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Plasma membrane proteins that are internalized independently of clathrin, such as major histocompatibility complex
class I (MHCI), are internalized in vesicles that fuse with the early endosomes containing clathrin-derived cargo. From
there, MHCI is either transported to the late endosome for degradation or is recycled back to the plasma membrane via
tubular structures that lack clathrin-dependent recycling cargo, e.g., transferrin. Here, we show that the small GTPase
Rab22a is associated with these tubular recycling intermediates containing MHCI. Expression of a dominant negative
mutant of Rab22a or small interfering RNA-mediated depletion of Rab22a inhibited both formation of the recycling
tubules and MHCI recycling. By contrast, cells expressing the constitutively active mutant of Rab22a exhibited prominent
recycling tubules and accumulated vesicles at the periphery, but MHCI recycling was still blocked. These results suggest
that Rab22a activation is required for tubule formation and Rab22a inactivation for final fusion of recycling membranes
with the surface. The trafficking of transferrin was only modestly affected by these treatments. Dominant negative mutant
of Rab11a also inhibited recycling of MHCI but not the formation of recycling tubules, suggesting that Rab22a and
Rab11a might coordinate different steps of MHCI recycling.

INTRODUCTION

Endocytosis encompasses a variety of processes that cells
use to internalize plasma membrane proteins and lipids, and
extracellular molecules. There are two main classes of endo-
cytosis: clathrin-dependent and clathrin-independent (Ni-
chols and Lippincott-Schwartz, 2001; Johannes and Lamaze,
2002; Conner and Schmid, 2003). Molecules traveling
through the clathrin-dependent pathway are internalized
via small endocytic vesicles coated by clathrin. After uncoat-
ing, the endosomal vesicles fuse with the early endosomal
compartment and the itinerant proteins and lipids are either
transported to the late endosomes/lysosomes to be de-
graded or recycled back to the plasma membrane (Gruen-
berg and Maxfield, 1995; Bonifacino and Traub, 2003; Max-
field and McGraw, 2004).

Clathrin-independent endocytosis ranges from pinocyto-
sis to macropinocytosis and phagocytosis, which are stimu-
lated, actin-driven processes (Watts, 1997; Aderem and Un-
derhill, 1999; Chimini and Chavrier, 2000). We have shown
that several molecules lacking the AP-2 localization signal,
such as major histocompatibility complex class I (MHCI), the
alpha-subunit of the interleukin-2 receptor (Tac), integrins,
and GPI-anchored proteins, traffic through a clathrin-inde-
pendent, Arf6-associated endocytic pathway (Radhakrishna
and Donaldson, 1997; Brown et al., 2001; Naslavsky et al.,
2003, 2004). Such molecules are internalized from the PM via
nonclathrin-derived structures that subsequently fuse with
the early endosomes containing clathrin-derived cargo pro-

teins. From there, MHCI can proceed to the late endosomes/
lysosomes for degradation or be recycled back to the plasma
membrane (PM) independently from the cargo traveling
through the clathrin-dependent pathways (Caplan et al.,
2002; Naslavsky et al., 2003). Although many molecules have
been identified and characterized as regulators of the clath-
rin-dependent pathway (Clague, 1998; Miaczynska and Ze-
rial, 2002; Pfeffer, 2003), very little is known about the reg-
ulation of the clathrin-independent pathways. We reasoned
that the machinery regulating processes such as sorting,
fission, and fusion in the clathrin-independent pathway
might share common elements with the clathrin-dependent
pathway and involve molecules belonging to one of the class
of proteins already shown to have a role in endocytosis, e.g.,
adaptors, coat proteins, soluble N-ethylmaleimide–sensitive
factor attachment protein receptors, and, in particular, Rab
GTPases.

Rab proteins are Ras-related GTPases that are key regu-
lators in many steps of the endocytic process (Chavrier and
Goud, 1999; Somsel Rodman and Wandinger-Ness, 2000;
Segev, 2001; Seabra et al., 2002). Rab5 regulates the fusion of
endocytic vesicles with early endosomes and regulates
transport of early endosomes along microtubules (Nielsen et
al., 2000; Zerial and McBride, 2001). Rab4 and Rab11 are
involved in the recycling of clathrin cargo, such as trans-
ferrin receptor (TfnR), from the endosomes to the PM (van
der Sluijs et al., 1992; Ullrich et al., 1996; Schlierf et al., 2000;
de Wit et al., 2001). Recent findings suggest that Rab11a also
may play a role in the recycling of nonclathrin-derived cargo
back to the plasma membrane (Powelka et al., 2004). Rab7 is
involved in trafficking from early endosomes to late endo-
somes/lysosomes (Press et al., 1998), and Rab 9 regulates
trafficking from late endosomes to the trans-Golgi network
(Lombardi et al., 1993; Barbero et al., 2002). Rab15 has been
localized to clathrin-derived endosomes and regulates recy-
cling (Zuk and Elferink, 2000), and, more recently, Rab22a
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has been suggested to act at multiple levels in the endocytic
pathway (Mesa et al., 2001; Kauppi et al., 2002).

In this study, we investigated whether any members of
the Rab family would localize to or regulate the clathrin-
independent/Arf6-associated endocytic pathway. We show
that both endogenous and overexpressed Rab22a are local-
ized on the MHCI-containing, recycling endosomal tubules
that lack TfnR. Overexpression of Rab22a and mutants im-
paired in the GTP cycle inhibited recycling of MHCI to the
PM, whereas trafficking of clathrin-dependent cargo pro-
teins (e.g., transferrin, Tfn) was not affected. The inhibition
of recycling correlated with alterations in the morphology of
MHCI-containing endosomes. Furthermore, modulation of
cellular levels of Rab22a achieved either by overexpression
of Rab22a or by small interfering RNA (siRNA)-mediated
depletion impaired the recycling of MHCI to the PM and
affected the formation of tubular structures. Interestingly,
overexpression of dominant negative mutants of Rab11a
inhibited MHCI recycling to the PM without affecting the
tubular morphology of the recycling intermediates. Our data
indicate that Rab22a and Rab11a specifically regulate differ-
ent steps in the recycling of cargo protein that has entered
the cell independently of clathrin.

