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Background: Ral GTPases are downstream effectors for Ras oncogenic activity.
Results: RalA ubiquitination is regulated at lipid rafts, and ubiquitinated RalA regulates lipid raft exposure at the plasmamembrane.
Conclusion: Ubiquitination represents a novel post-translational modification of Ral GTPases determining RalA subcellular
localization and impacting raft trafficking.
Significance: Exploration of the mechanisms of Ral GTPase post-translational modification is crucial to our understanding of
Ras-driven signaling in tumorigenesis.

Ras GTPases signal by orchestrating a balance among several
effector pathways, of which those driven by the GTPases RalA
and RalB are essential to Ras oncogenic functions. RalA and
RalB share the same effectors but support different aspects of
oncogenesis. One example is the importance of active RalA in
anchorage-independent growth and membrane raft trafficking.
This study has shown a new post-translational modification of
Ral GTPases: nondegradative ubiquitination. RalA (but not
RalB) ubiquitination increases in anchorage-independent con-
ditions in a caveolin-dependentmanner andwhen lipid rafts are
endocytosed. Forcing RalAmono-ubiquitination (by expressing
a protein fusion consisting of ubiquitin fused N-terminally to
RalA) leads to RalA enrichment at the plasma membrane and
increases raft exposure. This study suggests the existence of an
ubiquitination/de-ubiquitination cycle superimposed on the
GDP/GTP cycle of RalA, involved in the regulation of RalA
activity as well as in membrane raft trafficking.

RalA and RalB GTPases are downstream effectors for many
Ras-mediated biological functions and are indispensable to Ras
oncogenic activity (1–3).AlthoughRalA andRalB are 82% iden-
tical and share a set of effectors, they contribute in very differ-
ent ways to cell (patho)physiology. RalA is required for anchor-
age-independent proliferation and tumor growth, whereas
RalB participates in cancer cell survival and metastasis forma-

tion (1, 4), although these roles may be very context-dependent
(5, 6). RalA is involved in apicobasal cell polarization (7) and
RalB in cell motility (8–10) and autophagy (11). Finally, RalA
and B act during different phases of cytokinesis. This temporal
difference is based at least in part on their different spatial dis-
tribution, together with the action of their activators, the Ral-
GEFs (12). What drives the specific localization of RalA and B
and their relationship to specific functions remains elusive.
Phosphorylation of RalA andBby different kinases (13–15) is

a mechanism that contributes to driving their specific activa-
tion and localization. Here, we have explored whether ubiquiti-
nation, another major post-translational modification, takes
place on RalA or B, and, if so, under which circumstances and
for what purpose. Ubiquitination is important for proteasome-
mediated protein degradation in the ubiquitin proteasome sys-
tem, but also for other processes, including protein activation,
localization, and interactions (see examples in Refs. 16–18). It
is noteworthy that the proto-oncogenes H-Ras and N-Ras are
ubiquitinated (18, 19), and this ubiquitination markedly dis-
rupts the balance between plasma and endomembrane localiza-
tion of Ras, favoring the latter and disfavoring signal transduc-
tion toward ERK1/2 (18, 20, 21). We show here that the
endogenous RalA and RalB GTPases are ubiquitinated, which
contributes to selective membrane localization. RalA (but not
RalB) de-ubiquitination occurs in lipid raft microdomains and
promotes raft endocytosis upon loss of cell-matrix interactions.

EXPERIMENTAL PROCEDURES

Cell Culture, DNA, and siRNA—HeLa cells were cultured as
described previously (22). Plasmid and siRNA transfections
were performed using Jet-PEI (Polyplus Transfection) and Hi-
perfect (Qiagen), according to supplier protocols, respectively.
siRNA for caveolin was a pool of four siRNAs from Qiagen.
A vector (pRK5-Ubi)8 to express proteins fused by their N

terminus to ubiquitin was generated by inserting an oligonu-
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cleotide encoding ubiquitin in the polylinker of plasmid pRK5.
In the resulting plasmid pRK5-Ubi, the ubiquitin coding region
is followed by a polylinker containing unique sites for EcoRI,
BamHI, XbaI, SalI, PstI, and HindIII (frame gaa ttc gga tcc tct
aga gtc gac ctg cag aag ctt). Coding regions for 3�FLAG-RalA
and 3�FLAG-RalB (12) were amplified by polymerase chain
reaction (PCR) and cloned between the BamHI and PstI sites of
pRK5-Ubi.
Inhibitors—Inhibition of the proteasome was performed

