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Intracellular trafficking of endocytosed molecules ensures the 
delivery of plasma-membrane components and receptor-associ-
ated ligands to several cellular compartments. After internaliza-

tion, such molecules can be either degraded or re-used by returning 
to the plasma membrane1. This recycling pathway restores the com-
position of plasma membrane and is mediated by vesicular carriers 
that transfer endocytosed material from peripherally located early 
endosomes (PE) to the endocytic recycling compartment (ERC), a 
juxtanuclear tubulovesicular compartment2–4. To be effective, this 
transport route requires regulated recruitment of molecular motors, 
membrane tethers, and lipid kinases and phosphatases in time and 
space5–12. Such engagement is partly accomplished by key determi-
nants of functional identity of organelles including PtdIns(3)P and 
the small GTPase Rab11 (refs 9,13–16).

PtdIns(3)P is the major phosphoinositide residing on early 
endosomes, where it serves as a membrane recognition site for the 
recruitment of proteins, thereby mediating endosomal fusion and 
maturation17,18. PtdIns(3)P homeostasis is controlled by the coor-
dinated action of lipid kinases and phosphatases. In particular, 
whereas phosphorylation of PtdIns to PtdIns(3)P requires members 
of the class II and class III phosphatidylinositol 3-kinase (PI3K) 
enzymes10,19–21, termination of PtdIns(3)P signaling relies on myo-
tubularins (MTMs), lipid phosphatases that convert PtdIns(3)P to 
(PtdIns)22–25. Although endosome maturation and recycling of endo-
cytosed cargos requires control of PtdIns(3)P levels by the action of 
lipid kinases and phosphatases8,22,26, the mechanism responsible for 
the regulated recruitment of these lipid metabolizing enzymes on 
endosomes remains largely unknown.

Extensive investigations demonstrated that members of the Rab 
protein family are coordinators of membrane domain formation 
and vesicle trafficking dynamics controlling the recruitment of 
endocytic regulators such as lipid kinases or phosphatases27. In par-
ticular, trafficking of endocytosed cargos toward the ERC is medi-
ated by Rab11, a small GTPase that is enriched on ERC membranes 
and activated by signaling downstream of PI3K-C2α​-derived 
PtdIns(3)P pool9,10,20,28. In its active GTP-bound form, Rab11  

mediates recycling and sorting of endocytosed membrane com-
ponents through the ERC12–14,29. However, whether the changes in 
Rab11 activity might determine the efficiency of membrane traf-
ficking by controlling the phosphoinositide composition of endo-
somes is still unclear.

To monitor changes in Rab11 activity in living cells, we devel-
oped a genetically encoded FRET biosensor of active Rab11 named 
activation sensor Rab11 (AS-Rab11). Using this biosensor, we 
demonstrated that the increase in Rab11 activity on PtdIns(3)P+ 
peripheral endosomes is important for controlling the release of 
recycling cargoes via a circuit involving a sequential clathrin/PI3K-
C2α​-mediated PtdIns(3)P burst and subsequent Rab11/MTM1-
dependent PtdIns(3)P hydrolysis.

Results
Development of a Rab11 FRET biosensor. The activation cycle 
of Rab11 is essential to mediate the delivery of internalized plasma 
membrane components from the PE to the ERC1,30. To monitor 
the spatial and temporal regulation of Rab11 nucleotide exchange 
in living cells, the genetically encoded fluorescence resonance 
energy transfer (FRET)-based probe AS-Rab11 was developed  
(Fig. 1a; Supplementary Fig. 1a,b). The probe includes the 
C-terminal region of FIP3-binding active Rab1131, a circular per-
muted version of a modified monomeric yellow fluorescent protein 
(mcpVenus), a proteinase K-sensitive linker, a monomeric cyan 
fluorescent protein (mECFP), and human Rab11a (Fig. 1a). In this 
probe design, an increase in GTP loading of Rab11 promotes the 
binding of the C-terminal region of FIP3 to Rab11a, thus modifying 
the orientation of the two fluorophores and thereby increasing FRET, 
which is represented by the 525 nm/475 nm (FRET/CFP) emission 
ratio32,33 (Fig. 1a). The positioning of Rab11 at the C-terminal end 
of AS-Rab11 enables correct functioning of the Rab11 C-terminal 
sequences required for membrane insertion (Fig. 1a).

To validate the efficiency of the biosensor energy transfer in 
the presence of either GDP or GTP, we monitored the fluores-
cence emission profiles of AS-Rab11 using a fluorometric assay  
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(see Methods). In comparison to the wild-type form, constitutively 
active mutant versions of Rab11 lacking GTPase activity (AS-Rab11Q70L 
and AS-Rab11S20V) showed decreased fluorescence emission inten-
sity at 475 nm and a concomitant increase at 525 nm (Fig. 1b; 
Supplementary Fig. 1c red line). Consequently, the FRET/CFP ratio 
of AS-Rab11Q70L and AS-Rab11S20V were found to be significantly 
higher than the wild-type and the nucleotide-free (AS-Rab11N124I) 
forms (Fig. 1b; Supplementary Fig. 1c). In contrast, a dominant neg-
ative version of this biosensor (AS-Rab11S25N; Supplementary Fig. 1c,  
blue line) displayed a 475 nm emission and an associated 525 nm 
emission that were higher and lower than the control, respectively 
(Fig. 1b; Supplementary Fig. 1c,d, cyan line). A similar observation 

was made after treatment of wild-type AS-Rab11 (AS-Rab11wt) with 
proteinase-K (Supplementary Fig. 1c, black line), which induced 
the cleavage of the amino acidic linker connecting the two fluo-
rophores required to promote the energy transfer. Consequently, 
both AS-Rab11S25N and proteinase-K-treated AS-Rab11wt showed 
a decreased FRET emission ratio (Fig. 1b; Supplementary Fig. 1c, 
blue and black lines), similarly to a Rab11-GTP-binding mutant 
(AS-Rab11RBD mutant) (Fig. 1b). In line with these results, increased 
FRET emission ratio and Rab11-GTP content were detected 
after co-expression of AS-Rab11wt with SH3BP5, a Rab11-GEF34  
(Fig. 1b; Supplementary Fig. 1e). On the contrary, co-expression 
of TBC1D9B, a Rab11-GAP35, decreased FRET emission ratio and 
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Rab11-GTP content in cells (Fig. 1b; Supplementary Fig. 1e). A sim-
ilar emission was obtained by co-expression of RabGDI, a Rab11 
dissociation inhibitor36, which was reverted by the use of a guano-
sine nucleotide dissociation inhibitor (GDI)-insensitive biosensor 
mutant (AS-Rab11N206X; Fig. 1b). This regulation was found to be 
specific, as co-expression of AS-Rab11wt with either Rac1 or Rab5 
GEFs (guanine nucleotide exchange factors) and GAPs (GTPase-
activating proteins) had no effect on biosensor response (Fig. 1b). 
Next, AS-Rab11 binding to guanine nucleotides was assessed by 
thin-layer chromatography. Equal amounts of GDP and GTP asso-
ciated with the wild-type biosensor form, whereas either GTP or 
GDP bound the constitutively active (Q70L) or the dominant nega-
tive (S25N) biosensor forms, respectively (Supplementary Fig. 1f). 
At the same time, AS-Rab11 was able to bind and replace GDP 
with GTP, similarly to Rab11 (Supplementary Fig. 1g). The bio-
sensor was found to interact with recombinant FLAG-RabGDI, 
FLAG-SH3BP5, and FLAG-TBC1D9B (Supplementary Fig. 2a–c). 
Whereas AS-Rab11RBD mutant interacted with endogenous FIP2 and 
FIP4, AS-Rab11WT did not, indicating that the probe in its active 
conformation is not able to compete for endogenous targets 
(Supplementary Fig. 2d). Finally, As-Rab11 localized with mark-
ers of early and recycling endosomes but was absent from cis-Golgi 
and late endosome structures (Supplementary Fig. 3a–e), thus 
showing a pattern consistent with the functions of unmodified,  
endogenous Rab11.

