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Abstract
Endocytosis is a conserved process across species in which cell surface receptors and lipids are
internalized from the plasma membrane. Once internalized, receptors can either be degraded or
recycled back to the plasma membrane. A variety of small GTP-binding proteins regulate receptor
recycling. Despite our familiarity with many of the key regulatory proteins involved in this
process, our understanding of the mode by which these proteins cooperate and the sequential
manner in which they function remains limited. In this study, we identify two GTP-binding
proteins as interaction partners of the endocytic regulatory protein MICAL-L1. First, we
demonstrate that Rab35 is a MICAL-L1 binding partner in vivo. Over-expression of active Rab35
impairs the recruitment of MICAL-L1 to tubular recycling endosomes, whereas Rab35 depletion
promotes enhanced MICAL-L1 localization to these structures. Moreover, we demonstrate that
Arf6 forms a complex with MICAL-L1 and plays a role in its recruitment to tubular endosomes.
Overall, our data suggest a model in which Rab35 is a critical upstream regulator of MICAL-L1
and Arf6, while both MICAL-L1 and Arf6 regulate Rab8a function.
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INTRODUCTION
Endocytosis is a highly conserved process across species in which nutrients, and lipids are
internalized into the cells. Upon endocytosis, newly internalized vesicles are directed to
early endosomes (EE). While some receptors are sorted for lysosomal degradation, other
receptors are recycled back to the plasma membrane, either in a direct pathway from EE
(fast recycling) or indirectly through the endocytic recycling compartment (ERC) (reviewed
in (1, 2)).

Many proteins regulate these trafficking pathways, with the Ras-like small GTP-binding
proteins (Rab-GTP-binding proteins) playing a central role. The Rab-GTP-binding proteins
are molecular switches that can either bind GTP when in an activated state and associate
with membranes, or they are inactive, GDP-bound, and mostly localized to the cytoplasm
(reviewed in (3)). The guanine nucleotide exchange factors (GEFs) of Rab proteins catalyze
the exchange of GDP with GTP. Upon binding to GTP, Rab proteins recruit their molecular
effectors, which are proteins that interact specifically with GTP-bound Rabs and carry out
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select effector functions. Hydrolysis activity by a family of proteins known as Rab GTPase
activating proteins (GAPs) facilitates conversion of Rab-GTP to Rab-GDP, and the Rab is
generally released from membranes to the cytoplasm (reviewed in (3)). Particularly well
studied are Rab5, which regulates trafficking of newly internalized receptors to EE, and
Rab4, which is involved in both the fast and slow recycling pathways of the transferrin
receptor ((4-7)).

Although many Rab proteins and the molecular mechanisms by which they control different
trafficking pathways have been very well characterized, others are not as well understood.
One Rab that has recently been an intense focus of study is Rab35, a member of the Rab
protein family that regulates fast recycling of receptors such as major histocompatibility
class I (MHC I) (8). Moreover, Rab35 is required for recycling of KCa2.3 Ca2+-activated K+

channels (9). Rab35, which is localized both to endosomes and the plasma membrane (10),
is also required for endosomal secretion during immunological synapse formation and
stabilization and successful abscission of the cytokinesis bridge (10, 11). In addition, Rab35
is linked to actin dynamics during neurite outgrowth and to actin bundling during bristle
formation in D. melanogaster (12, 13). Recently, it was demonstrated that Rab35 and its
novel GAP, Skywalker, regulate endosomal trafficking of synaptic vesicles at Drosophila
neuromuscular junctions (14).

Allaire et al. showed that Rab35 is activated by connecdenn (8), a component of clathrin-
coated vesicles that can bind to lipids or membranes through its Differentially Expressed in
Neoplastic versus Normal cells (DENN) domain. The DENN domain of connecdenn binds
Rab35 and functions as a GEF for this GTPase (8). Upon its activation, Rab35 presumably
recruits molecular effectors to membranes. One recently described molecular effector for
Rab35 is fascin, which facilitates actin bundling (12, 13). However, the identification of
additional effectors and the mode by which Rab35 interacts with them to control receptor
transport remains unknown.

Through a large yeast two hybrid screen, it has been shown that a constitutively active
mutant of Rab35, Rab35 Q67L, can interact with two members of the Molecule Interacting
with CasL (MICAL) protein family: MICAL1 and MICAL-like protein 1 (MICAL-L1) (15).
We recently reported that MICAL-L1 regulates endocytic transport by its interaction with
EHD1 to regulate recycling of receptors through the first of its two asparagine-
prolinephenylalanine (NPF) tripeptide motifs (16, 17). In HeLa cells, MICAL-L1 localizes
to tubular endosomes through its coiled-coil (CC) region and recruits EHD1 and Rab8a to
these tubular recycling endosomes (17). In addition, we previously demonstrated that EHD1
is also associated with tubular membranes that contain Arf6, a key regulator of the clatrhin-
independent pathway (18). Recent studies suggest that Arf6 activity is controlled by Rab35
via centaurin β2/Arf-GAP with Coiled-coil, ANK repeat and PH domain containing protein
2 (ACAP2) (19). Moreover, it has been demonstrated that one mode by which Arf6
regulates the association with EHD1 is through the activation of phosphatidylinositol 4-
phosphate 5-kinase (20).

