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We recently showed that palmi-
toylated Ras proteins (H-Ras and
N-Ras) localize intracellularly at recy-
cling endosomes (REs) and that REs
act as a way-station for Ras proteins as
they move along the post-Golgi exocytic
pathway to the plasma membrane (PM).
Palmitoylation is essential for H-Ras/N-
Ras targeting to REs. H-Ras requires
two palmitoyl groups for RE target
ing. A lack of either or both palmitoyl
groups causes H-Ras to be mislocalized
to the endoplasmic reticulum (ER), the
Golgi apparatus, or the PM. In this com-
mentary, we summarize recent progress
about the Ras trafficking cycle between
the endomembranes (endosomes/ER/
Golgi) and the PM. We further discuss
(1) the critical determinants of RE tar-
geting of lipidated proteins and (2) pos-
sible Ras-mediated signaling pathways
that originate from REs.

Ras Traffic to the PM

Ras proteins are small GTPases that regu-
late cell growth, death and differentiation.
The three ubiquitously expressed Ras iso-
forms, H-, N- and K-Ras, are anchored
to the inner leaflet of the membrane by
two motifs contained in their C-terminal
hypervariable domain.! The first motif,
which is common to all Ras proteins, is
a C-terminal CAAX motif that under-
goes posttranslational modification by
sequential farnesylation, proteolysis and
carboxyl methylation. The second motif
varies between Ras isoforms and is com-
prised of a polybasic domain of 6 lysine
residues for K-Ras, and either one or two
palmitoylation sites for N-Ras (C181) and
H-Ras (C181 and C184). H- and N-Ras
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acquire these lipid modifications at ER/
Golgi while transiting through the exo-
cytic pathway leading to the PM.>? K-Ras,
by virtue of its C-terminal polybasic
domain, is sorted out of the conventional
exocytic pathway and takes an undefined
pathway to the PM that bypasses the
Golgi.?

REs are endosomes that are responsible
for recycling internalized proteins and lip-
ids to the PM.* We showed that REs are
also involved in exocytic membrane traf-
fic’ In many mammalian cells, Golgi and
REs are intermixed around the perinu-
clear region. COS-1 cells (green monkey
kidney cells) have a unique spatial orga-
nization of organelles: REs are exclusively
confined within the ring-shaped structure
of Golgi (“Golgi ring”), and the organelles
associated with degradation [early endo-
somes, late endosomes and lysosomes]
are excluded from inside the Golgi ring.®
By exploiting this feature of COS-1 cells,
we recently showed that palmitoylated
Ras proteins (H-Ras and N-Ras) localize
intracellularly at REs and that REs actasa
way-station for Ras proteins as they move
along the post-Golgi exocytic pathway to
the PM” (Fig. 1).

Ras Translocation from PM
to Endomembranes

Ras proteins at the PM can be translo-
cated to endomembranes (endosomes/
ER/Golgi) by two routes. One involves
endocytosis with membrane carriers. The
biological significance of H-Ras endo-
cytosis is indicated by the observation
that Raf-1 activation is sensitive to the
function of dynamin (a GTPase respon-
sible for clathrin- and caveolae-mediated
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Figure 1. Exocytic pathway of palmitoylated Ras proteins through REs to PM. The sequences of
C-terminal 20-amino acid stretch of Ras proteins, palmitoylation deficient mutants and Rap2 pro-
teins are shown. After the exit from Golgi, H-Ras is first transported to REs, then to PM. A palmitoyl
group on C181 (black) is required to exit Golgi. Without the palmitoyl group on C184 (blue) upon
the exit, mutant H-Ras (H-Ras-C184S) is directly transported to PM. L184 (yellow) can substitute
the palmitoyl group on C184 (H-Ras-C184L can access REs), which explains N-Ras residency on
REs. Rap2 proteins with two palmitoyl groups on C176/C177 are localized at REs.