MATERIALS AND METHODS

Cells, Reagents, and Antibodies
HeLa, Cos7, and A431 cells were grown in DMEM as described previously
(Brown et al., 2001), whereas Caco2 cells were grown under the same condi-
tions but using Eagle’s Minimum Essential Media. Latrunculin A (LatA) and
saponin were from Sigma-Aldrich (St. Louis, MO). Mouse monoclonal anti-
body to human MHCI (W6/32) was described previously (Naslavsky et al.,
2003). Cy3-conjugated anti-MHCI (W6/32) antibody was prepared with Flu-
orolinkM antibody Cy3-labeling kit (Amersham Biosciences, Piscataway, NJ).
Rabbit polyclonal antibody to Arf6 was described previously (Song et al.,
1998). Monoclonal antibodies against Rab5, EEA1, and GM130 were from BD
Biosciences (Palo Alto, CA). The polyclonal antibody against Rab4 used for
immunofluorescence was a generous gift from Dr. Peter van der Sluijs (Utre-
cht University, Utrecht, The Netherlands). The affinity-purified rabbit poly-
clonal antibody against Rab4 used for immunoblotting was from Santa Cruz
Biotechnology (Santa Cruz, CA). Rabbit polyclonal and mouse monoclonal
antibodies directed against Rab11 and TfnR, respectively, were from Zymed
Laboratories (South San Francisco, CA). Polyclonal antibody against actin was
from Sigma-Aldrich. Tfn conjugated to Alexa 488, 594, and 633 and all
secondary antibodies conjugated to 594, 488, and 647 were from Molecular
Probes (Eugene, OR).

Plasmids and Transient Transfections
Green fluorescent protein (GFP)-Rab5, GFP-Rab4, GFP-Rab7, and their mu-
tants were from Dr. R. Lodge (University of Quebec, Laval, Quebec, Canada).
GFP-Rab-14, GFP-Rab-21 and their mutants were from Dr. James Cardelli
(Louisiana State University, Shreveport, LA). GFP-Rab15 and mutants were
from Dr. Lisa Elferink (University of Texas Medical Branch, Galveston, TX).
GFP-Rab11a and GFP-Rab11b were from Dr. James Goldenring (Medical
College of Georgia, Augusta, GA). Canine Rab22a and mutants were from Dr.
V. Olkkonen (National Public Health Institute, Helsinki, Finland) and were
subcloned into the BamHI site of either the pEGFP-C1 vector (BD Biosciences
Clontech, Palo Alto, CA) or the pFLAG-cmv6 (Sigma-Aldrich), placing the
GFP and FLAG tags on the N terminus of the protein. Arf6 and mutants are
in pXS plasmid (Radhakrishna and Donaldson, 1997). For transfection, cells
were plated and transfected the next day using FuGene (Roche Diagnostics,
Indianapolis, IN). Experiments were performed 16–20 h after transfection.

Polyclonal Antibody against Rab22a
The carboxy terminus of human Rab22a differs from the carboxy terminus of
other members of the Rab family. A peptide corresponding to a stretch of 16
amino acids located at the carboxy terminus of the human Rab22a (resi-
due170–185, DANLPSGGKGFKLRRQ) was conjugated to KLH via a cysteine
residue added to the amino-terminal end of the peptide. Rabbits were immu-
nized with the conjugate, and the serum was collected and tested for Rab22a
immunoactivity and compared with preimmune serum collected before im-
munization (Zymed Laboratories).

Electrophoresis and Immunoblotting
HeLa cells were grown on 15-cm petri dishes. After the appropriate treatment
(transfection, siRNA treatment, etc.), cells were washed three times in cold
phosphate-buffered saline (PBS), harvested by using a tissue culture cell
scraper, and pelleted by centrifugation at 4°C (1200 � g for 10 min). Pellets
were solubilized in sample buffer, and samples containing 15–20 �g of protein
were separated by 10–20% SDS-PAGE, transferred to nitrocellulose paper,
and probed with the appropriate antibody.

Immunofluorescence, Confocal Analysis, and Time-Lapse
Imaging
Cells were plated on glass coverslips and transfected the next day. For uptake
of Tfn, untransfected cells were serum starved for 30 min at 37°C in DMEM
containing 0.5% bovine serum albumin, and then 5 �g/ml fluorescently
labeled Tfn was added. Internalization of MHCI monoclonal antibody (W6/
32) was performed as described previously (Brown et al., 2001). Cells were
fixed with 2% formaldehyde/PBS at room temperature for 10 min and stained
in blocking solution (PBS containing 10% fetal calf serum and 0.2% saponin).
The internalized antibodies were visualized with the appropriate secondary
antibodies. All images were obtained using a 510 LSM confocal microscope
(Carl Zeiss, Thornwood, NJ) with 63� Plan Apo objective as described
previously (Naslavsky et al., 2003). Acquisition of figures was accomplished in
Adobe Photoshop 5.5. Live cell images were acquired every 6 s, at 37°C, by
using CO2-independent media (Invitrogen, Carlsbad, CA). Videos were gen-
erated using MetaMorph (Universal Imaging, Downingtown, PA).

Scoring of MHCI-containing Tubules and Peripheral
Vesicles
After the internalization of MHCI, cells were fixed and processed for immu-
nofluorescence as described above. Sample were analyzed with an epifluo-
rescence photomicroscope (Carl Zeiss) with a 63�/1.4 Plan Apo chromate
objective. Transfected cells were first identified on the 488 channel and then
analyzed switching to the 594 channel. Fifty to 100 cells per coverslip (two
coverslips per condition) were scored for the presence of MHCI-containing
tubular structures and MHCI-containing peripheral vesicles. The percentage
of cells having either tubules or peripheral vesicles was calculated and ex-
pressed as percentage of the nontransfected cells (control). Data are averages
of two or three independent experiments � SEM.

Recycling Assay for MHCI and Transferrin
To measure MHCI recycling to the plasma membrane, HeLa cells were grown
on glass coverslips and incubated on ice for 30 min with the W6/32 antibody
directed against MHCI. Cells were then washed with ice-cold medium to
remove the unbound antibody and incubated at 37°C in the presence of 1 �M
LatA. At the end of the internalization, the antibody that was not internalized
was removed by stripping with a low pH buffer (0.5% acetic acid, 0.5 M NaCl,
pH 3.0). Cells were washed twice in PBS and twice in DMEM, and then
incubated at 37°C for 30 min (unless otherwise specified) with complete
medium to allow the recycling of MHCI. A set of cells were processed
immediately after the washing steps (time 0). To reveal the surface pool of
MHCI, a set of coverslips were fixed at the end of the incubation and
incubated with a 594-Alexa–conjugated antibody directed against mouse IgG
(594-GAM). To reveal the internal pool of MHCI, another set of coverslip were
treated again with the low pH buffer, fixed, and incubated with a 594-GAM
in the presence of 0.2% saponin. The amount of MHCI at the surface or inside
the cell was estimated as follows: 30–50 cells/coverslip were randomly se-
lected and imaged using a 510 LSM confocal microscope (Carl Zeiss) with a
40� plan Apo objective. The pinhole was completely open, and all the images
were taken with identical acquisition parameters, those previously optimized
for the fluorescent signals to be in the dynamic range. Under these conditions,
the amount of MHCI is proportional to the total fluorescence. For each
channel the total fluorescence of each individual cell was measured using
LSM image examiner (version 3.01; Carl Zeiss). “Recycled MHCI” was calcu-
lated by expressing the surface MHCI as a percentage of the total MHCI (sum
of the internal and the surface MHCI) with background subtracted (recycled
MHCI at time 0).