Here we show that MICAL-L1 is a novel interaction partner for Rab35. Over-expression of
either wild-type Rab35 or Rab35 Q67L led to the dissociation of MICAL-L1, and
subsequently Rab8a from tubular endosomes. In agreement with these findings, knock-down
of Rab35 caused increased association of MICAL-L1 with tubular membranes. Our yeast
two-hybrid assays suggest that the CC region of MICAL-L1 is responsible for its interaction
with wild-type Rab35 or Rab35 Q67L, whereas no binding occurs with dominant-negative
GDP-locked Rab 35 (Rab35 S22N). On the other hand, over-expression of either wild-type
Rab10 or dominant-active Rab10 (Rab10 Q67L) did not alter MICAL-L1 localization to
tubular endosomes, and Rab10-depletion similarly had little effect on MICAL-L1
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localization. Moreover, we demonstrated that MICAL-L1 coimmunoprecipitates with Arf6.
We also demonstrated that over-expression of Arf6 Q67L caused accumulation of Rab8a
into phosphatidylinositol 4,5-bisphosphate (PIP2)-enriched vacuoles, suggesting that Arf6
acts upstream of Rab8a. Our data provide evidence suggesting that MICAL-L1 interacts
with and functions downstream of Rab35 and serves as a hub to connect the functions of
Rab35, Arf6 and Rab8.

RESULTS
Rab35 expression impairs the localization of MICAL-L1 to tubular endosomes

To determine if MICAL-L1 is an effector of Rab35, we transfected HeLa cells with either
wild-type Myc-Rab35, Myc-Rab35 Q67L or Myc-Rab35 S22N and monitored the
localization of MICAL-L1 (Fig. 1A-F and quantified in G). Over-expression of either wild-
type myc-Rab35 or myc-Rab35 Q67L induced a lack of association of MICAL-L1 with
membrane tubules, whereas over-expression of Myc-Rab35 S22N did not significantly alter
the level of MICAL-L1 localized to tubular endosomes (Fig. 1A-F and quantified in G).

A key question is whether the activated Rab35 removes/prevents association of MICALL1
with tubular membranes, or whether active Rab35 actually destroys or prevents biogenesis
of these tubular structures. We have previously shown that EHD1 partially overlaps with
GFP fused to the double palmitoylated and farnesylated carboxy-terminal tail of H-Ras
(GFPH-Ras) on tubular membranes ((20) and see Fig 1H and I), and that this protein can be
used as a general marker for tubular endosomes containing EHD1 and MICAL-L1. To
determine whether activated Rab35 abolishes the GFP-H-Ras tubular membranes, we
transfected cells with both GFP-H-Ras and Myc-Rab35 Q67L, and then triple stained to
follow the localization of MICALL1, GFP-H-Ras and Myc-Rab35 Q67L (Fig 1J-L). As
demonstrated, cells over-expressing Myc-Rab35 Q67L (Fig. 1L) were again almost devoid
of any MICAL-L1 on tubular membranes (Fig. 1J). However, tubular membranes containing
GFP-H-Ras were clearly still evident (Fig. 1K) suggesting that active Rab35 does not affect
tubule biogenesis, but rather controls the association of MICAL-L1 with these structures.

Rab35-depletion increases the localization of MICAL-L1 to tubular endosomes
Since over-expression of Rab35 reduces the level of MICAL-L1 localized to tubular
endosomes, we hypothesized that depletion of Rab35 might lead to enhanced MICAL-L1 on
these structures. To address this, we utilized Rab35-siRNA oligonucleotides to knock-down
Rab35 expression. Since detection of protein levels with antibodies to endogenous Rab35 is
not feasible in the HeLa cells used in this study, to validate siRNA efficacy we used two
methods: (1) over-expression of wild-type Myc-tagged Rab35 in HeLa cells treated with
either mock- or Rab35-siRNA oligonucleotides, and (2) real-time PCR. The latter method
demonstrated significant reduction of endogenous Rab35 mRNA in cells treated with
Rab35-siRNA oligonucleotides compared to the mock-treated cells (Fig. 2A). We also
showed that there is a significant reduction in the protein expression levels of Myc-Rab35 in
cells treated with Rab35-siRNA oligonucleotides compared to the mock-treated cells. (Fig.
2B). In agreement with the data shown in Fig. 1, we observed increased MICAL-L1
localization to tubular endosomes upon depletion of Rab35 (Fig. 2C and D; quantified in E).
Knock-down of Rab35 also led to rapid accumulation of transferrin at the ERC after 5
minutes of uptake as shown in Supplemental Fig.1 A and B. However, depletion of Rab35
did not affect the rate of transferrin recycling (Supplemental Fig. 1) or the rate of β1 integrin
receptor recycling (Supplemental Fig. 2), consistent with the study of Allaire et al. (8). On
the other hand, siRNA-based depletion of endogenous in Jurkat T cells (Supplemental Fig.
3A) caused enhanced levels of CD3 on the plasma membrane, suggesting a role for Rab35
and in T cell receptor recycling (Supplemental Fig. 3B).
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Rab10 expression and depletion do not control MICAL-L1 localization to tubular
endosomes

