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membrane receptors but our data with the transferrin receptor
suggest that ubiquitylation of Rab11 is involved in the regulation

of recycling of other receptor types. It will be interesting to
determine the role of HACE1 in regulating trafficking of other
membrane receptors through Rab11, and whether other receptor

types modulate ubiquitylation of Rab GTPases. Ubiquitylation of
Rac1 on Lys147 by HACE1 causes proteasomal degradation of
the small GTPase (Castillo-Lluva et al., 2012). The stability of
Rab6a, Rab8a and Rab11a was not affected by HACE1-mediated

ubiquitylation, suggesting that mono-ubiquitylation or ubiquitin
chains incompatible with proteasome-mediated degradation are
involved. Specificity thus seems to also exist in the effects of

ubiquitylation of target proteins by HACE1. Specificity was also

shown by the inability of Nedd4 to induce shifts in the migrating
pattern, reflecting ubiquitylation of Rab11a, in contrast to results

obtained with HACE1.
How ubiquitylation of Rab11a leads to its activation remains to

be determined. Mono-ubiquitylation of Ras on Lys147 severely

abrogates its interaction with and the response to GAPs (Baker et
al., 2013). However, some GEFs for other small GTPases, for
instance Rabex 5 for Ras, c-Cbl for Rap1 and Rac1, and HERC1
for Arf1, Rab3a and Rab5, were shown to be E3 ubiquitin ligases

(Barr and Lambright, 2010; Rosa et al., 1996; Swaminathan and
Tsygankov, 2006; Xu et al., 2010). Whether HACE1 acts as a
GEF for Rab11a or whether ubiquitylation of Rab11a modulates

its interaction with GEFs or GAPs will be the subject of future

Fig. 7. Identification of Rab6a and Rab8a as HACE1 substrates. (A) Schematic representation of conserved domains of small GTPases and sequence
alignments of Homo sapiens Rac1, Rab1a, Rab2a, Rab4a, Rab5a, Rab6a, Rab8a, Rab9a and Rab11a proteins are shown. Conserved residues between G4
and G5 boxes are shown in red and HACE1 ubiquitylation sites of Rac1 and Rab11a are highlighted in yellow. (B) HEK293 cells were cotransfected with FLAG-
b2AR and the indicated combinations of pcDNA3, Myc-HACE1 and HA-tagged Rab GTPases. Immunoblotting (IB) was carried out with anti-FLAG, anti-Myc,
anti-HA and anti-GAPDH antibodies. The blots shown are representative of three separate experiments. Arrow indicates the appearance of higher molecular
mass forms of the Rab proteins upon b2AR and HACE1 coexpression. (C) HEK293 cells were cotransfected with FLAG-b2AR and the indicated combinations of
pcDNA3, Myc-HACE1 and HA-tagged Rab GTPases. Immunoprecipitation (IP) of the GTPases was performed with an anti-HA monoclonal antibody.
Immunoblotting (IB) was carried out with anti-FLAG, anti-ubiquitin, anti-Myc and anti-HA polyclonal antibodies. Molecular masses are indicated on the left. The
blots shown are representative of three separate experiments. (D) Images were prepared with PyMOL (www.pymol.org) using coordinates from crystal structures
of active Rac1 (PDB 3TH5), Rab6a (PDB 4DKX), Rab11a (PDB 1OIW) and Rab8a (PDB 3TNF). Potential and confirmed HACE1 ubiquitylation sites are shown
in red.
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experiments. Rab11 GEFs are known in Drosophila (Xiong et al.,
2012) but no human orthologs have yet been identified to the best
of our knowledge.

