho family is arguably
the most studied in the context of cell migration, it is increas-
ingly clear that other members of the Ras superfamily are
equally important for this process. One example is the Rap

subfamily (containing Rapla, 1b, Rap2a, 2b, and 2c), which share
>50% sequence identity with Ras proteins (Wennerberg et al.,
2005). Rapl is widely accepted as a key regulator of integrin-
mediated cell adhesion and actin reorganization (Kahana and
Gottschling, 1999; Bos et al., 2003; Bivona et al., 2004; Bos,
2005; Jeon et al., 2007; Kooistra et al., 2007; Boettner and Van
Aelst, 2009). Although Rapl and Rap2 share ~60% identity,
much less is known about the function of Rap2 GTPases. One of
the earliest reported functions of Rap2 was the promotion of
B cell migration via integrin-mediated adhesions (McLeod et al.,
2002, 2004). This, combined with another initial finding sug-
gesting Rap2 is critical for Xenopus laevis gastrulation, provided
early evidence that the Rap2 family may play a crucial role
during cell migration across diverse biological systems (Choi and
Han 2005). Over the last decade, the field has slowly emerged,
where several studies have linked Rap2 to cell polarity, actin
cytoskeleton regulation, cancer cell invasion, and most recently,
coordination of mechanosensing and Hippo signaling (Taira
et al., 2004; Gloerich et al., 2012; Bruurs and Bos, 2014; Di
et al., 2015; Meng et al., 2018). However, we still do not fully
understand the main function of Rap2 during cell migration, nor
the regulation of its subcellular localization or activation.

We previously identified the small monomeric GTPase
Rab40b as an important regulator of 3D ECM remodeling, spe-
cifically during breast cancer cell migration (Jacob et al., 2013;
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Jacob et al., 2016). The Rab subfamily of proteins function as
master regulators of intracellular membrane traffic (Stenmark,
2009). Rab40 GTPases have a unique extended C-terminal do-
main that contains the conserved SOCS (suppressor of cytokine
signaling) box (Coppola et al., 2019). This ~40-amino acid motif
facilitates binding to Cullin5 (Culs; Kile et al., 2002; Kamura
et al.,, 2004; Lee et al.,, 2007; Dart et al., 2015; Yatsu et al.,
2015; Linklater et al., 2021; Duncan et al., 2021). Together, this
Rab40/Cul5 module, along with RING-box protein Rbx2 and
adaptor proteins Elongin B and Elongin C, make up the larger
Cullin-RING ligase (CRL5) complex, which canonically regulates
protein ubiquitylation (Kile et al., 2002; Petroski and Deshaies,
2005; Linossi and Nicholson, 2012; Okumura et al., 2016;
Linklater et al., 2021).

Here, we demonstrate that Rap2 is a substrate of the Rab40b/
Cul5 complex and that ubiquitylation of selective Rap2 residues
plays a major role in regulating its function. Specifically, we find
that Rab40b/Cul5-dependent ubiquitylation regulates targeting
of Rap2 to the leading-edge plasma membrane of migrating cells.
We demonstrate that inhibition of Rap2 ubiquitylation blocks
Rap2 endosome-to-plasma membrane recycling, leading to rapid
lysosomal degradation and termination of Rap2 signaling. We
also show that Rap2 ubiquitylation is required for its activation.
Based on our combined data, we propose a model in which
Rab40b is a dual-functioning Rab GTPase, given its coregulation
of vesicular MMP trafficking as well as Rap2 spatiotemporal
dynamics, and such coregulation plays a key role in driving cell
migration.

Results

Rap2 is required for breast cancer cell migration and invasion
The Rap2 subfamily of small GTPases (Rap2a, b, and c) have been
implicated in a variety of biological processes including signal
transduction, cell migration, and cell adhesion (Itoh et al., 2007;
McLeod et al., 2004, 2002). Although they are suspected to be
involved in the pathogenesis of cancer, the exact function of the
Rap2 family remains elusive, and existing reports are conflict-
ing. To gain a clearer understanding of Rap2’s role in our breast
cancer model system, we made a triple CRISPR/Cas9 knockout
(KO) of all three Rap2 isoforms in MDA-MB-231 cells (Rap2 KO).
We generated two KO lines (Rap2 KOl and Rap2 K02) to di-
minish the possibility of off-target effects (Fig. 1 A).

We first asked whether loss of Rap2 leads to any global 2D
migration defects, using live-cell imaging. Compared with con-
trol cells, Rap2 KO cells exhibit decreased individual cell mi-
gration, as indicated by significantly lower velocity (Fig. 1, B and
C; and Video 1, Video 2, and Video 3). We next asked whether
Rap2 KO cells have defects in chemotactic cell migration. Control
and Rap2 KO cells were plated in an IncuCyte ClearView 96-well
Chemotaxis Plate with serum-starved medium in the top
chamber and full MDA-MB-231 medium (chemoattractant) in
the bottom chamber and allowed to migrate toward the che-
moattractant for 48 h. As expected, Rap2 KO cells showed de-
creased chemotactic migration compared with control cells
(Fig. 1, D and E). Interestingly, while the Rap2 KO individual cell
velocity defect in Fig. 1 C is quite dramatic, we saw only ~50%
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inhibition of chemotactic migration at the 48-h time point. This
may point at differences in Rap2’s function during individual
versus collective cell migration. Nonetheless, these results in
sum demonstrate that Rap2 modulates 2D breast cancer cell
migration.

We next tested the invasive capability of MDA-MB-231 Rap2
KO cells using a modified Boyden chamber invasion assay. No-
tably, Rap2 KO cells showed a striking decrease in their ability to
invade compared with control cells (Fig. 1, F and G). Taken to-
gether, our data demonstrate that Rap2 is necessary for both 2D
and 3D migration and invasion in MDA-MB-231s. These data
provide strong evidence for the Rap2 subfamily being pro-
migratory in breast cancer cells. Additionally, these striking
phenotypes convey a clear importance for studying the function
and regulation of Rap2 during cell migration.

Rap2 cycles between the lamellipodia plasma membrane
and endosomes
To start dissecting how Rap2 may regulate breast cancer cell
migration and invasion, we first examined subcellular localiza-
tion of Rap2 in MDA-MB-231s. In humans, the Rap2 family en-
compasses three closely related paralogs, Rap2a, Rap2b, and
Rap2c, which have >90% sequence identity. All evidence so far
suggests that the three Rap2 isoforms have similar functions;
thus, for most of our studies, we have focused on the Rap2a
isoform and used an MDA-MB-231 cell line stably expressing
GFP-Rap2a (Fig. S1 C). As shown in Fig. 1 H, GFP-Rap2a localizes
predominantly to the plasma membrane, where it is enriched at
lamellipodia ruffles. Importantly, plasma membrane-bound
Rap2a clearly colocalizes with actin (Fig. 11), consistent with the
putative role of Rap2 in regulating actin cytoskeleton dynamics.
In addition to the plasma membrane population, some of
GFP-Rap2a is also observed within intracellular organelles
(Fig. 1 H). Since some of the Ras subfamily members, namely
HRas and NRas, have been proposed to signal from the Golgi
(Hancock, 2003), we wondered about the identity of these
Rap2a-containing intracellular organelles. To this end, we cos-
tained GFP-Rap2a cells with known endocytic pathway markers
including GM130 (Golgi), EEA1 (early endosomes), CD63 (late
endosomes/lysosomes), and Syntaxinl3 (Rab4 and Rabll re-
cycling endosomes). While we did observe some Rap2a at the
Golgi, consistent with preliminary reports (Pizon et al., 1994),
most intracellular GFP-Rap2a was clearly present within the
endolysosomal compartment, where it colocalized with both
EEAl-positive early endosomes and CD63-positive late endo-
somes/lysosomes (Fig. 2, A-C and E). Consistent with some of
the Rap2 pool being trafficked to lysosomes, we observed an
increase in Rap2 colocalization with CD63 when cells were
treated with Bafilomycin Al, an inhibitor of lysosomal degra-
dation (Fig. 2 F). Finally, we note that GFP-Rap2a is rarely found
in the cytosolic pool. Using cell fractionation analysis, we ob-
served no detectable endogenous Rap2 in the cytosol fraction
and robust signal in the membrane fraction, suggesting that
Rap? is predominantly membrane bound in the cell (Fig. 2 G).
The colocalization with Syntaxinl3 suggests that Rap2 may
recycle from early endosomes, likely via Rab4 and/or Rabll re-
cycling endosomes (Fig. 2, D and E; Zerial and McBride, 2001).
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Figure 1. Rap2is necessary for MDA-MB-231 migration and invasion. (A) Loss of Rap2 confirmed via Western blot. Two different triple CRISPR KOs were
made in MDA-MB-231s (see Materials and methods). All Ctrl cells shown in this figure are dox-inducible Cas9 MDA-MB-231s that were used to generate CRISPR
lines. 50 ug of lysate was loaded for each sample. (B) Time-lapse 2D migration. Ctrl and Rap2 KO cells were plated on collagen-coated glass dishes and imaged
every 10 min for 16 h using a brightfield 40x objective. Representative still images show the last frame of the time-lapse experiment, where the cell body
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indicates the location of the cell at the last time point. Cells were manually tracked in Fiji using the Manual Tracking plugin. Colors denote individual cell tracks
over 16 h. White dots represent the start and finish of each cell track. Scale bars, 50 um. (C) 2D migration velocity quantification. From the Fiji manual tracking,
velocity data (um/min) was extracted for each individual cell. Three biological replicates were performed for each cell line. For each experiment, 30 cells (color
coded) were randomly chosen for velocity tracking (~3 cells from ~10 fields of view). Each cell was treated as its own data point (n = 90). One-way ANOVA
with Tukey’s multiple comparisons test. Mean + SD. Ctrl versus Rap2 KO1, P < 0.0001. Ctrl versus Rap2 KO2, P < 0.0001. (D) Chemotactic cell migration Ctrl
versus Rap2 KO1 cells. Cells were imaged every 2 h for 48 h using an IncuCyte S3 instrument. Raw data (the sum area of all migrated cells normalized to the
area at time 0) was extracted and averaged for each technical replicate. Data was then adjusted/normalized to the 8-h time point (see Materials and methods).
The graph shows relative chemotactic migration over the 48-h time course. Mean + SD. (E) Chemotactic migration quantification. Three biological replicates
were performed, with six technical replicates in each experiment. Statistical analysis (unpaired t test) was performed on the relative chemotactic migration at
48 h. Mean + SD at 48 h. Ctrl versus Rap2 KO1, P = 0.0273. (F) Boyden chamber invasion assay. Ctrl and Rap2 KO cells were plated in a modified Boyden
chamber coated with Matrigel. Cells were allowed 20 h to invade through the Matrigel-coated pores before fixation and crystal violet staining. Inserts were
imaged using a brightfield 20 air objective. Representative images are shown. Hollow circles indicate the 8-um pores. Scale bars, 100 pum. (G) Invasion assay
quantification. Three biological replicates were performed, with technical duplicates in each experiment. 5 fields of view were imaged for each Matrigel insert
(resulting in 10 fields of view per experiment per condition, color coded). Raw number of cells invaded per field of view were normalized to Ctrl. Rap2 KO1 and
Rap2 KO2 cells were analyzed at different times; hence two Ctrl samples. Each field of view was treated as its own data point (n = 30). One-way ANOVA with
Tukey’s multiple comparisons test. Mean + SD. Ctrl versus Rap2 KO1, P < 0.0001. Ctrl versus Rap2 K02, P < 0.0001. (H) GFP-Rap2a WT localization. MDA-MB-
231 cells stably expressing GFP-Rap2a were fixed and stained with phalloidin (magenta) and DAPI (blue). Z-slices are indicated on merged images. In most
images, medial z-slices are shown. Here, we also provide a z-slice at the bottom of the cell, to highlight overlap between actin and GFP-Rap2a. Arrows point to
example sites of actin and GFP-Rap2a colocalization. The arrowhead indicates the GFP-Rap2a intracellular organelle population. Scale bars, 50 and 5 pum.
(1) Colocalization analysis of actin and GFP-Rap2a. Thresholded Mander’s coefficients were calculated using the Fiji Coloc 2 plugin. One biological replicate was
performed, with five fields of view and five cells in each field (n = 25). The fraction of actin overlapping with Rap2a (tM1, mean = 0.8678) and the fraction of

Rap2a overlapping with actin (tM2, mean = 0.8612) are shown. Mean + SD. Source data are available for this figure: SourceData F1.

To investigate this further, we cotransfected MDA-MB-231 cells
with mCherry-Rap2a and either YFP-Rab4 or YFP-Rablla to vi-
sualize potential colocalization at recycling endosomes (Fig. 3, A
and B). Indeed, we did detect Rap2-Rab4 and Rap2-Rabll positive
organelles, which supports a model in which Rap2 gets recycled
to the lamellipodia plasma membrane via the Rab4 and Rabll
pathways (Fig. 3 C).

To further test whether Rap2 recycles via the Rab4 and Rabll
pathways, we cotransfected MDA-MB-231 cells with mCherry-
Rap2a and either YFP-Rab4-S27N (dominant negative) or GFP-
FIP5-RBD (C-terminal fragment of Rabll-FIP5 that inhibits
Rabll-mediated recycling pathway; Peden et al., 2004; Willenborg
et al., 2011). Expression of either mutant delays the exit of re-
cycling cargo from endosomes, thus accumulating cargo proteins
in either YFP-Rab4-S27N- or GFP-FIP5-RBD-positive organelles.
Consistent with our hypothesis, we observed mCherry-Rap2a
present in both YFP-Rab4-S27N (affects Rab4-dependent re-
cycling) and GFP-FIP5-RBD (affects Rabll-dependent recycling)
organelles (Fig. S1, A and B). In sum, our data suggest that Rap2 is
dynamically trafficked through the endocytic pathway and is
likely recycled through early endosomes/recycling pathway back
to the leading-edge plasma membrane (Fig. 3 D, trafficking itin-
erary model for Rap2).

To further define the spatiotemporal properties of Rap2 lo-
calization in migrating cells, we next performed time-lapse
analysis of GFP-Rap2a-expressing MDA-MB-231 cells. As
shown in the Fig. 4 A, GFP-Rap2a was enriched at ruffling la-
mellipodia, consistent with its proposed role in regulating actin
dynamics during cell migration. It is especially clear using live
imaging that Rap2 undergoes constant internalization and dy-
namic trafficking to maintain its enrichment at the leading-edge
plasma membrane. We observed that during lamellipodia ruf-
fling, GFP-Rap2a got internalized in large macropinosome-like
organelles that originated at lamellipodia and subsequently
moved in a retrograde direction toward the retracting end of the
cell (Fig. 4 A and Video 4; for additional cell, see Video 5).
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Importantly, similar pinocytosis-like internalization of leading-
edge plasma membrane has been reported before and is known
to be required for cell migration (Moreau et al., 2019). Further,
GFP-Rap2a-containing organelles can be observed decreasing in
fluorescence intensity over time (Fig. 4 B shows quantification
for organelle depicted in Fig. 4 A, Video 4, and Fig. 4 C shows
quantification for four additional organelles). This hints that
Rap2 may be recycled back to the plasma membrane, especially
given our previous data suggesting Rap2 may be trafficked
through the Rab4/Rabll recycling pathways. If this is the case,
newly internalized GFP-Rap2a organelles should costain with a
known early endosome/sorting endosome marker such as Rab5.
Indeed, we observed that newly internalized GFP-Rap2a or-
ganelles became Rab5 positive soon after internalization
(Fig. 4 D and Video 6). In sum, we propose that pinocytosis-like
GFP-Rap2a internalization mediates the delivery of Rap2 to
EEA1/Rab5-positive early endosomes and that Rap2 is likely
recycled back to the leading edge to sustain cell migration
(Fig. 3 D).

Finally, to evaluate whether dynamic trafficking of Rap2 is
needed for leading-edge formation and ultimate migration, we
performed a cold block experiment. Previous work in the
membrane trafficking field has shown that incubation of cells
at 4°C slows down endocytosis from the plasma membrane.
Thus, we incubated GFP-Rap2a-expressing cells at 4°C for 60 min,
followed by fixation and staining. Compared with control cells,
we observed that 4°C treatment significantly decreased the
percentage of polarized cells (cells with defined leading-edge
lamellipodia containing enriched GFP-Rap2a), suggesting that
rapid endocytosis may be needed to maintain Rap2 lamellipodia
enrichment (Fig. 4, E and F). Additionally, we found that GFP-
Rap2a colocalized with EEAl at a lower frequency when the
temperature is reduced to 4°C, indicating slower endocytosis
and less Rap2 in early endosomes/sorting endosomes (Fig. 4 G).
Importantly, both these findings could be rescued when we
place 4°C treated cells back at 37°C for 40 min (Recover, Fig. 4,
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Figure 2. Rap2 localizes to the plasma membrane and endolysosomal compartment in MDA-MB-231s. (A) Colocalization of GFP-Rap2a and GM130.
MDA-MB-231 cells stably expressing GFP-Rap2a were fixed and stained with the Golgi marker GM130 (magenta) and DAPI (blue). Inset shows GFP-Rap2a and
GM130 overlap. Scale bars, 10 and 5 um. (B) Colocalization of GFP-Rap2a and CD63. MDA-MB-231 cells stably expressing GFP-Rap2a were fixed and stained
with the lysosomal marker CD63 (magenta) and DAPI (blue). Arrows indicate examples of GFP-Rap2a and CD63 overlap. Arrowheads point to GFP-Rap2a
organelles that are not CD63 positive. Scale bars, 5 and 2 um. (C) Colocalization of GFP-Rap2a and EEAL. MDA-MB-231 cells stably expressing GFP-Rap2a were
fixed and stained with the early endosome marker EEA1 (magenta) and DAPI (blue). Arrows indicate examples of GFP-Rap2a and EEA1 overlap. Arrowheads
point to GFP-Rap2a organelles that are not EEA1 positive. Widefield microscope. Scale bars, 10 and 2 pm. (D) Colocalization of Eos-Rap2a and Syntaxin13.
MDA-MB-231 cells stably expressing Eos-Rap2a were fixed and stained with the recycling endosome marker Syntaxin13 (magenta) and DAPI (blue). Arrows
indicate examples of Eos-Rap2a and Syntaxinl3 overlap. Arrowhead points to Syntaxin13 endosome that is not Rap2a positive. Widefield microscope. Scale
bars, 10 and 2 um. (E) Rap2a colocalization analysis with endolysosomal compartments. 3i SlideBook6 software was used to calculate the percent of total GFP-
Rap2a that colocalizes with the markers indicated (see Materials and methods). Two biological replicates were performed, with approximately five cells imaged
for each replicate. Mean + SD. n = 10 for GFP-Rap2a/CD63, n = 12 for GFP-Rap2a/EEAL, n = 10 for Eos-Rap2a/Syntaxin13. (F) Rap2a and CD63 colocalization
analysis in Ctrl cells versus cells treated with lysosomal inhibitor Bafilomycin Al. MDA-MB-231 cells stably expressing GFP-Rap2a were treated with either
DMSO (Ctrl) or 200 nM Bafilomycin Al for 16 h. Cells were then fixed and stained for CD63, before colocalization analysis. 3i SlideBook6 software was used to
calculate the percent of total GFP-Rap2a that colocalizes with CD63 (see Materials and methods). One biological replicate was performed. Mean + SD. n = 7
cells for Ctrl, n = 10 cells for BafAl. Unpaired t test. P < 0.0001. (G) Cell fractionation analysis cytosol versus membrane. MDA-MB-231 parental cells were
fractionated (see Materials and methods) to determine subcellular distribution of endogenous Rap2. Cytosol and membrane fractions were collected, separated
by SDS-PAGE, and subjected to Western blot against known cytosol (GAPDH) and membrane (EGFR) markers. 30 pg of sample was loaded for each fraction.
Source data are available for this figure: SourceData F2.
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Figure 3. Rap2 is dynamically trafficked through the endocytic pathway. (A) Colocalization of mCherry-Rap2a and YFP-Rab4 WT. MDA-MB-231 cells
were transiently cotransfected with mCherry-Rap2a and YFP-Rab4 WT, followed by fixation and staining for DAPI (blue). Arrows indicate examples of
mCherry-Rap2a and YFP-Rab4 WT overlap. Arrowheads point to mCherry-Rap2a organelles that are not Rab4 positive. Scale bars, 10 and, 2 um. (B) Co-
localization of mCherry-Rap2a and YFP-Rablla WT. MDA-MB-231 cells were transiently cotransfected with mCherry-Rap2a and YFP-Rablla WT, followed by
fixation and staining for DAPI (blue). Arrows indicate examples of mCherry-Rap2a and YFP-Rablla WT overlap. Arrowheads point to mCherry-Rap2a organelles
that are not Rablla positive. Scale bars, 10 and, 2 pum. (C) Rap2a colocalization analysis with Rab4 WT and Rablla WT. 3i SlideBook6 software was used to
calculate the percent of total mCherry-Rap2a that colocalizes with Rab4 or Rabl1a (see Materials and methods). One biological replicate was performed. Mean
+ SD. n = 10 for mCherry-Rap2a/YFP-Rab4 WT, n = 9 for mCherry-Rap2a/YFP-Rablla WT. (D) Model for Rap2 endocytic trafficking. (1) Rap2 is internalized at
the lamellipodia plasma membrane via a pinocytosis-like mechanism. (2) Internalization mediates the delivery of Rap2 to EEA1/Rab5-positive early endosomes,
where it is sorted into different fates, either recycling to the plasma membrane via the Rab4/Rab11 pathways or targeting to lysosome for degradation. We
hypothesize that Rap2 recycling back to the leading edge is needed to sustain cell migration.