To measure the recycling of Tfn, cells were serum starved for 30 min at 37°C
in DMEM containing 0.5% bovine serum albumin and 5 �g/ml Alexa 595-Tfn
(594-Tfn) were internalized for 30 min. At the end of the internalization, cells
were stripped of the noninternalized Tfn as described above and incubated in
complete medium for different times. Cells were fixed, and the amount of
594-Tfn inside the cell was estimated as described for MHCI and expressed as
percentage of the Tfn at time 0. Recycled Tfn at a given time was calculated
as the difference between the percentage of Tfn at time 0 (100%) and the
percentage of internal Tfn left at a given time.

siRNA Depletion
HeLa cells were seeded on a 10-cm dish and grown in complete medium
without antibiotics. The first treatment was performed after 24 h. For each
dish, 24 �l of Oligofectamine were added to 66 �l of Opti-MEM (Invitrogen),
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and the solution was incubated for 5–10 min at room temperature. This was
mixed with a second solution containing 970 �l of Opti-MEM plus 300 pmol
of siRNA. The mixture was incubated at room temperature for 15–20 min and
added to the cells. After 72 h, the cells were trypsinized, diluted 1:10, and
seeded in a 10-cm dish with or without coverslips. Then, after 6 h, the second
treatment with siRNA was performed, and cells were used after an additional
72 h. The target sequence for the human Rab22a (AAGGACUACGCCGACU-
CUAUU) was designed using the QIAGEN software available at http://
www1.qiagen.com/siRNA/ and was synthesized as Option C siRNA by
Dharmacon (Lafayette, CO).

RESULTS

Rab22a Localizes on Nonclathrin-derived Endosomes
We examined whether any of the Rab proteins known to
have a role in endosomal trafficking colocalized with the
nonclathrin-derived endosomal pathway. Due to the lack
of good immunological reagents suited to detect endoge-
nous Rab proteins, we transiently transfected HeLa cells
with various GFP-tagged Rabs (Rab4, Rab5, Rab7, Rab11a,
Rab11b, Rab14, Rab15, Rab21, Rab22a, and Rab25) be-
cause, in most instances, the GFP tag does not affect either
the localization or the function of the Rab proteins (Son-
nichsen et al., 2000). To label the clathrin-independent and

the clathrin-dependent endosomal systems, respectively,
Rab-transfected cells were allowed to internalize an anti-
body directed against MHCI and Alexa-633– conjugated
Tfn (633-Tfn) for 30 min. In control cells (either untrans-
fected or transfected with the empty GFP vector), MHCI
was localized 1) in vesicular endosomes located in the
perinuclear area that contained Tfn (Figure 1, top, inset),
hereafter referred to as the merge compartment
(Naslavsky et al., 2003); 2) in tubular recycling endosomes
devoid of Tfn emanating from the perinuclear area and
occasionally observed originating from endosomal struc-
tures which contained Tfn (Figure 1, top, arrowheads);
and 3) in vesicular structures clustered at the cell periph-
ery and devoid of Tfn (Figure 1, top, arrows). In 40 – 60%
of the cells, the tubular endosomes extended for several
micrometers from the juxtanuclear region, whereas in the
other cells tubules were much shorter (our unpublished
observations). These long tubular structures were not an
artifact of fixation or specimen processing because they
also could be visualized by time-lapse imaging of living
cells (see below). The reason why long tubules were not
seen in all cells is not clear.

Figure 1. MHCI colocalizes with GFP-Rab22a on tubular endosomes. HeLa cells were transiently transfected with either GFP (top),
GFP-Rab5 (middle), or GFP-Rab22a (bottom) for 20 h and then incubated for 30 min at 37°C in the presence of an antibody against MHCI
and 633-Tfn and processed for confocal microscopy as described in MATERIALS AND METHODS. Arrowheads point to MHCI-containing
tubules, and arrows point to MHCI-containing peripheral vesicles. Insets show a magnification of the juxtanuclear area where MHCI
endosomes also contain Tfn (merge compartment). Bar, 10 �m.
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When overexpressed at a low level, most of the Rabs
did not affect the morphology of either the clathrin-inde-
pendent or the clathrin-dependent pathway. Rab5 (Figure
1, middle) and to a minor extent Rab4, Rab14, and Rab21
(our unpublished observations) were localized on the
merge compartment (Figure 1, middle, inset), but were
not present on the MHCI-containing endosomes devoid of
Tfn (tubules and peripheral vesicles; Figure 1, middle,
arrows and arrowheads). Rab7, Rab15, and Rab25 did not
colocalize with MHCI under these experimental condi-
tions (our unpublished observations). Rab11a and Rab11b
occasionally localized to the MHCI-containing tubular
endosomes and only partially overlapped with the merge
compartment (our unpublished observations). Strikingly,
Rab22a showed a distinct, overlapping pattern. At low
level of expression Rab22a colocalized with MHCI in the
tubules and in the peripheral vesicles that were both
devoid of Tfn (Figure 1, bottom, arrows and arrowheads)
and occasionally localized with MHCI and Tfn in the
merge compartment (Figure 1, bottom, inset). Similar re-
sults were obtained overexpressing Rab22a in other cell
types (e.g., Cos7 and A431; our unpublished data) or
overexpressing Rab22a tagged with either a myc or a
FLAG tag (our unpublished observations).

Next, we examined whether endogenous Rab22a also
localized on the nonclathrin-derived endosomes and to
this aim, we generated a polyclonal antibody directed
against the carboxy terminus of human Rab22a (see MA-
TERIALS AND METHODS). The Rab22a antiserum was
first tested by immunoblotting lysates from either FLAG-
Rab22a–transfected or nontransfected HeLa cells. In un-
transfected cells, the antiserum recognized a single band
of the predicted molecular size for Rab22a (Figure 2A,
lane 1). The band was not detected by Rab22a antiserum

that was preincubated with the immunizing peptide (Fig-
ure 2A, lane 3) or by preimmune serum (Figure 2A, lane
5). The Rab22a antibody detected the overexpressed pro-
tein, which ran at a slightly higher molecular weight due
to the FLAG tag (Figure 2A, lane 2, asterisk), but did not
recognize any of the other Rabs overexpressed as controls
(our unpublished observations). Similar results were ob-
tained with lysates derived from other cell types and
tissues (Cos7, A431, and bovine brain; our unpublished
observations).

Next, we examined whether the Rab22a antibody could
specifically label Rab22a in cells. Importantly, the Rab22 anti-
serum detected the overexpressed Rab22a, but did not recog-
nize any of the other Rab proteins that were overexpressed as
controls (our unpublished observations). Nontransfected HeLa
cells that had internalized MHCI and 633-Tfn for 30 min were
probed with the Rab22a antiserum. The endogenous Rab22a
localized on both the tubular endosomes and the vesicles at the
cell periphery, which contained MHCI but did not contain Tfn
(Figure 2B, inset), and only occasionally did we observe label-
ing of the merge compartment. The labeling of the endosomal
structures was neither detected by preimmune serum nor by
the Rab22a antiserum that was preincubated with the immu-
nizing peptide (Figure 2C).