It is also noteworthy that b2AR-HACE1-mediated
ubiquitylation shows specificity for Rab6a, Rab8a and Rab11a.
This is analogous to our recent discovery of a complex between
the b2AR and Rab geranylgeranyltransferase a that regulates the

prenylation of these three GTPases (Lachance et al., 2011). This
is interesting because Rab6a, Rab8a and Rab11a are functionally
connected in intracellular transport: Rab11 interacts with Rabin8

and stimulates its GEF activity toward Rab8 (Knödler et al.,
2010) and Rab6a-interacting protein 1 links Rab6 and Rab11
function (Miserey-Lenkei et al., 2007). In vitro studies indicate

that Rab6 does not interact with HACE1 (Tang et al., 2011).
However, we observed that HACE1 mediates Rab6a
ubiquitylation. This could be explained by the lack of post-
translational modifications of the purified proteins that prevent

them from interacting in vitro. This is however unlikely because
HACE1 directly interacts with Rab11 in the same conditions
(Tang et al., 2011). It is thus possible that an intermediate is

involved in the interaction between HACE1 and Rab6 to mediate
the ubiquitylation of this small GTPase. Perhaps Rab6a could get
ubiquitylated by HACE1 as part of a functional complex with

Rab11a that remains to be defined.
The fact that HACE1-C876S was able to promote cell surface

expression of b2AR suggests that the protein has functions that

are independent of its E3 ligase activity. HACE1 contains six
putative ankyrin repeat domains usually known for their
scaffolding properties in protein complex assembly (Mosavi et
al., 2004). We recently showed that ankyrin-repeat-containing

proteins can promote export of GPCRs (Parent et al., 2010). It is
thus possible that HACE1 increases cell surface targeting of the
b2AR through protein interactions with its ankyrin repeats.

In summary, our findings provide significant novel insights
into three issues of intracellular trafficking and regulation of Rab
GTPases: (1) Rab GTPases can be ubiquitylated; (2)

ubiquitylation of Rab11a is involved in its activation; and (3)
cargo proteins such as GPCRs, can regulate their own trafficking
by regulating the activity of Rab GTPases through scaffolding
complexes between the Rab GTPases and an E3 ubiquitin ligase.

This could be relevant to human diseases associated with
impaired GPCR trafficking and dysregulation of Rab GTPases.

MATERIALS AND METHODS
Reagents
The monoclonal anti-HA (16B12) and anti-Myc (9E10) antibodies were

from Covance. The polyclonal anti-FLAG, monoclonal FLAGM1-specific

and the polyclonal anti-HACE1 were from Sigma-Aldrich. The mouse

monoclonal IgG1 FLAGM2 antibody was also used as an isotypic control.

The polyclonal anti-Myc (A-14), the anti-HA-probe (Y-11), the anti-

GAPDH antibodies and Protein-G agarose beads were from Santa Cruz

Biotechnology. The monoclonal anti-HA-peroxidase (3F10) was

purchased from Roche Applied Science. The mouse monoclonal anti-

Rab11a was purchased from BD Transduction Laboratories. Anti-mono-

and anti-polyubiquitinylated monoclonal antibodies conjugated to

peroxidase (FK2H) were from Enzo Life Sciences. The anti-Myc-HRP

polyclonal antibody was from Abcam. The anti-active Rab11 antibody

was from NewEast Bioscience. The rabbit monoclonal anti-Rab11a,

Alexa Fluor 546 donkey anti-rabbit, Alexa Fluor 633 goat anti-mouse

antibodies, human transferrin conjugates to Alexa Fluor 546, and

ProLong Gold antifade reagent were purchased from Invitrogen.

Isoproterenol, propranolol and monensin were purchased from Sigma.

An alkaline-phosphatase-conjugated goat anti-mouse antibody and the

alkaline phosphatase substrate kit were purchased from Sigma. Human

holo-Transferrin was a kind gift from the laboratory of Dr Richard Leduc

(Université de Sherbrooke).

Plasmid constructs
The HA-Rab11a-S25N, HA-Rab11a-K145R constructs were prepared

by PCR from the pcDNA3-HA-Rab11a constructs as described

previously (Thériault et al., 2004; Parent et al., 1999). The HA-

Nedd4 construct was purchased from Addgene (plasmid 11426). The

Myc-HACE1 construct was prepared by PCR from the human cDNA

clone template purchased from OriGene (SC107534). The PCR

fragment was digested with BamHI and EcoRI and ligated into the

pcDNA3 vector. The Myc-HACE1-C876S mutant was prepared by

PCR from pcDNA3-Myc-HACE1. The full-length PCR fragment was

digested with BamHI and EcoRI and ligated into the pcDNA3 vector.