@
®O0

E-G). Altogether, these data support our working model that Rap2 subcellular localization and activation state are

Rap2 is dynamically trafficked, where quick redistribution and  closely intertwined

recycling to the leading-edge plasma membrane is important Based on previous Rapl observations, we speculated that
for driving cell migration. these two populations of Rap2 (plasma membrane versus
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Figure 4. Rap2 is enriched at the lamellipodia leading edge, where its internalization and recycling to the plasma membrane are important for cell
migration. (A) Live imaging of GFP-Rap2a in MDA-MB-231 cells. Cells stably expressing GFP-Rap2a were plated on a collagen-coated glass dish and imaged
every 5 s using a 63x objective. Widefield microscope. Still images are shown. Arrowheads point to an example of GFP-Rap2a internalization over time from the
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plasma membrane in macropinosome-like vesicles. We also note that GFP-Rap2a organelle decreases in fluorescence intensity over time. See Video 4. Scale
bars, 10 um. (B) Linescan analysis of internalized GFP-Rap2a organelle. A circular line was drawn around the GFP-Rap2a organelle marked in Fig. 4 A, and
fluorescence intensity/area was measured at each time point (every 2 s). The same thing was done with a linescan at the plasma membrane. The fluorescence
intensity of GFP-Rap2a around the organelle line and at the plasma membrane is plotted as fluorescence intensity/area (u2) across 48 s. (C) Same analysis as in
B, but more organelles quantified. As in B, linescans were drawn both around the GFP-Rap2a organelles (see Materials and methods for criteria) and at the
lamellipodia plasma membrane. The intensity of GFP-Rap2a in each pixel along these lines was determined with either Image] or 3i Slidebook imaging software.
Fluorescence intensity/area (u2) at O s (start of time-lapse), 24 s (half of time-lapse), and 48 s (end of time-lapse) was plotted for all five organelles as a
percentage of time 0. Statistical analysis (one-way ANOVA with Tukey’s multiple comparisons test) was used to compare fluorescence intensity changes
between the plasma membrane and internalized organelles. Mean + SD. PM, plasma membrane; O, organelle. PM versus O at 24 s, P < 0.0001; PM versus O at
48's, P < 0.0001. (D) Live imaging of GFP-Rap2a and mCherry-Rab5 in MDA-MB-231 cells. Cells stably expressing GFP-Rap2a were transiently transfected with
mCherry-Rab5, plated on a collagen-coated glass dish, and imaged every 5 s using a 63x objective. Widefield microscope. Still images are shown. Arrowhead
points to one example of a GFP-Rap2a internalized organelle over time, which becomes mCherry-Rab5 positive soon after internalization from the plasma
membrane. See Video 6. Scale bars, 5 um. (E) Endocytosis cold block experiment. Three conditions were set up using MDA-MB-231 cells stably expressing GFP-
Rap2a: (1) 37°C (Ctrl). (2) 4°C for 60 min. (3) 4°C for 60 min followed by 37°C for 40 min (Recover). Cells were fixed and stained for EEAL (magenta) and DAPI
(blue). Scale bars, 50, 10, and 2 um. Arrows indicate examples of GFP-Rap2a and EEA1 overlap. Arrowheads point to GFP-Rap2a organelles that are not EEAL
positive. (F) Percentage of polarized cells quantification from cold block experiment in E. Ctrl, 4°C, and Recover cells were scored for polarized versus
nonpolarized cells. Briefly, polarized cells had enrichment of Rap2 at the lamellipodia (see Materials and methods). Three biological replicates were performed.
Eight fields of view were taken for each n, with approximately six cells in each field. Graph shows percentage of polarized cells for each condition (color coded).
Mean + SD. One-way ANOVA with Tukey’s multiple comparisons test. Ctrl versus 4°C, P = 0.0007; 4°C versus Recover, P = 0.0005. (G) Quantification of
colocalization between GFP-Rap2a and EEAL in Ctrl versus 4°C versus Recover cells. Cells stably expressing GFP-Rap2a were fixed and stained with EEAL 3i
SlideBook6 software was used to calculate the percentage of total GFP-Rap2a that colocalized with EEAL. One biological replicate was performed; n = 6 for Ctrl
cells, n = 8 for 4°C cells, n = 7 for Recover cells. One-way ANOVA with Tukey’s multiple comparisons test. Ctrl versus 4°C, P = 0.0006; 4°C versus Recover,

P =0.0004.

endolysosomal compartment) might be correlated with nucle-
otide status and GTPase activity (Ohba et al., 2003; Bivona et al.,
2004; Jeon et al., 2007). To test this, we generated stable cell
lines expressing either constitutively active (G12V; GTP-bound)
or dominant-negative (S17N; GDP-bound) forms of Rap2a (Fig.
S1D) and performed localization analysis (Feig and Cooper, 1988;
Gibbs et al., 1989; Feig, 1999). We found that Rap2a-G12V local-
izes primarily to the lamellipodia plasma membrane, whereas
Rap2a-S17N shifted to a more endosome/lysosome localization
(Fig. 5, A and B). Consistent with this observation, quantification
of the intracellular pool compared to the whole cell (fluorescence
signal) revealed a significant difference between Rap2a-GI2V
and Rap2a-S17N, where the dominant-negative mutant had de-
creased GFP-Rap2a signal at the plasma membrane (Figs. 5 C and
S2 C). Like Rap2a-WT, Rap2a-G12V appeared to traffic between
early endosomes, lysosomes, and the lamellipodia plasma
membrane (Fig. S1, F and G). However, Rap2a-S17N lost plasma
membrane enrichment and was found predominantly in lyso-
somes and occasionally early endosomes (Fig. S1, H and I). Al-
though there was a difference in expression level of these
constructs (Fig. S1 C), we posit that this phenotypic shift of SI7N
away from the lamellipodia plasma membrane could be due to di-
rect changes in Rap2 activation. There is a possibility that these
active/inactive constructs alter cellular dynamics in such a way that
their own subcellular localization is indirectly affected. However,
because we observed this same phenotype (decreased plasma
membrane-bound Rap2) throughout future figures, we would ar-
gue that this is a real direct effect on Rap2 subcellular localization.

To further investigate how Rap2 localization and activation
are interconnected, we visualized Rap2 simultaneously with
a known GTP-dependent effector, RalGDS (Spaargaren and
Bischoff, 1994; Franke et al., 1997; Nancy et al., 1999; Ohba
et al.,, 2003; Jeon et al.,, 2007; Liu et al., 2010). Based on our
previous data, we hypothesized that a Rap2-effector complex
would colocalize at the plasma membrane where the majority of

Duncan et al.
Ubiquitylation of Rap2 by the Rab40b/Cul5 complex

Rap2 is active. MDA-MB-231s were transiently transfected with
mCherry-Rap2a and GFP-RBDg,cps (Ras binding domain of
RalGDS) and imaged using fluorescence microscopy. As shown
in Fig. 5 D, GFP-RBDggigps localized to the leading edge, but was
otherwise largely cytosolic. To firmly establish GFP-RBDgaigps
enrichment at ruffling lamellipodia, we used GFP alone as a
control and quantified the leading edge to cell body fluorescence
ratio (Fig. 5 E). Our statistical analysis gives confidence to the co-
occurrence and enrichment of Rap2a and RBDgugps at the
leading edge. Importantly, mCherry-Rap2a and GFP-RBDgagps
overlapped at the lamellipodia plasma membrane, but not at in-
tracellular organelles (Fig. 5 D). These observations further sup-
port a model in which Rap2 is active at the plasma membrane and
inactive when internalized, though still membrane bound. Lastly,
to characterize the spatiotemporal properties of Rap2 activation,
we performed time-lapse analysis of mCherry-Rap2a concurrently
with GFP-RBDgeps (Fig. 5 F and Video 7). As shown in Fig. 5 F,
mCherry-Rap2a and GFP-RBDg,gps primarily colocalized at the
leading-edge lamellipodia. Over time, when mCherry-Rap2a got
internalized from the plasma membrane, we observed that the
mCherry-Rap2a organelle was not GFP-RBDg,igps positive.

Overall, these results suggest that endosomal trafficking is
critical for Rap2 placement and that Rap2 activation is closely
linked to its localization. Importantly, the high co-occurrence of
Rap2 with actin supports a model in which Rap2 needs to be
localized at the plasma membrane of lamellipodia to control
actin dynamics. How Rap2 is continuously recycled between
endocytic organelles and the plasma membrane, as well as how
Rap2 is specifically targeted and activated at the leading edge of
migrating cells, is an important next question.

Targeting of Rap2 to the plasma membrane is dependent

on Rab40b/Cul5

Ubiquitylation of small GTPases has emerged as a possible
mechanism for regulating their localization, activation, and
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Figure 5. Rap2 activation is closely linked with its subcellular localization. (A) GFP-Rap2a-G12V localization. MDA-MB-231 cells stably expressing GFP-
Rap2a-G12V were fixed and stained with phalloidin (magenta) and DAPI (blue). Scale bars, 50 and 5 um. (B) GFP-Rap2a-S17N localization. MDA-MB-231 cells
stably expressing GFP-Rap2a-S17N were fixed and stained with phalloidin (magenta) and DAPI (blue). Scale bars, 50 and 5 pm. (C) Intracellular to whole-cell
fraction quantification, Rap2a-G12V versus Rap2a-S17N. To quantify GFP-Rap2a localization changes (i.e., decreased Eos-Rap2a at the plasma membrane in
S17N background), intracellular/whole-cell fractions were defined and calculated as the total fluorescence intensity of the intracellular GFP-Rap2a pool divided
by the total fluorescence intensity of the whole-cell GFP-Rap2a pool (see Materials and methods). Two biological replicates were performed for each cell line.
In each biological replicate, five fields of view were imaged, with 3 cells analyzed from each field (total of 15 cells per n). The two shades of blue represent each
set of 15 cells from nl and n2. Each cell was treated as its own data point, and statistical analysis (unpaired t test) was performed with n = 30 total for each
condition. Mean + SD. G12V versus S17N, P < 0.0001. (D) Colocalization of mCherry-Rap2a and GFP-RBDgaicps. MDA-MB-231 cells were transiently transfected
with mCherry-Rap2a and GFP-RBDgaigps, then fixed. Arrow points to example of mCherry-Rap2a and GFP-RBDgaigps overlap at the plasma membrane.

Duncan et al. Journal of Cell Biology
Ubiquitylation of Rap2 by the Rab40b/Cul5 complex https://doi.org/10.1083/jcb.202107114

620z Jequiada( 0 uo 3sanb Aq 4pd'vL 1201202 a0l/6588Z8L/v L L L01.20Z8/Y/ | gZ/spd-alomnie/qol/Bio-ssaidni//:dny woy pepeojumoq

9 of 30


https://doi.org/10.1083/jcb.202107114

TR
(: k(J
IV

Arrowheads point to mCherry-Rap2a intracellular organelles, where GFP-RBDg.igps is not present. Scale bars, 10 and 2 pm. (E) Quantification of GFP-
RBDraigps enrichment at the leading edge. In addition to the experiment in 3D, where cells were transfected with mCherry-Rap2a and GFP-RBDg,igps, another
experiment was performed side by side. MDA-MB-231 cells were transfected with mCherry-Rap2a and free GFP (not depicted) to control for free FP local-
ization at the leading edge. Fluorescence intensity ratios (leading edge/cell body, i.e., enrichment at ruffles) were calculated for individual cells (see Materials
and methods) in both conditions. One biological replicate was performed, n = 7 cells for GFP-RBDgaigps condition and n = 8 cells for free GFP condition. Mean +
SD. The two conditions are separated by the dotted line in the center of the graph. Green dots represent GFP-RBDgaigps or free GFP calculations; magenta
represents mCherry-Rap2a. One-way ANOVA with Tukey’s multiple comparisons test. GFP-RBDgaigps versus GFP alone, P = 0.0020. (F) Live imaging of
mCherry-Rap2a and GFP-RBDg,igps in MDA-MB-231 cells. Cells were transiently transfected with both mCherry-Rap2a and GFP-RBDgaigps, plated on a
collagen-coated glass dish, and imaged every 3 s using a 63x objective. Widefield microscope. Arrowheads point to an example of an mCherry-Rap2a-positive
organelle being internalized from the lamellipodia. GFP-RBDgaigps overlaps with mCherry-Rap2a primarily at the plasma membrane and is not found on the

internalized organelle. See Video 7. Scale bars, 10 pum.

signaling (Nethe and Hordijk, 2010; de la Vega et al.,, 2014;
Dohlman and Campbell, 2019). Cumulative data suggest that
mono-ubiquitylation regulates localization and signaling of the
Ras protein family (Jura et al., 2006). However, how ubig-
uitylation regulates the Rap family of GTPases, and whether this
is different from the Ras proteins, is essentially unknown. We
hypothesized that ubiquitylation might serve to modulate spa-
tiotemporal dynamics of Rap2 during cell migration. Impor-
tantly, Rap2 has been proposed as a putative substrate of the
Rab40c/Cul5 complex in a Xenopus model (Lee et al., 2007).
Furthermore, Rab40b KO in MDA-MB-231 cells leads to defects
that partially phenocopy Rap2 KO, namely, decreased chemo-
tactic migration and invasion (Linklater et al., 2021). Given these
collective studies, we wondered whether the Rab40b/Cul5
complex interacts with and ubiquitylates Rap2 in mammalian
cells and what role this ubiquitylation might play in regulating
Rap2 localization and activation during mammalian cell migra-
tion (Fig. 6 A).

To start dissecting whether the Rab40b/Cul5 complex regu-
lates Rap2 during breast cancer cell migration, we first asked
whether Rab40b and Rap2 colocalize in MDA-MB-231 cells. We
have previously shown that GFP-Rab40b localizes to the leading
edge of migrating cells, where it guides actin ruffling at lamel-
lipodia (Jacob et al., 2013; Linklater et al., 2021). Because Rap2
appears to function at the leading edge during cell migration, we
hypothesized that Rab40b and Rap2 may colocalize at the plasma
membrane. As predicted, we found that GFP-Rab40b and
mCherry-Rap2a colocalized at the leading-edge lamellipodia of
the cell (Fig. 6 B). The overlap of these two proteins at the plasma
membrane support a possible link between Rab40b, Rap2, and
cell migration.

Because Rap2 recycling between the endolysosomal com-
partment and lamellipodia plasma membrane appears to regu-
late its activity and function, we next wondered whether
localization of Rap2 is affected in our Rab40b KO cell line. For
this experiment, we used the fluorescent protein Eos, which we
found less sensitive to low pH than GFP, thus allowing us to
better visualize lysosomal Rap2 (Wiedenmann et al., 2004;
Zhang et al., 2012). As shown in Fig. 6 C, Eos-Rap2a in MDA-MB-
231 control cells localized to two major populations: plasma
membrane-bound and intracellular endolysosomal organelles
(Fig. 6 C). Remarkably, Eos-Rap2a levels at the plasma
membrane were greatly diminished in Rab40b KO cells,
with increased Rap2a accumulation in intracellular organ-
elles (Fig. 6 D). Quantification revealed a higher intracellular to
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whole-cell Eos-Rap2a fraction in Rab40b KO cells compared
with control cells (Figs. 6 E and S2 C). This is not a result of
decreased expression, as exogenous levels of Eos-Rap2a were
equal in both control and Rab40b KO cell lines (Fig. S2 A).
Importantly, we could partially rescue Eos-Rap2a mislocaliza-
tion with the addition of Rab40b-WT (Figs. 6 E and S1 E).

We again costained these cells with known endocytic path-
way markers, namely EEAI (early endosome) and CD63 (early
endosome/late endosome), and measured colocalization with
Rap2a. The enriched intracellular Eos-Rap2a in Rab40b KO cells
colocalized with both EEAI- and CD63-positive organelles (Figs.
6 Fand S1]J). Interestingly, we found that Eos-Rap2a had a higher
co-occurrence with CD63 in Rab40b KO cells compared with
control cells, whereas EEA1 overlap was unchanged (Fig. 6 G).
Given our earlier experiments suggesting that Rap2 is dynami-
cally trafficked and likely recycled to the plasma membrane, this
increase in CD63 accumulation suggests that Rab40b/Cul5-de-
pendent ubiquitylation may be required for Rap2 sorting at early
endosomes, away from lysosomes, and back to the plasma
membrane. This is consistent with the observation that levels of
Eos-Rap2a in Rab40b KO cells do decrease over time with pas-
sage number, pointing to lysosomal degradation (Fig. S2 B).
Importantly, Rab40b depletion also led to similar defects in Eos-
Rap2b and Eos-Rap2c subcellular distribution (Fig. S2, A and
D-G), suggesting that the three Rap2 isoforms are regulated
and function in a similar fashion. We propose, based on these
results, that Rab40b regulates Rap2 sorting at early endosomes
for recycling to the lamellipodia plasma membrane.