Increased FRET emission ratio was detected both on tubulove-
sicular structures situated in the proximity of the nucleus and on 
small membrane-bound organelles positioned at the cell periphery 
(Fig. 1c,d). To exclude the possibility that such high FRET effi-
ciency was caused by random probe accumulation, we generated 
a correlation plot of the sensitized FRET (i.e., the measure of FRET 
efficiency corrected for excitation and emission cross-talk) versus 
the CFP intensities. Sensitized FRET was higher in endosomes 
than in cytosol (Fig. 1e), as indicated by the two different slopes 
of the regression line that correlate to the sensitized FRET and the 
CFP intensities measured in endosomes and cytosol, respectively. 
Moreover, to assess the spatial distribution of active Rab11 in cells, 
we measured the FRET/CFP ratio of structures as a function of dis-
tance from the nucleus, and the FRET emission ratio appeared to be 
significantly higher on the ERC than on the PE (Fig. 1f).

Overall, these results demonstrate that this biosensor can mon-
itor the nucleotide-binding status of Rab11 and that active Rab11 
is spatially restricted in both peripheral and juxtanuclear endo-
somal structures.

Activated-Rab11 labels PtdIns(3)P+ endosomes. To examine the 
subcellular distribution and the identity of membrane-bound struc-
tures displaying active Rab11, AS-Rab11-expressing cells were ana-
lyzed by confocal microscopy after the internalization of fluorescent 
transferrin (Tf-647), an early-recycling endosome marker16. In line 
with previous studies13,14, perinuclear accumulation of active Rab11 
(Fig. 2a, left panel, pseudocolor map) and Tf-647 (Fig. 2a, left panel, 
gray scale) was observed. In addition, enlargement of the periplas-
malemmal-region showed overlap between the highest FRET signal 
(Fig. 2a, right panel, red line) and Tf-647 (Fig. 2a, right panel, black 
line). Accordingly, a two-dimensional representation of pixel inten-
sities (Fig. 2a, right panel, line intensity profile) along a line start-
ing from the nucleus and reaching the plasma membrane (Fig. 2a, 
left panel, white line) showed almost perfect overlap between FRET 
ratio (Fig. 2a, right panel, red line) and Tf-647 (Fig. 2a, right panel, 
black line) signals in both the perinuclear and peripheral region. 
In further agreement, analysis of colocalization, as determined by 
Pearson's coefficient, showed high correlation between FRET ratio 
and Tf-647 positivity in both the ERC and PE (Fig. 2a, right panel), 
indicating that active Rab11 is equally distributed in perinuclear 
and peripheral Tf-positive compartments.

To gain insight into the localization of active Rab11, early and 
recycling endosome-specific markers were similarly studied by ana-
lyzing a red fluorescent tagged version of either Rab4, Rab5, or the 
PtdIns(3)P probe mCherry-FYVE2X. Identical distribution and 
strong colocalization were observed by fine mapping of active-Rab11 
and mRFP-Rab4-positive structures in pseudocolor and grayscale, 
respectively (Fig. 2b). Conversely, endosomal membranes labeled by 
mRFP-Rab5 colocalized with active Rab11 at the cell periphery, but 
not at the perinuclear recycling compartment (Fig. 2c). Similarly, 
active-Rab11 strongly colocalized with the early endosome marker 
PtdIns(3)P on peripheral but not on perinuclear membrane-bound 
structures, as detected with the mCherry-FYVE2X probe (Fig. 2d). 
These results indicate that PEs in which active Rab11 colocalized 
with PtdIns(3)P correspond to early endosomes.

Exit from endosome relies on Rab11 and PtdIns(3)P. To examine 
the relationship between Rab11, PtdIns(3)P and recycling cargo in 
peripheral endosomes, we monitored the localization of Rab11 and 
transferrin receptor (TfR) on PtdIns(3)P-positive structures during 
the continuous uptake of Tf. Confocal microscopy analysis revealed 
a frequent growth of tubular Rab11+/mCherry-TfR+ structures 
from PEs (Fig. 3a). Furthermore, Tf uptake increased Rab11 activ-
ity (Supplementary Fig. 4a,b), and expression of a Rab11 dominant 
negative form inhibited Tf recycling and promoted its accumulation 
(Supplementary Fig. 4c–e), thus indicating that removal of recy-
cling cargo from endosomes requires Rab11 activation. In agree-
ment, increased FRET/CFP signal on the nascent vesicle began 5 s 
before fission, concomitantly with a PtdIns(3)P burst, and reached 
maximal signal at the time of fission (Fig. 3b,c; Supplementary  
Fig. 4f–h). Such activation kinetics did not rely on biosensor abun-
dance, as both temporal assessment and titration of AS-Rab11 levels 
on endosomes showed robust and coherent biosensor responses at 
various probe expression levels (Fig. 3c, gray line; Supplementary 
Fig. 4i). Unexpectedly, on the nascent recycling structure, Rab11 
activation was initially preceded by the increase of PtdIns(3)P levels 
but later followed by a decrease in PtdIns(3)P, starting at the time of 
fission (Fig. 3b,c; Supplementary Fig. 4f–h). These results show that, 
on peripheral endosomes, PtdIns(3)P peaks concomitantly with 
Rab11 activation and declines with the fission of recycling cargo-
containing vesicles.

To gain insight into this process, COS-7 cells expressing peri-
nuclear localized AS-Rab11 were bleached to avoid contaminating 
signals from the ERC region, and movement of active Rab11+ vesi-
cles was analyzed after addition of Tf (Fig. 3d). Rab11+ vesicles fol-
lowed long-range linear movements and then eventually collapsed 
into ERC membranes (Fig. 3d), thus indicating that juxtanuclear 
AS-Rab11-positive structures are derived in part from peripheral 
endosomes. Accordingly, AS-Rab11-positive endosomal structures 
accumulated in the perinuclear region during the continuous uptake 
of Tf and resulted in a steady state after 15 min (Supplementary  
Fig. 5a–e). By interfering with microtubule polymerization using a 
treatment with nocodazole, vesicles carrying an active Rab11 failed 
to appear as a linear series of dots over time (Supplementary Fig. 5f). 
This indicated that disruption of microtubule-dependent transport 
abolished long-range movements of AS-Rab11-positive membranes 
without compromising Tf accumulation (Supplementary Fig. 5f–h). 
Consistently, displacement of endocytic structures, as well as Rab11 
activation, were decreased upon nocodazole treatment (Fig. 3e,f). 
These data suggested that minus-end-directed microtubule motor 
transport is required for endocytic structure movement. To test 
this hypothesis, acute inactivation of retrograde transport using 
ciliobrevin D, a dynein inhibitor37, was performed. Ciliobrevin D 
treatment decreased long-range retrograde motion of active Rab11+ 
vesicles and had a minor impact on vesicle linear movement and 
displacement (Fig. 3e,g,h), consistent with multiple Rab11/micro-
tubule-dependent trafficking routes38. Finally, both nocodazole and 
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ciliobrevin D treatments decreased juxtanuclear accumulation of 
endocytosed transferrin (Fig. 3i,j).

Overall, these data indicate that the transferrin receptor is 
removed from PEs and transported to the ERC through a local 
increase of PtdIns(3)P, the activation of Rab11, the hydrolysis of 
PtdIns(3)P, and eventually the dynein-mediated vesicular transport.

PI3K-C2α controls Rab11 activity on PtdIns(3)P+ endosomes. In 
early endosomes, PtdIns(3)P is mainly produced by class III PI3K. 
However, a small but significant amount of PtdIns(3)P, ranging up 
to 20%, derives from class II PI3Ks39 and is putatively required for 
Rab11 activation9,10. To further determine whether the activation 
of Rab11 preferentially depended on either class II or III PI3K, we 
studied modulation of the AS-Rab11 probe after either PI3K-C2α​ or 
Vps34 knockdown or Vps34 inhibition (Supplementary Fig. 6a–c).  
As expected, knockdown of PI3K-C2α​ induced a 20% loss of 

PtdIns(3)P, as well as a 50% drop in Rab11 activity (Fig. 4a,b). 
By contrast, knockdown or inhibition of Vps34 by VPS34-IN1 
decreased PtdIns(3)P cell content by 80% but failed to significantly 
reduce the levels of active Rab11 (Fig. 4a,b). This highlights the dis-
tinct role of PI3K-C2α​ in controlling Rab11 activity in PE. In addi-
tion, PI3K-C2α​ localization during cargo release from PtdIns(3)P+ 
structures was imaged. GFP-PI3K-C2α​ colocalized with mCherry-
FYVE2X during the fission of mECFP-Rab11-positive structures 
(Fig. 4c; Supplementary Fig. 6d–f), whereas it was undetected in 
the newly formed mECFP-Rab11+/mCherry-TfR+ membranes 
(Supplementary Fig. 6e–g). Interestingly, such PI3K-C2α​ localiza-
tion strictly depended on its N-terminal clathrin-binding domain40, 
as loss of this domain41 resulted in a diffuse cytosolic distribution 
around the PE (Fig. 4d).