Because Rab11a and Rab11b also were occasionally local-
ized on the MHCI-containing tubules, we checked whether
the endogenous Rab11 also was present on these structures.
MHCI-containing tubules but not other MHCI-containing
endosomes were indeed occasionally labeled by an affinity-
purified antibody directed against Rab11a (Volpicelli et al.,
2002). However, the extent and frequency of the labeling
was much lower than by Rab22a antibody (our unpublished
observations).

Figure 2. Detection of endogenous Rab22a
with a specific antibody. (A) Lysates from non-
transfected (lanes 1, 3, and 5) and FLAG-
Rab22a-transfected (lanes 2, 4, and 6) HeLa
cells were probed with a Rab22a-antiserum in
the absence (lanes 1 and 2) or in the presence
(lanes 3 and 4) of the peptide against which the
antiserum was raised, or with the preimmune
serum (lanes 5 and 6). The asterisk denotes the
position of the FLAG-tagged Rab22a protein.
(B) Nontransfected HeLa cells were fixed and
stained with either the Rab22a antiserum in
the presence or the absence of the peptide
against which the antiserum was raised, or
with a preimmune serum. Bar, 10 �m. (C)
Nontransfected HeLa cells were incubated
with antibody against MHCI and 633-Tfn for
30 min as described in Figure 1, and after
fixation, probed with the Rab22a-antiserum
followed by the Alexa-488 goat anti-rabbit IgG.
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Rab22a Is Associated with the Recycling Endosome and
Not the Incoming Clathrin-independent Endosome
The tubular endosomes containing MHCI also have Arf6
associated with them and have been implicated in the recy-
cling of MHCI back to the PM (Radhakrishna and Donald-
son, 1997; Caplan et al., 2002; Naslavsky et al., 2003). Because
Arf6 is associated with both the incoming and outgoing
transport carriers of this clathrin-independent endosomal
system, we examined where Rab22a was localized with
respect to Arf6 and its mutants. We used expression of
GFP-Rab22a to visualize Rab22a because it localized simi-
larly to endogenous Rab22a with the exception that GFP-
Rab22a also localized to the merge compartment (see DIS-
CUSSION). Additionally, GFP-Rab22 had the advantages of
a strong fluorescent signal and better resolution. In cells
expressing wild-type Arf6, GFP-Rab22a colocalized with
Arf6 on the tubular endosomal membranes and on periph-
eral vesicles that accumulated at the periphery of the cells
(Figure 3, top), but it did not colocalize with Arf6 on the PM,
where Arf6 is believed to be in its active, GTP-bound form
(Figure 3, top, arrowheads). Expression of the constitutively
active mutant of Arf6 (Arf6-Q67L) blocks the clathrin-inde-

pendent endosomal pathway shortly after internalization; it
causes the Arf6 early endosomal structures to undergo fu-
sion, leading to the accumulation of large vacuolar struc-
tures, enriched in phosphatidylinositol bisphosphate and
actin, that trap Arf6 and cargo molecules (Brown et al., 2001;
Naslavsky et al., 2003). Under these conditions, both the
convergence of the nonclathrin-derived endosomes with the
early endosomes and the recycling to the plasma membrane
are inhibited (Naslavsky et al., 2003; our unpublished data).
Remarkably, GFP-Rab22a did not associate with the vacu-
oles formed in cells expressing Arf6-Q67L (Figure 3, mid-
dle). Furthermore, GFP-Rab22a–labeled tubules were no
longer observed and the number of Rab22a-labeled periph-
eral vesicles was significantly decreased. Conversely, in cells
expressing the inactive, dominant negative mutant of Arf6
(Arf6-T27N), GFP-Rab22a was localized predominantly on
the Arf6-labeled tubules, and fewer peripheral vesicles also
were observed (Figure 3, bottom). In all of the cells, the
prominent juxtanuclear distribution of GFP-Rab22a repre-
sents the merge compartment that also contained the trans-
ferrin receptor (our unpublished observations), and as men-
tioned above, this localization is not observed for the
endogenous protein. Endogenous Rab22a localized on the
Arf6-labeled tubules in both Arf6 wt- and Arf6 T27N-ex-
pressing cells, whereas it was not localized onto the vacuoles
in Arf6-Q67L–expressing cells (our unpublished observa-
tions). These data suggest that Rab22a is not associated with
Arf6 at the PM or on early endosomal structures, but rather
on the outgoing recycling arm of the pathway.

To confirm that Rab22a is associated with MHCI on out-
going recycling structures and not on incoming early endo-
somes, we compared internalization at early and late times.
MHCI and 633-Tfn were internalized for 5 min in HeLa cells
that were transiently transfected with GFP-Rab22a. As de-
scribed previously, after 5 min of uptake, MHCI and Tfn
were found on distinct endosomes, mostly vesicular in na-
ture (Naslavsky et al., 2003) that were not labeled by GFP-
Rab22a (Figure 4A, inset). Tubules and peripheral vesicles
that were labeled with GFP-Rab22a were mostly devoid of
both MHCI and Tfn (Figure 4A, arrowheads). A similar
experiment was performed using time-lapse imaging. Movie-
1 (see Supplementary Information) and Figure 4B show a
cell transfected with GFP-Rab22a after the addition of an
antibody against MHCI that was conjugated to Cy3 (Cy3-
MHCI). At early time points, MHCI-containing endosomes
occurred close to the PM and at the bottom of the cell (Figure
4B, 1� and inset). These pleiomorphic structures were not
labeled with GFP-Rab22a, and none of the GFP-Rab22a-
labeled tubules and vesicles contained any MHCI. After 5
min, some Rab22a-labeled tubules seemed to contain MHCI
and also some vesicular structures in the perinuclear area
(Figure 4B, 5�, 10�, and 20�, and insets). The amount of MHCI
in GFP-Rab22a tubules increased over time. The overexpres-
sion of GFP-Rab22a did not alter either the kinetics of inter-
nalization or the morphology of the MHCI tubules com-
pared with the adjacent nontransfected cell. In Movie 2 (see
Supplementary Information), the movement of GFP-
Rab22a–labeled tubules from the perinuclear area to the cell
periphery is shown along with the disappearance of the
tubules in the cluster of peripheral vesicles. In some cases,
tubules are seen breaking down into small vesicles before
fusion.

Together, these data suggest that Rab22a associates with
the nonclathrin-derived cargo at a later stage of the endo-
cytic processes, after the convergence of nonclathrin derived
endosomes with the early endosomes, and during recycling.