Fukuda and co-workers showed that MICAL-L1 can bind to multiple Rab proteins,
including Rab35 and Rab10, when tested by yeast two-hybrid assays (15). Since Rab10 has
been implicated in the regulation of endocytic trafficking (21-23), we next assessed whether
MICAL-L1 was similarly affected by the over-expression of Rab10. As shown in Fig. 3,
over-expression of wild-type HA-Rab10, HA-Rab10 Q67L or HA-Rab10 T23N in HeLa
cells did not alter the localization of MICAL-L1. Moreover, siRNA-based depletion of
Rab10 (Supplemental Fig. 4) had no visible effect on MICAL-L1 localization (Fig. 3,
compare J and K). While these data do not rule a potential functional interaction between
Rab10 and MICAL-L1, they indicate that active Rab35 specifically reduces MICAL-L1
localization to tubular endosomes.

Rab35 co-immunoprecipitates with MICAL-L1 and interacts with the latter's coiled-coil
region

We next addressed the ability of Rab35 and MICAL-L1 to interact in mammalian cells.
When HeLa cells were transfected with HAMICAL-L1 along with either wild-type Myc-
Rab35 or Myc-Vps45 (negative control) and immunoprecipitated with anti-HA antibody, we
were able to co-immunoprecipitate Myc-Rab35 but not Myc-Vps45 (Fig. 4A). Since the CC
region of the MICAL-L1 paralog, MICAL-L2, interacts with Rab8 and Rab13, we
hypothesized that the CC region of MICAL-L1 (Fig. 4B) might interact with Rab35. Indeed,
the CC region of MICAL-L1 is sufficient for an interaction with the wild-type and
dominant-active mutants of Rab35 (and Rab10), but not with the dominant-negative mutants
of Rab35 and Rab10 (Fig. 4C).

We have previously shown that MICAL-L1 recruits Rab8a to tubular endosomes (17). An
important question that arises is whether the dominant-active Rab35 affects Rab8a indirectly
by its impact on MICAL-L1 localization. As demonstrated, over-expression of GFP-
MICALL1 causes recruitment of Rab8a to membrane tubules (Fig. 4D-I). However, upon
over-expression of Myc-Rab35 Q67L along with GFPMICAL-L1, Rab8a was absent from
the tubular endosomes (Fig. 4G-I). This suggests that Rab35 regulates Rab8a tubular
localization through its interaction with MICAL-L1, consistent with our earlier findings that
MICAL-L1 recruits Rab8a to membranes (17).

Arf6 expression and activation causes redistribution of Rab8a
Since Arf6 activation is regulated by Rab35 via the GTPase activating protein ACAP2 (19),
we next asked whether Rab8a localization to tubular membranes is also regulated by Arf6.
As demonstrated, Cherry-Rab8a localized to the same tubular endosomes containing wild-
type FLAG-Arf6 (Fig. 5). However, over-expression of the dominant-active Arf6 (FLAG-
Arf6 Q67L) in HeLa cells led to accumulation of Cherry-Rab8a in the Arf6/PIP2-containing
vacuoles. Moreover, over-expression of FLAG-EFA6, which activates Arf6, also led to
dissociation of Cherry-Rab8a from tubular endosomes (Supplemental Fig. 5). On the other
hand, over-expression of dominant-negative Arf6 (FLAG-Arf6 T27N) caused recruitment of
Cherry-Rab8a to membrane tubules (Fig. 5H-J). These results support the notion that Arf6
determines the morphology of the membrane structures to which Rab8a localizes, consistent
with the findings of Hattula et al. (24).