Number, displacement, and direction of Rab11-positive vesicles 
leaving PEs were analyzed in PI3K-C2α​-knockdown cells to further 
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characterize the role of PI3K-C2α​ in the control of Rab11-mediated 
intracellular trafficking. Reduction in the abundance of PI3K-C2α​,  
as well as the expression of GFP-Rab11S25N, lowered the num-
ber of Rab11+ vesicles emerging from PEs (Fig. 4e). Furthermore, 
increased residence time of Rab11 at the PEs was observed in 
both PI3K-C2α​-KD- and Rab11S25N-expressing cells (Fig. 4f). On the 
contrary, pharmacological inhibition of Vps34 did not alter either  
the number of fission events or the residence time of Rab11 on PEs 
(Fig. 4e,f), strengthening the idea that Vps34 and PI3K-C2α​ present 
nonredundant functions during the endocytic recycling of transferrin.

Next, to further confirm this evidence, quantitation and local-
ization of labeled Tf were performed. PI3K-C2α​-KD and GFP-
Rab11S25N-expressing cells displayed increased Tf accumulation and 
decreased Tf perinuclear storage, which was not affected by inhibi-
tion or RNA interference (RNAi)-mediated suppression of Vps34 
(Fig. 4g,h; Supplementary Fig. 6c,h). Such a delay in transferrin 
recycling did not depend on the efficiency of molecular motors, as 
a similar distribution of linearity and vesicle speed between GFP-
Rab11S25N-expressing cells, PI3K-C2α​-KD and controls were mea-
sured by tracking of individual Rab11+ vesicles (Supplementary  
Fig. 6i,j). This Tf delivery defect in PI3K-C2α​-KD cells was rescued 
by expression of a wild-type (PI3K-C2α​WT) or a PI3P-only produc-
ing PI3K-C2α​ form (PI3K-C2α​CIII) (Fig. 4i). In contrast, expression 
of a kinase-inactive mutant (PI3K-C2α​R1251P) did not restore juxta-
nuclear Tf localization (Fig. 4i), thus demonstrating that Tf delivery 
to perinuclear endosomes is controlled by the PI3K-C2α​-dependent 
PI3P production. In line with these results, silencing of PI3K-C2α​ 
led to the intracellular entrapment of Tf (Supplementary Fig. 6k).

Altogether, these results indicated that removal of recycling 
cargo from early endosomes requires PI3K-C2α​-mediated PI3P 
production, which is necessary for Rab11 activation. Nonetheless, 
PtdIns(3)P decreased prior fission and disappeared from the 
detached Rab11+ vesicle, suggesting that removal of recycling cargo 
from endosomes depends on PtdIns(3)P hydrolysis.

The PtdIns(3)P phosphatase MTM1 is a Rab11 effector. To iden-
tify the PtdIns(3)P phosphatase that connects the increase in Rab11 
activity with the concomitant decrease of PtdIns(3)P, we performed 
pull-down assays of potential PtdIns(3)P phosphatases working as 
Rab11 effectors. Five different PtdIns(3)P phosphatases, members 
of the myotubularin protein family, were tested using immobilized 
glutathione S-transferase (GST)-Rab11 as a probe. Among them, 
MTM1 was found to preferentially bind Rab11:GTP-γ​S rather 
than Rab11:GDP (Fig. 5a). On the contrary, no interactions were 
detected for MTMR2, MTMR4, MTMR6, and MTMR9 (Fig. 5a). 
Remarkably, MTM1 was isolated from total cell extracts by pull-
down of Rab11-GTP using a recombinant Rab11-GTP-interacting 
protein (GST-RBD11) as a probe9 (Fig. 5b) and by immunopre-
cipitation of endogenous Rab11 (Supplementary Fig. 7a), thus 
indicating that Rab11 is associated with MTM1 in vivo. In further 
agreement, an in vitro binding assay using purified GST-Rab11 
and His-Flag-MTM1 showed preferential binding of recombinant 
MTM1 with Rab11:GTP-γ​S compared to Rab11:GDP or other Rabs 
(Fig. 5c; Supplementary Fig. 7b). RNAi-mediated downregula-
tion of MTM1 (MTM1-KD) (Supplementary Fig. 7c) significantly 
increased levels of PtdIns(3)P as well as activity of Rab11 (Fig. 5d,e). 
In MTM1-KD cells, additional silencing of PI3K-C2α​, but not of 
Vps34, reduced Rab11 activation (Fig. 5e). These results indicate 
that active Rab11 is associated with the PtdIns(3)P phosphatase 
MTM1, which actively dephosphorylates the PtdIns(3)P present 
on the structures directed toward the ERC. In agreement with this 
view, confocal microscopy analysis showed that Rab11 and MTM1 
colocalized in both the PE and the ERC membranes, as well as in 
TfR+ vesicles (Fig. 5f,g; Supplementary Fig. 7d). In line with these 
results, Rab11 silencing blocked perinuclear and peripheral MTM1 
localization (Supplementary Fig. 7e).

To further characterize the impact of MTM1 in the control of 
Rab11-mediated intracellular trafficking, we analyzed Rab11+ ves-
icles detaching from PEs after RNAi-mediated downregulation of 
MTM1 (MTM1-KD). Loss of MTM1 as well as expression of GFP-
Rab11S25N decreased the number of Rab11-positive fission events 
from PEs (Fig. 5h) without affecting vesicle speed (Supplementary 
Fig. 7f). Furthermore, the residence time of Rab11-positive struc-
tures on PEs increased in both conditions (Fig. 5i). Therefore, either 
impaired activation of Rab11 or lack of the phosphatase activity 
delayed fission. In agreement with this theory, MTM1-KD and 
GFP-Rab11S25N-expressing cells displayed increased Tf content and 
decreased perinuclear accumulation of the recycling cargo (Fig. 5j,k;  
Supplementary Fig. 7g). To identify the lipid kinase that antago-
nizes MTM1 activity, we performed the rescue of Tf uptake and Tf 
accumulation of the recycling cargo at the ERC. Acute perturbation 
of PtdIns(3)P synthesis by inhibition of Vps34 partially restored Tf 
accumulation and perinuclear storage in MTM1-KD cells (Fig. 5j,k) 
without affecting the increase in Rab11 activation due to MTM1 loss 
(Fig. 5e). In agreement, Rab11-mediated fission events appeared 
more frequently in MTM1-KD/VPS34-IN1 than in MTM1-KD 
cells (Fig. 5h), thus indicating that fission requires a substantial 
reduction of PtdIns(3)P. In the absence of MTM1, knockdown of 
either PI3K-C2α​ alone or in combination with Vps34 inhibition led 
to decreased Rab11 activity. Conversely, in the absence of MTM1, 
Vps34 inhibition alone was not able to restore increased Rab11 
activity (Fig. 5e). Therefore, PI3K-C2α​ is the main kinase driving 
the production of PtdIns(3)P required for Rab11 activation, conse-
quent fission, and Tf recycling (Fig. 5h,j,k).

Taken together, these results show that removal of recycling 
cargo from peripheral endosomes depends on subsequent PI3K- 
C2α​-mediated PtdIns(3)P production, Rab11 activation and 
MTM1-dependent PtdIns(3)P destruction, leading to fission of 
vesicles and their eventual dynein-mediated transport to the ERC.

Discussion
Removal of recycling cargo from the peripheral PtdIns(3)P+ endo-
some requires hydrolysis of PtdIns(3)P and the activation of the 
small GTPase Rab11. However, whether these events are linked is 
unknown. Therefore, a genetically-encoded FRET biosensor for 
Rab11 was generated to detect spatial and temporal variations of 
Rab11 activity in endosomes. This biosensor, named AS-Rab11, 
was proven to be effective in limited diffusional space, such as in 
membrane and vesicular compartments, and its activity was found 
to depend on both positive and negative Rab11 regulators, such as 
Rab11 GEF, GAP and GDI34–36. Using AS-Rab11, we revealed that: 
(1) Rab11 activation is initiated on PtdIns(3)P-positive membranes 
where sorting of recycling cargo occurs; (2) the Rab11 activation 
level determines the release rate of membranes destined to the ERC; 
and (3) such release required MTM1, a PtdIns(3)P phosphatase, 
which was found to interact with active Rab11. These results estab-
lish that removal of recycling cargo from peripheral PtdIns(3)P+ 
endosome requires coupling of Rab11 activity and PtdIns(3)P  
turnover (Fig. 6).