Figure 3. GFP-Rab22a is not localized on the vacuoles accumu-
lated in Arf6-Q67L–expressing cells. HeLa cells were cotransfected
with GFP-Rab22a and either Arf6-wt (top), Arf6-Q67L (middle), or
Arf6-T27N (bottom). Cells were probed with a polyclonal antiserum
directed against Arf6 followed by the Alexa-594-goat anti rabbit
IgG. Arrowheads point to region of the PM where Arf6 does not
colocalize with GFP-Rab22a. Bar, 10 �m.
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Expression of Rab22a-S19N Inhibits the Formation of
Tubular Recycling Endosomes Containing MHCI
Because Rab22a is localized on the recycling endosomes, we
wondered whether its activity might regulate recycling. To
address this question, we used two mutants of Rab22a that
are impaired in the GTP cycle: Rab22a-Q64L, defective in GTP
hydrolysis, and Rab22a-S19N, defective in GTP binding (Mesa
et al., 2001; Kauppi et al., 2002). HeLa cells were transiently
transfected with either GFP-Rab22a-Q64L or GFP-Rab22a-
S19N and allowed to internalize MHCI antibody and 633-Tfn
for 30 min. Rab22a-Q64L localized to tubular structures and
peripheral vesicles that contained MHCI but not Tfn (Figure

5A). The phenotype was almost identical to that of the wild-
type protein, although larger MHCI-containing structures
could be observed at the periphery, and the number of cells
showing MHCI- and Rab22a-positive tubules was significantly
increased (Figure 5B).

Strikingly, in cell expressing Rab22a-S19N, tubular struc-
tures and vesicles at the cell periphery were no longer ob-
served (Figure 5, A and B), and MHCI and Tfn were clus-
tered in the perinuclear area in a compartment (Figure 5A,
arrowheads) that was labeled by an antibody against Rab11a
but not by an antibody against Rab4 (our unpublished ob-
servations). Rab22a-S19N was localized to the cytoplasm

Figure 4. Rab22a is associated with the re-
cycling endosomes and not with the incom-
ing, nonclathrin-derived endosomes. (A)
HeLa cells overexpressing GFP-Rab22a were
allowed to internalize an antibody against
MHCI and 633-Tfn for 5 min. Cells were fixed
and processed for confocal microscopy as de-
scribed in MATERIALS AND METHODS.
Arrowheads point to tubules and peripheral
vesicles that are labeled with GFP-Rab22a but
do not contain either MHCI or Tfn. Inset
shows that MHCI- and Tfn-containing endo-
somes are not labeled with GFP-Rab22a. (B)
HeLa cells were transfected with GFP-
Rab22a, and after 24 h cy3-conjugated MHCI
was added to the medium (time 0�). Cells
were immediately imaged as described in
MATERIALS AND METHODS (movie avail-
able as Supplementary Information), and im-
ages acquired at different times are shown in
this figure. Insets show the color-merged co-
localization of cy3-MHCI and GFP-Rab22a at
different times from the same area indicated
by the box in the top panel. Bars, 10 �m.
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Figure 5. Expression of Rab22a mutants alters the morphology of the MHCI-containing endosomes and inhibits recycling of MHCI, but not
of Tfn, back to the plasma membrane. (A) HeLa cells transfected with either GFP-Rab22a-Q64L or GFP-Rab22a-S19N were loaded with
antibody to MHCI and 633-Tfn and processed as described in Figure 1. Bars, 10 �m. (B) HeLa cells were transfected as indicated, loaded with
antibody to MHCI as described in legend to Figure 1, and scored as described in MATERIALS AND METHODS for the presence of
MHCI-containing tubules (closed bars) or MHCI-containing peripheral vesicles (open bars). Data are averages of three independent
experiments � SEM. (C) HeLa cells were allowed to internalize MHCI in the presence of LatA for 30 min at 37°C. At the end of the
internalization, the surface MHCI was stripped by mild acid washing, and cells were then incubated for different times with complete
medium in the absence (open circles) or in the presence of 1 �M LatA (closed circles). Recycling was estimated as described in MATERIALS
AND METHODS. Data are averages of two independent experiments � SEM. (D) HeLa cells were allowed to internalize 594-Tfn for 30 min.
At the end of the internalization, surface Tfn was stripped and cells were incubated for different times at 37°C in complete medium in the
absence (open circles) or in the presence of 1 �M LatA (closed circles). Recycling was estimated as described in MATERIALS AND
METHODS. Data are averages of two independent experiments � SEM. (E) HeLa cells either nontransfected (control) or transfected as
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and to a structure in the perinuclear area (Figure 5A) that
colocalized with GM130, a marker for the Golgi apparatus
(our unpublished observations and previously reported by
Kauppi et al., 2002). At low levels of expression of either the
wild type or mutants of Rab22a, we did not observe any
effect on Golgi morphology (our unpublished observations).
However, the Golgi became fragmented upon high expres-
sion of wild-type or Q64L mutant of Rab22a (our unpub-
lished observations) as had been observed previously
(Kauppi et al., 2002).

Expression of Rab22a and Its Mutants Inhibits the
Recycling of MHCI but Not Tfn to the PM
Because Rab22a is localized on MHCI tubules that were
suggested to mediate the recycling of MHCI to the PM
(Radhakrishna and Donaldson, 1997; Caplan et al., 2002) and
the overexpression of GFP-Rab22a-S19N significantly re-
duced the number of tubules in HeLa cells, we examined
whether Rab22a was required for recycling of MHCI back to
the PM. Recycling of MHCI was estimated by measuring the
amount of MHCI reappearing at the PM after its accumula-
tion in the recycling compartment (Radhakrishna and
Donaldson, 1997; see MATERIALS AND METHODS). We
previously showed that treatment of cells with cytochalasin
D, an inhibitor of actin polymerization, reversibly inhibits
MHCI recycling causing MHCI to accumulate in the tubular
endosomes (Radhakrishna and Donaldson, 1997). In these
experiments, we used LatA, another actin inhibitor, to accu-
mulate MHCI in the tubular endosomes because LatA was
less toxic to the cell. Figure 5C (white circles) shows the time
course of the reappearance of MHCI to the surface with the
maximal amount of recycling occurring at �30 min. Strik-
ingly, the continuous presence of LatA in the medium sig-
nificantly inhibited recycling of MHCI (Figure 5C, black
circles), whereas it had no effect on the recycling of Tfn
(Figure 5D).