Integrity of the coding sequence of these constructs was confirmed by

dideoxy sequencing.

Cell culture and transfection
Human embryonic kidney HEK293 cells were maintained in DMEM

(Dulbecco’s Modified Eagle’s Medium) (Invitrogen) supplemented with

10% (v/v) FBS (fetal bovine serum) at 37 C̊ in a humidified atmosphere

containing 5% CO2. Transient transfection of HEK293 cells grown to 50–

70% confluence were performed using the TransIT-LT1 Reagent (Mirus)

according to the manufacturer’s instructions. Empty pcDNA3 vector was

added to keep the total amount of DNA per plate constant.

Fig. 8. Model for Rab11a activation by b2AR through HACE1-mediated ubiquitylation. Briefly, b2AR interacts with Rab11a dimers (question mark indicates
that Rab11a dimerization is a possibility that remains to be confirmed) and acts as a scaffold to recruit HACE1 (step 1) resulting in the ubiquitylation of
Rab11a (step 2), leading to Rab11a GTP-loading and dimer dissociation (step 3), and ultimately to dissociation from the receptor and activation of effectors
to regulate b2AR recycling (step 4).
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Immunoprecipitation
HEK293 cells were transiently transfected with the indicated constructs

and were maintained as described above for 48 hours. The cells were then

washed with ice-cold PBS and harvested in 300 ml of lysis buffer (150 mM

NaCl, 50 mM Tris-HCl, pH 8.0, 0.5% deoxycholate, 0.1% SDS, 10 mM

Na4P2O7, 1% IGEPAL, and 5 mM EDTA or 1 mM CaCl2 depending on

the antibody used for the assay) or ubiquitylation lysis buffer for

ubiquitylation experiments (50 mM HEPES, pH 7.5, 250 mM NaCl,

2 mM EDTA or 1 mM CaCl2, 0.5% IGEPAL, 1 mM PMSF, 1 mM NaF,

1 mM Na3VO4, 10% glycerol and 10 mM N-ethylmaleimide). Both

buffers were supplemented with protease inhibitors (9 nM pepstatin, 9 nM

antipain, 10 nM leupeptin and 10 nM chymostatin) (Sigma Aldrich).

Immunoprecipitations were then carried out as we described previously

(Lachance et al., 2011; Parent et al., 2010).

Immunofluorescence staining and confocal microscopy
Confocal microscopy was performed to detect the indicated endogenous

or transfected proteins in HEK293 cells using a scanning confocal

microscope (FV1000-Olympus) coupled to an inverted microscope with a

660 oil-immersion objective lens and images were processed using

Fluoviewer 2.0 software (Olympus). Cells were processed as we

described previously (Lachance et al., 2011; Parent et al., 2010).

Measurement of cell-surface receptors
For quantification of expression of cell-surface receptors, 6.56105

HEK293 cells were plated in 24-well plates pre-coated with 0.1 mg/ml

poly-L-lysine (Sigma), transfected with the indicated constructs and then

maintained for an additional 48 hours and then processed for ELISA as

described previously (Hamelin et al., 2005; Lachance et al., 2011; Parent

et al., 2009; Parent et al., 2010; Parent et al., 1999; Thériault et al., 2004).

siRNA assays
The synthetic oligonucleotides ID s33239 and s33240 targeting the

human HACE1 gene, s16703 and s16704 targeting the human RAB11A

gene, and the negative control siRNA (Silencer Negative Control 1,

catalogue number-AM4611) were purchased from Ambion. HEK293

cells were transfected with 10 nM oligonucleotide using the

Lipofectamine 2000 transfection reagent (Invitrogen) according to the

manufacturer’s instructions. Protein expression analysis by western

blotting and ELISA experiments were performed at 72 hours post-

transfection as usual (Lachance et al., 2011; Parent et al., 2010).