Extensive time-lapse analyses and biochemical experiments 
revealed enrichment of active Rab11 on juxtanuclear-positioned 
ERC and peripheral PtdIns(3)P+ endocytic structures. In addi-
tion, a critical role for activated Rab11 in the release of trans-
ferrin receptors (TfR) from PtdIns(3)P+ membranes was found. 
Given that PtdIns(3)P is a bona fide marker18 of EE, a compart-
ment where recycling cargoes are sorted and directed toward the 
ERC or plasma membrane14,28, our data suggest that Rab11 activa-
tion is initiated on EE membranes in which sorting of recycling 
cargoes occurs. In agreement, the direct visualization of active 
Rab11 patches localizing with TfR on PtdIns(3)P+ membranes 
corroborate this evidence. Our experiments show that mem-
branes decorated by active Rab11 are not maintained indefinitely 
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(n =​ 5 independent experiments; uncropped blots are shown in Supplementary Fig. 8). b, Pull down of the endogenous Rab11-GTP and MTM1 complex. 
Representative western blot of Rab11-GTP pull-down assay probed with anti-MTM1 antibody (n =​ 5 independent experiments). Quantification 
of endogenous MTM1 (center) and Rab11-GTP (right) pulled down by GST or GST-RBD11 probe (n =​ 5 independent experiments; data represent 
mean ±​ s.e.m.; **P <​ 0.01; two-tailed unpaired t-test; uncropped blots are shown in Supplementary Fig. 8). c, In vitro assessment of the association between 
recombinant Rab11-GTP and MTM1. left, representative western blot of recombinant Rab11 loaded with GDP or GTPγ​S and probed for MTM1 interaction. 
Right, quantification of recombinant MTM1 pulled down by recombinant Rab11 loaded with GDP or GTPγ​S (n =​ 4 independent experiments, data represent 
mean ±​ s.e.m.; **P <​ 0.01; t-test; uncropped blots are shown in Supplementary Fig. 8). d, Quantification of PtdIns(3)P abundance in COS-7 cells treated 
with either Scramble siRNA (control) or MTM1 siRNA (MTM1-KD). (n =​ 12 independent experiments; data represent mean ±​ s.e.m.; **P <​ 0.01, t-test.) 
e, Quantification of active Rab11 levels in COS-7 cells treated with either Scramble siRNA (control), MTM1 siRNA (MTM1-KD), MTM1 siRNA and PI3K-
C2α​ siRNA (MTM1-KD/PI3K-C2α​-KD), MTM1 siRNA and VPS34 inhibitor (MTM1-KD/VPS34-IN1), or MTM1 siRNA in combination with PI3K-C2α​ 
siRNA and VPS34 inhibitor (MTM1-KD/PI3K-C2α​-KD/VPS34-IN1). (n =​ 12 independent experiments; data represent mean ±​ s.e.m.; **P <​ 0.01; one-way 
ANOVA.) f, Representative immunofluorescence of COS-7 cells, showing peripheral and perinuclear colocalization of MTM1 with Rab11. Peripheral (left) 
and perinuclear (right) magnification are shown at the bottom (n =​ 6 independent experiments). White arrows highlight colocalization. Scale bar, 15 µ​m. 
g, Representative time-lapse series of cells co-expressing mCherry-transferrin receptor (TfR), mECFP-Rab11 (gray scale) and GFP-MTM1. White circles 
represent membrane-bound structures (n =​ 6 independent experiments). Scale bar, 1 µ​m. h, Quantification of the number of Rab11-associated fission events 
generated from mCherry-FYVE2X-positive membranes. Cells expressing GFP-Rab11S25N or GFP-Rab11 treated with either DMSO/Scramble siRNA (control), 
MTM1 siRNA (MTM1-KD), MTM1 siRNA and PI3K-C2α​ siRNA (MTM1-KD/PI3K-C2α​-KD), MTM1 siRNA and VPS34 inhibitor (MTM1-KD/VPS34-IN1), 
or MTM1 siRNA in combination with PI3K-C2α​ siRNA and VPS34 inhibitor (MTM1-KD/PI3K-C2α​-KD/VPS34-IN1) (n =​ 12 independent experiments; data 
represent mean ±​ s.e.m., ** P <​ 0.01, *P <​ 0.05; one-way ANOVA). i, Residence time of GFP-Rab11S25N or GFP-Rab11 structures on mCherry-FYVE2X-positive 
membranes (black and blue bars). Cells expressing GFP-Rab11 were treated with either Scramble siRNA (control) or MTM1 siRNA (MTM1-KD). (n = 12 
independent experiments; data represent mean ±​ s.e.m.; ***P <​ 0.005, **P <​ 0.01, two-way ANOVA). j, Quantification of internal transferrin percentage 
in COS-7 cells expressing GFP-Rab11S25N or GFP-Rab11 treated with either DMSO/Scramble siRNA (control), MTM1 siRNA (MTM1-KD), MTM1 siRNA 
and PI3K-C2α​ siRNA (MTM1-KD/PI3K-C2α​-KD), MTM1 siRNA and VPS34 inhibitor (MTM1-KD/VPS34-IN1), or MTM1 siRNA in combination with PI3K-
C2α​ siRNA and VPS34 inhibitor (MTM1-KD/PI3K-C2α​-KD/VPS34-IN1) (n =​ 12 independent experiments; data represent mean ±​ s.e.m.; ***P <​ 0.005, 
**P <​ 0.01, *P <​ 0.05; one-way ANOVA). k, Quantification of perinuclear localization of fluorescent transferrin in COS-7 cells expressing GFP-Rab11S25N or 
GFP-Rab11 treated with either DMSO/Scramble siRNA (control), MTM1 siRNA (MTM1-KD), MTM1 siRNA and PI3K-C2α​ siRNA (MTM1-KD/PI3K-C2α​
-KD), MTM1 siRNA and VPS34 inhibitor (MTM1-KD/VPS34-IN1), or MTM1 siRNA in combination with PI3K-C2α​ siRNA and VPS34 inhibitor (MTM1-KD/
PI3K-C2α​-KD/VPS34-IN1) (n =​ 12 independent experiments; data represent mean ±​ s.e.m.; ***P <​ 0.005, **P <​ 0.01; one-way ANOVA).
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on PtdIns(3)P+ structures but are delivered from peripheral to 
juxtanuclear recycling compartments. These observations define 
that, differently from active Rab5 that mediates the expansion of 
Rab5 domain on early endosomes, active Rab11 critically affects 
cargo flow by recruiting the protein machinery involved in vesicle 
transport. In line with this view, our results show that active Rab11 
vesicles detaching from peripheral endosomes accumulate on ERC 
membranes in a dynein-dependent manner.

Our observations extend the previous identification of PI3K-
C2α​ as a key controller of Rab11 activation on endosomes9 and 
define that localization of PI3K-C2α​ on endosomes strictly depends 
on its clathrin-binding domain20,40. Notably, depletion of PI3K-C2α​ 
delays the kinetic of vesicle release from the PtdIns(3)P+ structure, 
where TfR sorting takes place1, thus linking the role of PI3K-C2α​ 
to endosomal sorting. Accordingly, depletion of PI3K-C2α​, as well 
as loss of its catalytic activity, decreases both activity and fission 
of Rab11-positive vesicles from PtdIns(3)P+ structures, thereby 
mimicking the phenotype observed in cells expressing dominant  
negative Rab11.