using 10 mM MG132 or ALLN for 4 h. Inhibition of lysosomes
was performed using a combination of the inhibitors E-64 and
pepstatin at 10 mg/ml and 50 mM, respectively, for 4 h. Inhibi-
tion of ubiquitination was achieved using the E1 inhibitor
PYR41 at 50 mM for 6 h. Inhibition of dynamin-1 and -2 was
performed with Dynasore (80 mM for 30 min). Destruction of
lipid rafts was performed by treating cells with 15 mM methyl-
b-cyclodextrin for 30 min. All inhibitors were purchased from
Sigma.
Immunoprecipitation—Cell lysis was performed using a

radioimmune precipitation assay buffer (150 mM NaCl, 0.1%
Nonidet P-40, 0.1% SDS, protease inhibitors, 50 mMNaF, 1 mM

NaVO3, and 50 mM Tris-HCl, pH 8). Lysates were mildly soni-
cated. Immunoprecipitation of vesicular stomatitis virus- or
HA-tagged ubiquitin was carried out with vesicular stomatitis
virus (Abcam) or HA antibody (Roche Applied Science)
according to standard procedures. Sepharose G and A beads
were purchased from GE Healthcare. The bound proteins and
whole cell extracts were analyzed by immunoblotting with the
antibodies detecting the following proteins: RalA (BD 610222),
RalB (Upstate 04-037; Cell Signaling 3523), b-catenin (BD
610154), caveolin-1 (BD 610060), and FLAG epitope (Sigma
F1804). Secondary antibodies coupled to peroxidase were
obtained from Jackson Laboratories and used at a dilution of
1/25,000.
Cobalt Affinity Chromatography—Purification of ubiquiti-

nated proteins was performed according to published proce-
dures (23). In short, HeLa cells were transfected with expres-
sion vectors encoding a His6-tagged-ubiquitin (His6-Ubi)
and/or Ral alleles. Then, 10 � 106 cells were lysed for the puri-
fication of ubiquitinated overexpressed proteins, and 20 � 106
cells for the purification of ubiquitinated endogenous ones.
Cells were harvested in buffer B (PBS, pH8, 6M guanidiumHCl,
0.1% Nonidet P-40, 10 mM b-mercaptoethanol), lysed by soni-
cation (cycles of 30 s for 15min at 200W;Bioruptor, diagenode)
and incubated for 4 h at 4 °C with 100 ml of TALON metal
affinity beads (Clontech; 1:1 slurry equilibrated in buffer B).
Prior to purification, a 100-ml aliquot of the lysate was precip-
itated with 10% ethanol to eliminate buffer B and resuspended
in 50 ml of sample buffer 2�. The resin was washed once with
buffer B, twice with buffer 1B/2C (1 volume of buffer B, 2 vol-
umes of buffer C), once in buffer 1B/3C (1 volume of buffer B, 3
volumes of buffer C), and once in buffer C. Buffer C is 0.1%
Nonidet P-40, 5% glycerol, and 20 mM imidazole in PBS, pH 8.
Proteins were eluted with 100 ml of sample buffer supple-
mented with 200 mM DTT.

For those experiments concerning the impact of adhesion on
ubiquitination, 10 � 106 transfected cells were plated on a
10-cm dish coated with 1% agarose (cells in suspension) for 90

min and afterward on fibronectin (25 mg/ml), where cells were
allowed to adhere for 20 min prior to lysis and purification.
Immunofluorescence, Cholera Toxin B (CTX), and Transfer-

rin Labeling—For RalA localization, cells were fixed and per-
meabilized with cold methanol for 10 min followed by 1 min in
cold acetone at -20 °C. After saturation in 3% BSA in PBS for 30
min at 37 °C, they were incubated with anti-FLAG antibody
(1/1,000 in 0.3% BSA in PBS) for 1 h at 37 °C. Cy3-coupled
anti-mouse antibody and DAPI diluted in 0.3% BSA in PBS
were incubated for 1 h at 37 °C. Coverslips weremounted using
ProLong (Invitrogen).
The “t0” point cells were placed on ice for 20 min to inhibit

endocytosis and incubated with CTX coupled to Alexa Fluor
488 (15 mg/ml; Molecular Probes) and transferrin coupled to
Alexa Fluor 647 (10 mg/ml; Molecular Probes) for 20 min at
4 °C. Finally, cells were fixed with 3.7% paraformaldehyde
(PFA) for 10 min. In t � 40 min, cells were shifted from ice to
37 °C for 40min prior to fixingwith 3.7%PFA for 10min at 4 °C.
All cells were permeabilized using 0.1% Triton X-100 in PBS
solution for 10 min on ice and processed for immunofluores-
cence as above. Cells in suspension were treated as adherent
cells for CTX labeling and fixed with 3.7% PFA before being
cytospun on slides. Imageswere acquired on an invertedmicro-
scope (model DMIRE2; Leica) equipped with a cool CCD cam-
era (CoolSNAP HQ). The Z-positioning was accomplished
using a piezoelectricmotor, and stackswere processed and ana-
lyzed using the Metamorph software.