DMP antibody crosslinking
For HA-Rab11a purification needed for mass spectrometry experiments,

we generated Protein-G agarose beads DMP (New England Biolabs)

crosslinked to mouse IgG1 anti-HA antibody as described by the

manufacturer. Briefly, 100 ml of Protein-G agarose beads were

resuspended and aliquoted in test tubes. Beads were washed twice with

500 ml of binding buffer (0.1 M sodium phosphate buffer pH 8.0). Then

80 ml of binding buffer and 30 mg of anti-HA antibody were added and

incubated overnight on a rocker at 4 C̊. The following day, beads were

washed three times with 500 ml of binding buffer and twice with 1 ml of

crosslinking buffer (0.2 M triethanolamine, pH 8.2). Subsequently, 1 ml

of fresh DMP solution (15 mM in crosslinking buffer) was added and

crosslinking was allowed for 60 minutes on a rocker at room

temperature. Beads were then washed once with blocking buffer (0.1

M ethanolamine, pH 8.2) and incubated in 1 ml of blocking buffer for

60 minutes on a rocker at room temperature. Beads were washed once

with PBS then unbounded antibodies were eluted twice with 1 ml of

elution buffer (0.1 M glycine pH 2.5). Finally, beads were washed twice

with PBS, resuspended in 50 ml PBS, and stored at 4 C̊ until use.

Protein purification and direct LC-MS/MS analysis
HEK293 cells were plated in five 100 mm Petri dishes at a density of

2.06106 cells per dish. The following day, the cells were transiently

transfected with FLAG-b2AR, HA-Rab11a with or without Myc-HACE1

and then maintained for an additional 48 hours. The cells were then treated

with 0.75 mM of epoxomicin or 0.42% DMSO for 4 hours. Subsequently,

the cells were washed twice with ice-cold PBS and harvested in 1 ml per

dish of ubiquitylation lysis buffer supplemented with protease inhibitors.

After 60 minutes of incubation in lysis buffer at 4 C̊, the lysates were

centrifuged for 30 minutes at 13,500 g at 4 C̊. Lysates were pooled and

pre-cleared with 20 ml of Protein-G agarose beads per ml of lysate for 1 h

on a rocker at 4 C̊ and then pre-cleared again with 20 ml of Protein-G

agarose beads per ml overnight. The following day, 100 ml of Protein-G

agarose beads DMP-crosslinked to mouse IgG1 anti-HA antibody was

added to pre-cleared lysates and incubated overnight on a rocker at 4 C̊.

Beads were then washed three times with lysis buffer, and three times with

50 mM ammonium bicarbonate, pH 7.8, to remove any residual detergent.

Finally, the antibody complex was eluted four times with 100 ml of elution

buffer (0.1 M glycine, pH 2.5), pre-heated to 37 C̊, for 10 minutes on a

rocker at 30 C̊. The eluted fractions were neutralized with 10 ml of Tris-

HCl, pH 8.0. The resulting peptide mixture was analyzed by liquid

chromatography-tandem MS (LC-MS/MS) using a LTQ-XL Linear Ion

Trap Mass spectrometer (Thermo Scientific) as described previously

(Daulat et al., 2012).

Subcellular fractionation
HEK293 cells were grown overnight in 100 mm Petri dishes before being

transfected. Forty-eight hours after transfection, cells were suspended in

1 ml of hypotonic buffer (0.16 PBS) supplemented with protease

inhibitors (9 mM pepstatin, 9 mM antipain, 10 mM leupeptin and

10 mM chymostatin) and incubated on ice for 10 minutes before being

broken with 20–30 strokes of a Dounce homogenizer depending on cell

confluency. 100 ml of 106 PBS was then added to the hypotonic cell

solution to obtain a 16 concentration. Cells were then centrifuged at

3000 rpm for 20 minutes at 4 C̊. Supernatant was conserved and was

centrifugated again at 10,000 rpm for 10 minutes at 4 C̊ to remove

nuclei, unlysed cells and large cell debris. Lysates were then centrifuged

at 100,000 g for 1 hour at 4 C̊ to give supernatant and pellet fractions.