Arf6 interacts with MICAL-L1 and its depletion causes the loss of MICAL-L1 on tubular
endosomes

Given that Arf6 directly affects recruitment of Rab8a to tubular endosomes, we rationalized
that the effect of Arf6 on Rab8a might be mediated, at least in part, through MICAL-L1. As
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demonstrated in Fig. 6, upon depletion of Arf6 the level of MICAL-L1 that localized to
tubular membranes was significantly decreased (Fig. 6, compare B to A; see insets).
Because there are no Arf6 antibodies described in the literature capable of detecting
endogenous Arf6 levels, we demonstrated efficacy of Arf6-depletion by showing that high
levels of transfected FLAG-tagged Arf6 could be dramatically reduced with Arf6-siRNA
(Fig. 6C). However, upon transfection of a siRNA-resistant form of Arf6 back into Arf6-
depleted cells (see white borders in 6E-G), MICAL-L1 was again found primarily associated
with membrane tubules. Quantification and statistical analysis of several hundred cells from
three independent experiments showed a significant difference in the levels of tubule-
localized MICAL-L1 between Mock and Arf6-depleted cells (Fig. 6D; p=0.04). Transfection
of an siRNA-resistant wild-type (WT) Arf6 into the depleted cells led to a slight but
consistent increase in the percentage of cells with MICAL-L1 localized to tubular
membranes. However, the calculated statistical significance of this increase is not as clear
(p=0.18). Overall, these data suggest that Arf6 can regulate Rab8a localization either
directly or via MICAL-L1.

We have identified MICAL-L1 as a central hub connecting to Rab35 both functionally and
through a physical interaction. In Fig. 6, we have also demonstrated that Arf6 functionally
regulates MICAL-L1 localization. These findings raised the question as to whether MICAL-
L1 and Arf6 physically interact.

To determine whether Arf6 and MICALL1 interact with one another, we transfected HeLa
cells with wild-type HA-Arf6 and either full-length GFP-MICAL-L1, or a truncated
GFPMICAL-L1 mutant lacking its membrane-binding coiled-coil region (GFP-MICAL-L1
ΔCC). As demonstrated, immunoblot analysis of transfected cells showed similar levels of
full-length GFP-MICAL-L1 and GFP-MICAL-L1 ΔCC (Fig. 6H; upper panel. Note that the
truncated MICAL-L1 is reduced in apparent molecular weight). Slightly higher levels of
HA-Arf6 were detected in the cells transfected with the truncated MICAL-L1 mutant. Upon
co-immunoprecipitation to examine whether MICAL-L1 is found in a complex with ARF6,
we demonstrated that Arf6 is capable of immunoprecipitating GFP-MICAL-L1, but not
GFP-MICAL-L1 ΔCC (Fig. 6H; lower panel). These data are the first to demonstrate an
interaction between Arf6 and MICAL-L1, and support a key role MICAL-L1 as a central
hub regulated both by Rab35 and Arf6.

DISCUSSION
Upon internalization, cell surface receptors can undergo multiple fates that include
degradation or recycling back to the plasma membrane. The various intracellular trafficking
pathways of receptors are regulated by a wide variety of small GTP-binding proteins such as
the Arf, Rho and Rab families. More than 60 members of mammalian Rab proteins have
been identified (25), whereas the Arf protein family consists of 6 human members (26). The
Rho protein family controls actin and microtubules, has 22 mammalian members and is also
involved in the regulation of intracellular trafficking (27).

Several members of the Rab and Arf protein families regulate receptor recycling. For
example, Rab11 controls recycling of transferrin receptor (28) and β1 integrin receptors (29)
from the ERC back to the plasma membrane. Rab35 controls the recycling of various
proteins including transferrin receptors (10), MHC I molecules (8), and Ca2+-activated K+
(KCa2.3) channels in C. elegans (9). It has also been implicated in exosome secretion in
neuronal cells (30). Recently, Rab35 has also been implicated in control of the actin
cytoskeleton and cytokinesis (12, 13, 31, 32) and the control of T cell antigen receptor
localization to the immunologic synapse (11). On the other hand, Rab8a regulates both
secretion and receptor recycling (33-36).

Rahajeng et al. Page 5

Traffic. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Of the Arf proteins, only Arf6 regulates recycling (26). Arf6 cooperates with Rab11 to
regulate recycling from the ERC back to the plasma membrane through interactions with the
effector proteins Rab11-FIP3 and Rab11-FIP4 (37). Another example of cooperation
between Rab and Arf proteins is that Arf6 co-localizes with and is functionally linked to
Rab8a (24). Arf6 activity is also regulated by Rab35 through its interaction with ACAP2
(19). However, the spatio-temporal relationship between the various regulatory proteins that
underlies the control of endocytic recycling is poorly understood.

A prime candidate as a “hub” to connect the key small GTP-binding proteins involved in the
recycling process is MICAL-L1. Originally identified as an interaction partner for EHD1,
MICAL-L1 regulates membrane recycling and localizes to tubular endosomes through its C-
terminal coiled-coil region (17). In addition, over-expression of MICAL-L1 in HeLa cells
led to recruitment of Rab8a to tubular endosomes, whereas its depletion led to loss of both
EHD1 and Rab8a from these structures (17).