Rap2 is a Rab40b-binding protein

To begin understanding how Rab40b regulates Rap2 localiza-
tion, we next assessed binding between these two proteins. In-
terestingly, both Rap2 and Rab40b are small monomeric
GTPases, thus raising the question of whether their interaction
is dependent on the nucleotide status of Rap2 or Rab40b. To this
end, we incubated recombinant GST-Rap2a with MDA-MB-231
cell lysates stably expressing FLAG-Rab40b and analyzed their
interaction using GST pull-down assays. Importantly, we found
that the binding between these two proteins was independent of
Rap2a nucleotide status (Fig. 7, A and C) but was enhanced when
Rab40b was loaded with the nonhydrolyzable form of GTP,
GMP-PNP (Fig. 7, B and D, left panels). This suggests that Rap2a
predominantly binds Rab40b-GTP. We note that the binding was
fairly weak, suggesting that the interaction between these pro-
teins is likely quite transient, as would be expected between an
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Figure 6. Loss of Rab40b results in a Rap2 sorting defect that leads to decreased Rap2 at the plasma membrane. (A) Rap2 is a putative substrate of the
mammalian Rab40b/Cul5 complex. (B) Colocalization of GFP-Rab40b and mCherry-Rap2a. MDA-MB-231 cells stably expressing GFP-Rab40b were transiently
transfected with mCherry-Rap2a, then fixed and stained with DAPI (blue). Scale bars, 10 and 5 um. (C) Eos-Rap2a localization in Ctrl cells. Ctrl cells in this case
are MDA-MB-231 parental cells. Eos-Rap2a has the same localization in MDA-MB-231 parental cells versus Cas9 cells (not depicted). MDA-MB-231 cells stably
expressing Eos-Rap2a were fixed and stained with phalloidin (magenta) and DAPI (blue). Scale bars, 50 and 10 um. (D) Eos-Rap2a localization in Rab40b KO
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cells. Rab40b KO MDA-MB-231 cells stably expressing Eos-Rap2a were fixed and stained with phalloidin (magenta) and DAPI (blue). Scale bars, 50 and 10 um.
(E) Intracellular to whole-cell fraction quantification, Eos-Rap2a in Ctrl versus Rab40b KO versus Rab40b KO Rescue cells. Rab40b KO Rescue cells overexpress
FLAG-Rab40b WT (stable population line; see Fig. S1E). Three biological replicates were performed for each cell line. In each biological replicate, five fields of
view were imaged, with 3 cells analyzed from each field (total of 15 cells per n). The three shades of blue represent each set of 15 cells from nl, n2, and n3. Each
cell was treated as its own data point, and statistical analysis (one-way ANOVA with Tukey’s multiple comparisons test) was performed with n = 45 total for
each condition. Mean + SD. Eos-Rap2a in Ctrl cells versus Eos-Rap2a in Rab40b KO cells, P < 0.0001; Eos-Rap2a in Rab40b KO cells versus Eos-Rap2a in
Rab40b KO Rescue cells, P < 0.0001. ROUT outlier test removed three outliers from Rab40b KO data set. Ctrl cells in this experiment are MDA-MB-231 parental
cells. (F) Eos-Rap2a colocalization with CD63 in Rab40b KO cells. Rab40b KO MDA-MB-231 cells stably expressing Eos-Rap2a were fixed and stained with the
lysosomal marker CD63 (magenta) and DAPI (blue). Arrows indicate examples of Eos-Rap2a and CD63 overlap. Scale bars, 5 um. (G) Quantification of co-
localization between Rap2a and CD63/EEAL in Ctrl versus Rab40b KO cells. Ctrl or Rab40b KO cells stably expressing Eos-Rap2a were fixed and stained with
either CD63 (late endosomes/lysosomes) or EEAL (early endosomes). 3i SlideBook6 software was used to calculate the percentage of total GFP-Rap2a that
colocalizes with the markers indicated (see Materials and methods). Two biological replicates were performed, with approximately five cells imaged for each
replicate. n = 10 Ctrl CD63, n = 9 KO CD63, n = 12 Ctrl EEAL n = 10 KO EEAL One-way ANOVA with Tukey’s multiple comparisons test. Ctrl versus Rab40b KO

CD63, P < 0.0001; Ctrl versus Rab40b KO EEAL ns.

enzyme (E3 ligase) and its substrate (Rap2). Additionally, we
tested binding between Rab40b and the other Rap2 isoforms and
found that Rab40b also interacted with Rap2b and Rap2c, sug-
gesting again that the three Rap2 isoforms may be regulated in a
similar manner (Fig. S3 A).

We next wondered whether Rap2 can bind its effector pro-
teins while part of a Rab40b/Rap2 complex, or whether these
interactions are mutually exclusive. To test this, we performed a
competitive binding experiment: FLAG-Rab40b lysates were
incubated with GST-Rap2a as before, but with increasing con-
centrations of the Rap2 effector, RalGDS (Fig. 7 E). Importantly,
we discovered that there was indeed competition for Rap2
binding between Rab40b and RalGDS, suggesting that Rap2
cannot bind both proteins simultaneously. Overall, these data
suggest that Rap2 dissociation from the Rab40b/Cul5 complex,
likely after ubiquitin modification, is required for its interaction
with downstream effectors (Fig. 7 F).

To understand the role of Cul5 in regulating Rap2 function,
we next asked whether Rab40b binding to Rap2 is dependent on
Cul5. To this end, we incubated GST-Rap2a with MDA-MB-231
cells stably expressing a FLAG-Rab40b SOCS-4A mutant, which
disrupts binding to Cul5 and formation of the CRL complex
(Fig. 7 G; Linklater et al., 2021; Duncan et al., 2021). We found
that the SOCS-4A mutation did not block Rap2a and Rab40b
binding (Fig. 7 B, right panel), suggesting that Rab40b is able to
bind its substrates independently of Cul5 presence. Intriguingly,
the Rab40b SOCS-4A mutant binds to Rap2a more strongly than
Rab40b WT (Fig. 7 D, right panel). This observation would be
consistent with the idea that Rap2 is a Rab40b/Cul5 substrate,
since blocking ubiquitylation would likely prevent dissociation
between the E3 ligase complex (Rab40b/Cul5) and its substrate
protein (Rap2; Fig. 7 G). Furthermore, this fits with the idea that
Rap2 must be released from the Rab40b/Cul5 complex to bind its
putative effectors (Fig. 7 F).

Rap2 is ubiquitylated by the Rab40b/Cul5 complex

Given that mammalian Rab40b and Rap2 interact, and given our
data suggesting that Rap2 is not targeted properly in the absence
of Rab40b, we next asked whether the Rab40b/Cul5 com-
plex regulates proteasomal degradation of Rap2 via poly-
ubiquitylation. To do this, we measured total protein levels of
Rap2 in two different Rab40b KO cell lines as well as two other
cell lines expressing either a Rab40b SOCS-4A or Rab40b ASOCS
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mutant (Linklater et al., 2021; Duncan et al., 2021). Importantly,
the Rab40b ASOCS mutant still contained the C-terminal pre-
nylation site to ensure its ability to associate with membranes
(Fig. S3 B). We hypothesized that if the Rab40b/Cul5 complex
regulates proteasomal degradation of Rap2, that Rap2 levels
should be increased in the absence of Rab40b as well as when the
Rab40b/Cul5 complex is disrupted. This is based on the well-
accepted doctrine in the field that canonical poly-ubiquitin
chains signal for proteasomal degradation via the 26S protea-
some (Pickart and Fushman, 2004; Komander and Rape, 2012).
Surprisingly, we observed no significant change in Rap2 protein
levels across our Rab40b KO cell lines or the Rab40b SOCS
mutants (Fig. 7, H and I; and Fig. S3, C and D), suggesting that the
Rab40b/Cul5 complex does not mediate canonical ubiquitin-
dependent degradation of Rap2. One caveat to the Rab40b KO
cell line is the presence of the other Rab40 isoforms, which may
compensate for the lack of Rab40b and prevented us from de-
tecting protein level changes. To alleviate this, and since there is
also evidence of Rab40c-dependent regulation of Rap2, we
measured Rap2 protein levels in two different MDA-MB-231
Rab40 KO cell lines, where cells lack the three Rab40 family
members, Rab40a, Rab40b, and Rab40c (Fig. S3 E; Linklater
et al., 2021). Importantly, we once again did not detect any sig-
nificant change in global Rap2 protein levels in the Rab40 KO cell
lines, suggesting that the Rab40 GTPases do not mediate pro-
teasomal degradation of Rap2.

At this point, our data postulate that the Rab40b/Cul5 com-
plex binds and regulates Rap2 localization, without affecting
global protein levels of Rap2. Additionally, our localization data
suggest a potential early endosome sorting defect in Rab40b KO
cells, leading to increased targeting of Rap2 to lysosomes. Based
on these observations and what we know about the ubiquitin
code, we speculated that Rap2 might be subjected to a non-
canonical ubiquitin tag that may regulate its sorting and tar-
geting to the lamellipodia plasma membrane (Swatek and
Komander, 2016; Akutsu et al., 2016). To begin testing this
idea, we used HEK293T cells to test direct ubiquitylation of Rap2
by the Rab40b/Cul5 complex.

Using HEK293T cells, we set up four different transfection
conditions: (1) FLAG-Rap2a alone, (2) FLAG-Rap2a + Myc-Ub, (3)
FLAG-Rap2a + Myc-Ub + HA-Rab40b WT, and (4) FLAG-Rap2a +
Myec-Ub + HA-Rab40b ASOCS (Fig. 7J, left panel). In each case,
we immunoprecipitated with anti-FLAG and Western blotted for
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Figure7. Rap2is a Rab40b-binding protein and is ubiquitylated by the Rab40b/Cul5 complex. (A) Rab40b binding to locked Rap2a. MDA-MB-231 lysates
stably expressing FLAG-Rab40b WT were incubated with either GST or GST-Rap2a, followed by a GST pull-down assay. Before incubation, GST-Rap2a was
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loaded with either GDP or GMP-PNP (labeled as GTP for brevity). 25 ug of lysate input was loaded as a positive control and used to estimate pull-down
efficiency. (B) Rap2a binding to locked Rab40b. MDA-MB-231 lysates stably expressing FLAG-Rab40b WT or SOCS-4A (left and right, respectively) were
incubated with either GST or GST-Rap2a, followed by a GST pull-down. Before incubation, FLAG-Rab40b lysates were loaded with either GDP or GMP-PNP
(labeled as GTP for brevity). 25 pg of lysate input was loaded as a positive control and used to estimate pull-down efficiency. (C) Quantification of GST pull-
down in A. Three biological replicates were performed. Mean + SD. GST signal was subtracted from GDP/GTP, and relative Rab40b density was calculated by
normalizing to lysate. Unpaired t test. Rab40b WT GDP versus GTP (locked Rap2a), P = 0.6559. GTP = GMP-PNP. (D) Quantification of GST pull-down in B. Six
biological replicates were performed. Mean + SD. GST signal was subtracted from GDP/GTP, and relative Rab40b density was calculated by normalizing to
lysate. Brown-Forsythe ANOVA with Dunnett’s T3 multiple comparisons test. Rab40b WT GDP versus GTP (locked Rab40b), P = 0.0455; Rab40b SOCS-4A
GDP versus GTP (locked Rab40b), P = 0.0603; Rab40b WT GTP versus Rab40b SOCS-4A GTP (locked Rab40b), P = 0.0109. GTP = GMP-PNP. (E) Competitive
binding experiment between FLAG-Rab40b, GST-Rap2a, and untagged RalGDS (RBD). MDA-MB-231 lysates stably expressing FLAG-Rab40b WT (GMP-PNP
loaded) were incubated with either GST or GST-Rap2a (GMP-PNP loaded) and increasing concentrations of RalGDS (0.5, 1, and 3 times the amount of GST/GST-
Rap2a). 15 pg of lysate input was loaded as a positive control and used to estimate pull-down efficiency. (F) Model summarizing findings in A-D. Rap2
preferentially binds Rab40b-GTP (left). Ubiquitylation of Rap2 by Rab40b/Cul5 and subsequent complex dissociation is necessary for Rap2 to interact with its
downstream effector (in a GTP-dependent manner). (G) When the Rab40b/Cul5 complex is disrupted (SOCS-4A mutant), Rab40b binds more strongly to Rap2.
We propose that this is due to lack of ubiquitylation/complex dissociation. (H) Rap2 protein levels Ctrl versus Rab40b KO cells. Ctrl and Rab40b KO MDA-MB-
231 lysates were probed for aRap2 and aTubulin (loading control). Ctrl cells are dox-inducible Cas9 MDA-MB-231s that were used to generate CRISPR lines. 50
ug of lysate was loaded for each sample. (I) Quantification of Western blot in H. Three biological replicates were performed. Relative intensity of Rap2 was
normalized to the levels of Tubulin and to Ctrl cells. Mean + SD. One-way ANOVA with Tukey’s multiple comparisons test. (J) Rap2a ubiquitylation in
HEK293T cells. HEK293Ts were transfected with pRK5-FLAG-Rap2a + pRK5-Myc-Ub, pRK7-HA-Rab40b, or pRK7-HA-Rab40b ASOCS. After 24 h of transfection,
cells were harvested, lysed, and immunoprecipitated with aFLAG. Left column shows lysates (input) probed for Myc, FLAG, and HA. Right column shows FLAG
immunoprecipitates probed for Myc and FLAG. Tick marks on the right blot indicate the Rap2-ubiquitin bands that are increased in response to Rab40b
addition. Asterisk indicates presumed mono-ubiquitylated form of Rap2 that is not stimulated by Rab40b addition. (K) Quantification of HEK293T ubig-
uitylation assay in J. Raw densitometry was measured for bands 1, 2, and 3 across four independent experiments. These values (arbitrary units) were then
normalized to FLAG-Rap2a input levels and graphed for conditions 2 (Myc-Ub), 3 (Myc-Ub + Rab40b WT), and 4 (Myc-Ub + Rab40b ASOCS). Four biological
replicates were performed. Mean + SD. Two-way ANOVA with Tukey’s multiple comparisons test. Band 1: Myc-Ub versus Myc-Ub + Rab40b WT, ns; Myc-Ub
versus Myc-Ub + Rab40b ASOCS, ns; band 2: Myc-Ub versus Myc-Ub + Rab40b WT, P = 0.0191; Myc-Ub versus Myc-Ub + Rab40b ASOCS, ns; band 3: Myc-Ub

versus Myc-Ub + Rab40b WT, P = 0.0436; Myc-Ub versus Myc-Ub + Rab40b ASOCS, ns. Source data are available for this figure: SourceData F7.

anti-Myc (Fig. 7 J, right panel). Importantly, we observed stim-
ulation of Rap2 ubiquitylation by Rab40b WT (condition 3). We
focused on Rap2-Ub species that were stimulated by Rab40b in
all four repeats. First, the Rap2-Ub species labeled as band 1 in-
creased when Rab40b-WT was added but was less enhanced by
Rab40b ASOCS (condition 4; Fig. 7, ] and K). Based on the mo-
lecular weight, we hypothesize that band 1 corresponds to a di-
Ub Rap2 species. Next, we also saw that bands 2 and 3 were
enhanced by the addition of Rab40b-WT but not Rab40b ASOCS
(Fig. 7, ] and K). Again, based on size, we hypothesize that these
bands correspond to the addition of three to five ubiquitin
moieties on Rap2. One caveat is that band 2 appeared in the
FLAG-Rap2a-only control (far left column, condition 1). We
believe that band 2 overlaps with a nonspecific band (~50 kD)
that our secondary antibody detects, likely remnants of IgG
heavy chain. Overall, when analyzing four independent ex-
periments, these three Rap2-ubiquitin species (band 1, 2, and 3)
were consistently stimulated by addition of Rab40b (Fig. 7 K).
Interestingly, we did not see any enhancement of Rap2 mono-
ubiquitylation with the addition of Rab40b (~30 kD band,
marked with asterisk). This suggests that Rab40b/Cul5 might
work in concert with other E3s, where Rab40b/Cul5 triggers
additional ubiquitylation of Rap2 after it is originally primed
with ubiquitin by another E3 Ligase. This concept of two E3s
acting independently but sequentially to prime and extend ubig-
uitin marks on protein substrates is established but still incom-
pletely understood (Deol et al, 2019). Finally, we saw little
indication of Rab40b-mediated poly-ubiquitylation of Rap2, which
would appear as a high molecular weight smear instead of
distinct bands. This is consistent with our data showing
that loss of Rab40b does not mediate proteasomal targeting of
Rap2 (Fig. 7, H and I). Given this, we hypothesize that these
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nondegradative ubiquitin moieties are likely linkages with a
unique downstream signal, possibly to regulate sorting and
targeting to the plasma membrane. Although further work will
be needed to define the composition of these ubiquitin species
(multi-mono, etc.), collectively, these results support Rap2 as a
substrate of the Rab40b/Cul5 complex.

Ubiquitylation of Rap2 regulates its subcellular localization
Summarizing our data thus far, we propose that the Rab40b/
Cul5 complex regulates Rap2 function via direct ubiquitylation.
To start dissecting the molecular consequence of Rap2 ubiq-
uitylation, we sought to identify the specific lysines on Rap2 that
are modified by ubiquitin. Previous work on Rap2a in neurons
identified four lysines of Rap2a that are putative targets for
Nedd4-1-mediated ubiquitylation (K5, K94, K148, and K150;
Kawabe et al., 2010). Additionally, the initial study implicating
Rap2 as a possible Rab40c/Cul5 substrate proposed that a single
lysine mutation at position 117 was sufficient to reduce ubiq-
uitylation of Rap2 (Lee et al., 2007). Thus, we decided to gen-
erate a Rap2a-K5R construct (K5, K94, K117, K148, and K150),
with the goal of understanding how localization, sorting, and
activation are affected by mutation of putative ubiquitylation
sites (Fig. S3 F). One potential concern is that mutation of these
lysines may alter Rap2 folding and block GTP loading. To refute
this possibility, we used an endpoint phosphate assay to mea-
sure GTP hydrolysis as a readout for proper Rap2 folding and
found that Rap2a-K5R was still capable of binding and hydro-
lyzing GTP (Fig. S3 G).

Moving forward, we first asked whether Rap2a-K5R locali-
zation is altered compared with Rap2a-WT. To this end, MDA-
MB-231 cells stably expressing Eos-Rap2a-K5R (Fig. S3 H) were
analyzed by immunofluorescence. We found that Eos-Rap2a-
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K5R was predominantly localized to the endolysosomal com-
partment (Fig. 8 A), similar to Eos-Rap2a-WT localization in a
Rab40b KO background. Indeed, fluorescence intensity analysis
of Rap2a-K5R revealed a higher intracellular to whole-cell
fraction compared with Rap2a-WT (Figs. 8 B and S2 C).

We next wondered how mutation of these five lysines might
affect Rap2 binding to the Rab40b/Cul5 complex. To test this, we
incubated purified GST-Rap2a-K5R with FLAG-Rab40b lysates
and performed a GST pull-down assay. Notably, we discovered
that Rap2a-K5R bound to Rab40b much more strongly than
Rap2a-WT (Fig. 8, C and D). Again, this result phenocopied the
increased binding between Rap2a-WT and Rab40b SOCS-4A. If
we hypothesize that increased binding is due to lack of disso-
ciation, one prediction is that the Rab40b/Cul5 complex binds
Rap2a-K5R but cannot ubiquitylate and dissociate from one
another. This would suggest that Rab40b/Cul5 may target at
least one or more of the five lysines within the Rap2a-K5R
mutant.