In light of the highly dynamic Rab11 activation on PtdIns(3)P+ 
structures, and the distinct phosphoinositide composition of EE 
and the perinuclear recycling compartment42, a phosphoinositide 
conversion can be expected between these two Rab11-positive 
membrane domains. Our data demonstrated that this transition 
is controlled by MTM1, which was found to interact with active 
Rab11. MTM1 was shown to antagonize the class II and class III-
derived PtdIns(3)P pools in D. melanogaster and C. elegans and was 
demonstrated to be essential in the exit of cargos from PtdIns(3)P 
endosomes8,26. Accordingly, MTM1+/Rab11+ vesicles were 
observed during removal of recycling cargo from the PtdIns(3)P 
compartment, thus indicating that active Rab11 provides a signal 
to control MTM1 localization. Given that recycling vesicles require 
dynein to reach the ERC, removal of PI3P can be explained by the 
fact that the presence of this lipid, a well-known activator of cen-
trifugal kinesin-mediated transport43, might disturb this centrip-
etal trafficking.

The development and application of AS-Rab11 to quantita-
tively analyze Rab11 activity in living cells allowed dissection and 
analysis of the initial step of the PtdIns conversion mechanism42 
required for the exit of recycling cargo from endosomes. Our data 
indicate that PI3K-C2α​ provides a spatially localized and tempo-
rally controlled PtdIns(3)P pool that is sufficient to activate Rab11 

on early endosomes, allowing the establishment and maintenance 
of receptor recycling toward the ERC. Activation of Rab11 even-
tually contributes to the recruitment of MTM1 and the ensuing 
reduction of PtdIns(3)P level on membranes destined to the peri-
nuclear endosome.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41589-018-0086-4.
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Methods
Antibodies. The following antibodies were used in this study: mouse-anti-PI3K-
C2α​ (BD Biosciences 611046, western blotting (WB) 1:500); mouse-anti-Rab11 
(BD Biosciences 610656, WB 1:1,000); rabbit-anti-MTM1 (SIGMA HPA010008, 
WB 1:1,000); mouse-anti-FLAG (SIGMA clone M2, WB 1:2,000); mouse-anti-GFP 
(Abcam ab127417, WB 1:1,000); rabbit-anti-VPS34 (Novus Biologicals NB110-
87320SS, WB 1:1,000); mouse-anti-MTMR4 (Santa Cruz sc-373922, WB 1:500); 
mouse-anti-MTMR6 (Abcam ab69875, WB 1:1,000); mouse-anti-MTMR9 (Santa 
Cruz sc-514366, WB 1:1,000); rabbit-anti-FIP2 (Abcam ab76892, WB 1:1,000); 
rabbit-anti-FIP4 (Biorbyt orb215321, WB 1:1,000). The following peroxidase-
linked secondary antibodies were used: Anti-mouse IgG (ab131368, WB 1:5,000) 
and Anti-Rabbit IgG (A0545 SIGMA, 1:5,000). The following Alexa-Fluor 
conjugated secondary antibodies were used: anti-mouse/rabbit IgG Alexa Fluor 
488/568 (IF 1:1,000).

SiRNA and plasmid transfection. All siRNAs used in this study were  
21-, 23-, or 27-base oligonucleotides including 3′​-dTdT overhangs.  
For silencing, the following siRNAs were used targeting the human  
isoform: PI3K-C2α​ 5′​-GGCAAGATATGTTAGCTTT-3′​ and MTM1  
5′​-GATGCAAGACCCAGCGTAA-3′​. The scrambled control  
siRNA used throughout this study corresponded to the sequence  
5′​-ATGAGTTAGATGCGTTCTA-3′​.

COS-7 cells were transfected with siRNA using Lipofectamine 2000 
(Invitrogen) according to the manufacturer's protocol. To achieve optimal 
knockdown efficiency, two rounds of silencing were performed. Cells were 
transfected on day 1, expanded on day 2 and seeded for the experiment on day 3; 
the experiment was performed on day 4.

For transient overexpression of proteins in silenced cells, plasmids were 
transfected on day 4 12 h before analysis using Lipofectamine 2000 (Invitrogen). 
For transient overexpression of proteins in untreated cells, plasmids were 
transfected 12 h before analysis using Lipofectamine 2000 (Invitrogen).

Recombinant protein production. GST-Rab11a recombinant protein was 
generated by cloning Rab11a cDNA in pGex vector. Protein expression was 
induced by addition of isopropyl β​-d–thiogalactoside (IPTG, 0.1 mM) at room 
temperature for 6 h.

Recombinant proteins (GST-Rab11a, GST-Rab5a, and GST-Rab7a) were 
purified (elution 10 mM glutathione, PBS), dialyzed, frozen in liquid nitrogen, 
and stocked (50% glycerol in Tris–HCl 50 mM 5 mM MgCl2, 100 mM NaCl) at 
−​80 °C. His-Flag-tagged MTM1 was generated according to previously established 
protocol25. In brief, Flagged MTM1 was clone in vector and bacteria were grown 
in 2 ×​ -YT (16 g/L tryptone, 10 g/L yeast extract and 5 g/L NaCl) enriched medium 
until mid-log phase. Induction was performed with 1 mM IPTG at 16 °C for 12 h. 
Soluble protein fraction was purified, dyalized, and stocked (50% glycerol in 
50 mM Tris–HCl 5 mM MgCl2, 100 mM NaCl, 0.5% Triton).

Plasmids. The biosensor was built in sequential cloning steps using a  
monomeric version of fluorescent proteins (A206K mutation) to avoid signal  
artifacts during FRET quantitation caused by multimerization of biosensor  
molecules into limited diffusional space, such as in membrane and vesicular 
compartments. Rab11 binding domain (RBD11) was fused with RBD11-circularly 
permutated Venus (mcpVenus) at residue 195, and cyan fluorescent protein 
(mECFP)-Rab11a fusions were first constructed. Two repetitions of a linker 
encoding for a 17-mer unstructured soluble and proteinase-K sensitive  
polypeptide (GSTSGSGKPGSGEGSTK)44 were then cloned by PCR to allow  
maximization of the FRET change between the active and inactive state. To  
construct RBD11-cpVenus, PCR was used to amplify amino acids 649–756 of  
FIP3 using the primers: 5′​–CTAGCTAGCATGGGCCTGCAGGAGTACCACA–3′​  
and 5′​–GCTCTAGAATGGGCACCCGCGACG–3′​, and pGEX- FIP3  
RBD11 as a template9. mcpVenus was amplified using the primers:  
5′​–GGTAGTGGTGAATTCATGCTCGGAGCAGTCCTGA–3′​ and  
5′​–ATCCCCTCGAGAGCACGGGGCCGTCGCCGAT–3′​ using ICUE3 
FRET probe45 as a template. Both fragments were then digested, gel 
purified, and subcloned in PGEM 3-T-Easy vector (Promega). The resulting 
fragment contained, from the 5′​-end: a NheI site, RBD11, a EcoRI site, a 
linker (GGSG), and mcpVenus. This was cloned. To construct mECFP-
Rab11a, a construct encoding mECFP was amplified with the following 
primers: 5′​–AAGCGGCCGCATGGTGAGCAAGGGCGAGGAGCTG–3′​ 
and 5′​–GGTGCCCATTCTAGAAGTTCCCACGGGGGTACC
AGCCTTGTACAGCTCGT–3′​. Rab11a was amplified with the following 
primers: 5′​–GCTCTAGAATGGGCACCCGCGACG–3′​ and 5′​–
GCGGATCCAATGCCTTAGATGTTCTGACAGCACTGC–3′​ using a Rab11a 
expression construct as a template. Both fragments were then digested gel purified 
and subcloned in PGEM 3-T-Easy vector (Promega). The resulting fragment 
contained, from the 5′​-end: a NotI site, a mECFP, a linker (GTPVGT), XbaI site, 
Rab11a and a BamHI site. In the next step, the 3′​ end of RBD11-mcpVenus was 
flanked with zero, one or two copies of a sequence encoding a 17-mer peptide, 
(GSTSGSGKPGSGEGSTK) generated by PCR. For that purpose, seven annealed 
5′​ phosphorylated oligos, 5′​–TCGAGGGGAGGCAGC–3′​, 5′​–GGCCGCTGC