Since MICAL-L1 is required for Rab8a localization to tubular endosomes and not vice
versa, MICAL-L1 does not fit the typical description of a classical Rab8a effector. We
reasoned, therefore, that it might physically and functionally interact with other Rab
proteins. Indeed, a MICAL-L1 is able to bind to several Rabs, including Rab35, at least in a
yeast two-hybrid system (19). Because of Rab35's role in selectively controlling cargo exit
from the EE (8), and its regulation of Arf6 (19), we rationalized that MICAL-L1 might serve
as a key protein to link GTP-binding proteins from the Arf and Rab families.

In this study, we showed that MICAL-L1 serves as a “scaffold” or functional hub that links
several small GTP-binding proteins in regulating receptor trafficking through the ERC (Fig.
6I). Knock-down of Rab35 increases the level of MICAL-L1 localized to tubular
membranes and over-expression of either wild-type Rab35 or the active Rab35 Q67L form
has the opposite effect. On the other hand, over-expression of Rab35 led to dissociation of
Rab8 a from tubular endosomes, likely as a result of its impact on MICAL-L1.

Rab35 may also regulate the localization of MICAL-L1 indirectly through activation of Arf6
(see Fig. 6I). ACAP2, which hydrolyzes Arf6-GTP, interacts with Rab35 (19). Therefore,
activation of Rab35 led to inactivation of Arf6 (19). Our data showed that depletion of Arf6
decreased MICAL-L1 localization to tubular endosomes. Thus activation of Rab35 (which
inactivates Arf6) reduced the localization of MICAL-L1 to tubular recycling endosomes,
displacing Rab8a from these structures. However, Arf6 may directly regulate Rab8a
localization, as both proteins participate in the formation of recycling tubules and cell
protrusions (24).

In addition, we have demonstrated for the first time that MICAL-L1 is also found in a
complex with Arf6, and that expression of Arf6 is required for the association of MICAL-L1
with tubular endosomes. These data further support our model by which Arf6 and Rab35
have antagonistic effects on the localization of MICAL-L1 (Fig. 6I).

In conclusion, we found that depletion of Rab35 led to increased localization of MICAL-L1
to tubular recycling endosomes, whereas over-expression of wild-type Rab35 or Rab35
Q67L had the opposite effect, leading to the dissociation Rab8a from these structures as
well. These results suggest a novel function for MICAL-L1 downstream of Rab35. Despite
its ability to interact with Rab10 through yeast two-hybrid assays, MICAL-L1 remains
unaffected by expression levels of GTP-locked, GDP-locked or endogenous Rab10, since
over-expression of wild-type Rab10 or Rab10 Q67L or siRNA depletion had no impact on
MICAL-L1 localization. Although depletion of Rab35 did not alter the kinetics of transferrin
or β1 integrin receptors trafficking, it did lead to accumulation of transferrin at the
perinuclear region upon 5 minutes of transferrin uptake. However, in Jurkat T cells,

Rahajeng et al. Page 6

Traffic. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



depletion of Rab35 did lead to increased levels of T cell antigen receptor (TCR) CD3
subunits detected on the plasma membrane, consistent with the study of Patino-Lopez et al.,
who demonstrated a role for Rab35 in localization of the TCR to the immunologic synapse
(Patino-Lopez et al.). While the mechanism for this enhanced TCR surface expression
remains to be identified, it is possible to speculate that the loss of Rab35 expression in these
cells potentially causes enhanced TCR recycling resulting from an excess of MICAL-L1
localization to tubular recycling endosomes. However, additional studies will be necessary
to address this. Finally, we demonstrated that Rab35 may indirectly affect MICAL-L1
through its regulation of Arf6, as depletion of Arf6 led to decreased MICAL-L1 localization
to tubular endosomes. Overall, our data provide support for the role of MICAL-L1 as an in
vivo interaction partner for Rab35 that acts as a “hub” to connect key small GTP-binding
proteins, thus facilitating endocytic recycling.

MATERIALS AND METHODS
Recombinant DNA Constructs

Wild-type Myc-Rab35, myc-Rab35 Q67L and myc-Rab35 S22N constructs were generously
provided by Dr. Peter McPherson. Wild-type FLAG-Arf6, FLAG-Arf6-Q67L, and FLAG-
Arf6 T27N, wild-type HA-Arf6, HA-Arf6 Q67L, HA-Arf6 T27N and FLAG-EFA6
constructs were kindly provided by Dr. Julie Donaldson. Wild-type Cherry-Rab8a, cherry-
Rab8a Q79L and cherry-Rab8a T22N were generous constructs from Dr. James Goldenring.
Wild-type human 3XHARab10 in pCDNA3.1(+) vector was purchased from Missouri S&T
cDNA Resource Center (Rolla, MO). 3XHA-Rab10 Q67L, 3XHA-Rab10 T22N and wild-
type Arf6-siRNA resistant (si-FLAG-Arf6) constructs were generated using QuickChange
Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). Wild-type Rab10, Rab10 Q67L,
Rab10 T22N, wild-type Rab35, Rab35 Q67L and Rab35 S22N were modified by generation
of a stop codon prior to the last two c-terminal cysteine residues and sub-cloned into the
pGBKT7 vector using restriction enzymes EcoRI and BamHI. Cloning of human HA-
MICALL1, MICAL-L1 in pGADT7 vector, MICAL-L1 700-863 in pGADT7 vector and
myc-Vps45 has been described previously (17, 38).