The five lysines mentioned above are clustered into two
general regions: three near the GTP pocket (K117, K148, and
K150) and two removed from the GTP pocket (K5 and K94).
Thus, we split the mutations into two groups: K2R (K5, K94) and
K3R (K117, K148, K150) to begin dissecting their function (Fig.
S3 F). Given the increased binding of Rap2a-K5R to Rab40b, we
began with binding assays as a readout of which mutant (K2R or
K3R) might house the relevant Rap2 lysines targeted by the
Rab40b/Cul5 complex. Notably, we observed a significant in-
crease in the ability of Rap2a-K3R to bind Rab40b compared
with Rap2a-WT (Fig. 8, E and F), suggesting that the K3R mutant
likely contains the most pertinent Rap2 lysines ubiquitylated by
Rab40b/Cul5.

Of course, the goal in any ubiquitylation study is to identify
the specific lysine responsible for changes in downstream sig-
naling. Thus, we split the K3R mutant into four individual mu-
tants: K117R, K148R, K150R, and K148R/K150R. We then used our
GST-Rap2a and FLAG-Rab40b binding assay to test whether any
of these single (or double) mutations could phenocopy the in-
creased GST-Rap2a-K3R binding to Rab40b. Importantly, none
of the single mutants recapitulated the increased binding to
Rab40b as seen by Rap2a-K3R (Fig. S4, A and B); thus, we hy-
pothesize that Rab40b/Cul5 may ubiquitylate all three lysines
(K117, K148, and K150) within Rap2. Indeed, our HEK293T
ubiquitylation experiment strongly suggests that Rab40b stim-
ulates the addition of two to five ubiquitin moieties on Rap2, and
while it is possible that all of these ubiquitin modifications are
conjugated to one single lysine, it is also equally possible for
multiple Rap2 lysines to be modified, possibly multi-mono-
ubiquitylated.

Moving forward with Rap2a-K3R, we next assessed whether
mutation of these three lysines affects localization in a manner
similar to the K5R mutant. MDA-MB-231 cells stably expressing
Eos-Rap2a-K3R (Fig. S3 H) were analyzed by immunofluores-
cence. Like the K5R mutant, Eos-Rap2a-K3R was predominately
localized within the endolysosomal compartment (Fig. 8, G and
H; and Fig. S2 C). Similar to how Rap2a-WT behaves in Rab40b
KO cells, Rap2a-K3R had increased presence in lysosomes
(CD63) compared with control cells but unchanged colocalization
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with early endosomes (EEAL Fig. 8, Iand ]). This again supports
a model in which ubiquitylation of Rap2 is needed for sorting
and recycling to the leading-edge plasma membrane. To test
this model further, we asked whether recruitment of Rap2 to
the plasma membrane is dependent on Rab40b/Cul5 complex
formation. To this end, we examined Rap2 localization in a
Rab40b ASOCS background (Fig. 8 L). Rab40b KO cells stably
expressing FLAG-Rab40b ASOCS were transfected with Eos-
Rap2a WT lentivirus and flow sorted (Fig. S4 C). Consistent
with our hypothesis, we discovered that Eos-Rap2a levels at the
plasma membrane were noticeably reduced in Rab40b ASOCS
cells (Fig. 8, L and M). Collectively, these data define a model
wherein ubiquitylation by the Rab40b/Cul5 complex is re-
quired for sorting and recycling of Rap2 to the leading-edge
plasma membrane of migrating breast cancer cells.

Although the mislocalization of Rap2 in Rab40b ASOCS
strongly suggests that the Rab40b/Cul5 complex is necessary for
proper Rap2 targeting to the leading edge, we also tested
whether direct inhibition of Cul5 resulted in the same pheno-
type. To this end, we used MLN4924, a small molecular inhibitor
of CRLs (Lan et al., 2016). MDA-MB-231 cells stably expressing
GFP-Rap2a were treated with MLN4924, followed by fixation
and staining for CD63. Similar to what we observed in Rab40b
KO cells, Rab40b ASOCS cells, and Rap2a K-R mutant cells, Rap2
accumulated in lysosomes with MLN4924 treatment (Figs. 8 N
and S4 D). Additionally, MLN4924 appeared to impact Rap2
enrichment at the leading edge (Fig. S4 D). This suggests that
Cul5, and specifically ubiquitylation by Rab40b/Cul5, is needed
for dynamic redistribution of Rap2 at the lamellipodia during
cell migration.

Finally, to bridge these findings with Rap2’s putative role in
regulating cell movement, we wondered whether the K3R mu-
tation would influence cell migration. To this end, we measured
the invasiveness of MDA-MB-231 parental cells compared to
cells stably expressing either Eos-Rap2a WT or Eos-Rap2a K3R.
Remarkably, cells expressing the K3R mutant had decreased
invasion overall, suggesting that this mutant may act as a
dominant negative (Fig. 8 K).

Ubiquitylation of Rap2 is required for its activation

The accumulation of Rap2 in the endolysosomal compartment in
Rab40b KO and ASOCS cells (Figs. 6 E and 8 M) raises an in-
teresting question about the activation state of Rap2 in these
cells, given that the Rap2 dominant-negative mutant localizes
almost exclusively to endosomes and lysosomes (Fig. 5 B; and
Fig. S1, H and I). To investigate this further, we took advantage
of a previously described method to measure Rap2 activation
(Spaargaren and Bischoff, 1994; Franke et al., 1997; Nancy et al.,
1999; Ohba et al., 2003; Jeon et al., 2007). Specifically, purified
GST-RBDgaigps Was incubated with cell lysates expressing vari-
ous Rap2 mutants, and levels of active Rap2 (bound to GST-
RBDgaigps) were determined by GST pull-down assays followed
by Western blotting against Rap2. First, as a proof of principle,
MDA-MB-231 cells transfected with GFP- Rap2a-WT, Rap2a-G12V,
or Rap2a-S17N were lysed and incubated with GST-RBDgagps
(Fig. 9 A). We then defined active Rap2a as the fraction of GFP-
Rap2a pulled down by GST-RBDgagps compared with the input

Journal of Cell Biology
https://doi.org/10.1083/jcb.202107114

620z Jequiada( 0 uo 3sanb Aq 4pd'vL 1201202 a0l/6588Z8L/v L L L01.20Z8/Y/ | gZ/spd-alomnie/qol/Bio-ssaidni//:dny woy pepeojumoq

15 of 30


https://doi.org/10.1083/jcb.202107114

Intracellular/Whole Cell
Eos-Rap2a Fraction

Rap2a K5R binding FLAG-Rab40b WT Rap2a K2R/K3R binding
C FLAG-Rab40b WT D to locked Rab40b E F to locked Rab40b
Rap2a B Rap2a )
— oo Lysate GST K2R K3R 80 proc=
lysste GST WT _ K5R £ ysate wT >
d:) ‘@
2 41 o |oFLac & 60
37kD . aFLAG 2 37KD | e a
3 3 404
& & p=0.8168
g 204 g
& g 20-
& &
0- 0-
WT  K5R WT K2R K3R
g Merge H
710721 210/21 109 oo
3
o
2
o ®©
LN
=
5%
38
o w
g
£

g
C%
s
35
= S
S3
38
&
Metge M 1.0
3

n 2

Q s

o £8

7] 55

< =0

g

< g

e}

C

14

WT K3R
Rap2a Co-localization K 250 p=0.0013
p=0.1257
p<0.0001
804 — .
) & 200
60 2
8 150
g
. o=
40 s o _ g
Ts e . g 190 .
L Lt (3
20 % € 50 g
H 2
0 T T T T 0 =
Ctrl K3R Ctrl K3R Ctrl WT K3R
CD63 EEA1
N Rap2a and CD63 co-localization
p<0.0001 MLN4924 treatment
40 p<0.0001
T oo
a °ge00
S 30 o Jes
T —
£2 9K
§ E 20 ° ° °
o ¢ > oo
o8 492
= 104 °2
H s

o

Figure 8. Mutation of five putative ubiquitylation sites within Rap2 affects recycling, subcellular localization, binding to Rab40b, and cell invasion.
(A) Eos-Rap2a-K5R localization. MDA-MB-231 cells stably expressing Eos-Rap2a-K5R were fixed and stained with phalloidin (magenta) and DAPI (blue). Scale
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bars, 50 and 10 um. (B) Intracellular to whole-cell fraction quantification, Eos-Rap2a-WT versus Eos-Rap2a-K5R. Three biological replicates were performed for
each cell line. In each biological replicate, five fields of view were imaged, with 3 cells analyzed from each field (total of 15 cells per n, color coded). Each cell was
treated as its own data point, and statistical analysis (unpaired t test) was performed with n = 45 total for each condition. Mean + SD. Eos-Rap2a-WT versus
Eos-Rap2a-K5R, P < 0.0001. Eos-Rap2a-WT data points are from Fig. 6 E. (C) Rap2a-K5R binding to Rab40b. MDA-MB-231 lysates stably expressing FLAG-
Rab40b WT were incubated with GST, GST-Rap2a-WT, or -K5R, followed by GST pull-down. Before incubation, FLAG-Rab40b lysates were loaded with GMP-
PNP. 25 ug of lysate input was loaded as a positive control and used to estimate pull-down efficiency. (D) Quantification of GST pull-down in C. Three biological
replicates were performed. Mean + SD. GST signal was subtracted from experimental lanes, and relative Rab40b density was calculated by normalizing to
lysate. Unpaired t test. Rap2a-WT versus Rap2a-K5R, P = 0.0220. (E) Rap2a-K2R and Rap2a-K3R binding to Rab40b. MDA-MB-231 lysates stably expressing
FLAG-Rab40b WT were incubated with GST, GST-Rap2a-WT, GST-Rap2a-K2R, or GST-Rap2a-K3R followed by a GST pull-down. Before incubation, FLAG-
Rab40b lysates were loaded with GMP-PNP. 25 pg of lysate input was loaded as a positive control and used to estimate pull-down efficiency. (F) Quantification
of GST pull-down in E. Three biological replicates were performed. Mean + SD. GST signal was subtracted from experimental lanes, and relative Rab40b density
was calculated by normalizing to lysate. One-way ANOVA with Tukey’s multiple comparisons test. Rap2a-WT versus Rap2a-K2R, P = 0.8168; Rap2a-WT versus
Rap2a-K3R, P = 0.0234. (G) Eos-Rap2a-K3R localization. MDA-MB-231 cells stably expressing Eos-Rap2a-K3R were fixed and stained with phalloidin (magenta)
and DAPI (blue). Scale bars, 50 and 10 um. (H) Intracellular to whole-cell fraction quantification, Eos-Rap2a-WT versus Eos-Rap2a-K3R. Three biological
replicates were performed for each cell line. In each biological replicate, five fields of view were imaged, with three cells analyzed from each field (total of 15
cells per n, color coded). Each cell was treated as its own data point, and statistical analysis (unpaired t test) was performed with n = 45 total for each condition.
Mean + SD. Eos-Rap2a-WT versus Eos-Rap2a-K3R, P < 0.0001. Eos-Rap2a-WT data points are from Fig. 6 E. (I) Eos-Rap2a-K3R colocalization with CD63. MDA-
MB-231 cells stably expressing Eos-Rap2a-K3R were fixed and stained with the lysosomal marker CD63 (magenta) and DAPI (blue). Arrows indicate examples of
Eos-Rap2a-K5R and CD63 overlap. Scale bars, 10 pum. (J) Quantification of colocalization between Rap2a and CD63/EEAL in Ctrl versus K3R cells. MDA-MB-231s
stably expressing either Eos-Rap2a WT or Eos-Rap2a K3R were fixed and stained with either CD63 (late endosomes/lysosomes) or EEAL (early endosomes). 3i
SlideBooké software was used to calculate the percentage of total GFP-Rap2a that colocalizes with the markers indicated (see Materials and methods). Two
biological replicates were performed, with approximately five cells imaged for each replicate. n = 10 Ctrl CD63, n = 11 K3R CD63, n = 12 Ctrl EEAL, n = 7 K3R
EEAL One-way ANOVA with Tukey’s multiple comparisons test. Mean + SD. Ctrl versus K3R CD63, P < 0.0001; Ctrl versus K3R EEAL ns. (K) Invasion assay
quantification, Ctrl versus Eos-Rap2a WT versus Eos-Rap2a K3R. Three biological replicates were performed, with technical duplicates in each experiment.
5 fields of view were imaged for each Matrigel insert (resulting in 10 fields of view per experiment per condition, color coded). Raw number of cells invaded per
field of view were normalized to Ctrl (relative invasion). Ctrl cells are MDA-MB-231 parental cells. Eos-Rap2a WT and K3R are stable overexpressed lines. Each
field of view was treated as its own data point (n = 30). One-way ANOVA with Tukey’s multiple comparisons test. Mean + SD. Ctrl versus Eos-Rap2a WT, P =
0.1257; Ctrl versus Eos-Rap2a K3R, P = 0.0013. (L) Eos-Rap2a localization in Rab40b ASOCS cells. Rab40b ASOCS MDA-MB-231 cells expressing Eos-Rap2a
were fixed and stained with phalloidin (magenta) and DAPI (blue). Scale bars, 50 and 10 um. (M) Intracellular to whole-cell fraction quantification, Eos-Rap2a in
Ctrl cells versus Rab40b ASOCS cells. Two biological replicates were performed for each cell line. In each biological replicate, five fields of view were imaged,
with 3 cells analyzed from each field (total of 15 cells per n, color coded). Each cell was treated as its own data point, and statistical analysis (unpaired t test)
was performed with n = 30 total for each condition. Mean + SD. Eos-Rap2a Ctrl versus Eos-Rap2a ASOCS cells, P < 0.0001. Eos-Rap2a-WT data points are from
Fig. 6 E. (N) Rap2a and CD63 colocalization analysis in Ctrl cells versus cells treated with neddylation/Cul5 inhibitor MLN4924. MDA-MB-231 cells stably
expressing GFP-Rap2a were treated with either DMSO (Ctrl) or 300 nM MLN4924 for 24 h. Cells were then fixed and stained for CD63, before colocalization
analysis. 3i SlideBook6 software was used to calculate the percentage of total GFP-Rap2a that colocalized with CD63 (see Materials and methods). Three
biological replicates were performed, with ~12 cells imaged for each replicate (color coded for each n). Mean + SD. n = 33 for Ctrl/DMSO treated cells, n = 38 for
MLN4924 treated cells. Unpaired t test. P < 0.0001. Source data are available for this figure: SourceData F8.

(Fig. 9 D). We found that the results were consistent with the
constitutively active and dominant-negative mutations, where
Rap2a-G12V was more active and Rap2a-S17N was less active than
Rap2a-WT, respectively (Fig. 9 D).

Next, we asked whether Rap2 activity was affected in cells
lacking Rab40b. Indeed, we detected less active Rap2a in Rab40b
KO cells compared with control cells, suggesting that the
Rab40b/Cul5 complex is required for both Rap2 activation and
localization at the plasma membrane (Fig. 9, B and E). Delving
further, we next questioned whether Rap2a-K5R activation was
altered compared with Rap2a-WT. Again, based on our previous
observations and recent studies on Ras regulation, we speculated
that mutation of these critical lysines would affect GTP activity.
Remarkably, we found that the K5R mutant severely abro-
gated Rap2 activation, as shown by a lack of Rap2a-K5R
binding to GST-RBDg.icps (Fig. 9, C and F), suggesting that
ubiquitylation of these lysines is critical for both Rap2 local-
ization and activation. In conclusion, our data hint at a com-
plex system whereby the Rab40b/Cul5 complex coregulates
Rap2 localization and activation. Although it is clear that
subcellular distribution and GTP activity are closely inter-
twined, future investigations are needed to tease apart these
pathways and uncover the direct molecular consequences of
ubiquitin modification on Rap2.
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Discussion
One of the most fundamental questions in cell biology is how

cells coordinate highly complex processes such as actin polym-
erization, membrane trafficking, and adhesion remodeling to
drive cell migration. In this study, we set out to characterize the
function and regulation of the small GTPase Rap2 during cell
migration. Here, we define a novel molecular mechanism by
which Rab40b/Cul5-dependent ubiquitylation positively regu-
lates Rap2 subcellular localization, as well as targeting and ac-
tivation at the leading-edge plasma membrane.

Rap2 subcellular localization and activation are tightly
controlled during cell migration

If Rap2 functions by regulating integrin-based adhesion and
actin dynamics at the leading edge, one would expect that cells
have fine-tuned mechanisms to control the spatiotemporal dy-
namics of Rap2 in migrating cells. Notably, we found that Rap2
localizes in two primary locations: the lamellipodia plasma
membrane and the endolysosomal compartment. Using both
fixed and live cell imaging, we discovered that Rap2 is dynam-
ically trafficked through the endocytic pathway. Importantly,
we observed that Rap2 is internalized via large macropinosome-
like organelles that eventually become Rab5 positive. Once on
Rab5 endosomes, Rap2 is then sorted between two pathways,
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Figure 9. Activation of Rap2 is regulated by Rab40b and is linked to its ubiquitylation. (A) Activation assay Rap2a-WT, -G12V, and -S17N. MDA-MB-231
parental cells were transiently transfected with GFP-Rap2a-WT, -G12V, or -S17N (pLVX-GFP constructs). Lysates were incubated with either GST or GST-
RBDRaicps, followed by a GST pull-down assay. GST alone was used to control for GST binding to Rap2a. 25 ug of lysate input was loaded as a positive control
and used to calculate active levels of Rap2a. (B) Activation assay Rap2a-WT in Ctrl versus Rab40b KO cells. MDA-MB-231 parental cells or Rab40b KO cells
were transiently transfected with GFP-Rap2a-WT (pEGFP-construct). Lysates were incubated with either GST or GST-RBDgaigps, followed by a GST pull-down
assay. GST alone was used to control for GST binding to Rap2a. 25 ug of lysate input was loaded as a positive control and used to calculate active levels of
Rap2a. (C) Activation assay Rap2a-WT and -K5R. MDA-MB-231 parental cells were transiently transfected with GFP-Rap2a-WT and GFP-Rap2a-K5R (pLVX-GFP
constructs). Lysates were incubated with either GST or GST-RBDg,icps, followed by a GST pull-down assay. GST alone was used to control for GST binding to
Rap2a. 25 pg of lysate input was loaded as a positive control and used to calculate active levels of Rap2a. (D) Quantification of activation assay in A. Three
biological replicates were performed. Mean + SD. Active Rap2a/input ratio was defined as active Rap2 signal/lysate signal. One-way ANOVA with Tukey’s
multiple comparisons test. GST signal was not subtracted. WT versus G12V, P = 0.0353; WT versus S17N, P = 0.0390; G12V versus S17N, P = 0.0001.
(E) Quantification of activation assay in B. Three biological replicates were performed. Mean + SD. Active Rap2a/Input ratio was defined as active Rap2 signal/
lysate signal. One-way ANOVA with Tukey’s multiple comparisons test. GST signal was not subtracted. Ctrl versus Rab40b KO, P < 0.0001. (F) Quantification of
activation assay in C. Three biological replicates were performed. Mean + SD. Active Rap2a/input ratio was defined as active Rap2 signal/lysate signal. One-way
ANOVA with Tukey’s multiple comparisons test. GST signal was not subtracted. WT versus K5R, P = 0.0349. (G) Working model for how Rab40b/Cul5
modulates Rap2 subcellular localization and activation via ubiquitylation. (1) Rab40b/Cul5 and Rap2 primarily interact at the plasma membrane, where binding
is enhanced when Rab40b is GTP bound. Ubiquitylation by the Rab40b/Cul5 complex causes dissociation. (2) Active Rap2 is then able to interact with its
effector proteins at the plasma membrane, where it regulates leading-edge actin dynamics and ultimately drives cell migration. (3) To quickly re-distribute Rap2
to other locations at the lamellipodia plasma membrane, Rap2 is internalized via a pinocytosis-like mechanism. Internalization mediates the delivery of Rap2 to
early endosomes. (4) Once at early endosomes, previous ubiquitylation by the Rab40b/Cul5 complex serves as a signal for Rap2 to be recycled back to the
leading-edge plasma membrane via the Rab4/Rabl1 recycling pathways. Without this ubiquitin signal, Rap2 is sorted to lysosomes for degradation. We hy-
pothesize that Rap2 is continuously recycled to and from the plasma membrane to regulate its localization and activity. Ultimately, we propose that dynamic
redistribution of Rap2 is required to maintain its enrichment at the leading edge, where it can regulate actin dynamics and promote cell migration. Source data
are available for this figure: SourceData F9.