RESULTS

Ral GTPases Are Ubiquitinated, but Not for Degradation—We
determinedwhether RalA andRalB can undergo ubiquitination
in vivo (Fig. 1). Plasmids expressing Ral and His-tagged ubiqui-
tin were transfected into HeLa cells together and separately as
controls. Cobalt affinity chromatography was used to purify
ubiquitin conjugates, followed by Western blotting to detect
RalA and RalB, as done previously for Ras GTPases (18). In Fig.
1A, Western blot analysis using specific anti-Ral antibodies
revealed two RalA and RalB ubiquitin-conjugated species: a
major ubiquitinated band at 42 kDa and a minor ubiquitinated
band at 35 kDa (arrowheads). These bands were not detected
when His-tagged ubiquitin or Ral GTPases were expressed
alone in the cells and disappeared when the experiments were
performed in the presence of the E1 ubiquitin-activating
enzyme inhibitor PYR41 (24) (supplemental Fig. 1A). Ubiquiti-
nation of RalA mutants deleted of the C-terminal domain
required for Ral membrane localization (RalA �Cterm) was
strongly decreased (supplemental Fig. 2C). HA-fused ubiquitin
was also coexpressed with RalA or RalB, and ubiquitinated pro-
teins were immunoprecipitated with anti-HA antibodies. Both
RalA and B were detected in these immunoprecipitates and
displayed patterns similar to those obtained by affinity chroma-
tography (Fig. 1B). Ral ubiquitination was neither cell type- nor
species-specific. It was observed in murine cells (hamster
HET-SR fibroblasts (25) and CHO cells) as well as in human
ones (HeLa (Fig. 1) andHEK293 (data not shown)). Considering
that a single ubiquitin molecule is ~8 kDa, Ral (25 kDa) was
ubiquitinated mostly by one (minor band at ~35 kDa) or two
ubiquitin moieties (major band at ~42 kDa), but higher molec-
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ular mass species were also observed (Fig. 1A). To distinguish
between poly-ubiquitination (a second ubiquitin attached to a
lysine of the first ubiquitin, attached directly to Ral) and multi-
ubiquitination (a second ubiquitin attached directly to Ral), a
plasmid expressing a vesicular stomatitis virus G-tagged ubiq-
uitin mutated on all lysines (K0-ubiquitin) was used. Supple-
mental Fig. 1B shows that the same pattern of Ral ubiquitina-
tion was observed with both wild-type and K0-ubiquitin. The
second ubiquitin is therefore not attached to the first one.
When bi-ubiquitinated, the twoubiquitins are directly attached
to Ral on different lysines. Poly-ubiquitination targets proteins
for proteosomal degradation. Cells were treated with protea-
some inhibitors MG132 or ALLN and lysosomal degradation
inhibitors pepstatin � E64 or (Fig. 1C) leupeptin (data not
shown). �-Catenin, which is known to be degraded after ubiq-
uitination, accumulated in cells treated with MG132 or ALLN,
whereas Ral never changed. Taken together, these results show
that RalA and B undergo multi-ubiquitination in vivo and their
ubiquitination does not regulate protein degradation.

Ral GTPase Ubiquitination Is Dependent on Raft Traf-
ficking—To ascertain whether the ubiquitination of Ral was
dependent on its activation, we tested dominant active RalA
mutants (G23V) and two dominant negative mutations (S28N
and G26A). RalA G23V was more ubiquitinated than wild-type
RalA, but theG26A and S28Nmutants showed opposite behav-
iors, with the formermore and the latter less ubiquitinated than
wild type (supplemental Fig. 2B). Similar results were obtained
for RalB (data not shown). RalGTPase activity therefore did not
modulate their ubiquitination.
Subsequent investigation concerned the link between Ral