Antibodies
The following antibodies and reagent were used in this study: rabbit anti-Arf6 antibody (a
generous gift from Dr. Julie Donaldson), mouse anti-MICAL-L1 (Novus Biologicals,
Littleton, CO), mouse anti-human β1 integrin (AbD Serotec, Raleigh, NC), goat anti-HA
immobilized agarose (Bethyl, Montgomery, TX), mouse anti-FLAG M2 (Sigma, St. Louis,
MO), rabbit anti-FLAG (GeneTex, Irvine, CA), mouse anti-myc 9E10 (Covance, Berkeley,
CA), mouse anti-HA (Covance), mouse anti-CD3 (BD Biosciences, San Jose, CA), rabbit
anti-Rab35 (ProteinTech, Chicago, Il), HRP-conjugated goat anti-mouse Fcγ fragment
specific (Jackson ImmunoResearch, West Grove, PA), 488-conjugated goat anti-mouse
(Molecular Probes, Eugene, OR) and 633-conjugated and 568-conjugated human transferrin
(Molecular Probes).

Immunoprecipitations and immunoblotting
For immunoprecipitation experiments, HeLa cells transfected with HA-MICAL-L1 and
either wild-type myc-Rab35 or myc-Vps45, were harvested and lysed for 30 min in buffer
containing 25 mM Tris, pH 7.4, 100 mM NaCl, 0.5% CHAPS (wt/vol), 1 mM MgCl2 and 10
μg/mL APMSF. After removal of insoluble material by centrifugation, supernatant lysate
was subjected to immunoprecipitations with goat anti-HA immobilized agarose beads for 2
h, washed three times with lysis buffer containing 0.1% CHAPS. For immunoprecipitations
with MICAL-L1 and Arf6, lysis buffer included 1% Brij 98, 150 mM NaCl (Sigma Aldrich,
St. Louis, MO) and GTPγS. After immunoprecipitations, proteins were eluted by boiling in
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the presence of 1% SDS. Proteins were separated by 10% SDS-PAGE, transferred into
nitrocellulose membrane, blocked with 5% milk in PBS, and immunoblotted with either
mouse anti-HA or mouse anti-myc antibodies followed by HRP-conjugated goat anti-mouse
Fcγ fragment specific antibody.

Yeast two-hybrid analysis
The yeast two hybrid assays have been described previously (39).

Gene knockdown by RNA silencing
Rab35 and Arf6 ON-TARGETplus SMARTpool siRNA oligonucleotides (synthesized by
Dharmacon, Lafayette, CO) were transfected using Dharmafect I (Dharmacon) for 72 h as
described previously (17). For Jurkat T cells, si RNA knock-down was achieved by
electroporation using the Amoxa Nucleofector (Lanza, Basel, Switzerland) following the
manufacturer's optimized protocol for Jurkat cells using 1 × 106 cells per point.

Immunofluorescence, transferrin and β1 integrin uptake and recycling assays
HeLa cells were grown on cover-glasses, transfected with FuGENE6 (Roche Diagnostics,
Indianapolis, IN), and fixed with 4% (vol/vol) paraformaldehyde as described previously
(Caplan et al., 2001). Fixed cells were incubated with primary antibodies prepared in
staining solution (0.2% saponin (wt/vol) and 0.5% (wt/vol) bovine serum albumin in PBS)
for 1 h at room temperature. After washes with PBS, cells were incubated with the
appropriate fluorochromeconjugated secondary antibodies prepared in staining solution for
30 min at room temperature. Images were obtained using a Zeiss LSM 5 Pascal confocal
microscope (Carl Zeiss, Thornwood, NY) by using a 63 X 1.4 numerical aperture objective
with appropriate filters.

For transferrin uptake and recycling assays, cells were incubated in starvation media (0.5%
BSA (wt/vol) in DMEM lacking serum) for 30 min at 37°C. 568-conjugated human
transferrin was internalized for 5 min at 37°C. Cells were either fixed and mounted as
described above or chased in complete media (DMEM with serum) for the indicated time
points before fixation.