Rab4/Rabll-dependent recycling back to the plasma membrane
or lysosomal degradation. Sorting into the Rab4 and Rabll re-
cycling pathways from early endosomes appears to be a key
event that allows rapid and dynamic targeting of internalized
Rap2 back to the lamellipodia of migrating cells. Taken together,
our collective data suggest a model in which localization of Rap2
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is determined by active sorting between lysosomes or recycling
to the plasma membrane, thus allowing for dynamic redistri-
bution of Rap2 as cells migrate, to maintain its enrichment at the
leading edge (Fig. 9 G).

What is of particular interest is that active (GTP-bound) Rap2
appears to predominantly localize at the plasma membrane,
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whereas inactive (GDP-bound) Rap2 localizes to endosomes and
lysosomes, suggesting that regulation of subcellular distribution
may be a key step in modulating activity and function of Rap
subfamily members (Rebstein et al., 1993; Ohba et al., 2003;
Bivona et al., 2004; Jeon et al., 2007). Consistent with GTP state
and localization being interconnected, we show that Rap2 and its
known effector RalGDS colocalize at the plasma membrane.
There is some evidence that this is common among all Rap2
effectors; however, more work will be needed to uncover ad-
ditional Rap2 effectors and whether they all localize and func-
tion at the plasma membrane (Taira et al., 2004; Machida et al.,
2004; Myagmar et al., 2005; Nonaka et al., 2008). Given these
cumulative observations, we propose that Rap2 signaling is
tightly controlled by regulating its targeting and activation at the
leading-edge plasma membrane, and that this is key to driving
cell migration. This raises an intriguing question of how cells
coregulate recruitment and activation of Rap2 at the plasma
membrane and what molecular machinery is involved.

The Rab40b/Cul5 complex modulates Rap2 recycling to the
leading-edge plasma membrane via ubiquitylation
Ubiquitylation of Ras GTPases has recently has emerged as an
important regulator of their activity and signaling (Jura et al.,
2006; Dohlman and Campbell, 2019). Thus, we wondered
whether ubiquitylation of Rap2 might play an important role in
regulating its spatiotemporal dynamics and activation in mi-
grating cells. Our previous work uncovered the role of Rab40b
during breast cancer cell migration and led us to also charac-
terize its interaction with the E3-ubiquitin ligase scaffold pro-
tein Cul5 (Jacob et al., 2013; Jacob et al., 2016; Linklater et al.,
2021; Duncan et al., 2021). The Rab40 GTPases are unique among
other Rabs because of their extended C-terminal SOCS box,
which facilitates binding to Cul5, forming a CRL5 ubiquitylation
complex. Importantly, our previous work demonstrated that
Rab40b depletion partially phenocopies the cell migration and
invasion defects in Rap2 KO cells that we report in this study
(Linklater et al., 2021). Furthermore, recent evidence suggested
that ubiquitylation of the Xenopus ortholog of Rap2 by the
XRab40c/Cul5 complex regulates Wnt signaling, although the
exact consequences of this ubiquitylation on Rap2 localization,
activation, and function remain unclear (Lee et al., 2007). All of
these studies combined raise an interesting possibility that
Rab40b/Cul5-dependent ubiquitylation may regulate Rap2 lo-
calization and activity during mammalian cell migration.
Interestingly, we found that in cells lacking Rab40b, Rap2 is
decreased at the plasma membrane and instead accumulates
intracellularly, primarily in lysosomes. Consistent with this
observation, the levels of ectopically expressed Rap2 decrease
with passage number, suggesting that Rap2 undergoes increased
lysosomal degradation in Rab40b KO cells (Fig. S2 B). Surpris-
ingly, endogenous levels of Rap2 appear unchanged in Rab40b
KO cells. One plausible explanation is that our Rab40b KO cell
lines were selected as individual single-cell clones. Therefore,
there was ample time for these cells to compensate for loss of
Rab40b and perhaps upregulate certain pathways to increase
steady-state Rap2 levels. Nonetheless, we can partially rescue
the Rap2 lysosomal localization defect with the addition of
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Rab40b-WT but not with Rab40b-ASOCS, a mutant unable to
bind Cul5, suggesting that ubiquitylation by the Rab40b/Cul5
complex is necessary for Rap2 recycling to the plasma
membrane.

Consistent with Rap2 being a substrate of the Rab40b/Cul5
complex, we discover that Rab40b can induce Rap2 ubig-
uitylation. We observed little stimulation of Rap2-poly-ubiquitin
smear by Rab40b, leading us to believe that the primary
Rab40b-driven signal is the addition of smaller ubiquitin species
(two to five). Consistent with this, we found no evidence that
Rab40b/Cul5-mediated ubiquitylation of Rap2 signals for pro-
teasomal degradation, although additional studies will be needed
to fully define the Rab40b-dependent ubiquitin marks on Rap2.
Importantly, these findings contrast with a recent study that
suggested that Rab40b strictly mediates poly-ubiquitylation
of Rap2 in Xenopus embryos (Lee et al., 2007). Whether these
differences in Rap2 ubiquitylation are the result of different
experimental systems (mammalian versus Xenopus cells) or
different Rap2 functions (cell migration versus Wnt signaling)
remains to be determined. Finally, since we have no indication
that Rab40b/Cul5 stimulates the first mono-ubiquitin mark on
Rap2, it is possible that Rab40b/Cul5 works with other E3s,
where Rab40b/Cul5 triggers additional ubiquitylation of Rap2
after it is originally primed with ubiquitin by another E3 ligase.

Ubiquitylation at critical Rap2 lysines promotes its plasma
membrane targeting

To begin linking the localization defects of Rap2 in Rab40b
mutant cells and our evidence suggesting that Rap2 is a substrate
of Rab40b/Cul5, we turned to mutation of Rap2 lysines to un-
derstand how ubiquitylation regulates Rap2 function. We gen-
erated a Rap2a construct with five putative lysines mutated to
arginines (K5R, K94R, K1I7R, K148R, and K150R), since these
have been implicated in the regulation of Ras and Rap GTPases
(Fig. S4 D). Interestingly, K94 appears to be specific to the Rap2
family and may underlie a unique mechanism to regulate Rap2,
whereas K150 is conserved within the Rapl and Rap2 families
(Fig. S4 D). We found that mutation of K5R affects Rap2 sub-
cellular localization in a similar manner to loss of Rab40b. No-
tably, we observed that Rap2a-K5R is primarily localized within
lysosomes. The increased Rap2 in lysosomes suggests that
ubiquitylation of Rap2 is required for its recycling to the la-
mellipodia plasma membrane.

To begin teasing apart the Rap2a-K5R mutant, we separated
the mutations into two clusters: K2R (K5 and K94) and K3R
(K117, K148, and K150). We found that the K3R mutant pheno-
copies the localization and Rab40b-binding effect of K5R. Delv-
ing further, we split the K3R mutant into single and double
mutations. Interestingly, none of the single/double mutants
seem to repeat the Rab40b-binding effect we observed with
K5R/K3R; thus, we ultimately propose that all three lysines
within K3R may be ubiquitylated and regulated by Rab40b/Cul5.
However, there are clear caveats with using the binding as a
readout for which sites are ubiquitylated, and we cannot fully
rule out the possibility that these mutants affect Rap2 and
Rab40b binding at a structural level and that a more complex
mechanism is at play. Future work will be needed to tease apart
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exactly how each of these three Rap2 lysines is regulated by
Rab40b/Cul5 specifically.

The versatile and complex role of ubiquitylation during
protein trafficking

Summarizing so far, we propose that Rab40b/Cul5-mediated
ubiquitylation of Rap2 promotes its recycling from early endo-
somes to the lamellipodia plasma membrane. This is supported
by our data demonstrating that mutation of putative Rap2
ubiquitylation sites results in a loss of Rap2 enrichment at the
plasma membrane and a concurrent increase in lysosomes. This
is quite surprising, as it challenges the current dogma that
ubiquitylation of plasma membrane-bound proteins leads to
lysosomal degradation. Canonically, ubiquitylation serves as an
internalization signal, at which plasma membrane-bound pro-
teins are trafficked and sorted into lysosomes for degradation
(Mukhopadhyay and Riezman, 2007; Piper et al., 2014). Our data
suggest that ubiquitylation serves as a targeting signal to recycle
Rap2 back to the plasma membrane once internalized. While
there is at least one recent example of ubiquitin functioning as a
recycling signal rather than degradation, this phenomenon re-
mains elusive and poorly studied (Xu et al., 2017). Many future
questions remain: Is Rap2 internalized and recycled by two
different types of ubiquitin signals? Does Rab40b/Cul5 tag Rap2
right before internalization? What are the readers responsible for
recognizing this recycling ubiquitin mark? Is ubiquitin removed
by deubiquitylating enzymes (DUBs) before it returns to the
plasma membrane to start the cycle again? Although future work
will be needed to answer these intriguing questions, our study
defines a new pathway that regulates localization and function of
Rap2, and possibly Rapl, small GTPases during cell migration.

Differential regulation between Rap and Ras family members
Although the Rap subfamily shares some similarities with the
Ras family, our data draw attention to the differences and
highlight the need for studying this differential regulation fur-
ther. First, it is particularly important to compare Rap2 locali-
zation with Ras isoform localization: HRas and NRas are
localized at both the plasma membrane and the Golgi, whereas
KRas predominantly sits at the plasma membrane (Hancock,
2003). The enrichment and active trafficking through the en-
dolysosomal compartment are a unique feature of the Rap
family, suggesting distinct regulation and function compared
with Ras proteins. Further, our data propose that Rap2 interacts
with its effectors predominantly at the plasma membrane,
whereas Ras has been shown to signal from the Golgi and the ER
(Chiu et al,, 2002). Second, Rap2 seems to be regulated by
ubiquitin differently than the Ras family. For instance, ubiquitin
attached to HRas stabilizes its interaction with endosomes (Jura
et al, 2006), whereas we observed that Rap2 ubiquitylation
positively controls its membrane targeting and signaling. In both
cases, it is apparent that cells need continuous trafficking of Rap
and Ras for proper signaling, but the mechanism by which
ubiquitylation governs these pathways appears unique.

Despite the differences, previous work in the Ras ubiq-
uitylation field allows us to think more critically about our Rap2
findings and future directions (Baker et al., 2012, 2013; Yin et al.,
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2020; Thurman et al., 2020). Specifically, mono-ubiquitylation
of KRas-K147 impedes GAP-mediated GTP hydrolysis and pro-
motes effector binding (Sasaki et al., 2011). Additionally, mono-
ubiquitylation of HRas-K117 enhances the intrinsic rate of
nucleotide exchange, promoting activation (Baker et al., 2012,
2013). This site-specific ubiquitylation of Ras isoforms appears
to differentially regulate downstream signaling. In the case of
Rap2, we would argue that three lysines are putative sites for
Rab40b/Cul5-mediated ubiquitylation: K117, K148, and K150.
Future work will be aimed at uncovering the functions of each
site and how those data compare to previous Ras findings. Of
note, both K148 and K150 are located within the HVR, a common
region for PTMs, and K150 is specific to the Rap family. Ubig-
uitylation of this residue could be a novel mechanism to dif-
ferentially regulate the Rap family proteins.

The complicated link between Rap2 localization and activation
The similarity in localization between our various Rap2 lysine
mutants and the dominant-negative mutant is noteworthy and
suggests that ubiquitylation may also be critical for Rap2 GTPase
function. As mentioned above, there is already precedence for
this, as mutation of Ras isoforms at some of these lysines has
been shown to affect GTP hydrolysis and GAP binding (Baker
et al,, 2012, 2013; Dohlman and Campbell, 2019). Notably, we
detect less active Rap2 overall in Rab40b KO cells, as well as the
K5R mutant. These data argue that ubiquitylation by the
Rab40b/Cul5 complex is critical not only for Rap2 recycling to
the leading edge, but also for Rap2 activation. However, it re-
mains to be determined whether this occurs via direct regula-
tion of GTP hydrolysis/GAP binding or simply a consequence of
Rap2 not being properly targeted to the plasma membrane,
where Rap2 GEFs may reside (Gloerich et al., 2012). Being able to
tease apart the complex link between plasma membrane tar-
geting and activation will be the focus of future studies. We also
want to note that in future studies, it may be beneficial to use an
effector more specific to Rap2, especially since RalGDS appears
to also bind other Ras and Rap proteins (Spaargaren and
Bischoff, 1994; Herrmann et al., 1996). Moreover, unlike bind-
ing assays where spatiotemporal information is lost, biosensors
may be better suited for measuring Rap activation differences.

The Rab40b/Cul5 complex as a pro-migratory machine

Taken together, our data suggest that the Rab40b/Cul5 complex
ubiquitylates Rap2 to regulate its plasma membrane targeting
and activity, ultimately promoting breast cancer cell migration
(Fig. 9 G). Interestingly, the downstream signaling effect of Rap2
ubiquitylation seems to be dependent on the specific E3 ligase.
For instance, Nedd4-1-mediated ubiquitylation of Rap2a inhibits
its function and activation, affecting kinase activity and pro-
moting dendrite growth (Kawabe et al.,, 2010). Similarly, in
glioma cells, ubiquitylation of Rap2a by Nedd4-1 inhibits GTP
activity, promoting migration and invasion (Wang et al., 2017).
Uncovering the differences between these ubiquitylation events
is critical to understanding how Rap2 is fine-tuned during cell
migration. With Rab40b/Cul5, we establish its role as a pro-
migratory molecular machine, where the complex ubig-
uitylates and regulates a multitude of proteins, many of which
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directly mediate actin dynamics. Consistent with this model, we
have already shown that Rab40b/Cul5 ubiquitylates and regu-
lates the subcellular distribution of another actin regulator,
EPLIN (Linklater et al., 2021). Curiously, Rab40b/Cul5 appears
to drive poly-ubiquitylation and degradation of EPLIN, whereas
here we found it stimulates recycling of Rap2 via a presumed
non-poly-ubiquitin mark. How the same Rab40b/Cul5 complex
can mediate such different processes, and to what extent these
pathways overlap, are exciting future avenues to investigate.
Given that ubiquitylation is a fast-acting posttranslational
modification pathway, as opposed to transcriptional regulation,
this may be an innovative way for cells to quickly change actin
and adhesion dynamics at the leading edge. We are now poised
to interrogate a number of potential substrates and understand
how ubiquitylation may be important for their function, spe-
cifically during cell migration.

Materials and methods

Cell culture and generation of lentiviral stable cell lines
MDA-MB-231 cells were cultured in DMEM with 4.5 g/liter
glucose, 5.84 g/liter L-glutamine, 1% sodium pyruvate, 1% non-
essential amino acids, 1 pg/ml insulin, 1% penicillin/strepto-
mycin, and 10% FBS. HEK293T cells were cultured in DMEM
with 4.5 g/liter glucose, 5.84 g/liter L-glutamine, 1% penicillin/
streptomycin, and 10% FBS. All GFP-Eos- and FLAG-MDA-MB-
231 stable cells lines used in this study were generated using
lentivirus transfection (puro). Once lentivirus was collected
from HEK293T cells (see Transfections), virus was transferred to
MDA-MB-231 target cells and allowed to incubate for 24 h before
replacing with fresh MDA-MB-231 medium. Stable population
cell lines were then selected using 1 ug/ml of puromycin. Cell
lines were routinely tested for mycoplasma. Additionally, all cell
lines were authenticated in accordance with ATCC standards.

Generating MDA-MB-231 CRISPR/Cas9 KO cell lines
MDA-MB-231 cells stably expressing Tet-inducible Cas9 (Hori-
zon Discovery Edit-R lentiviral Cas9) were grown in a 12-well
dish to ~75% confluency. Cells were then treated with 1 ug/ml
doxycycline (dox) for 24 h to induce Cas9 expression. After 24 h,
cells were cotransfected with crRNA:tracrRNA mix and Dhar-
maFECT Duo transfection reagent as described by the Horizon
Discovery DharmaFECT Duo protocol available online. Trans-
fected cells were incubated for 24 h, trypsinized, and plated for
single clones. Clones were screened through genotyping PCR
and Sanger sequencing for Rab40b/Rab40 KOs and Rap2 KOs.
For Rap2 KOs, original screening was done via Western blot
using the commercially available pan-Rap antibody. gRNAs were
purchased from Horizon Discovery (Edit-R Predesigned syn-
thetic crRNA), as well as synthetic tracrRNA (U-002005-xx). All
guide RNAs and genotyping primers are listed in Table 2. Rab40
KO clones (used in Fig. S3 E) were generated and genotyped as
described previously (Linklater et al., 2021).