GTPase ubiquitination and function. RalA has been reported to
support anchorage-independent growth (2). In nonadherent
cells, RalA promotes membrane raft exocytosis to sustain pro-
liferative signaling (26). Exogenous Ral GTPase ubiquitination
status was therefore explored in nonadherent versus adherent
cells. First, the ubiquitination of exogenous Ral GTPases was
analyzed. Cells overexpressingRalAorRalB togetherwithHis6-
Ubi were grown in adherent conditions or in suspension for

FIGURE 1. Ral GTPases are ubiquitinated, but not for degradation. A, exogenously expressed RalA and RalB were ubiquitinated. Lysates from HeLa cells
overexpressing His6-Ubi and/or RalA or RalB were subjected to affinity chromatography purification on cobalt beads followed by immunodetection using
anti-RalA or RalB antibodies after SDS-PAGE and blotting (IB). Whole lysate contents were analyzed by immunoblotting with the indicated antibodies (cell
lysate). Black and gray arrowheads indicate the mono- and bi-ubiquitinated forms of Ral, respectively. B, exogenously expressed Ral GTPases immunoprecipi-
tates with HA-ubiquitin. Lysates from HeLa cells overexpressing RalA or RalB and/or HA-ubiquitin were subjected to HA immunoprecipitation (IP) followed by
immunoblotting with the indicated antibodies. Whole lysates were analyzed as in A. C, ubiquitination of Ral GTPases was not a signal for degradation. HeLa cells
were treated with dimethyl sulfoxide (DMSO), MG132 (10 �M), ALLN (10 �M), or E64 and pepstatin (10 �g/ml and 50 �M, respectively) for 6 h. Whole cell extracts
were analyzed by immunoblotting with anti-RalA or anti-RalB antibodies. Ratios between �-actin and RalA or RalB are indicated above the lanes. No increase
in the quantity of RalA or B was detectable under these conditions. The regulation of cellular quantities of Ral GTPases did not rely on proteasome or lysosome
degradation.
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48 h (Fig. 2A). Nonadherent cells displayed a substantial and
reproducible 2-fold increase in RalA ubiquitination (Fig. 2A).
No variation in the ubiquitination level of RalB was detected
under these conditions (Fig. 2A).

When cells are detached from their substrate, lipid rafts are
internalized. Upon reattachment to the matrix, rafts are exocy-

tosed for surface display using the RalA/Sec5 pathway (26). To
test whether RalA ubiquitination might be regulated by raft
trafficking or adhesion, RalA ubiquitination was investigated
within the time frame of raft internalization (90 min of suspen-
sion) and re-exposure (20 min of re-adhesion). To avoid any
effects of overexpressed RalA in cell adhesion, it was decided to
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follow endogenous RalA ubiquitination (Fig. 2C). Conditions to
detect endogenous Ral GTPase ubiquitination were previously
established (Fig. 2B and supplemental Fig. 2A). By doubling the
cell number (20 � 106) used for purification (compare experi-
ments in Figs. 1 and 2B), it was possible to detect amajormono-
ubiquitinated endogenous RalA band at 35 kDa and a weaker
bi-ubiquitinated band at 42 kDa, suggesting that endogenous
RalA is mostly mono-ubiquitinated. The bi-ubiquitinated band
at 42 kDa increased in highly exposed blots (supplemental Fig.
2A), but higher exposure also revealed nonspecific 50-kDa
bands. The proportion of mono-ubiquitinated endogenous
RalA among RalA proteins increased by a 1.5 factor in cells
detached from the substrate for 90 min (Fig. 2C) and returned
to steady-state levels after 20 min of cell re-adhesion (Fig. 2C),
when rafts are also re-exposed on the plasmamembrane. These
observations indicated that endogenous RalA ubiquitination
was up-regulated upon cell detachment from the substrate and
perhaps also upon raft endocytosis.We also confirmed that the
activation of endogenous RalA did not regulate its ubiquitina-
tion because serum stimulation induced no change in endoge-
nous RalA-ubiquitinated 35-and 42-kDa bands (supplemental
Fig. 2A). Lipid raft endocytosis has been reported to be depend-
ent on caveolin-1 and dynamin-2 (27, 28). Caveolin-1 was
depleted in His6-Ubi-expressing HeLa cells. The purification of
endogenous ubiquitinated RalA was less efficient in RNAi-
treated cells, but it was possible to detect the mono-ubiquiti-
nated RalA band increasing 1.5-fold in siControl cells detached
from the matrix compared with adherent cells (Fig. 2D). siCa-
veolin-1-treated cells showed a RalA ubiquitination inhibited
by 80% in both adherent and nonadherent cells compared with
siControl cells (Fig. 2D). When dynamin-2 was inhibited with
the chemical inhibitor dynasore, decrease in endogenous RalA
ubiquitination was also observed (Fig. 2E). Because RalA was
less ubiquitinated when rafts were at the plasma membrane,
one possibility could be that RalA is de-ubiquitinated in rafts at
the plasma membrane. This hypothesis is supported by the
observation that when raft structures were destroyed (by treat-
ing cells for 30min withmethyl-�-cyclodextrin, which extracts
cholesterol) (29), endogenous RalA ubiquitination was