CTCCCC–3′​; 5′​-TCGAGGGGATCAACTTCAGGATCAGGAAAACCCGGCTC
CGGCGAGGGATCAACTAAAAGC–3′​;5′​–GGCCGCTTTTAGTTGATCCCTC
GCCGGAGCCGGGTTTTCCTGATCCTGAAGTTGATCCCC–3′​;  
5′​–TATATATATATATATACTCGAGGGATCAACTTCAGGATCAG
GAAAACCCGGCTCCGGCGAGGG–3′​; 5′​–CCGGGCTTGCCGCTGCCGGAA
GTAGAGCCTTTAGTTGATCCCTCGCCGGAGCCGGG–3′​;  
and 5′​–TATATATATATGCGGCCGCTTTTAGTTGATCCTTCTCCTGA
TCCGGGCTTGCCGCTGCCG-3′​, that encode the linker sequence flanked at the 
5′​ by a XhoI and at the 3′​ by a NotI restriction site were ligated and subcloned in 
PGEM 3-T-Easy vector (Promega). To assemble the biosensor all the subcloned 
fragments were digested with the single cutter enzyme inserted at the 5′​ and 
3′​ends, gel purified and cloned in pcDNA3.1(-myc/His) vector (Invitrogen), 
thus originating the following fusion protein containing from the N terminus 
RBD11-cpVenu-2 ×​ 17-mer linker-mECFP-Rab11a. The constructs were fully 
sequenced to ensure fidelity of the PCR reactions. Constitutively active (AS-
Rab11Q70L), dominant negative (AS-Rab11S25N), a second constitutive active form 
(AS-Rab11S20V), an RBD mutant (AS-Rab11RBD mutant in which the “RBD domain” 
of FIP3 carries a 3-amino-acid mutation abrogating binding of active Rab11)31, a 
nucleotide free form (AS-Rab11N124I) and a mutant lacking GDI interaction (AS-
Rab11N206X, in which Asn206 was changed to a stop codon, eliminating Rab11 
prenylation/GDI binding site) versions of this biosensor were then engineered 
by site-directed mutagenesis (QuikChange kit, Stratagene) using the following 
primers: 5′​-GATATGGGACACAGCAGGGCTAGAGCGATATCGAGC-3′​;  
5′​-GCTCGATATCGCTCTAGCCCTGCTGTGTCCCATATC-3′​;  
5′​-GATTCTGGTGTTGGAAAGAATAATCTCCTGTCTCG-3′​;  
5′​-CGAGACAGGAGATTATTCTTTCCAACACCAGAATC-3′​;  
5′​- GTTGTCCTTATTGGAGATGTTGGTGTTGGAAAGAGTA-3′​;  
5′​- TACTCTTTCCAACACCAACATCTCCAATAAGGACAAC-3′​; 5′​- 
CAACTTCCGCCTGCAGGACGCCGCCGCCAGGATCATCGTGGCCATCAT-3′​;  
5′​- ATGATGGCCACGATGATCCTGGCGGCGGCGTCCTGCAGGCGGAAGT
TG-3′​; 5′​- GTTATCATGCTTGTGGGCATTAAGAGTGATCTACGTCATCTC-3′​;  
5′​- GAGATGACGTAGATCACTCTTAATGCCCACAAGCATGATAAC-3′​;  
5′​- ATGTTCCACCAACCACTGAATAAAAGCCAAAGGTGCAGTGCTG-3′​; 
5′​- CAGCACTGCACCTTTGGCTTTTATTCAGTGGTTGGTGGAACAT-3′​. Red 
fluorescent tagged versions of Rab5, Rab4, Rab11 and Rab7 were generated by PCR 
and cloned into the pmRFP-c1 plasmid.

The plasmid encoding RabGDI and GST-Rab7 were kindly provided by C. 
Bucci from University of Salento. To allow expression in mammalian cells the DNA 
sequence encoding RabGDI and flanked by EcoRI site at 5′​ end and BamHI site 
at 3′​-end was subcloned in pcDNA3.1(-myc/His) vector (Invitrogen). A FLAG tag 
(DYKDDDDK) was inserted by digestion of pcDNA3.1(-myc/His)-RabGDI with 
EcoRI followed by calf intestinal phosphatase (CIP) treatment and gel purification. 
The opened plasmid was ligated with a linker sequence encoding the FLAG  
epitope obtained by annealing two 5′​ phosphorylated oligos with the following  
sequence: 5′​–AATTCATGGACTACAAAGACGATGACGACAAGC-3′​ and  
5′​–AATTGCTTGTCGTCATCGTCTTTGTAGTCCATG–3′​. The plasmid 
encoding hSH3BP5 was kindly gifted by K. Sato from University of Gunma. 
A FLAG- N-terminal tag was added by PCR, and the product of this reaction 
was cloned in pcDNA3.1(-myc/His) vector, thus generating a FLAG-hSH3BP5. 
The plasmid encoding TBC1D9B was kindly provided by G. Apodaca from the 
University of Pittsburgh. A FLAG-N-terminal tag was added by PCR, and the 
product of this reaction was cloned in the pcDNA3.1(-myc/His) vector, thus 
generating a FLAG-TBC1D9B. The plasmid encoding mCherry-FYVE(2 ×​ ) (pCI-
neo-mCh-2XFYVE) was kindly gift by M. Bonazzi from University of Montpellier. 
The plasmid encoding TIAM1 was kindly gifted by G. Scita and A. Palamidessi 
from IFOM in Milan. The plasmid encoding Rabex-5 was kindly gifted by S. 
Sigismund from IFOM in Milan. The plasmid encoding RN-3 was kindly gifted by 
L. Lanzetti from IRCC in Candiolo.

Fluorometry assay. 2 ×​ 105 HEK 293 T cells were plated in a 6-well plate and 
transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's 
instructions. In experiments in which the biosensor was co-transfected with a 
negative or positive regulator, the biosensor/regulator DNA ratio was 1/4. The 
total amount of transfected DNA was kept to 500 ng. 36 h post-transfection, 
cells were lysed in lysis buffer (50 mM Tris–HCl, pH 7.4, 10 mM MgCl2, 100 mM 
NaCl, 1% Triton X-100, proteinase inhibitors), and clarified lysate was placed in 
a fluorometer cuvette. The lysates were analyzed using a Fluoromax-4 Horiba 
fluorometer. The lysates were excited at 433 nm, and an emission scan was 
acquired from 450 to 550 nm. To normalize for biosensor concentration a second 
measurement was made by directly exciting YFP at 505 nm and measuring its 
emission at 525 nm.

Immunoprecipitation assay for interaction of AS-Rab11 with SH3BP5 or AS-
Rab11 with TBC1D9B. HEK 293 T cells growing in 10-cm dishes were transfected 
with DNA mixtures containing 10 µ​g of pcDNA3.1(-myc/His)-Flag- SH3BP5 
or 10 µ​g of pcDNA3.1(-myc/His)-AS-Rab11 or both, using calcium phosphate 
method. 48 h after transfection, cultures were harvested and homogenized in 0.5 ml 
lysis buffer (50 mM Tris–HCl, pH 7.4, 0.2 mM GDP, 10 mM MgCl2, 100 mM NaCl, 
1% Triton X-100, 50 mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride). 

Nature Chemical Biology | www.nature.com/naturechemicalbiology

http://www.nature.com/naturechemicalbiology


Articles NATuRE CHEMIcAl BIOlOGy

Cytosol was obtained by centrifuging the lysates at 20,000 g for 30 min at 4 °C, and 
protein concentration was determined by the Bradford method. 1 mg of cytosol 
was incubated with FLAG M2 antibody (SIGMA, St. Louis, Missouri, USA) or with 
1 µ​g of anti-GFP antibody (Abcam, Cambridge, UK) for 2 h and incubated on a 
rotating rack for 1 h at 4 °C with Protein-G sepharose beads (GE, Buckinghamshire, 
UK). Samples were collected by centrifugation and washed six times with 
phosphate wash buffer (10 mM NaH2Po4, 137 mM NaCl, and 2.7 mM KCl). Bound 
FLAG-SH3BP5, FLAG-TBC1D9B or GFP-AS-Rab11 protein complexes were 
then eluted by adding Laemmli sample buffer. SDS–PAGE and western blotting 
followed standard procedures. A similar approach was employed for the RabGAP 
TBC1D9B using the following lysis buffer: 50 mM Tris–HCl, pH 7.4, 0.2 mM GTP, 
10 mM MgCl2, 100 mM NaCl, 1% Triton X-100, 50 mM sodium fluoride, 1 mM 
phenylmethylsulfonyl fluoride).