To quantify transferrin recycling by flow cytometry, HeLa cells were treated with Rab35
siRNA or mock-treated. After 72 h, the cells were serum-starved for 30 min, pulsed with
633-conjugated human transferrin and chased in complete media for the indicated time
points. Following trypsinization and fixation, cells were subjected to analysis with flow
cytometry.

For β1 integrin uptake and recycling assays, cells were incubated in starvation media for 1 h
at 37°C. Mouse anti-human β1 integrin antibody was bound and internalized for either 30
min or 1 h at 37°C. Membrane-bound antibody was removed by acid wash for 1 min and
cells were either fixed and subjected to secondary antibody immunostaining as described
above or chased in complete media for 2 h. Upon chase, membrane-bound antibody was
removed by acid wash and cells were fixed and visualized by immunostaining using 568-
conjugated goat anti-mouse antibody. Images were obtained using a LSM 5 Pascal confocal
microscope and one hundred cells from each treatment (three independent experiments)
were quantified for the intensity of internalized β1 integrin using LSM5 Pascal software.

Real time PCR
Total RNA was isolated from HeLa cells that were either mock-treated or treated with
Rab35 siRNA oligonucleotides using RNeasy Mini Kit (Qiagen, Valencia, CA). 2 μg of total
RNA from each treatment was reverse transcribed in independent triplicates using
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SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA).
cDNA samples were diluted 1:100 and real time PCR was performed in triplicate for each
primer using SYBR Green PCR Master Mix (Applied Biosystems). PCR products of
approximately 200 nucleotides were amplified with primers selected using Primer Express
2.0 software program. The sequences of primers used for Rab 35 are 5'
TGGCTTCACGAAATCAACCA 3' (forward primer) and 5'
ACCAGCTCCGTGATGCAGTT 3' (reverse primer); the sequences of primers used for β-
Actin are 5' CTTAGTTGCGTTACACCCTTTCTTG 3' (forward primer) and 5'
CGGCCACATTGTGAACTTTG 3' (reverse primer). Reactions were quantified using an
ABI 7500 Real Time PCR instrument and analyzed with accompanying software. Relative
expression levels were determined by normalizing cycle threshold values for each Rab35
primer to the amount of β-Actin expressed (1000/2(Ct gene-Ct β-Actin)). Relative fold change
was calculated from normalized values.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Rab35 expression leads to MICAL-L1 dissociation from membrane tubules
(A-F) HeLa cells were transfected with either WT Myc-Rab35 (A and B), Myc-Rab35 Q67L
(C and D) or Myc-Rab35 S22N (E and F). After 24 h, cells were fixed and immunostained
with anti-MICALL1 and anti-Myc antibodies. (G) Quantification of cells containing
MICAL-L1 decorated tubules upon transfection with either WT Myc-Rab35, Myc-Rab35
Q67L or Myc-Rab35 S22N. One hundred cells of each treatment from three independent
experiments were quantified. Error bars denote standard error. Dashed borders depict
transfected cells. * p value <0.05. (H-L) HeLa cells grown on cover-slips were either
transfected with GFP fused to the double palmitoylated and farnesylated carboxy-terminal
tail of H-Ras (GFP-H-Ras; H and I) or both GFPH-Ras together with the activated Myc-
Rab35 Q67L mutant (J-L). After 72 h, cells were fixed and permeabilized, and either
immunostained with anti-MICAL-L1 antibodies (H and I), or immunostained with both anti-
MICAL-L1 antibodies and anti-Myc epitope antibodies (J-L). Images were obtained in two
channels (MICALL1 and GFP-H-Ras; H and I) or 3 channels (MICAL-L1, GFP-H-Ras and
Myc Rab35 Q67L; J-L). Arrows in H and I denote endogenous MICAL-L1 and GFP-H-Ras
partially co-localizing to the same tubular endosomes. The yellow- bordered region (J-L)
depicts cells transfected with Myc-Rab35 Q67L. Note that while the MICAL-L1 in these
cells is no longer associated with tubules (J), GFP-H-Ras is still clearly localized to tubular
endosomes (K). Bars, 10 μm.
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Figure 2. Rab35 depletion leads to increased MICAL-L1 localization to tubular endosomes
HeLa cells grown on 35 mm dishes or cover-slips were either mock-treated or treated with
Rab35-siRNA for 72 h. (A) Cells from three independent experiments were harvested and
total RNA was extracted. cDNA was reverse-transcribed from 2 μg of total RNA and
subjected to real-time PCR. (B) Cells were also transfected with WT Myc-Rab35 for the last
48 h of the siRNA treatment, harvested, lysed, separated by SDS-PAGE and immunoblotted