To study the effect of Rab22a and its mutants on the
recycling of MHCI, HeLa cells were transiently transfected
with GFP-Rab22a wt, GFP-Rab22a-Q64L, or GFP-Rab22a-
S19N, and the amount of recycled MHCI was estimated as
described above. Expression of the dominant negative mu-
tant of Rab22a, S19N, resulted in a significant inhibition in
recycling of MHCI compared with nontransfected or GFP-
transfected controls (Figure 5E, solid bars). Expression of the
constitutively active mutant Q64L also inhibited recycling as
potently as S19N mutant (Figure 5E, solid bars), suggesting
that both activation and inactivation of Rab22a was required
for recycling of MHCI. Some inhibition of MHCI recycling
also was observed in cells expressing wild-type Rab22a (Fig-
ure 5E, solid bars). Notably, neither Rab22a nor its mutants
affected the recycling of Tfn to the PM (Figure 5E, open
bars), as had been reported previously (Kauppi et al., 2002).

Rab22a seems to specifically regulate the recycling of
MHCI to the plasma membrane. The inhibition of recycling
caused by overexpression of Rab22a and its mutants was not
due to an effect on the internalization of MHCI (our unpub-
lished observations) or an inhibition of fusion between
MHCI-containing and clathrin-derived endosomes. We did
not observe any qualitative (Figure 5A) or quantitative (our
unpublished observations) difference in the fusion between
the MHCI-containing and the transferrin-containing endo-
somes. The lack of effect of Rab22a constructs on the inter-
nalization of both MHCI and Tfn (our unpublished obser-
vations) is consistent with the fact that neither the
endogenous nor the overexpressed Rab22a were localized
on the incoming endosomes at early times of internalization
(Figures 3 and 4 and Movie 1).

siRNA-mediated Depletion of Rab22a Delays MHCI
Recycling to the PM
Overexpression of Rab22a and its mutants affects recycling
of MHCI. Surprisingly, both the “active” (wt and Q64L) and
the “inactive” (S19N) forms of Rab22a impaired recycling.
The impairment could be due to the perturbation of the GTP
cycle of Rab22a, cellular levels of Rab22a, or to the seques-
tration of some GEF or GAP that Rab22a might have in
common with other Rab proteins. To determine whether
endogenous Rab22a regulates recycling, HeLa cells were
treated with a siRNA directed against Rab22a to reduce the
endogenous levels of Rab22a, as described in MATERIALS
AND METHODS. The efficiency of Rab22a depletion was
first assessed by immunoblotting. In siRNA-treated cells,
Rab22a was depleted below the detection level, whereas
other proteins (namely, Rab4, Rab5, Rab11, Arf6, TfnR, and
actin) were not affected (Figure 6A). The siRNA-treated cells
had normal morphology and could be grown for several
passages in the presence of the siRNA. In siRNA-treated
cells, labeling with the Rab22a-antiserum was greatly dimin-
ished (Figure 6B) and when Rab22a-depleted cells were
allowed to internalize cy3-MHCI and 633-Tfn, the percent-
age of cells showing MHCI-containing tubular structures
and peripheral vesicles was significantly reduced, as previ-
ously seen when Rab22a-S19N was expressed (compare Fig-
ures 5B and 6C). The trafficking of Tfn was not impaired,
and the morphology of other organelles in both the secretory
(Golgi and endoplasmic reticulum) and the endocytic path-
way (early endosomes and lysosomes) was not affected (our
unpublished observations). Recycling of MHCI back to the
PM also was measured in siRNA-treated cells. The recycling
of MHCI to the PM was substantially inhibited, whereas the
recycling of Tfn was slightly inhibited (Figure 6D). The
internalization of MHCI and Tfn was not altered in siRNA-
treated cells (our unpublished observations).

Expression of Rab11a-S25N Inhibits Recycling of MHCI to
the Plasma Membrane
Rab11 has been implicated in the recycling of membranes
from the juxtanuclear endocytic recycling compartment
(ERC) (Ullrich et al., 1996; Volpicelli et al., 2002), and recently
a dominant negative mutant of Rab11a has been shown to
inhibit the recycling to the plasma membrane of Integrin �1
(Powelka et al., 2004), a molecule known to traffic with
MHCI (Radhakrishna and Donaldson, 1997). Because both
exogenous Rab11a and endogenous Rab11a were localized
on the tubules (our unpublished observations), we investi-
gated whether Rab11a and Rab22a regulate the same steps
in the recycling of MHCI to the PM. HeLa cells overexpress-
ing the dominant negative mutant of Rab11a (GFP-Rab11a-
S25N) were allowed to internalize antibody to MHCI and

Figure 5 (cont). indicated were allowed to internalize and recycle
MHCI (closed bars) or Tfn (open bars) as described in MATERIALS
AND METHODS. Recycling of MHCI was measured after 30 min
from the release of the LatA block, whereas Tfn recycling was
measured after 10 min from the incubation in complete medium.
Data, normalized for the control, are averages of either three
(MHCI) or two (Tfn) independent experiments � SEM. One-way
analysis of variance was used to test the statistical significance of the
data. For MHCI recycling, the p values for the Tukey’s honestly
significant difference test were control/GFP versus Rab22aWT,
p � 0.05; control/GFP versus Rab22Q64L, p �0.01; and control/
GFP versus Rab22aS19N, p � 0.01. For transferrin recycling, p
values were not significant.
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633-Tfn for 30 min. In cells expressing GFP-Rab11a-S25N,
internalized MHCI was localized in tubular structures and
in the perinuclear area, but it was no longer present in
peripheral vesicles in cells (Figure 7A). Fusion of MHCI-
containing endosomes with Tfn-containing endosomes was
not affected (our unpublished observations). Strikingly, ex-
pression of GFP-Rab11a-S25N did not affect the percentage
of cell showing MHCI-containing tubules, whereas the per-
centage of cells showing MHCI in peripheral vesicles was
reduced (Figure 7B). The overexpression of GFP-Rab11a-
S25N impaired the recycling of both MHCI and Tfn (Figure
7C) as reported previously (Ullrich et al., 1996; Schlierf et al.,
2000; Powelka et al., 2004). GFP-Rab11a-S25N localized to
the juxtanuclear region and partially overlapped with TfnR
and Golgi markers, but no alteration in Golgi structure was
observed (our unpublished observations). Expression of the
dominant negative mutant of Rab11b (GFP-Rab11b-S25N), a
related isoform of Rab11a, gave similar results (our unpub-
lished observations).

DISCUSSION

Endogenous Rab22a Is Localized on MHCI-containing
Recycling Endosomes
In this study, we show that Rab22a associates with and
regulates the formation of recycling endosomal structures
that return proteins internalized independently of clathrin
back to the PM. Using both overexpression of GFP-Rab22a
and localization of endogenous Rab22a with a Rab22a-spe-
cific antiserum, we show that Rab22a is associated with
tubular endosomes and vesicles located at the cell periphery.
These tubular and vesicular structures contain cargo (e.g.,
MHCI) that enter cells in nonclathrin vesicles (NV) and lack
cargo (e.g., Tfn receptor) that enter cells in clathrin vesicles
(Figure 8). When overexpressed, Rab22a also localized with
the “merge” compartment containing Tfn and its receptor,
as reported previously by others (Mesa et al., 2001; Kauppi et
al., 2002). However, we did not observe this localization for
endogenous Rab22a. This suggests that endogenous Rab22a
either is not present or is present at very low levels and/or
transiently on the merge compartment. Given the jux-
tanuclear location, it seems likely that this merge compart-
ment from which Rab22a tubules emerge is the endocytic
recycling compartment or ERC.