Immunoprecipitation assay for interaction of AS-Rab11 with GDI. HEK 293 T 
cells growing in 10-cm dishes were transfected with DNA mixtures containing 
10 µ​g of pcDNA3.1(-myc/His)-Flag-RabGDI or 10 µ​g of pcDNA3.1(-myc/His)-
AS-Rab11 or both, using the calcium phosphate method. 48 h after transfection, 
cultures were harvested and gently homogenized in 0.5 ml of lysis buffer (50 mM 
Tris–HCl, pH 7.4, 0.2 mM GDP, 10 mM MgCl2, 50 mM sodium fluoride, and 1 mM 
phenylmethylsulfonyl fluoride). Cytosol was obtained by centrifuging the lysates at 
20,000 g for 30 min at 4 °C, and protein concentration was determined by Bradford 
method. 1 mg of cytosol was incubated with FLAG M2 antibody (SIGMA, St. 
Louis, Missouri, USA) or with 1 µ​g of anti-GFP antibody (Abcam, Cambridge, UK) 
for 2 h and incubated on a rotating rack for 1 h at 4 °C with Protein-G sepharose 
beads (GE, Buckinghamshire, UK). Samples were collected by centrifugation and 
washed six times with phosphate wash buffer (10 mM NaH2Po4, 137 mM NaCl, and 
2.7 mM KCl). Bound FLAG-GDI or GFP-AS-Rab11 protein complexes were then 
eluted by adding Laemmli sample buffer. SDS–PAGE and western blotting followed 
standard procedures.

Radiolabeling of intracellular nucleotides and identification of the nucleotide-
bound forms of AS-Rab11. HEK293T cells cultured in 6-well plate dishes and 
transfected for 48 h were radiolabeled for 4 h with 32P (6.0 MBq per dish) in 
phosphate-free DMEM (Invitrogen, Cat. Number 11971025). The expression 
levels of AS-Rab11 proteins and mutant forms were assessed by immunoblot 
analysis with the anti-GFP antibody (Abcam, Cambridge, UK). The labeled cells 
(7 ×​ 105 cells) were lysed with 0.3 ml of an ice-cold solubilizing buffer consisting 
of 40 mM Tris–HCl (pH 7.5), 100 mM NaCl, 20 mM MgCl2, 1 mM Na3VO4, 1 mM 
dithiothreitol, 1% (w/v) Triton X-100, and 2 µ​g/ml aprotinin and clarified. The 
precleared lysates were incubated with anti-GFP antibody–immobilized Protein 
G–Sepharose beads (GE Healthcare) at 4 C for 30 min. After extensive washing 
of the immunocomplexes, associated nucleotides were separated by thin-layer 
chromatography and quantified with a Amersham Hyperfilm MP (GE Healthcare).

Guanine nucleotide exchange assay. HEK 293 T cells growing in 10-cm dishes 
were transfected with DNA mixtures containing 10 µ​g of pEGFP-Rab11a or 10 µ​g  
of pcDNA3.1(-myc/His)-AS-Rab11, using a calcium phosphate method. At 48 h 
after transfection, cultures were harvested and homogenized in 1 ml of lysis buffer 
(50 mM HEPES, pH 7.6, and 1% (v/v) Triton-X-100, 100 mM NaCl, protease 
inhibitors). Cytosol was obtained by centrifuging the lysates at 20,000g for 20 min 
at 4 °C, and protein concentration of clarified lysates was determined by the 
Bradford method. 1 mg of protein was immunoprecipitated using 1 µ​g of anti-GFP 
antibody (Abcam, Cambridge, UK) for 1 h and incubated on a rotating rack for 1 h 
at 4 °C with Protein-G sepharose beads (GE, Buckinghamshire, UK). Samples were 
collected by centrifugation and washed six times with buffer A containing 50 mM 
HEPES, pH 7.6, 1 mM DTT and 20 mM EDTA and incubated for 20 min at 25 °C to 
remove Mg2+ and nucleotide bound to the Rab11 GTPases. The treatments of the 
samples with buffer A were repeated three times more. To determine the GDP binding 
affinities to Rab11 GTPases, [3 H]GDP at a specific activity of 6,000 c.p.m./μ​M  
was incubated with the respective apo-GTPases at 25 °C for 1 h in buffer B, 
containing 50 mM HEPES, pH 7.6, 100 mM NaCl, 2.5 mM MgCl2 and 1 mM 
DTT. Samples were collected by centrifugation and washed six times with buffer 
C, containing 50 mM HEPES, pH 7.6, 100 mM NaCl, 10 mM MgCl2 to stop the 
binding reaction, and the radionucleotides remaining bound to the Rab GTPases 
were quantified by scintillation counting. To measure the GDP/GTP exchange 
from Rab11 GTPases, the immunoprecipitated apo-GTPases were first complexed 
with [3 H]GDP or in buffer B. After 60 min a binding equilibrium was reached, 
the dissociation reactions were initiated by the addition of 500 μ​M GTPγ​S to the 
incubation mixtures. At the indicated time intervals, samples were collected by 
centrifugation and washed six times with buffer C to stop the exchange reaction. 
The radionucleotides remaining bound to the Rab GTPases were quantified by 
scintillation counting.

Rab11-activity pull down assay. Cells were washed in ice-cold PBS and lysed 
in 1 ml of MLB buffer (25 mM HEPES (pH 7.5), 150 mM NaCl, 1% Igepal CA-
630, 10% glycerol, 25 mM NAF, 10 mM MgCl2, 1 mM EDTA, 1 mM sodium 
orthovanadate, and protease inhibitor cocktail). Supernatant was collected 
after 15 min centrifugation at 13,000 r.p.m. A total of 1 mg of protein extract 

was incubated with 30 μ​g of recombinant protein coupled with glutathione S-
transferase agarose (GE, Buckinghamshire, UK). The reaction mixture was gently 
rocked for 1 h at 4 °C. Beads were washed four times with lysis buffer. Samples 
were resuspended in Laemmli buffer for SDS–PAGE and immunoblot analysis. 
Endogenous content of total Rab11 in cell lysates was measured by loading 50 μ​g 
of total extracts in a different gel followed by immunoblot and used to normalize 
measurements of active Rab11. For quantification analysis, pictures were taken 
ensuring that intensity was within the linear range and the Quantity One 1-D 
analysis software (Bio-Rad) was used.

Rab11-effectors pull-down assay. 50 μ​g of GST-Rab11 and a corresponding 
molar amount of GST recombinant proteins were coupled to with glutathione 
S-transferase agarose (GE, Buckinghamshire, UK) and gently rocked for 1 h at 
4 °C. Samples were collected by centrifugation and washed six times with buffer A 
containing 50 mM HEPES, pH 7.6, 1 mM DTT and 20 mM EDTA and incubated 
for 20 min at 25 °C to remove Mg2+ and nucleotide bound to the Rab11 GTPases. 
The treatments of the samples with buffer A were repeated three more times. 
GDP or GTPγ​S was added at a final concentration of 2 mM and incubated with 
the respective apo-GTPases at 25 °C for 1 h in buffer B containing 50 mM HEPES, 
pH 7.6, 100 mM NaCl, 2.5 mM MgCl2 and 1 mM DTT. Samples were collected 
by centrifugation and washed six times with buffer C containing 50 mM HEPES, 
pH 7.6, 100 mM NaCl, 10 mM MgCl2 to stop the binding reaction. Proteins on 
beads were incubated with either 1 ml of cell lysate made from a confluent dish of 
COS-7 cells lysed in 1 ml of MLB buffer (25 mM HEPES (pH 7.5), 150 mM NaCl, 
1% Igepal CA-630, 10% glycerol, 25 mM NAF, 10 mM MgCl2, 1 mM EDTA, 1 mM 
sodium orthovanadate, and protease inhibitor cocktail) or with recombinant 
purified protein diluted in GST-binding buffer (20 mM Tris–HCl (pH 7.4), 100 mM 
NaCl, 5 mM MgCl2, 0.5% Triton X-100, 5 mg/ml BSA). After 1 h, beads were 
washed with MLB or GST-binding buffer and proteins solubilized by boiling in 
LDS sample buffer.