CRISPR KO genotyping results
Rap2 KO1: Rap2a allele 1, *GSGGVGKSALTVQFVTGTFIEKYDP-
TIED FYRKEIEVDSSPSVLEILD (*mutant allele sequence diverges
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from WT due to frameshift); Rap2a allele 2, *GSGGVGKSALTV
QFVTGTFIEKYDPTIEDFYRKEIEVDSSPSVLEILD; Rapr allele 1,
MRE*SALTVQFVTGSFIEKYDPTIEDFYRKEIEVDSSPSVLEILDTA
GTEQFASMRDLYIKNGQGFILVYSLVNQQSFQDIKPMRDQIIRV
KRYERVPMILVGNKVDLEGEREVSYGEGKALAEEWSCPFMET
SAKNKASVDELFAEIVRQMNYAAQPNGDEGCCSACVIL; Rap2b
allele 2, MRE*CWARAAWASPRSPCSS; Rap2c allele 1, *VVLGSGGVGKS
ALTVQFVTGTFIEKYDPTIEDFYRKEIEVDSSPSVLEILDTAGTEQ
FASMRDLYIKNGQGFILVYSLVNQQSFQDIKPMRDQIVRVKRY
EKVPLILVGNKVDLEPEREVM SSEGRALAQEWGCPFMETSAK
SKSMVDELFAEIVRQMNYSSLPEKQDQCCTTCVVQ; Rap2 KO2:
Rap2a allele 1, *VVLGSGGVGKSALTVQFVTGTFIEKYDPTIEDFY
RKEIEVDSSPSVLEILDT; Rapr allele 1, MREYK*GWCWAR-
AAWASPRSPCSS; Rap2c allele 1, *REYKVVVLGSGGVG
KSALTVQFVTGTFIEKYDPTIEDFYRKEIEVDSSPSVLEILD; Rap2c
allele 2, *REYKVVVLGSGGVGKSALTVQFVTGTFIEKYDPTIED
FYRKEIEVDSSPSVLEILD; Rab40b KO1: allele 1, MSALGSPV-
RAYDFLLKFLLVGDSDVGKGEILASLQDGAAESPYGHPAGIDYK
TTTI LLDGRRVKLQLWDTS*AREDFVPYSAPTPGAHRYV; allele 2,
MSALGSPVRAYDFLLKFLLVGDSDVGKGEILASLQDGAAESPYG
HPAGIDYKTTTILLDGRRVKLQLWDTSGQGRFCTIFRSYSRGAQ
GVILVYDIANRWSFDGIDRWIKEIDEHAPGVPKILVGNRLHLAFK
RQVPTEQAQAYAERLGVTFFEVSPLCNFNITESFTELARIVLLR
HGMDRLWRPSK*C; and Rab40b KO2: allele 1, MSALGSPV-
RAYDFLLKFLLVGDSDVGKGEILASLQDGAAESPYGHPAGIDYK
TTTILLDGRRVKLQLWDTS*AREDFVPYSAPTPGAHRV.

Boyden chamber Matrigel invasion assay

MDA-MB-231 control and Rap2 KO cell lines were grown to
~70% confluency before setting up the experiment. Cells were
washed with PBS, trypsinized, and resuspended in 0.5% serum
DMEM (serum-starved MDA-MB-231 medium). While the cell
suspension was prepared, Corning Matrigel Invasion Chambers
(Corning; #354481) were thawed and equilibrated with 500 pl
(top and bottom) of serum-free DMEM for 1 h at 37°C. Next,
750 pl of 10% serum DMEM (full MDA-MB-231 medium) was
added to the bottom of the Matrigel Invasion Chambers, and
200,000 cells (in 500 pl) were plated in the top chamber (in
0.5% serum DMEM). Cells were incubated for 20 h at 37°C fol-
lowed by 4% PFA fixation for 10 min and 0.1% Crystal Violet
staining for 10 min. Before fixation, sterile cotton swabs were
used to gently scrape and discard noninvaded cells from the
inner membrane. After Crystal Violet staining, sterile cotton
swabs were again used to soak up excess dye. Matrigel inserts
were then rinsed with sterile water and allowed to dry over-
night, followed by brightfield imaging with a 20x air objective
(Nikon Eclipse Ti2 Inverted Al Confocal). Three biological rep-
licates were performed, with technical duplicates in each set. For
each Matrigel insert, five fields of view were captured, and cells
were counted in Fiji (10 data points per condition, per biological
replicate). The graph includes all of the data points, but statis-
tical analysis was performed on the average number of cells/
field for each biological replicate.

Chemotaxis assay
Chemotaxis cell migration was performed according to the
General IncuCyte Chemotaxis Cell Migration Protocol available
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online. First, the IncuCyte ClearView 96-well plate (4582) was
coated (top and bottom) with 1x collagen for 1 h at room tem-
perature. MDA-MB-231 control and Rap2 KO cells were grown to
~70% confluency before being washed with PBS, trypsinized,
and resuspended in 0.5% serum DMEM (serum-starved MDA-
MB-231 medium). Serial dilutions were made in 0.5% serum
DMEM so that cell suspension concentrations were ~17 cells/ul.
Cells of interest were then seeded at 60 ul/per well (1,000 cells
total) in the collagen-coated IncuCyte ClearView plate. This was
based on the recommendation by Essen BioScience, having
found that 1,000 cells per well for adherent cell types was a
reasonable starting point. The IncuCyte plate was then placed on
a level surface, where cells were allowed to settle for 30 min at
room temperature. Finally, the IncuCyte insert with seeded cells
was placed into a prefilled plate with 200 pl of chemoattractant
per well. The IncuCyte ClearView plate was then imaged every
2 h for 48 h using an IncuCyte S3 instrument equipped with a
10x objective (CU Cancer Center Cell Technologies Shared Re-
source). Three biological replicates were performed, with six
technical replicates in each set. The IncuCyte Chemotaxis
Analysis Software Module (9600-0015) was used to extract
“total phase object area normalized to initial top value” (i.e., sum
area of migrated cells normalized to time O area). The graph
shows the raw area (arbitrary units) at each time point (aver-
aged between the six technical replicates). We selected the 8-h
time point as time 0, so cells had ample time to adhere to the
porous membrane before area measurements were analyzed.
This reduced noise in the data and allowed us to express relative
chemotactic migration as fold-change over the 8-h time point.
Statistical analysis was performed on relative chemotactic mi-
gration at 48 h.

Transfections

Polyplus jetPRIME transfection reagent (114-xx) was used for all
MDA-MB-231 transient transfections (aside from DharmaFECT
Duo reagent, used for generating CRISPR KO cell lines). For a 10-
cm dish, 7.5 pug of DNA was mixed with 500 pl of jetPRIME
buffer followed by 25 pl of jetPRIME transfection reagent. For a
6-well plate, 2 pg of DNA was mixed with 200 pl of jetPRIME
buffer followed by 5 pl of jetPRIME transfection reagent. The
transfection mixture was incubated for 10 min at room tem-
perature and added to cells with full-serum medium. Cells were
harvested and/or analyzed 24 h after transfection. For a more
detailed protocol and guidelines on scaling up or down, see
protocol available on the Polyplus transfection website. Lip-
ofectamine 2000 transfection reagent was used for all HEK293T
transfections (both for lentivirus generation and for ubiquitin
experiments).

Flow cytometry

For cases where Eos-Rap2a was stably expressed in a back-
ground already expressing a lentiviral puromycin-resistant
construct (Figs. 6 E and 8 M), cell sorting was used to select
for Eos-positive cells. For Figs. 6 E and 8 M, Rab40b KO cells
were first transfected with FLAG-Rab40b WT or ASOCS, re-
spectively, generating a lentiviral stable cell line (populational).
Next, these FLAG-Rab40b WT/ASOCS cells were transfected
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with Eos-Rap2a WT via lentivirus and flow sorted. Because of
low levels of FLAG-Rab40b WT/ASOCS and FLAG-antibody
sensitivity issues, we were unable to costain these cells to
show both FLAG and Eos; however, our Western blot shows
robust Eos-Rap2a signal in both Rab40b WT and Rab40b ASOCS
cells (Figs. S1 E and 4 C). For flow sorting, cells were washed in
PBS, trypsinized, and resuspended in sort buffer (PBS contain-
ing 30 mM Hepes, pH 7.4, 1 mM EDTA, and 0.1 g BSA) after
lentivirus transfection. Cells were then sorted on a GFP-positive
gate using a Beckman Coulter MoFlo XDP100 (CU Cancer Center
Flow Cytometry Shared Resource).

Immunofluorescence staining

MDA-MB-231 cells were seeded on collagen-coated glass cover-
slips and grown in full medium for =24 h. Coverslips used for all
experiments were no. 1 thickness. Unless otherwise stated, cells
were fixed with 4% PFA for 20 min at room temperature and
quenched for 5 min at room temperature with quenching buffer
(375 mg glycine in 50 ml PBS). Cells were blocked for 30 min at
room temperature with block buffer containing PBS, 1 ml FBS,
200 mg saponin, and 0.1 mg BSA. Primary antibodies were di-
luted in block buffer and incubated for 1 h at room temperature.
When costaining for actin, Alexa Fluor 568 phalloidin (a12380)
was added with primary antibody solution. See all antibody di-
lutions in Table 1. Cells were washed with block buffer before
adding secondary antibodies (also diluted in block buffer) for
30 min at room temperature. Cells were washed again with
block buffer before mounting in Vectashield and sealing with
nail polish. During the final wash, Hoechst stain was used at 1:
2,000 for 5 min to visualize nuclei.

Microscopy

Unless otherwise noted, all images were acquired using a Nikon
Eclipse Ti2 inverted Al confocal microscope with a 63x oil ob-
jective and a z-step size of 0.5 pm. Time-lapse imaging for
Videos 1, 2, and 3 was performed using the same Nikon Eclipse
Ti2 inverted Al confocal, but with a 40x oil objective equipped
with a humidified chamber and temperature-controlled stage.
Widefield images (noted in figure legends) were acquired with
an inverted Zeiss Axiovert 200M microscope using a 63x oil
objective, QE charge-coupled device camera (Sensicam), and
Slidebook v. 6.0 software (Intelligent Imaging Innovations).
Time-lapse imaging for Video 4, Video 5, Video 6, and Video 7
was performed on the same Zeiss Widefield, with a 63x oil ob-
jective and a temperature-controlled stage. Images were pro-
cessed in Fiji or 3i software.

Detailed image analysis for specific experiments

Fig.1, B and C: Time-lapse imaging was performed using a Nikon
Eclipse Ti2 inverted Al confocal, with a brightfield 40x oil ob-
jective equipped with a humidified chamber and temperature-
controlled stage. All time-lapses were taken at 10-min intervals
with 10-15 z-stacks (z-step size 0.5 um). Max projections were
used for cell tracking (Fig. 1 B shows max). 95 frames were
taken, resulting in a total time-lapse of ~16 h. Videos are 5
frames/s (fps). For tracking, cells were manually tracked using
the Manual Tracking plugin in Fiji. A 0.31-um/pixel constant

Journal of Cell Biology
https://doi.org/10.1083/jcb.202107114

620z Jequiada( 0 uo 3sanb Aq 4pd'vL 1201202 a0l/6588Z8L/v L L L01.20Z8/Y/ | gZ/spd-alomnie/qol/Bio-ssaidni//:dny woy pepeojumoq

22 of 30


https://doi.org/10.1083/jcb.202107114

Table 1. Antibodies and reagents

Name Company, product number, host Dilution

FLAG M2 Sigma F3165, mouse 1:1,000

Rap2 BD Biosciences 610215, mouse 1:1,000

Tubulin Li-Cor 926-42211, rabbit 1:2,500

GM130 BD Biosciences 610822, mouse 1:100

CD63 Gift from Andrew Peden (University 1:100
of Sheffield, Sheffield, UK), mouse

EEAl Gift from Andrew Peden, rabbit 1:100

Syntaxin13 Prekeris Lab (Prekeris et al., 1998), 1:100
rabbit

Ubiquitin P4D1 Santa Cruz sc-8017, mouse 1:200

GFP Invitrogen A-11122, rabbit 1:100

GAPDH CST 5174, rabbit 1:1,000

EGFR CST 2232, rabbit 1:1,000

Myc 9E10 Santa Cruz sc-40, mouse 1:1,000

HA Santa Cruz sc-7392, mouse 1:1,000

FLAG-HRP conjugate CST 86861, rabbit 1:1,000

AffiniPure goat anti-mouse  Jackson ImmunoResearch 211-032-  1:1,000

IgG, light chain specific 171

IRDye 680RD anti-mouse Li-Cor 926-68072 1:2,500

secondary

IRDye 800CW anti-rabbit Li-Cor 926-32213 1:2,500

secondary

Alexa Fluor 568 phalloidin ~ Thermo Fisher Scientific a12380 1:40

Alexa Fluor 488 anti-mouse Jackson ImmunoResearch 715-545-  1:100

secondary 150

Alexa Fluor 594 anti-mouse Jackson ImmunoResearch 715-585- 1:100

secondary 150

Alexa Fluor 594 anti-rabbit  Jackson ImmunoResearch 711-585-  1:100

secondary 152

Hoechst 33342 AnaSpec AS-83218 1:2,000

jetPRIME transfection Polyplus 114-xx N/A

reagent

DharmaFECT Duo Horizon discovery T-2010-xx N/A

transfection reagent

Lipofectamine 2000 Invitrogen 11668027 N/A

transfection reagent

tracrRNA Horizon discovery U-002005-xx N/A

Bafilomycin Al Selleckchem S1413 200 nM

MLN4924 Selleckchem 57109 300 nM

Protein G Sepharose 4 Fast Cytiva 17-0618-01 50%

Flow

Bio-Rad Protein Assay Dye  Bio-Rad 5000006 1:5

Reagent (Bradford method)

Pierce Silver Stain Kit Thermo Fisher Scientific 24612 N/A

Intercept TBS Blocking Li-Cor 927-60001 1:3

Buffer

CytoPhos Phosphate Assay ~ Cytoskeleton BK054 N/A
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was used to calculate velocity. Careful effort was made to select
the geometric center of the cell when manually tracking. Three
biological replicates were performed for each cell line (from
three passages). In each biological replicate, =10 fields of view
(xy positions) were imaged. From each of the 10 xy positions,
2-4 random cells were chosen for manual tracking, totaling 30
cells per biological replicate. For each n, the velocity was aver-
aged for all 30 cells. Statistical analysis (unpaired t test) was
performed on the averages of the three biological replicates.

Fig. 1 I: To analyze colocalization between GFP-Rap2a and
actin, thresholded Mander’s coefficients (tM) were calculated
using the Fiji Coloc 2 plugin. Costes threshold regression was
used with point spread function 3.0, Costes randomizations 10.
Careful effort was made to pick cells without overexposed sig-
nal. One biological replicate was performed, with five fields of
view and five cells in each field (n = 25). tM1 was defined as the
fraction of actin overlapping with Rap2a (mean = 0.8678), and
tM2 was defined as the fraction of Rap2a overlapping with actin
(mean = 0.8612).

Fig. 2, E and F; Figs. 3 C, 4 G, and 6 G; and Fig. 8, ] and N: To
analyze colocalization between GFP/Eos-Rap2a and endolyso-
somal markers, 3i SlideBook6 software was used to calculate the
percentage of total Rap2a that colocalizes with the markers in-
dicated. Briefly, images were fragmented based on fluorescence
intensity, and masks were created for both the GFP/Eos-Rap2a
channel and the Alexa Fluor 594 channel (endolysosomal
marker). Then, the percentage of total Rap2a intensity within
the Alexa Fluor 594 channel mask was calculated for individual
cells. Fig. 2 E: Two biological replicates were performed, with
approximately five cells imaged for each replicate. n = 10 for
GFP-Rap2a/CD63, n = 12 for GFP-Rap2a/EEAL, n = 10 for Eos-
Rap2a/Syntaxinl3. Fig. 2 F: One biological replicate was per-
formed, n = 7 for Ctrl cells, n = 10 for BafAl-treated cells. Fig. 3 C:
One biological replicate was performed, n = 10 for mCherry-
Rap2a/YFP-Rab4 WT, n = 9 for mCherry-Rap2a/YFP-Rablla WT.
Fig. 4 G: One biological replicate was performed, n = 6 for Ctrl
cells, n = 8 for 4°C cells, n = 7 for Recover cells. Fig. 6 G: Two
biological replicates were performed, with approximately five
cells imaged for each replicate. n = 10 for Ctrl/CDé3, n = 9 for
Rab40b KO/CD63, n = 12 for Ctrl/EEAL, n = 10 for Rab40b KO/
EEAL Fig. 8 J: Two biological replicates were performed, with
approximately five cells imaged for each replicate. n = 10 for
Ctrl/CD63, n = 11 for K3R/CD63, n = 12 for Ctrl/EEA1, n = 7 for
K3R/EEAL Fig. 8 N: Three biological replicates were performed,
with ~12 cells imaged for each replicate. n = 33 for Ctrl/DMSO-
treated cells, n = 38 for MLN4924-treated cells.

Fig. 4 B: Linescans were drawn both around the designated
GFP-Rap2a organelle (arrow in Fig. 4 A) and at the lamellipodia
plasma membrane. The intensity of GFP-Rap2a in each pixel
along these lines was determined with either Image]J or 3i Sli-
debook imaging software. The fluorescence intensity of GFP-
Rap2a around the organelle line and at the plasma membrane
were plotted as fluorescence intensity/area (p?) across 48 s.

Fig. 4 C: Same analysis as Fig. 4 B, but more organelles
quantified. Graph includes original organelle from Fig. 4, A and
B, plus four more organelles from different cells. Criteria for
organelle selection were as follows: (1) organelle must be seen
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being formed at lamellipodia plasma membrane (time 0); and (2)
organelle must be visualized in the same plane throughout the
entire time-lapse series. So, in sum, only organelles that were
seen internalized (time 0) and followed for 48 s (end of time-
lapse) in the same plane were traced/quantified. As in Fig. 4 B,
linescans were draw both around the GFP-Rap2a organelles
(following the criteria above) and at the lamellipodia plasma
membrane. The intensity of GFP-Rap2a in each pixel along these
lines was determined with either Image]J or 3i Slidebook imaging
software. Instead of plotting the fluorescence intensity/area (u?)
across 48 s for each organelle, the fluorescence intensity of GFP-
Rap2a around the organelle line and at the plasma membrane
were graphed as the percentage of fluorescence intensity at time
0. Fluorescence intensity/area () at O s (start of time-lapse),
24 s (half of time-lapse), and 48 s (end of time-lapse) were
plotted for all five organelles as a percentage of time 0. Statistical
analysis (one-way ANOVA) was used to compare fluorescence
intensity changes between the plasma membrane and internal-
ized organelles (i.e., organelles do decrease in fluorescence in-
tensity over time).

Fig. 4 F: For the cold-block experiment, polarized versus
nonpolarized cells were defined as follows. Polarized cells have
an enrichment of Rap2 at the leading-edge plasma membrane; in
other words, cells with a polarized Rap2 distribution somewhere
along the lamellipodia were scored as polarized. Everything else
was scored as nonpolarized. Three biological replicates were
performed. Eight fields of view were taken for each n, with
approximately six cells in each field. The graph shows the per-
centage of polarized cells for each condition. Ctrl nl = 44 po-
larized/61 total, n2 = 30 polarized/42 total, n3 = 32 polarized/41
total. 4°C nl = 4 polarized/41 total, n2 = 12 polarized/40 total, n3 =
13 polarized/47 total. Recover nl = 30 polarized/40 total, n2 = 27
polarized/40 total, n3 = 37 polarized/44 total.

Fig. 5 E: Fluorescence intensity ratios (leading edge/cell body)
were calculated for individual cells under two conditions:
MDA-MB-231 cells transiently expressing mCherry-Rap2a +
GFP-RBDgaigps or MDA-MB-231 cells transiently expressing
mCherry-Rap2a + Free GFP. The two conditions are separated
by the dotted line in the center of the graph. Areas/cells of
interest were determined and marked using mCherry-Rap2a
localization, choosing cells that had a clearly defined Rap2a
enrichment/polarization at one of the cell edges. Then, an area
was marked at the leading edge and just behind the leading
edge (cell body). Background was subtracted, and sum intensity
per area was calculated. For each cell, this was done for both the
red channel (mCherry-Rap2a) and the green channel (free GFP
or GFP-RBDg,icps)- The ratio of fluorescence at the leading edge
versus the area behind the edge was then calculated, giving
enrichment at the leading edge for each cell. One biological
replicate was performed; n = 7 cells for GFP-RBDggicps condi-
tion and n = 8 cells for free GFP condition.