Several lines of evidence support the conclusion that the
tubular endosomes that are labeled with the antibody
against Rab22a are outgoing, recycling endosomes. First, the
expression of mutants of Arf6, the constitutively active Q67L
and GTP-binding defective T27N, block the clathrin-inde-
pendent endosomal pathway. Cells expressing Arf6-Q67L
accumulate MHCI in early Arf6 endosomal structures,
blocking both convergence with clathrin cargo in the early
endosome (EE) and recycling back to the PM (Brown et al.,
2001; Naslavsky et al., 2003). Neither endogenous nor over-
expressed Rab22a localized with these accumulating endo-
somes. By contrast, endogenous Rab22a and also overex-
pressed Rab22a colocalized with Arf6-T27N on tubular
recycling endosomes that accumulate in cells expressing this
mutant (Radhakrishna and Donaldson, 1997). Second, newly
internalized MHCI does not reach Rab22a-containing com-
partments until 5–10 min after internalization (Figure 4), a
time that coincides with the appearance of MHCI in tubular
endosomes and recycling back to the PM (Caplan et al.,
2002). As shown using time-lapse imaging, MHCI is inter-
nalized in small pleiomorphic structures that do not contain
Rab22a (Figure 4 and Movie 1) and later occurs in the

Rab22a-associated tubules and in the cluster of vesicles ac-
cumulated at the cell periphery.

Two previous studies using transfection of Rab22a re-
ported that Rab22a had a unique distribution on endosomal
membranes and that expression of the wild-type and mutant
forms of Rab22a affected endosomal morphology and traf-
ficking (Mesa et al., 2001; Kauppi et al., 2002). Overexpressed
Rab22a was found on enlarged early endosomes that also
labeled with EEA1 (Kauppi et al., 2002), and some tubular
membrane labeling also was observed (Mesa et al., 2001).
The localization to early and late endosomes in these studies
could be due to the high level of expression of Rab22a
because we also observed enlarged structures that colocal-
ized with EEA1 in cells expressing high levels of Rab22a (our
unpublished observations). Our studies suggest a more lim-
ited distribution of Rab22a because we are able to localize
the endogenous protein. A tubular localization for Rab22b/
31, a closely related protein, was observed in an earlier study
where it was suggested to mediate Golgi to PM transport,
although colocalization with secretory proteins was unpub-
lished observations in that study (Rodriguez-Gabin et al.,
2001). Based on this tubular localization, it is possible that
Rab22b would localize and function similar to what we
observed with Rab22a.

Rab22a Specifically Regulates the Recycling of MHCI to
the PM
Because Rab22a had been found to bind to EEA1 (Kauppi et
al., 2002), we had thought that Rab22a could function to
regulate fusion of the NV with the early endosome. Al-
though it is still possible that the interaction with EEA1 may
play a role in Rab22a function, the localization of endoge-
nous Rab22a revealed that it was associated with the outgo-
ing, recycling arm of the pathway. To probe the specific
function of Rab22a in recycling, we overexpressed wild-
type, constitutively active (Rab22a-Q64L), and inactive
(Rab22a-S19N) mutants of Rab22a and also examined the
effect of reduced expression of endogenous Rab22a by
siRNA. Loss of Rab22a function, either by expression of
Rab22a-S19N or siRNA, inhibited the recycling of MHCI
back to the PM (Figures 5 and 6), whereas having only a
minor effect on TfnR recycling. Lack of Rab22a function also
resulted in a dramatic loss of tubular endosomes containing
MHCI (Figures 5 and 6) and of the peripheral vesicle accu-
mulations that occur at the edges of cells (Figures 5 and 6).
These observations provide compelling evidence that
Rab22a initiates the formation of the recycling endosome
from the ERC that carries MHCI back to the PM, non-
clathrin recycling endosome (NRE). In the absence of
Rab22a, these tubules do not form, the peripheral vesicles
are less abundant and MHCI is not efficiently recycled back
to the PM.

An interesting contrast to the lack of Rab22a activity de-
scribed above is the effect of increased Rab22a activity on
recycling structures and function. Notable is the increased
appearance of tubular MHCI-containing membranes and
increased number of MHCI-containing peripheral vesicles in
cells expressing Rab22a-Q64L (Figure 5A). However, recy-
cling of MHCI from these structures to the PM is inhibited
(Figure 5E), suggesting that Rab22a GTP hydrolysis is re-
quired for fusion of these structures back to the PM. Some
inhibition of recycling also was observed when the wild-
type Rab22a was overexpressed, suggesting that overabun-
dance of Rab22a leads to increased Rab22a-GTP. Overall, it
is clear that Rab22a cycling between GTP-bound active and
GDP-bound inactive states is required for proper cellular
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function because both inactive and active mutants of Rab22a
inhibit recycling.

Rab22 Works Together with Rab11 to Regulate Recycling
of MHCI
Rab11 has been implicated in the regulation of recycling of
membrane from the juxtanuclear ERC, most notably in reg-
ulating the recycling of transferrin receptor (Ullrich et al.,
1996; Volpicelli et al., 2002). Rab11a and b were the only
other Rabs that localized with Rab22 on the MHCI-contain-
ing, tubular recycling endosomes. Both dominant negative

mutant of Rab11a (Figure 7A), and to a lesser extent, Rab11b
(our unpublished observations), inhibited the recycling of
MHCI back to the PM (Figure 7), as we had observed with
Rab22a. This is in agreement with another study showing
that the expression of the dominant negative mutant of
Rab11a inhibits the serum-stimulated recycling of Integrin
�1 (Powelka et al., 2004), a molecule known to traffic with
MHCI (Radhakrishna and Donaldson, 1997; Powelka et al.,
2004). A remarkable distinction, however, between expres-
sion of dominant negative mutants of Rab22a and Rab11 is
that the tubular endosomes are not observed with the former

Figure 6. siRNA-mediated depletion of Rab22a inhibits MHCI recycling to the PM. (A) Lysates from either mock- or siRNA-treated cells
were subjected to electrophoresis and probed with antibodies directed against Rab22a, Rab4, Rab5, Rab11, Arf6, TfnR, and actin. (B) Mock-
(top) or siRNA-treated cells (bottom) were allowed to internalize antibody to MHCI and 633 Tfn and processed for confocal microscopy as
described in MATERIALS AND METHODS. Arrowheads and asterisks point to MHCI-containing tubules and MHCI-containing vesicles,
respectively. Bars, 10 �m. (C) Mock- or siRNA-treated cells were scored for either MHCI-containing tubules (closed bars) or MHCI-containing
vesicles (open bars) as described in MATERIALS AND METHODS. Data are averages of two independent experiments � SEM. (D) Recycling
to the PM of MHCI and Tfn was measured as described in MATERIALS AND METHODS in either mock- (closed bars) or siRNA-treated
(open bars) cells. Data are averages of two independent experiments � SEM. Student’s t-test was used to test the statistical significance of
the data. For the recycling, the p values were mock versus siRNA, p � 0.001 for both MHCI and transferrin recycling.
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as they are with the latter. This suggests that Rab22a activity
is critical for the initiation and extension of the tubular
membranes from the ERC, the accumulation of vesicles in
the periphery, and, upon GTP hydrolysis, the fusion of these
vesicles back to the PM. The persistence of tubular endo-
somes and the absence of peripheral vesicles in cells express-
ing dominant negative mutants of Rab11 suggest that Rab11
functions not in the formation of tubules, but rather in the
accumulation of the peripheral vesicles (Figure 8).