increased 1.5-fold (Fig. 2F). We conclude that lipid rafts at the
plasma membrane are required for RalA de-ubiquitination.
De-ubiquitination of RalA Is Required for Raft Endocyto-

sis—To explore the role of RalA ubiquitination, efforts were
devoted to identifying the lysine(s) of Ral that are subjected to
ubiquitination. By changing all 21 RalA lysine residues into
arginine one by one, it was found that several lysines on RalA
could serve as ubiquitination sites (supplemental Table 1).
Ubiquitinated RalA was detected in all combinations with the
exception of the variant in which all lysines were mutated (data
not shown). These results showed that Ral can be ubiquitinated
on several lysines, but precluded any genetic approach to
unraveling the functional significance of Ral ubiquitination.
It was therefore decided to use a constitutively ubiquitinated

form of Ral in which the ubiquitin moiety was fused via a pep-
tide bound to the N terminus of RalA or RalB. This approach
has been successfully employed elsewhere for functional stud-
ies of Ras ubiquitination (18). Three FLAG epitopes were
inserted between ubiquitin and the Ral protein, leading to a
protein with a topology of N-ubiquitin-3�FLAG-Ral-C. The
3�FLAG-RalA and ubiquitin-3�FLAG-RalB fusions served as
controls. These Ubi-Ral constructs were consistently highly
overexpressed as fusion proteins, suggesting, as expected, that
they are not sensitive to de-ubiquitin hydrolases (data not
shown). As shown in Fig. 3A and as previously published, RalA
was observed at the plasma membrane as well as in endomem-
branes (30). By contrast, Ubi-RalA was almost totally absent
from the cytoplasm and mainly localized at the plasma mem-
brane. However, RalB was observed on endomembranes and at
the plasma membrane, whereas Ubi-RalB was absent from the
cytoplasm but accumulated in internal punctate structures of
400–900nm in size (Fig. 3A). The different impacts of ubiquitin
fusions on RalA and RalB localization strongly support the
notion that ubiquitin fusion itself does not drive nonspecific
protein localization and suggest that the ubiquitination of RalA
is a signal for plasma membrane targeting or stabilization.
To track the fate of rafts as a function of Ral ubiquitination

status, the CTX receptor GM1 was used as a marker of lipid
rafts, and transferrin receptor as a marker of clathrin-coated