Figs. 5 C; 6 E; and 8, B, H, and M: To quantify Eos-Rap2a
localization changes (i.e., decreased Eos-Rap2a at the plasma
membrane), intracellular/whole-cell fractions were calculated.
In Fiji, the images were first split into three channels, Eos-
Rap2a, actin, and DAPI. The Eos-Rap2a channel was max pro-
jected. Using the z-slices of the actin channel to find the cell
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outlines, whole cells were manually traced with the Fiji polygon
tool. Individual whole-cell traces (including area inside) were
defined as region of interest 1 (ROI-1). Next, another manual
trace was made for the inside of the cell (just inside the plasma
membrane marked by actin). Individual intracellular traces
(including area inside) were defined as ROI-2. ROI-1 and ROI-
2 were individually projected onto the Eos-Rap2a channel. An-
alyze > Measure was executed on the corresponding Eos-Rap2a
cell, then the ROI was moved to an empty region in the same
field of view and executed again (background measurement).
This sequence was done for both ROI-1 and ROI-2. Integrated
density (area x mean fluorescence intensity) was extracted from
Analyze > Measure. To generate intracellular/whole-cell fluo-
rescence intensity fractions, background integrated density
measurements were first subtracted from ROI-1 and ROI-2. Fi-
nally, the intracellular fraction was defined as the fluorescence
intensity of ROI-2 (inner cell) divided by the fluorescence in-
tensity of ROI-1 (whole cell; Fig. S2 C). Two to three biological
replicates were performed for each experiment (two to three
coverslips from at least two different passages, noted in figure
legends). In each biological replicate, 5 fields of view were im-
aged, with 3 cells analyzed from each field (total of 15 cells per n).
Criteria for the three cells chosen to analyze were as follows: (1)
clearly defined cell outline, (2) no overexposed signal, and (3)
enough empty space in the field of view to acquire a corre-
sponding background measurement. Each cell was treated as its
own data point, and statistical analysis (unpaired t test or one-
way ANOVA with post hoc test) was performed for each con-
dition. The same data points for Eos-Rap2a-WT (in Ctrl cells)
were used for Fig. 4 E and Fig. 6, C, I, and K. For each data set, a
ROUT outlier test was performed (GraphPad Prism) to identify
any outliers. Three outliers were removed from the Eos-Rap2a
in Rab40b KO cells data set (Fig. 4 E). No other outliers were
found. The same P value was calculated with and without out-
liers for Fig. 4 E; outliers were removed for purposes of
graphing.

Video 6: We note that GFP-Rap2a and mCherry-Rab5 do not
exactly overlap in the endosomal structure, which is likely the
result of a delay in capturing images due to exposure time.

Antibodies and reagents
See Table 1 for a list of primary and secondary antibodies as well
as specific reagents.

DNA constructs

YFP-Rap2a was a gift from Johannes L. Bos (Utrecht University,
Utrecht, Netherlands). Rap2a was cloned from the YFP vector
into pLVX-puro with an N-terminal GFP tag to generate pLVX-
GFP-Rap2a stable cell lines. Rap2a S17N was generated via site-
directed mutagenesis using primers in Table 2, and Rap2a G12V
was synthesized by Integrated DNA Technologies (IDT) before
cloning into pLVX-puro-GFP (N-term). For Eos-Rap2a con-
structs, mE0s3.2-N1 was purchased from Addgene (54525)
and then cloned into pLVX-puro. Rap2a was amplified from
YFP-Rap2a and cloned into pLVX-mEos3.2, generating an
N-terminal Eos tag. Rap2a K5R (K5R, K94R, K117R, K148R, and
K150R), K3R (K117R, K148R, and K150R), K2R (K5R and K94R),
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and single K-R mutations (K117R, K148R, KI50R, and K148R/
KI50R; Fig. S4, A and B) were also synthesized by IDT and
subsequently cloned into pLVX-puro-Eos or pGEX-KG. For GST-
Rap2a, Rap2a was cloned into pGEX-KG (N-term GST tag). GST-
Rap2b and GST-Rap2c pGEX-2T plasmids were purchased from
Addgene (55667 and 55668, respectively). For mCherry-Rap2a,
mCherry was first cloned into pLVX-puro, then Rap2a was
cloned in downstream of mCherry (N-terminal tag). FLAG-
Rab40b WT and FLAG-Rab40b SOCS-4A pLVX-puro constructs
were generated as previously described (Linklater et al., 2021).
To generate the GFP-Rab40b WT construct, Rab40b WT was
amplified from the previously used pLVX-puro-FLAG construct
and cloned into pLVX-puro-GFP (N-terminal). In Fig. S3 B,
Rab40b SOCS-4A and Rab40b ASOCS were cloned into the FLAG
lentivirus vector pGPS: SOCS-4A was amplified from the pre-
vious pLVX-FLAG construct, and Rab40b ASOCS was synthe-
sized by IDT and subsequently cloned into FLAG-pGPS. Rab40b
ASOCS includes residues 1-174 followed by residues 229-278, so
Rab40b is missing the SOCS box proper but still contains the
C-terminal prenylation site. For RalGDS, GFP-RalGDS was pur-
chased from Addgene (118315). From this construct, amino
acid residues 788-884 as well as residue 885 (incorporated
via primer) were cloned into pGEX-KG to generate GST-
RalGDS (primers listed in Table 2). This 788-885 stretch
includes the defined Ras-binding domain (798-885, based on
UniProtKB Q12967). For some of the transient transfections
(see figure legends), Rap2a was cloned into the mammalian
expression vector pEGFP-C2 (N-terminal GFP tag). For
ubiquitylation experiments in HEK293T cells, the following
mammalian expression vectors were used: pRK5-FLAG-
Rap2a, pRK5-Myc-Ub, pRK7-HA-Rab40b, and pRK7-HA-
Rab40b ASOCS (all cloned from previous constructs).
mCherry-Rab5 was purchased from Addgene (49201). YFP-
Rab4 WT, YFP-Rab4 S27N, and YFP-Rablla WT were gifts
from Alexander Sorkin (University of Pittsburgh, Pitts-
burgh, PA). GFP-FIP5-RBD was cloned previously by the
Prekeris Lab (Willenborg et al., 2011).

Cell lysis and Western blot analysis

Unless otherwise stated, cells were lysed on ice in buffer con-
taining 20 mM Hepes, pH 7.4, 150 mM NaCl, 1% Triton X-100,
and 1 mM PMSF. After 30 min, lysates were clarified at 15,000 g
in a prechilled microcentrifuge. Supernatants were collected and
analyzed via Bradford assay (5000006; Bio-Rad Protein Assay).
50-pg lysate samples were prepared (unless otherwise stated) in
4x SDS loading dye, boiled for 5 min at 95°C, and separated via
SDS-PAGE. Gels were transferred onto 0.45-um polyvinylidene
difluoride membrane (IPFL00010), followed by blocking for
30 min in Intercept Blocking Buffer diluted in TBST 1:3 (927-
60001). Primary antibodies (made in diluted Intercept Blocking
Buffer) were incubated overnight at 4°C. The next day, blots
were washed in TBST followed by incubation with IRDye fluo-
rescent secondary antibody (diluted Intercept Blocking Buffer)
for 30 min at room temperature. Blots were washed once again
with TBST before final imaging on a Li-Cor Odyssey CLx. See
Table 1 for primary and secondary antibody product numbers
and dilutions.
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Table 2. Primer sequences

Primer Sequence (5 to 3')
pLVX-Rap2a forward (used to make GFP WT, AAGGCGAATTCCGCGAGT
G12V, S17N, Eos WT) ACAAAGTGGTGGTGCTG
pLVX-Rap2a reverse (used to make GFP WT, ~ AAGGCTCTAGACTATTGT
G12V, S17N, Eos WT) ATGTTACATGCAGAACA
pLVX-mEos3.2 forward AAGGCCTCGAGATGAGTG
CGATTAAGCCAGAC
pLVX-mEos3.2 reverse AAGGCGAATTCTCGTCTG
GCATTGTCAGGCAA
Rap2a-S17N forward (mutagenesis) GGTAGGCAAAAACGCCCT
GACCGTGCAGTTC
Rap2a-S17N reverse (mutagenesis) GAACTGCACGGTCAGGGC
GTTTTTGCCTACC
pLVX-mCherry-Rap2a forward GGATCCCGCGAGTACAAA
GTGGTGGTGCTG
pLVX-mCherry-Rap2a reverse TCTAGACTATTGTATGTT
ACATGCAGAACA
pLVX-Eos-Rap2b forward AAGGCGAATTCAGAGAGT
ACAAAGTGGTGGTACTG
pLVX-Eos-Rap2b reverse TCTAGATCACAGGATCAC
GCAGGCCGA
pLVX-Eos-Rap2c forward AAGGCGAATTCAGGGAAT
ACAAGGTAGTGGTGTTA
pLVX-Eos-Rap2c reverse TCTAGATTACTGGACAAC
ACAAGTTGTACA
pGEX-KG-Rap2a forward CCGGAATTCTACGCGAGT
ACAAAGTGGTGGTGCTGG
GC
pGEX-KG-Rap2a reverse CCGCTCGAGCTATTGTAT
GTTACATGCAGAACAGCA
TGGGTC
pLVX-GFP-Rab40b forward AAGGCGAATTCATGGTGA
GCAAGGGCGAGGAGC
pLVX-GFP-Rab40b reverse AAGGCGGATCCTTAAGAA
ATTTTGCAGCTGTTTCTG
GTGC
pGPS-FLAG-Rab40b forward (4A and ASOCS) GTTCCAGATTACGCGGTC
GACATGAGCGCCCTGGGC
AGC
pGPS-FLAG-Rab40b reverse (4A and ASOCS) GATGCATGCTCGAGCGGC
CGCTTAAGAAATTTTGCA
GCTG
pLVX-Eos-Rap2a**® forward AAGGCGAATTCCGCGAGT
ACCGCGTGGTGGTGCTG
pLVX-Eos-Rap2a**R reverse AAGGCTCTAGACTATTGT
ATGTTACATGCAGAACA
pGEX-KG-Rap2ak°R forward AAGGCGAATTCTACGCGA
GTACCGCGTGGTGGTGCT
GGGC
pGEX-KG-Rap2ak°R reverse CCGCTCGAGCTATTGTAT
GTTACATGCAGAACAGCA
TGGGTC
pLVX-Eos-Rap2a*3R forward AAGGCGAATTCCGCGAGT
ACAAAGTGGTGGTGCTG
Journal of Cell Biology
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Table 2. Primer sequences (Continued)

pLVX-Eos-Rap2a'R reverse AAGGCTCTAGACTATTGT
ATGTTACATGCAGAACA
pGEX-KG-Rap2a*3® forward CCGGAATTCTACGCGAGT
ACAAAGTGGTGGTGCTGG
GC
pGEX-KG-Rap2a*3® reverse CCGCTCGAGCTATTGTAT
GTTACATGCAGAACAGCA
TGGGTC
pGEX-KG-Rap2ak?® forward AAGGCGAATTCTACGCGA
GTACCGCGTGGTGGTGCT
GGGC
pGEX-KG-Rap2ak?R reverse CCGCTCGAGCTATTGTAT
GTTACATGCAGAACAGCA
TGGGTC
pGEx_KG_RapzaK117R,K148R,K150R,K148R/K150R CCGGAATTCTACGCGAGT
forward (individual mutants) ACAAAGTGGTGGTGCTGG
GC
PGEX-KG-Rap2aK1l7RK148RKISOR KI48R/KI5O0R CCGCTCGAGCTATTGTAT
reverse (individual mutants) GTTACATGCAGAACAGCA
TGGGTC
pGEX-KG-RalGDS-788 forward CCGGAATTCTAGCGCTGC
CGCTCTACAACCAGCAG
pGEX-KG-RalGDS-885 reverse CCGCTCGAGCTAGAACGT
CCGCTTCTTGAGGACAAA
pEGFP-C2-Rap2a forward AAGGCCTCGAGCCGCGAG
TACAAAGTGGTGGTGCTG
pEGFP-C2-Rap2a reverse AAGGCGAATTCCTATTGT
ATGTTACATGCAGAACA
crRNA-Rab40b Exon3 TCCAGGGATACTTCAGGCCA
crRNA-Rab40b Exon5 TCTGGCGGCCGAGCAAGG
GT
Rab40b-Exon3 genotyping forward CTGACTGGCGGGTGTGTG
GTGCACTTGCTG
Rab40b-Exon3 genotyping reverse CCTCCAATCATCCATTAA
AGGATGGTAAGTTAAGC
Rab40b-Exon5 genotyping forward GCTAGCATGCCCCCGGAG
TCCCCAAGAT
Rab40b-Exon5 genotyping reverse AGGCAGACACTTATCCAG
GGGGCCGCTG
crRNA-Rap2a-Exonl GATGCGCGAGTACAAAGT
GG
crRNA-Rap2b-Exonl CATGAGAGAGTACAAAGT
GG
crRNA-Rap2c-Exon2 GGTGAAGGTGAGACTCAT
GA
Rap2a-Exonl genotyping forward GCGGTGCTTGTTTATCTCCG
Rap2a-Exonl genotyping reverse ACGAGGCTGTAGACGAGG
AT
Rap2b-Exonl genotyping forward CCTCCGTTCGGTGGTTTCCG
Rap2b-Exonl genotyping reverse GACGGCGACGAGTCCACC
TC
Rap2c-Exon2 genotyping forward GTTGGGCCCTCTGCTCCTCT
Rap2c-Exon2 genotyping reverse GTCCAGAATTTCCAGCACGG
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Cell fractionation

For cell fractionation (Fig. 2 G), MDA-MB-231 parental cells were
grown to confluency (~5 x 10-cm plates). Cells were then
trypsinized and washed in PBS before resuspending the cell
pellet in 800 pl of 10 mM Hepes, pH 7.4 (200 ul per plate).
Pooled cells were lysed with a Dounce homogenizer (20 strokes)
and put on ice before adding NaCl to 100 mM final, MgCl, to
1 mM final, and PMSF at 1 mM. Cells were then spun at 1,000 g
for 5 min at 4°C to sediment unbroken cells and nuclei. Super-
natant was moved to an ultracentrifuge tube and spun at
100,000 g for 1 h in a fixed-angle TLS-55 ultracentrifuge
(Beckman). Supernatant (cytosol fraction) was collected. The
remaining pellet was resuspended in 300 pl of ice-cold re-
suspension buffer (10 mM Hepes, pH 7.4, 100 mM NaCl, 1 mM
MgCly, 1% Triton X-100, and 1 mM PMSF). The pellet was broken
up with a 1-cm® syringe needle and then incubated at 4°C for
30 min while rotating. Suspension was then spun at 100,000 g
for 1 h in a fixed-angle TLS-55 ultracentrifuge (Beckman). Su-
pernatant (membrane fraction) was collected. The remaining
pellet (cytoskeleton fraction) was not collected for this particular
experiment. 30-ug protein samples were made for both the
cytosol and membrane fraction. Samples were separated via
SDS-PAGE and Western blotted for Rap2, GAPDH (cytosol
marker), and EGFR (membrane marker).

Cold-block experiment

To slow endocytosis (Fig. 4 E), cells were incubated at 4°C for
60 min. To buffer the medium at low temperature, 20 mM
Hepes, pH 7.4, was added. For the Recover condition, cells were
incubated at 4°C for 60 min with Hepes buffering, then placed
back in the 37°C incubator for 40 min before fixation.

Protein expression and purification

GST-Rap2a was purified from BL21-Gold (DE3) competent cells
(230130). Briefly, cultures were grown at 37°C to OD of ~0.6 and
induced with 0.25 mM IPTG final overnight at 16°C. Cells were
lysed via French Press in buffer containing 20 mM Hepes, pH
7.4, 150 mM NaCl, 0.1% Tween, 1 mM PMSF, 1 mM MgCl,, and
1 mM 2-mercaptoethanol. Postcentrifugation lysates were in-
cubated with Glutathione beads for 2 h at 4°C and washed with
buffer containing 20 mM Hepes, pH 7.4, 300 mM NaCl, and 0.1%
Tween. After washing, GST-Rap2a was eluted off the beads us-
ing 25 mM Glutathione made in buffer containing 20 mM Hepes,
pH 7.4, and 150 mM NaCl. Finally, eluted protein was dialyzed
into either PBS or 20 mM Hepes, pH 7.4, and 150 mM NaCl.
Protein purity was analyzed via SDS-PAGE, and protein con-
centration was measured using Bradford assay (Bio-Rad protein
assay). GST-Rap2a lysine mutants (K2R, K3R, K5R, and single
mutants), GST-RalGDS, GST-Rap2b, and GST-Rap2c were puri-
fied using the same protocol.

GST pull-down assays

For GST-Rap2a pull-down assays, MDA-MB-231 cells stably ex-
pressing FLAG-Rab40b (WT or 4A) were lysed in buffer con-
taining 20 mM Hepes, pH 7.4, 150 mM NaCl, 1% Triton X-100,
1 mM PMSF, and 5 mM iodoacetamide (DUB inhibitor). For
GMP-PNP/GDP loading, three steps were followed: (1) add 5 mM
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EDTA to lysate, incubate for 10 min at room temperature; (2) add
5 mM either GMP-PNP or GDP, incubate for 10 min at room
temperature; and (3) add 15 mM MgCl,, incubate for 10 min at
room temperature. 0.5 mg of GMP-PNP/GDP loaded lysate was
mixed with 10 ug of either GST or GST-Rap2a and incubated for
1h at room temperature while rotating end-over-end. 75 pl of
glutathione beads (50% in PBS) were added and incubated for
another 30 min at room temperature while rotating end-over-
end. Beads were washed 5x with 1 ml of buffer containing
20 mM Hepes, pH 7.4, 300 mM NaCl, and 0.1% Triton X-100.
Protein was eluted with 1x SDS sample loading dye, separated by
SDS-PAGE, and analyzed via Western blot. Two thirds of elution
was used for Western blot, and one third was used for Coomassie
staining to check for presence of GST/GST-Rap2a.