with anti-Myc and anti-actin antibodies. (C-E) Cells on cover-slips were fixed and
immunostained with anti-MICAL-L1 antibody followed by 568-conjugated anti-mouse
antibody. (E) Quantification of (C) and (D). One hundred cells of each treatment from three
independent experiments were analyzed to assay for MICALL1 tubular endosomes. Error
bars denote standard error. Bar, 10 μm.
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Figure 3. MICAL-L1 localization is impacted by Rab35, but not Rab10
HeLa cells were transfected with either WT HA-Rab10 (A-C), HARab10 Q67L (D-F) or
HA-Rab10 T23N. After 24 h, cells were fixed and immunostained with anti-MICAL-L1 and
anti-HA antibodies. Dashed borders depict transfected cells. In J and K, cells were either
mock-treated (J) or treated with Rab10-siRNA (K) for 48 h. Cells were then fixed-
permeabilized and immunostained with anti-MICAL-L1 antibodies. Bar, 10 μm.
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Figure 4. Rab35 co-immunoprecipitates with MICAL-L1
(A) HeLa cells were transfected with HA-MICAL-L1 and either WT Myc-Rab35 or Myc-
Vps45 (control) for 24 h. Cells were harvested, lysed, and incubated with immobilized anti-
HA beads for 2 h at 4°C. Immunoprecipitates were separated by SDS-PAGE and
immunoblotted with either anti-HA or anti-Myc antibodies. (B) Domain architectures of
MICAL-L1 and MICALL2. (C) The S. cerevisiae yeast strain AH109 was co-transformed
with the indicated GAL4-binding domain (GAL4bd) fusion constructs and GALbdp53
(control), together with the indicated GAL4 transcription activation (GAL4ad) fusion
constructs and GAL4ad-SV40 large T-antigen (control). Co-transformants were assayed for
their growth on non-selective (+HIS) and selective (-HIS) media. CH = Calponin Homology
domain; LIM = Lin11, Isl-1, Mec-3 domain; NPF = asparagine-proline-phenylalanine
tripeptide motif; CC = coiled coil domain. (D-I) HeLa cells were transfected with either WT
cherry-Rab8a only (A); WT Cherry-Rab8a and GFP-MICAL-L1 (B and C); or WT Cherry-
Rab8a with GFP-MICAL-L1 and Myc-Rab35 Q67L (D-F) for 24 h. Cells were then
immunostained with anti-Myc antibody. Bar, 10 μm.
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Figure 5. Arf6 controls Rab8a localization
HeLa cells were transfected with either WT cherry-Rab8a only (A); together with WT
FLAG-Arf6 (B-D); together with FLAG-Arf6 Q67L (E-G); or together with FLAG-Arf6
T27N (H-J) for 24 h. Cells were fixed and immunostained with anti-Arf6 antibody. The
regions within the white boxes are magnified in the yellow boxes. Bar, 10 μm.
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Figure 6. Arf6 interacts with MICAL-L1 and controls its recruitment to tubular endosomes
HeLa cells grown on cover-slips were either mock-treated or treated with Arf6-siRNA
oligonucleotides (A and B, E-G). Some cells were also transfected with WT si-FLAG-Arf6
for the last 24 h of siRNA treatment (E-G). After 72 h of siRNA treatment, cells were fixed
and immunostained with anti-MICAL-L1 and anti-FLAG antibody. (C) HeLa cells grown
on 35 mm dishes were either mock-treated or treated with Arf6-siRNA oligonucleotides.
Cells were transfected with WT si-FLAG-Arf6 for the last 24 h of siRNA treatment. After
72 h of siRNA treatment, cells were harvested, lysed, separated by SDS-PAGE and
immunoblotted with anti-FLAG and anti-actin antibodies. (D) Quantification of E-G from
three independent experiments. Regions portrayed within the white boxes are shown
magnified in the yellow boxes. Bar, 10 μm. (H) HeLa cells were co-transfected with either
wild-type (WT) HA-Arf6 and GFPMICAL-L1, or GFP-MICAL-L1 lacking its membrane-
binding coiled coil region (GFPMICAL-L1 ΔCC). After 24 h, cells were lysed and subjected
to immunoblot analysis (top panel) or co-immunoprecipitation analysis (bottom panel). (H;
top panel) Immunoblot analysis depicts relatively equal expression levels of GFP-MICAL
and GFP-MICAL-L1 ΔCC, as well as WT HAArf6. (H; bottom panel) Immunoprecipitation
of WT HA-Arf6 was done with anti-HA antibodies. As shown, GFP-MICAL-L1 was
detected in a complex with Arf6, whereas the MICAL-L1 ΔCC mutant (control) was absent.
(I) Model depicting Rab35 regulating tubular localization of MICALL1 and Rab8a. Over-
expression of Rab35 disrupts MICAL-L1 localization to tubular membranes, which leads to
dissociation of Rab8a from the tubules. Rab35, inhibits Arf6 via ACAP2 activity, decreasing
MICAL-L1 localization to tubular membranes. Arf6 activity is also required for Rab8a
localization to tubular membranes.
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