endocytosis) and Rab5 (a member of Rab
small GTPases that regulate membrane
traffic).®* The putative endocytic mem-
brane carrier for H-Ras was shown to
harbor ADP-ribosylation factor 6 (Arf6),
a member of Arf small GTPases.” H-Ras
and N-Ras can be ubiquitinated, which
promotes their interaction with endosomal
membranes and suppresses Ras-dependent
ERK activation.!” Rabex-5 (also known as
RabGEF1) was recently identified as an E3
ubiquitin ligase for H-Ras." Intriguingly,
the study also found that the Ras effector
RINT is required for Rabex-5-dependent
ubiquitination, suggesting a feedback
mechanism by which Ras activation can
be coupled to its ubiquitination. K-Ras
was shown to be internalized in a clathrin-
dependent fashion and to be transported
along early endosomes, late endosomes
and eventually into lysosomes.'
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The other translocation mechanism
does not involve membrane carriers.
H-Ras and N-Ras at the PM can be depal-
mitoylated.”* Depalmitoylation releases
the proteins back to the cytosol, then the
proteins are subjected to repalmitoylation
at the ER/Golgi. The repalmitoylated Ras
proteins at the ER/Golgi can follow the
exocytic pathway leading to the PM. K-Ras
can also be detached from the PM by phos-
phorylation of S181 within the polybasic
domain.® The K-Ras released into the
cytosol is recruited to the outer mitochon-
drial membrane through its association
with Bcl-X| , which induces apoptosis.

Critical Determinants
for RE Targeting

During our Ras study,” we found that a
20-amino acid stretch at the C terminus
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of H-Ras or N-Ras that contains all of the
lipid modifications (farnesylation and pal-
mitoylation) (Fig. 1) was sufficient for RE
targeting. H-Ras has palmitoyl groups at
two cysteine residues (C181 and C184).
By analysis of the subcellular localiza-
tion of palmitoyl-deficient mutant H-Ras
by introducing serine point mutations,
we found that both palmitoyl groups are
essential for the correct H-Ras targeting
to REs. A monopalmitoylation mutant,
H-Ras CI181S, localized exclusively at
the Golgi, whereas a monopalmitoylation
mutant, H-Ras C184S, localized at the
Golgi and the PM. A null palmitoylation
mutant, H-Ras C181/184S, accumulated
mostly at the Golgi and a small amount
localized at the ER. We further showed
that palmitoylation on C184 can be func-
tionally replaced with L184, since a mono-
palmitoylation mutant, H-Ras CI184L,
localized at REs and the PM, in con-
trast to the localization of H-Ras C184S.
Because L184 on N-Ras was found to be
involved in N-Ras membrane binding,'®!"”
palmitoyl groups and specific amino acid
residues buried in membranes can func-
tion as the RE localization determinant.
M182 may also be important because it (1)
is conserved in H-Ras and N-Ras and (2)
was also shown to be involved in N-Ras
membrane binding.'"

We previously showed that three other
small GTPases (Rap2A, Rap2B and
Rap2C) also localize at REs."® Rap2B is
geranylgeranylated and Rap2A is farne-
sylated,” and Rap2C is assumed to be
farnesylated. All Rap2 proteins have two
cysteines (C176 and C177) upstream
of the CAAX cysteine (C180), and in
Rap2B, C176/C177 were demonstrated
as the sites of palmitoylation (Fig. 1).%°
The palmitoyl-null mutants of Rap2A,
2B and 2C do not localize to REs,'® which
indicates that palmitoylation of Rap2 is
required for RE targeting, as is the case
of H-Ras and N-Ras. Knowing the three-
dimensional structure of the C-terminus
of Rap2 proteins and how it binds to mem-
branes might help to fully understand the
RE targeting determinants of Rap2.

A notable characteristic of REs is
that they have a unique lipid composi-
tion.?! REs purified from MDCK cells
are enriched in the raft lipids sphingo-
myelin and cholesterol as well as in the
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raft-associated proteins caveolin-1 and
flotillin-1. A possible mechanism for the
localization of palmitoylated Ras and
Rap2 to REs is that their C-termini pref-
erentially bind to these raft lipids.

Possible Ras-Mediated Signaling
from REs

By using Ras-binding domain of Raf1 that
binds only to the active form of Ras, we
showed that H-Ras at REs is active.” This
leads to the question: what downstream
signals does Ras activate at REs? Ras can
activate small GTPases, Ral (Ras-like
GTPase) through the action of Ral GEFs
that are direct Ras effectors.?>?* Two Ral
proteins are known, RalA and RalB.
RalA localizes intracellularly at REs and
together with the exocyst complex regu-
lates membrane traffic through REs to the
PM.?*? The exocyst complex consists of
eight subunits (Sec3, Sec5, Sec6, Sec8,
Secl0, Secl5, Exo70 and Exo084),%%?” and
several of which localize at REs.?% Secl0
interacts with GTP-bound Arf6,?® that
also regulate recycling membrane traf-
fic through REs to the PM.**** Another
Ras effector, Rho small GTPase Cdc42, is
involved in membrane traffic/actin regu-
lation,**** and is found mainly at REs/
Therefore, it is tempting to speculate
that Ras-mediated signaling from REs is
tightly connected to a variety of mem-
brane trafficking pathways through REs.
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