FIGURE 2. Endogenous RalA ubiquitination increases in nonadherent cells and is regulated by raft endocytosis. A, exogenously expressed RalA, but not
RalB, was more ubiquitinated in nonadherent cells than in adherent ones. HeLa cells overexpressing RalA or RalB with or without (the first two lanes) His6-Ubi
were seeded in plates coated (�) or not (�) with agarose to prevent adhesion. After 48 h, cells were lysed, and cell extracts were subjected to affinity
chromatography purification on cobalt beads for ubiquitinated proteins. Ubiquitinated forms of RalA and RalB were detected by Western blotting (IB).
Arrowheads indicate the mono- (black) and bi-ubiquitinated (gray) forms of Ral. The quantification of mono-ubiquitinated bands was performed, with the ratio
between the intensity of mono-ubiquitinated Ral and total Ral shown to be significantly different between adherent cells and cells in suspension (**, p � 0.01;
RalA, n � 4; RalB, n � 3). B, ubiquitination of endogenous RalA. HeLa cells expressing His6-Ubi (�) or not (�) were lysed, and cell extracts were subjected to
affinity chromatography purification on cobalt beads to analyze endogenous RalA ubiquitination. Arrowheads indicate the mono- (black) and bi-ubiquitinated
(gray) forms of RalA. C, endogenous RalA was more ubiquitinated in nonadherent cells. HeLa cells expressing His6-Ubi were seeded for 90 min in plates coated
with agarose (SUSP) or in adherent conditions (ADH) or in plates coated with agarose (90 min) followed by 20 min on fibronectin-coated plates (20 �g/ml) (SUSP
90/ADH 20) before being harvested, and cell content was submitted to affinity chromatography for purification of ubiquitinated proteins. Empty vector was
used as a specificity control on the first lane. The quantification of mono-ubiquitinated bands was performed, and the ratio between the intensity of mono-
ubiquitinated Ral and total Ral was shown to be significantly different between adherent cells and cells in suspension (*, p � 0.05, n � 3). D, caveolin depletion
reduced RalA ubiquitination. Adherent or nonadherent HeLa cells expressing His6-Ubi or not (lane 1) were treated with siControl (siLuc) or siCaveolin-1 and
analyzed for RalA ubiquitination. The arrowhead indicates the mono-ubiquitinated RalA band. Caveolin depletion is shown. Quantification of mono-ubiquiti-
nated bands was performed, and the ratio between the intensity of mono-ubiquitinated RalA and total Ral was calculated. The ratio was set up as 1 in
siLuc-treated cells. In both situations (adherent cells as well as cells in suspension), RalA ubiquitination was substantially and significantly decreased when
caveolin-1 was depleted (**, p � 0.01, siCaveolin-1 versus siLuc, n � 3). E, blocking endocytosis reduced RalA ubiquitination. HeLa cells expressing His6-Ubi or
not (lane 1) were treated for 30 min with dimethyl sulfoxide (�) or dynasore (100 �M), and the ubiquitination of RalA was analyzed. F, disruption of lipid raft
increased Ral ubiquitination. HeLa cells expressing His6-Ubi were treated with methyl-�-cyclodextrin (M�CD) (15 mM, 30 min). Empty vector transfection was
used as a control in the first lane. RalA ubiquitination was analyzed as in A, and the increase in ubiquitinated RalA in cells treated with methyl-�-cyclodextrin was
found to be statistically significant (*, p � 0.05, n � 3).
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vesicles (31). Lipid rafts were found scattered in low quantities
at the plasma membrane of control cells either not transfected
or transfected with plasmids expressing ubiquitin alone (data

not shown) or FLAG-RalA (Fig. 3B; upper panel, t � 0). By
contrast, lipid rafts were dramatically enriched at the plasma
membrane of cells expressing Ubi-RalA (Fig. 3B; t � 0) but not

FIGURE 3. Ubi-RalA fusion protein localized at the plasma membrane and inhibited endocytosis of lipid rafts. A, Ubi-RalA was enriched at the plasma
membrane. HeLa cells expressing FLAG-RalA, FLAG-RalB, Ubi-FLAG-RalA, or Ubi-FLAG-RalB were fixed with methanol. FLAG proteins were detected using the
anti-FLAG M2 antibody and FITC-conjugated secondary anti-mouse antibodies. Exposure times were identical under all four conditions. Scale bars represent 5
�m. Arrowheads and arrows point to examples of the indicated Ral at the plasma membrane and on endomembranes, respectively. B, Ubi-RalA inhibited
endocytosis of lipid rafts. HeLa cells expressing FLAG-RalA or Ubi-FLAG-RalA in adherent (upper panel) or nonadherent conditions (lower panel) were incubated
at 4 °C with cholera-toxin coupled to Alexa Fluor 488 (15 �g/ml) and transferrin coupled to Alexa Fluor 647 (10 �g/ml) for 20 min. Cells were fixed with PFA
either immediately (t0) (upper and lower panels) or after restoration of endocytosis by incubating cells 40 min at 37 °C (t40). After extensive washing, cells were
permeabilized and FLAG-Ral proteins were detected using the anti-FLAG M2 antibody to control cell transfection. To carefully follow CTX signal on the entire
Z of cells, we took stack images by using the same exposure parameters within the different conditions. Images in both panels are the results of Z-projection
representative of three independent experiments. It should be noted that the detection of RalA at the plasma membrane required cells to be fixed with
methanol, which did not allow for detection of bound CTX. In the fields displayed here, all cells expressed the exogenous Ral constructs (data not shown).
Arrowheads and arrows indicate examples of CTX enrichment at the plasma membrane and on endomembranes, respectively. C, Ubi-RalA was bound to GTP.
HeLa cells were transfected with plasmids expressing the indicated forms of RalA. Twenty-four hours later, cells were lysed. Lysates were split into equal parts,
with each part submitted to affinity chromatography using equal amounts of GST fused to the Ral-binding domain of Sec5 (7) and GST as control. Proteins
bound to the column were analyzed by Western blotting (IB). For each form, the quantity of protein bound to GST alone was subtracted from the amount
bound to GST-Sec5. Evaluation of the relative binding between alleles was obtained by dividing this number by the quantity detected in whole cell lysates. If
RalA G23V is considered as 100% bound to GTP, Ubi-RalA was then bound at 96%. *, endogenous RalA; **, FLAG-RalA; ***, Ubi-FLAG-RalA. Note that Ubi-FLAG-
RalA can be degraded and lose its ubiquitin moiety. Tfr, transferrin.
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Ubi-RalB (supplemental Fig. 3). The endocytosis of lipid rafts
was then followed upon expression of RalA, RalB, Ubi-RalA,
and Ubi-RalB. After binding of CTX-Alexa Fluor 488 to the
ganglioside receptor GM1 at 4 °C, cells were washed and then
shifted at 37 °C, and GM1 localization was observed 40 min
later. In both nontransfected cells and cells transfected to
express Ubi alone (data not shown), RalA (Fig. 3B, upper panel,
t � 40), or RalB (supplemental Fig. 3), CTX was found to be
predominantly internalized as “normal.” In contrast, cells
expressing Ubi-RalA did not internalize GM1: almost all of the
CTX-Alexa Fluor 488 fluorescence was detected at the plasma
membrane (Fig. 3B; t� 40). Transferrin receptorwas tracked in
the same cells using transferrin-Alexa Fluor 647. The abun-
dance of transferrin receptor at the plasma membrane and its
internalization were not affected by the expression of Ubi-RalA
(Fig. 3B), demonstrating the specificity of the effect of ubiquiti-
nated RalA on lipid rafts. When Ubi-RalB was expressed, levels
of labeled CTX and transferrin, as well as their localization and
dynamics, were also equivalent to control (supplemental Fig. 3),
indicating that the effect on lipid rafts was specific to ubiquiti-
nated RalA.
Ubi-RalA was also sufficient to inhibit GM1 internalization