Competition binding assay

MDA-MB-231 cells stably expressing FLAG-Rab40b WT were
lysed in buffer containing 20 mM Hepes, pH 7.4, 150 mM NaCl,
1% Triton X-100, 1 mM PMSF, and 5 mM iodoacetamide. Both
FLAG-Rab40b WT lysates and GST-Rap2a (recombinant) were
loaded with GMP-PNP. For GMP-PNP loading, three steps were
followed: (1) add EDTA to 5 mM, incubate for 10 min at room
temperature; (2) add GMP-PNP to 5 mM, incubate for 10 min at
room temperature; and (3) add MgCl, to 15 mM, incubate for
10 min at room temperature. Once lysates and GST-Rap2a were
loaded with GMP-PNP, the following reactions were set up: GST
+ lysate, GST-Rap2a + lysate, GST-Rap2a + lysate + 5 ug RalGDS,
GST-Rap2a + lysate + 10 pg RalGDS, and GST-Rap2a + lysate +
30 pg RalGDS. In all reactions, GST/GST-Rap2a was at 10 pg.
RalGDS was untagged. Reactions were incubated for 1 h at room
temperature while rotating end-over-end. 75 pl of glutathione
beads (50% in PBS) were added and incubated for another
30 min at room temperature while rotating end-over-end. Beads
were washed 5x with 1 ml of buffer containing 20 mM Hepes,
pH 7.4, 300 mM NaCl, and 0.1% Triton X-100. Protein was eluted
with 1x SDS sample loading dye, separated by SDS-PAGE, and
analyzed via Western blot. One half of elution was used for
Western blot (FLAG), one fourth was used for Coomassie
staining to check for presence of GST/GST-Rap2a, and one
fourth was used for Silver Stain to analyze RalGDS binding.

GST-RalGDS activation assay

To measure the levels of active Rap2a, we performed GST pull-
down assays with GST-RalGDS (see DNA constructs for plasmid
details). MDA-MB-231 cells transiently transfected with GFP- or
Eos-Rap2a were lysed in buffer containing 20 mM Hepes, pH
7.4, 150 mM NaCl, 1% Triton X-100, 1 mM PMSF, and 5 mM
iodoacetamide. GMP-PNP/GDP loading was not performed for
these assays. 0.5 mg of lysate was mixed with 10 pg of either GST
or GST-RalGDS and incubated for 1 h at room temperature.
Following this, 75 pl of glutathione beads (50% in PBS) were
added, and the lysate/protein/bead solution was incubated for
30 min at room temperature on a nutator. Beads were washed 5x
with 1 ml of buffer containing 20 mM Hepes, pH 7.4, 300 mM
NaCl, and 0.1% Triton X-100. Protein was eluted with 1x SDS
sample buffer, separated by SDS-PAGE, and analyzed via
Western blot. Two thirds of elution was used for Western blot,
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and one third was used for Coomassie staining to check for
presence of GST/GST-RalGDS.

GTP hydrolysis assay

CytoPhos Endpoint Phosphate Assay (Cytoskeleton; BK054) was
used to measure GTP hydrolysis, specifically the inorganic
phosphate (P;) generated during the enzymatic hydrolysis of
GTP. In general, the assay was performed according to the
manufacturer’s protocol. GST-Rap2a-WT and -K5R were puri-
fied as described above and prepared in a final buffer of 20 mM
Hepes, pH 7.4, and 150 mM NaCl (i.e., a nonphosphate buffer).
50 pl of 0.4 mg/ml protein was first loaded with GTP. For GTP
loading, three steps were followed: (1) add EDTA to 5 mM, in-
cubate for 10 min at room temperature, (2) add GTP to 1 mM,
incubate for 10 min at room temperature, and (3) add MgCl, to
15 mM, incubate for 10 min at room temperature. Then, 5 pl of
GTP-loaded protein was added to 25 pl of Hepes buffer in a 96-
well plate (2 pg of protein total). The 96-well plate was incubated
at 37°C for 1 h. After 37°C incubation, 70 pl of CytoPhos Reagent
was added to each well, resulting in a 100-pl reaction. After
10 min of CytoPhos incubation, colorimetric change at 650 nm
was measured using a plate reader. Blank samples were done
side by side (50 pl of buffer loaded with GTP). Absorbance from
the blank samples was subtracted from Rap2a-positive samples.
Three biological replicates were performed, with three technical
replicates in each set. A standard curve for P; release was
generated using the phosphate standard supplied in the kit.
Phosphate release (nmol) for GST-Rap2a-WT and -K5R was
calculated using this standard curve.

HEK293T ubiquitin assays

Briefly, HEK293T cells (~80% confluency) were transfected with
plasmids expressing pRK5-FLAG-Rap2a with or without pRK5-
Myc-Ub, pRK7-HA-Rab40b, or pRK7-HA-Rab40b ASOCS using
Lipofectamine 2000. After 24 h, cells were harvested and lysed
in 1 ml lysis buffer (20 mM Tris-HCI, pH 7.6, 150 mM Nacl,
2 mM EDTA, 1% Triton X-100, and 10% glycerol) with 1% SDS.
Cell lysates were collected and boiled at 95°C for 10 min. Su-
pernatants were then diluted with lysis buffer to reduce SDS
concentration to 0.1% and incubated with 5 pg anti-FLAG M2
antibody and 60 ul 50% protein G bead slurry (Cytiva 17-0618-
01) overnight. Beads were pelleted by centrifugation and washed
three times with lysis buffer plus 0.5 M NaCl. Bound proteins
were eluted in 50 pl of 1x SDS sample buffer. Eluates (20 pl)
were resolved via SDS-PAGE and transferred to nitrocellulose
membranes for immunoblotting. To remove the background IgG
heavy chain and light chain after immunoprecipitation, we used
an IgG light chain-specific secondary antibody (Jackson; 211-
032-171) and FLAG antibody directly conjugated with HRP (CST;
86861S). Blot images were captured using a ChemiDoc MP
Imaging system (Bio-Rad).

Statistical analysis

All statistical analyses were performed using GraphPad Prism
Software. Unless described otherwise, statistics were per-
formed using an unpaired Student’s t test (two-tailed) or a
one-way ANOVA with post hoc test assuming normal Gaussian
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distribution. In all cases, data were collected from at least from
three independent experiments. For microscopy analysis, ex-
periments were performed from at least two different cell
passages.

Online supplemental material

Fig. S1 shows further characterization of Rap2a localization in-
cluding G12V and S17N mutants. Fig. S2 shows the effect of
Rab40b KO on Rap2b and Rap2c localization. Fig. S3 examines
Rap2 protein levels in various Rab40 KO and mutant cell lines.
Additionally, it demonstrates where Rap2 lysine mutants were
made within the protein. Fig. S4 provides Rap2 K-R single mu-
tant binding data as well as a sequence alignment highlighting
the Rap2 lysine residues of interest in Ras and Rapl family
members. Videos 1, 2, and 3 show 2D cell migration defects in
Rap2 KO cells compared with control cells. Videos 4 and 5 are
GFP-Rap2a expressing cells, highlighting live dynamics at the
leading edge and macropinosome-like internalization. Video 6
shows GFP-Rap2a and mCherry-Rab5 live dynamics, demon-
strating that the internalized Rap2a endosome is Rab5 positive.
Video 7 presents a cell coexpressing mCherry-Rap2a and GFP-
RBDgaigps, showing that they overlap primarily at the plasma
membrane where Rap2a is active.
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Figure S1. Further characterization of Rap2a subcellular localization in MDA-MB-231 cells and analysis of Eos-Rap2a in Rab40b KO cells. (A) Co-
localization of mCherry-Rap2a and YFP-Rab4 S27N. MDA-MB-231 cells were transiently cotransfected with mCherry-Rap2a and YFP-Rab4 S27N, followed by
fixation and staining for DAPI (blue). Arrows indicate examples of mCherry-Rap2a and YFP-Rab4 S27N overlap. Arrowheads point to mCherry-Rap2a organelles
that are not Rab4 S27N positive. Scale bars, 10 and 2 um. (B) Colocalization of mCherry-Rap2a and GFP-FIP5-RBD. MDA-MB-231 cells were transiently
cotransfected with mCherry-Rap2a and GFP-FIP5-RBD, followed by fixation and staining for DAPI (blue). Arrows indicate examples of mCherry-Rap2a and GFP-
FIP5-RBD overlap. Arrowheads point to mCherry-Rap2a organelles that are not FIP5-RBD. Scale bars, 10 and 2 um. (C) Western blot showing stable over-
expression of GFP-Rap2a WT in MDA-MB-231s (lentivirus). Ctrl cells are MDA-MB-231 parentals. 50 ug of lysate was loaded for each sample. (D) Western blot
showing stable overexpression of GFP-Rap2a-G12V and -S17N in MDA-MB-231s (lentivirus). Ctrl cells are MDA-MB-231 parentals. 50 ug of lysate was loaded
for each sample. (E) Western blot showing generation of rescue line in Fig. 6 E. Rab40b KO cells were first stably transfected with FLAG-Rab40b WT (lentivirus,
second column). Then, these cells were transfected with Eos-Rap2a and flow sorted (lentivirus, third column, flow sort instead of selection). Ctrl cells are dox-
inducible Cas9 MDA-MB-231s that were used to generate Rab40b KO CRISPR line. 50 pg of lysate was loaded for each sample. (F) Colocalization of GFP-Rap2a-
G12V and CD63. MDA-MB-231 cells stably expressing GFP-Rap2a-G12V were fixed and stained with the lysosomal marker CD63 (magenta) and DAPI (blue).
Arrows indicate examples of Rap2a-G12V and CD63 overlap. Scale bars, 10 um. (G) Colocalization of GFP-Rap2a-G12V and EEAL. MDA-MB-231 cells stably
expressing GFP-Rap2a-G12V were fixed and stained with the early endosome marker EEA1 (magenta) and DAPI (blue). Arrows indicate examples of Rap2a-
G12V and EEAL overlap. Scale bars, 10 um. (H) Colocalization of GFP-Rap2a-S17N and CD63. MDA-MB-231 cells stably expressing GFP-Rap2a-S17N were fixed
and stained with the lysosomal marker CD63 (magenta) and DAPI (blue). Arrows indicate examples of Rap2a-S17N and CD63 overlap. Scale bars, 10 um.
(1) Colocalization of GFP-Rap2a-S17N and EEAL. MDA-MB-231 cells stably expressing GFP-Rap2a-S17N were fixed and stained with the early endosome marker
EEAL (magenta) and DAPI (blue). Arrows indicate examples of Rap2a-S17N and EEA1 overlap. Scale bars, 10 um. (J) Eos-Rap2a colocalization with EEAL in
Rab40b KO cells. Rab40b KO MDA-MB-231 cells stably expressing Eos-Rap2a were fixed and stained with the lysosomal marker CD63 (magenta) and DAPI
(blue). Widefield microscope. Arrows indicate examples of Eos-Rap2a and EEAL overlap. Arrowheads point to Eos-Rap2a organelles that are not EEAL positive.
Scale bars, 10 pm, 2 pm. Source data are available for this figure: SourceData FS1.
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Figure S2. Loss of Rab40b also affects Rap2b and Rap2c subcellular localization. (A) Western blot showing stable overexpression of Eos-Rap2a, Eos-
Rap2b, and Eos-Rap2c in MDA-MB-231 Ctrl and Rab40b KO cells (lentivirus). Ctrl cells are MDA-MB-231 parentals. 50 ug of lysate was loaded for each sample.
(B) Western blot showing stable overexpression of Eos-Rap2a in MDA-MB-231 Ctrl and Rab40b KO cells at passage 5 (lentivirus). Ctrl cells are MDA-MB-231
parentals. 50 pg of lysate was loaded for each sample. (C) Cartoon representation of intracellular/whole-cell fraction calculation (see Materials and methods).
(D) Eos-Rap2b localization in MDA-MB-231 Ctrl cells. MDA-MB-231 cells stably expressing Eos-Rap2b were fixed and stained with phalloidin (magenta) and
DAPI (blue). Scale bars, 50 and 5 um. (E) Eos-Rap2b localization in Rab40b KO MDA-MB-231 cells. Rab40b KO cells stably expressing Eos-Rap2b were fixed and
stained with phalloidin (magenta) and DAPI (blue). Scale bars, 50 and 5 pm. (F) Eos-Rap2c localization in MDA-MB-231 Ctrl cells. MDA-MB-231 cells stably
expressing Eos-Rap2c were fixed and stained with phalloidin (magenta) and DAPI (blue). Scale bars, 50 and 5 um. (G) Eos-Rap2c localization in Rab40b KO
MDA-MB-231 cells. Rab40b KO cells stably expressing Eos-Rap2c were fixed and stained with phalloidin (magenta) and DAPI (blue). Scale bars, 50 and 5 um.
Source data are available for this figure: SourceData FS2.
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Figure S3. Rap2 protein levels across Rab40 mutant cell lines and generation of Rap2 lysine mutants. (A) Rab40b binding to Rap2a, Rap2b, and Rap2c.
MDA-MB-231 lysates stably expressing FLAG-Rab40b WT were incubated with GST, GST-Rap2a, GST-Rap2b, or GST-Rap2c followed by a GST pull-down assay.
25 ug of lysate input was loaded as a positive control and used to estimate pull-down efficiency. (B) Western blot showing stable overexpression of FLAG-
Rab40b SOCS-4A and FLAG-Rab40b ASOCS in MDA-MB-231s. Ctrl cells are dox-inducible Cas9 MDA-MB-231s that were used to generate CRISPR lines. FLAG-
Rab40b SOCS-4A and FLAG-Rab40b ASOCS were made in a Rab40b KO background. 50 g of lysate was loaded for each sample. (C) Rap2 protein levels Ctrl
versus Rab40b SOCS-4A versus Rab40b ASOCS cells. Ctrl, Rab40b SOCS-4A, and Rab40b ASOCS cell lysates were probed for aRap2 and aTubulin (loading
control). Ctrl cells are dox-inducible Cas9 MDA-MB-231s that were used to generate CRISPR lines. FLAG-Rab40b SOCS-4A and FLAG-Rab40b ASOCS were
made in a Rab40b KO background. 50 pg of lysate was loaded for each sample. (D) Quantification of Western blot in C. Three biological replicates were
performed. Relative intensity of Rap2 was normalized to the levels of Tubulin and to Ctrl cells. Mean + SD. One-way ANOVA with Tukey’s multiple comparisons
test. (E) Rap2 protein levels, Ctrl versus Rab40 KO cells. Ctrl and Rab40 KO cell lysates (lacking Rab40a, Rab40b, and Rab40c) were probed for aRap2 and
aTubulin (loading control). Ctrl cells are dox-inducible Cas9 MDA-MB-231s that were used to generate CRISPR lines. 50 pg of lysate was loaded for each
sample. (F) Protein sequence alignment of Rap2a-WT, K5R, K3R, and K2R. Red boxes denote the five lysines within K5R, blue shades represent K2R, and green
shades represent K3R. Alignment made using Clustal Omega. (G) GTP hydrolysis assay Rap2a-WT versus Rap2a-K5R. CytoPhos assay was performed using
purified GST-Rap2a-WT and GST-Rap2a-K5R. Colorimetric change at 650 nm was measured and analyzed against a standard curve to determine inorganic
phosphate release (nmol). Three biological replicates were performed. Mean + SD. Unpaired t test. WT versus K5R, P = 0.0004. (H) Western blot showing
stable overexpression of Eos-Rap2a-K5R and -K3R in MDA-MB-231s (lentivirus). Ctrl cells are MDA-MB-231 parentals. 50 pg of lysate was loaded for each
sample. Source data are available for this figure: SourceData FS3.
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Figure S4. Characterization of Rap2 lysine mutants and the role of Cul5 in mediating Rap2 plasma membrane targeting. (A) Rap2a K-R single/double
mutants binding to Rab40b. MDA-MB-231 lysates stably expressing FLAG-Rab40b WT were incubated with GST, GST-Rap2a-WT or -K117R, K148R, K150R, or
K148R/K150R, followed by a GST pull-down. Before incubation, FLAG-Rab40b lysates were loaded with GMP-PNP. GST alone was used to control for GST
binding to Rab40b. 15 pg of lysate input was loaded as a positive control and used to estimate pull-down efficiency. (B) Quantification of GST pull-down in A.
Three biological replicates were performed. Mean + SD. GST signal was subtracted from experimental lanes, and relative Rab40b density was calculated by
normalizing to lysate. One-way ANOVA with Tukey’s multiple comparisons test. ns between WT and all individual mutants. (C) Western blot showing gen-
eration of cell line in Fig. 8, L and M. Rab40b KO cells were first stably transfected with FLAG-Rab40b ASOCS (lentivirus, second column). The cells were then
transfected with Eos-Rap2a and flow sorted (lentivirus, third column, flow sort instead of selection). Ctrl cells are dox-inducible Cas9 MDA-MB-231s that were
used to generate Rab40b KO CRISPR line. 50 pg of lysate was loaded for each sample. (D) Representative images from MLN4924 experiment in Fig. 8 N. MDA-
MB-231 cells stably expressing GFP-Rap2a were treated with either DMSO (Ctrl) or 300 nM MLN4924 for 24 h. Cells were then fixed and stained for CD63
(magenta) and DAPI (blue). Arrows indicate examples of GFP-Rap2a and CD63 overlap. Arrowheads point to GFP-Rap2a organelles that are not CD63 positive.
Scale bars, 15 and 2 um. (E) Protein sequence alignment of Rap2a, Rap2b, Rap2c, Rapla, Rap1lb, HRas, KRas, and NRas. Red boxes denote the five lysines within
Rap2a-K5R. Stars indicate fully conserved residues. Alignment made using Clustal Omega. Source data are available for this figure: SourceData FS4.
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Video 1. MDA-MB-231 Ctrl 2D cell migration. Live 2D migration on collagen-coated glass plate. Ctrl cells are dox-inducible Cas9 MDA-MB-231 cells used to
generate the Rap2 CRISPR lines. 10-min intervals, 95 frames. 5 fps. Scale bar, 50 pm.

Video 2. MDA-MB-231 Rap2 KO1 2D cell migration. Live 2D migration on collagen-coated glass plate. MDA-MB-231 Rap2 KO1 cells. 10-min intervals, 95
frames. 5 fps. Scale bar, 50 um.

Video 3. MDA-MB-231 Rap2 KO2 2D cell migration. Live 2D migration on collagen-coated glass plate. MDA-MB-231 Rap2 KO1 cells. 10-min intervals, 95
frames. 5 fps. Scale bar, 50 um.

Video 4. GFP-Rap2a live dynamics. Live 2D time-lapse imaging of MDA-MB-231 cells stably expressing GFP-Rap2a. 1-s intervals (plus exposure time), 100
frames. 5 fps. Nearest neighbor deconvolution. Widefield microscope. Scale bar, 10 pm.

Video 5. GFP-Rap2a live dynamics continued. Same setup as Video 4, providing additional cell. Live 2D time-lapse imaging of MDA-MB-231 cells stably
expressing GFP-Rap2a. 5-s intervals (plus exposure time), 51 frames. 5 fps. Nearest neighbor deconvolution. Widefield microscope. Scale bar, 10 pm.

Video 6. GFP-Rap2a and mCherry-Rab5 live dynamics. Live 2D time-lapse imaging of MDA-MB-231 cells stably expressing GFP-Rap2a, transiently
transfected with mCherry-Rab5. 5-s intervals (plus exposure time), 100 frames. 5 fps. Nearest neighbor deconvolution. Widefield microscope. Scale bar, 5 pm.
Note that GFP-Rap2a and mCherry-Rab5 do not exactly overlap in the endosomal structure, which is likely due to a delay in image capture because of
exposure time.

Video 7. mCherry-Rap2a and GFP-RBDgaicps live dynamics. Live 2D time-lapse imaging of MDA-MB-231 cells transiently expressing mCherry-Rap2a and
GFP-RBDgaicps- 3-s intervals (plus exposure time), 50 frames. 5 fps. Nearest neighbor deconvolution. Widefield microscope. Scale bar, 10 pm.
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