Together, a model emerges that Rab22a and its activation
are required to initiate the formation of tubular structures
(NRE) from the ERC that move out to the periphery where
they might break down into vesicles that then, upon GTP
hydrolysis, rapidly fuse with the PM (Figure 8). We think it

most likely that these tubules originate from the ERC and
not the EE because Rab11 colocalizes to these tubules and
Rab4 and Rab5 do not. In addition, Rab11 is required for the
recycling, possibly at a site near the PM. Interestingly, coex-
pression of Rab22a with either Rab11a or b induced the
formation of an anastomosing network of tubules that con-
tained both MHCI and transferrin (our unpublished obser-
vations), indicating that these two Rab proteins function
coordinately.

What might be the role of Rab22a and Rab11? Rab pro-
teins have been implicated in multiple events, including
vesicle formation, cargo selection, vesicle transport, and ves-
icle fusion (Somsel Rodman and Wandinger-Ness, 2000; Se-
gev, 2001; Zerial and McBride, 2001; Miaczynska and Zerial,
2002). Rab22a may be involved initially in sorting and se-
lecting membrane lipid and cargo, such as MHCI- and GPI-
anchored proteins, into the forming tubule and its transport
out to the periphery. Recent findings that Rab proteins bind
to motor proteins to facilitate transport, such as Rab6 with
dynactin (Short et al., 2002) and Rab27 with myosin V (Wu et
al., 2002), may be relevant to the functions of Rab22a and
Rab11, respectively. The tubular portion of the NRE that
carries MHCI back to the PM is aligned along microtubules
and because extension of these tubules is Rab22a dependent,
it suggests that Rab22a may play a role in attachment to or
movement along microtubules. Rab11a and b, on the other
hand, have been shown to bind to myosin Vb and influence
recycling back to the PM in both polarized and nonpolarized
cells (Lapierre et al., 2001; Volpicelli et al., 2002). Interest-
ingly, recycling of MHCI back to the PM is severely blocked
by inhibitors of actin polymerization such as cytochalasin D
or LatA (Radhakrishna and Donaldson, 1997; this study)
with the result that the tubular NRE accumulates. Thus, it
seems possible that Rab22a engages a plus-end directed

Figure 7. Dominant negative mutant of Rab11a inhibits the recy-
cling to the PM of both MHCI and Tfn. (A) HeLa cells were trans-
fected with GFP-Rab11a-S25N and processed as described in Figure
1. Bars, 10 �m. (B) HeLa cells were transfected as indicated, pro-
cessed as described in Figure 1 and scored as described in MATE-
RIALS AND METHODS for the presence of MHCI-containing tu-
bules (closed bars) or MHCI-containing peripheral vesicles (open
bars). Data are averages of two independent experiments � the
SEM. (C) HeLa cells either nontransfected (control) or transfected as
indicated above were allowed to internalize and recycle MHCI
(closed bars) or Tfn (open bars) as described in MATERIALS AND
METHODS. Recycling of MHCI was measured after 30 min from
the release of the LatA block, whereas Tfn recycling was measured
after 10 min from the incubation in complete medium. Data, nor-
malized for the control, are averages of two independent experi-
ments � the SEM. One-way analysis of variance for independent
samples was used to test the statistical significance of the data. For
control/GFP versus Rab11aS25N, the p values were �0.01 for both
MHCI and transferrin recycling.

Figure 8. Model depicting the roles of Rab22a and Rab11 in reg-
ulating the recycling from the ERC. Nonclathrin-derived cargo (e.g.,
MHCI) are internalized independently from clathrin-derived cargo
(e.g., Tfn and its receptor) in NV as opposed to clathrin vesicles
(CV). NV fuse with the EE and from there MHCI is either trans-
ported to the late endosome (LE) for the degradation or transported
together with TfnR/Tfn (the clathrin cargo) to the juxtanuclear
region into the ERC. From the ERC, nonclathrin- and clathrin-
derived membrane proteins are sorted in different transport carriers
(NRE and CRE, respectively). The activation of Rab22a is required
for the formation of the NRE from the ERC, whereas Rab11 acts at
a later step possibly in the breakdown of the tubule into vesicles.
Finally, inactivation of Rab22a would lead to the fusion of the
vesicles to the PM.
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microtubule motor to carry it out to the periphery along
microtubules and then Rab11 engages a myosin V-type mo-
tor to move through the actin network at the cortex to fuse
with the PM. Investigations are underway to consider these
possibilities.

The Rab22a-associated tubules (NRE) originate from Tfn-
containing endosomal structures located in the perinuclear
area, most likely the ERC, from which Tfn is believed to
recycle (Mayor et al., 1993; Lin et al., 2002). An intriguing
possibility is that in HeLa cells the ERC is a multidomain
compartment where MHCI and Tfn receptor are sorted out
in different transport intermediates and recycled back to the
PM in a process mediated by Rab22a and Rab11. The lack of
a total block in recycling when either Rab11 or Rab22a is
inhibited might be due to an alternative recycling route from
the ERC. In Chinese hamster ovary cells, by contrast, both
Tfn- and nonclathrin-derived cargo (e.g., CD59) recycle in
the same transport intermediates (Mayor et al., 1998), raising
the possibility that either the levels or function of Rab22a are
altered in Chinese hamster ovary cells. Another interesting
aspect of the tubular NRE is the association of Arf6 with
these recycling membranes. Arf6 and Rab11 share a com-
mon effector, Arfophilin1/FIP3 (Shin et al., 2001; Hickson et
al., 2003), and it will be interesting to see whether Arfophilin
functions during the recycling of MHCI.

In summary, we have shown that Rab22a regulates the
recycling of cargoes trafficking through the ARF6-associat-
ed/clathrin-independent pathway. We propose that the role
of Rab22a is to allow the sorting of MHCI-containing mem-
branes from the ERC, their correct delivery to the cell pe-
riphery, and their fusion with the plasma membrane.
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