in suspension cells (Fig. 3B, lower panel). These results suggest
that the de-ubiquitination of RalA is required for the endocy-
tosis of lipid rafts.
Interplay between Ubiquitination and Activation of Ral—

Because RalA-GTP is known to promote raft exposure (26),
testingwas performed to determinewhether Ral ubiquitination
impacted Ral activity. The quantities of GTP-bound forms of
RalA, RalB, Ubi-RalA, and Ubi-RalB were tested using a stand-
ard pulldown methodology (32). It was observed that the ubiq-
uitinated form of RalA (Fig. 3C) was extremely enriched in
GTP. If RalA G23V is considered 100% bound to GTP, Ubi-
RalA was then bound at 96%. Ubiquitination therefore seemed
to favor Ral activation. An ubiquitination/de-ubiquitination
cycle could be superimposed on theGDP/GTP cycle of RalA for
the regulation of membrane raft trafficking.
The Effect of Ubiquitinated RalA in Rafts IsMediated by Exo-

cyst Complex Components—Effector loopmutants of Ubi-RalA
have been generated, which selectively impair interactions of
Ral with RalBP1, Sec5, Exo84, and Sec5 plus Exo84 (mutations
49N, 38R, 48W and 49E, respectively) (7, 33–35). These
mutants were tested for impact on Ubi-RalA enrichment at the
plasma membrane and promotion of lipid raft surface localiza-
tion. As shown in Fig. 4A, all mutants were enriched at the
plasma membrane. Furthermore, 38R, 48W, and 49N did not
impairUbi-RalA enrichment of CTX signal at the plasmamem-
brane (Fig. 4B). However, Ubi-RalA 49E, which loses interac-
tion with both Exo84 and Sec5, was inactive in this assay. Inter-
action with both Exo84 and Sec5 exocyst subunits is therefore
likely required to mediate the effects of Ubi-RalA.
These results were confirmed using siRNA-mediated deple-

tion of Ral effectors in cells expressing Ubi-RalA. Compared
with control, no substantial decrease of lipid raft enrichment
was detected at the plasmamembrane, as driven by the expres-
sion of Ubi-RalA, when RLIP76, Sec5, or Exo84 was depleted.
Depletion of Sec5 or Exo84 alone did not impair the Ubi-RalA
enrichment of theCTX signal at the plasmamembrane (Fig. 4C,

upper panel), whereas depletion of both Sec5 and Exo84 sup-
pressed the CTX signal enrichment induced by Ubi-RalA (Fig.
4C, t � 0). The endocytosis of lipid rafts at t � 40 min was then
followed, as shown in Fig. 3B (Fig. 4C, t � 40). Ubi-RalA was
overexpressed in cells transfected by control siRNA-inhibited
lipid raft endocytosis (Fig. 4C, t � 40), as can be seen in Fig. 3
(Fig. 3B, t � 40 min), whereas depletion of Sec5 or Exo84 alone
was sufficient to suppress this inhibition. These results suggest
a different contribution of exocyst subunits to the UbiRalA-de-
pendent exposure/internalization cycle of lipid rafts.