The fractions were subjected to immunoprecipitation and western blot

analysis using specific antibodies.

Densitometry analyses
The densitometry analyses were performed with ImageJ software.

Statistical analysis
Statistical analyses were performed using Prism version 5.0 (GraphPad

Software) using the unpaired or paired Student’s t-test and Two-way

ANOVA test followed by Bonferroni post-tests. Data were considered

significant when *P,0.05, **P,0.01, ***P,0.001, ****P,0.0001.
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M. A., Slipetz, D. and Parent, J. L. (2010). ANKRD13C acts as a molecular
chaperone for G protein-coupled receptors. J. Biol. Chem. 285, 40838-40851.

Pasqualato, S., Senic-Matuglia, F., Renault, L., Goud, B., Salamero, J. and
Cherfils, J. (2004). The structural GDP/GTP cycle of Rab11 reveals a novel
interface involved in the dynamics of recycling endosomes. J. Biol. Chem. 279,
11480-11488.

Pierce, K. L., Premont, R. T. and Lefkowitz, R. J. (2002). Seven-transmembrane
receptors. Nat. Rev. Mol. Cell Biol. 3, 639-650.

Richards, D. and Rutherford, R. B. (1990). Interleukin-1 regulation of
procollagenase mRNA and protein in periodontal fibroblasts in vitro.
J. Periodontal Res. 25, 222-229.

Ritter, S. L. and Hall, R. A. (2009). Fine-tuning of GPCR activity by receptor-
interacting proteins. Nat. Rev. Mol. Cell Biol. 10, 819-830.

Rosa, J. L., Casaroli-Marano, R. P., Buckler, A. J., Vilaró, S. and Barbacid, M.
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Fig. S1: β2AR trafficking in transiently and stably expressing HEK293 cells is comparable. (A)

Cells were treated with 5 µM isoproterenol for the indicated time periods. Quantification of surface

receptors was performed by ELISA. (B) Cells were treated with 5 µM isoproterenol for 60 min at 37°C,

and then incubated in DMEM containing 10 µM propranolol for the indicated time periods to prevent

further internalization and to allow receptor recycling. Receptor cell surface expression was detected by

ELISA and the percentage of receptor recycling was calculated. Results are means ± S.E.M of at least

five separate experiments. The statistical significance was determined using unpaired student t test. No

significant differences were observed.



Fig. S2: The Rab11a-K145R mutant reduces recycling of the human transferrin receptor (hTfR).
(A) hTfR internalization was allowed to occur for 30 min in HEK293 cells transiently expressing
pcDNA3, HA-Rab11a, HA-Rab11a-K145R or HA-Rab11a-S25N that were incubated with Alx546-
labeled transferrin. Cells were then washed, fixed, permeabilized, and labeled with mouse monoclonal
anti-HA antibody. Internalized transferrin-associated fluorescence was quantified and reported in a
graphic as arbitrary units. Results are means ± S.E.M of at least ten separate cells from three separate
experiments. The statistical significance was determined using unpaired student t test. Scale bars, 10µm.
(B) hTfR internalization was allowed to occur for 30 min in HEK293 cells transiently expressing
pcDNA3, HA-Rab11a, HA-Rab11a-K145R or HA-Rab11a-S25N that were incubated with Alx546-
labeled transferrin followed by recycling for 60 min in DMEM supplemented with unlabeled holo-
Transferrin. Cells were then washed, fixed, permeabilized, and labeled with mouse monoclonal anti-HA
antibody. Images were taken and analyzed with the same settings. Intracellular transferrin-associated
fluorescence was quantified and reported in a graphic as arbitrary units. Results are means ± S.E.M of at
least ten separate cells from three different experiments. The statistical significance was determined using
unpaired student t test. Data were considered significant when P values were <0.01 (**), <0.0001(****).
Loss of the red signal is related to hTfR recycling since red-labeled Tf is released extracellularly. Scale
bars, 10 µm.