Transferrin recycling assay. 2 ×​ 105 COS-7 cells were plated in a 6-well plate. 
After 24 h, cells were starved for 2 h in serum-free DMEM containing 0.1% BSA at 
37 °C, 5% CO2 and then, where required, pretreated with 0.1% DMSO as control 
or with Vps34-IN1 1 µ​M for 30 min. 20 μ​g/ml of Alexa Fluor 647- conjugated 
human transferrin (Invitrogen) were added for 30 min. After 37 °C PBS washing, 
DMEM containing 0.1% BSA at 37 °C, 5% CO2 was added at various length times. 
Cells were then washed twice with cold PBS, and acid stripping solution (150 mM 
NaCl, 2 mM CaCl2 and 25 mM CH3COONa, pH 4.5) was added for 4 min. For 
FACS analysis, cells were detached with PBS containing 0.5 mM EDTA and fixed 
in 4% paraformaldehyde for 10 min. After resuspension in PBS, fluorescence flow 
cytometry was performed using a FACScalibur instrument. 20,000 cells were 
collected for each sample. The MFI of the cell population was recorded for each 
time point. Data were normalized to the time 0 MFI. For immunofluorescence 
analysis, cells were fixed in 4% paraformaldehyde for 10 min and imaged by 
confocal microscopy.

Internal transferrin quantitation. 2 ×​ 105 COS-7 wild-type (or interfered) 
cells were plated in a 6-well plate. After 24 h, cells were starved for 2 h in serum-
free DMEM containing 0.1% BSA at 37 °C, 5% CO2, and then, where required, 
pretreated with 0.001% DMSO as control or with Vps34-IN1 1 μ​M for 30 min.  
20 μ​g/ml of Alexa Fluor 647-conjugated human transferrin (Invitrogen) was added 
for 30 min to allow continuous uptake and recycling of labeled ligands. Cells were 
then washed twice with cold PBS and acid stripping solution (150 mM NaCl, 
2 mM CaCl2 and 25 mM CH3COONa, pH 4.5) was added for 4 min. Cells were 
detached with PBS 0.5 mM EDTA and fixed in 4% paraformaldehyde for 10 min. 
After resuspension in PBS, fluorescence flow cytometry was performed using a 
FACScalibur instrument. 20,000 cells were collected for each sample. The MFI 
of the cell population was recorded for each time point. Data were normalized 
to control MFI values. For immunofluorescence analysis, cells were fixed in 4% 
paraformaldehyde for 10 min and imaged by confocal microscopy.

Cell imaging. Cells were grown on µ​-Dish 35 mm, high-imaging dishes (Ibidi). 
Imaging was performed in CO2 independent medium, Dulbecco's modified Eagle's 
medium without FBS (GIBCO). Time-lapse series were acquired at 37 °C on an 
inverted confocal Leica SP8 microscope with AOBS equipped with 40×​ O2/Oil 
immersion objective, NA 1.30. The temperature was controlled by a climate box 
covering the set up. Hyd detectors (Leica) allowed the simultaneous detection of 
mECFP and mcpVenus or/and mCherry/mRFP, respectively. Fluorescent dyes were 
imaged sequentially in frame-interlace mode to eliminate cross-talk between the 
channels. mECFP was excited with a 458-nm laser line and imaged at 470–500-
nm bandpass emission filters. mcpVenus was exited with the 514-nm argon laser 
line and imaged through a 525–550-nm bandpass emission filter. mCherry/
mRFP was excited with the 568-nm helium neon laser line and imaged through a 
580–650-nm bandpass emission filter. Alexa 647 dye was excited with the 633 nm 
helium neon laser line and imaged through a 650–700-nm bandpass emission 
filter. Serial sections were acquired satisfying the Nyquist criteria for sampling 
and processed using Matlab (MathWorks, MA, USA) and ICY software (http://
icy.bioimageanalysis.org). Signals were referred to as individual structures if they 
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comprised of a continuous patch of intensity values 50 (in a range of 0–255). At 
least two sections per cell were counted, ensuring that peripheral and perinuclear 
structures were equally taken into account. mECFP was bleached 5–10 times (2 s/
scan) with zoom (×​15) with 100% laser power of the 458 nm Argon laser line. 
At the beginning of each experiment, the number of bleaching steps that were 
sufficient to bleach mECFP was assessed and was kept constant all through. 
Acquisition was performed at zoom (×​11) in a region of 26 μ​m inside. The ROI has 
been chosen to contain the photobleached ERC and the surrounding intracellular 
region, and over a region sufficiently large and homogeneous to be able to visualize 
vesicles moving toward it. Exposure times and readout were fixed as follows: 
200–300 ms for each channel followed by a 60-ms readout delay for the experiment 
in Fig. 3a–f, I and 4b–g), resulting in time-lapse sequences of roughly one frames 
per second. The time lapse sequences of roughly one frame per 30 s was used in 
Fig. 3g,h and Supplementary Figs. 4a and 5a,b,d. Images obtained were merged and 
exported as a single TIFF file.

Image/video processing and data analysis. Image processing and analysis for total 
FRET activation in the cell were carried out with the Matlab software (MathWorks, 
MA, USA) integrated with Image Processing and Bio-formats Toolbox. Following 
Gaussian smoothing, the image was converted to binary through thresholding, 
then median filtering, morphological closing and holes filling were applied to 
eliminate noisy pixels and smooth the images. The final mask was obtained by 
computing the distance transform of the binary image and using it as the input for 
a watershed transform, thus enabling discrimination and separation of different 
contiguous endosomes from one to another. The threshold mask was then applied 
to sensitized FRET and CFP images, and background subtraction was performed 
according to a previously published protocol46. Finally, FRET activity ratio was 
calculated by dividing the unsaturated sensitized FRET pixels by the CFP pixels47,48. 
To measure the dependence of FRET ratio on the distance from the nucleus, 
endosomes present in each frame included in the threshold mask were binned 
according to the distance of their centroid from the nuclear membrane.

Video processing and analysis for particle tracking and vesicle intensity 
profile were carried out with ImageJ, ICY49 and R studio. Following background 
subtraction and Gaussian smoothing the CFP, FRET sensitized, YFP and red 
fluorescence were treated to eliminate noisy pixels and smooth the images. The 
FRET ratio for each frame was computed by dividing FRET sensitized signal by 
CFP signal. The videos were then imported in ICY for spot detection and particle 
tracking procedure performed on the YFP signal50. Intensity profiles for FRET 
ratio, YFP and FYVE2X were exported together with the trajectory for each 
detected vesicle. Vesicle intensity profiles were then aligned in R studio according 

to their speed profile and direction. The vesicle mean FRET ratio was adjusted by 
substracting cytoplasmic mean FRET ratio.

MatLab code is fully available on GitHub.

Statistical analysis. For biochemical, immunocytochemistry and microscopy-
based experiments, a minimum of three independent experiments (n) were 
performed and statistically significant estimates for each sample were obtained. 
For microscopy-based quantification, cells were chosen arbitrarily according to the 
fluorescence signal in a separate channel, which was not used for quantification 
when possible. Values were presented as means ±​ s.e.m. P values were calculated 
using two-tailed Student's t test and one- or two-way ANOVA followed by 
Bonferroni's multiple comparison posttest (GraphPad Software). Statistical 
significance is indicated as follows: *P <​ 0.05; **P <​ 0.01; and ***P <​ 0.005.

Reporting Summary. Further information on experimental design is available in 
the Nature Research Reporting Summary linked to this article.

Data availability. The data that support the findings of this study are available 
from the corresponding authors upon reasonable request.
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FIP4 (Biorbyt orb215321, WB 1:1000). Anti-mouse IgG (ab131368) Anti-Rabbit IgG (A0545 SIGMA). anti mouse/rabbit IgG Alexa 
fluor 488/568. 

Validation anti-PI3K-C2α and anti-Rab11 validated (Franco I, et al.; Dev Cell; 2014). anti-MTM1  validated (Agrawal PB, et al.; Am J Hum 
Genet. 2014). anti-FLAG (more than 300 publication see provider list). anti-GFP validated (Bae EJ  et al.; Nat Commun.; 2014). 
anti-VPS34 (Shi JM.; Biochem Pharmacol.; 2013).
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Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) ATCC

Authentication cell were not autenticated

Mycoplasma contamination Cells were negative for Mycoplasma and routinely tested.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used

Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Cells were detached with PBS 0.5 mM EDTA and fixed in 4% paraformaldehyde for 10 min. Procedures were listed in material 
and method section

Instrument FACScalibur

Software Cellquest

Cell population abundance 100%

Gating strategy cell debris were removed by FSC/SSC gating strategy. gating on GFP expressing cells was performed.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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