DISCUSSION

The nondegradative ubiquitination of proteins introduces a
degree of diversity to their biological functions by increasing
their repertoire in terms of activity, localization, and/or inter-
action. In this study, we show that the RalA and RalB GTPases,
two critical participants in Ras-driven oncogenesis (36, 37), are
ubiquitinated proteins binding mainly one and occasionally
two ubiquitin moieties. In particular, it was found that this
modification could selectively modulate RalA and RalB local-
ization and played a key role in the RalA regulation of lipid raft
dynamics at the plasma membrane.
Ubiquitination Is a Signal Localizing RalA to the Plasma

Membrane—Despite high sequence similarity and common
effectors, RalA and RalB support different aspects of oncogen-
esis and cell homeostasis. In cytokinesis, we proposed that the
different functions of RalA and RalB are correlated to a regu-
lated subcellular localization (12). RalA and RalB subcellular
localization have also been suggested to exhibit different
impacts on oncogenesis (14, 38).However, themanner inwhich
RalA and RalB achieve and maintain their different localiza-
tions is still poorly understood. Assuming that Ubi-Ral fusions
mimic the physiological effect of ubiquitination, data from this
investigation indicated that one function of ubiquitination was
to direct RalA, but not RalB, to its plasma membrane destina-
tion. Ubi-RalAwas not sensitive to de-ubiquitin hydrolases and
was enriched at the plasmamembrane. If ubiquitination targets
RalA to the plasma membrane, de-ubiquitination might be
responsible for delocalizing RalA from it.
RalA De-ubiquitination Occurs in Raft Microdomains and

Regulates Raft Endocytosis—RalA ubiquitination increased in
nonadherent cells, where raftmicrodomainswere endocytosed,
and decreased when cells re-adhered and rafts were re-exposed
to the plasma membrane. Loss of raft microdomains at the
plasma membrane therefore caused an increase in RalA
ubiquitination, whereas blocking raft endocytosis caused a
decrease. This suggests that RalA is de-ubiquitinated in raft
microdomains.
The expression of Ubi-RalA fusion protein induced an accu-

mulation of raft microdomains at the plasma membrane. Ral
ubiquitination and raft trafficking seemed to regulatemutually.
Mutants unable to interact with RalBP1, Exo84, or Sec5 were
not impaired in theUbi-Ral capacity to force lipid raft exposure
at the plasma membrane, as opposed to mutants unable to
interact with either Sec5 or Exo84. Exocyst complex mediated
the Ubi-RalA effect on lipid rafts, and the two Ral effectors
Exo84 and Sec5 appeared to compensate for one another. This
was supported by the impact of the depletion of Sec5, Exo84, or
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both. The silencing of both subunits was required to abolish
Ubi-RalA-induced raft exposure. Interestingly, membrane tar-
geting of Ubi-RalA did not require interaction with its effectors
involved in endocytosis and exocytosis. Mutants unable to
interact with the exocyst complex or RalBP1 successfully
reached the plasma membrane. We propose the existence of a
molecular choreography in which ubiquitination targets RalA
to the plasma membrane, where it is de-ubiquitinated in raft
microdomains. In this scenario, RalA de-ubiquitination would
be necessary for raft dynamics via Sec5 and Exo84.
Ubi-RalA induced lipid raft plasmamembrane accumulation

in nonadherent cells as well. RalA ubiquitination may play a
role in promoting raft exocytosis of tumoral nonadherent cells,
as does active RalA (26). However, because Ral ubiquitination
was not influenced by Ral activation, it could be argued that the
cycle of ubiquitination/de-ubiquitination is superimposed on
the GDP/GTP RalA cycle. The ubiquitination/de-ubiquitina-
tion cycle represents a novel post-translational modification of
Ral GTPases determining RalA subcellular localization and raft
trafficking, and which could have a major impact on tumor
growth. One might speculate that the E3 ligase(s) responsible
for RalA ubiquitination should support RalA function in raft
exocytosis and contribute positively to anchorage-independent

growth and tumorigenesis. In return, the de-ubiquitin hydro-
lases with ubiquitinated RalA as a target would then be tumor
suppressors.
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