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Summary

The DENN domain is an evolutionarily ancient protein module. Mutations in the DENN domain
cause developmental defects in plants and human diseases, yet the function of this common module
is unknown. We now demonstrate that the connecdenn DENN domain functions as a guanine
nucleotide exchange factor for Rab35 to regulate endosomal trafficking. Loss of Rab35 activity
causes an enlargement of early endosomes, inhibits MHCI recycling, and prevents the early
endosomal recruitment of EHD1, a common component recycling tubules on endosomes. Our data
are the first to reveal an enzymatic activity for a DENN domain and demonstrate that distinct Rab
GTPases can recruit a common protein machinery to various sites within the endosomal network to
establish cargo-selective recycling pathways.

Introduction

Cargo molecules entering eukaryotic cells in either clathrin-dependent or -independent carriers
are delivered to early endosomes from where they can be sorted for recycling back to the plasma
membrane (PM), either directly or following delivery to recycling endosomes. The functional
control of these pathways depends on Rab GTPases. Rabs oscillate between active GTP-bound
and inactive GDP-bound states via the actions of guanine nucleotide exchange factors (GEFs)
and GTPase activating proteins (GAPSs). Once activated, Rabs recruit effectors that control

endosomal trafficking activities including vesicle formation and transport as well as tethering
and fusion. Further complexity results from the fact that multiple Rabs can co-exist on a single
endosome, increasing the variety of sorting decisions available (Kouranti et al., 2006; Magadan
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etal., 2006; Simpson et al., 2004; Sonnichsen et al., 2000). To date, only a few Rabs have been
matched to their GEFs and GAPs, hampering a better understanding of their function.

Rab35, a recently characterized Rab functions in endosomal trafficking (Kouranti et al.,
2006; Patino-Lopez et al., 2008; Sato et al., 2008; Walseng et al., 2008). Rab35 localizes to
the PM and to internal vesicles and tubules and is required for endosomal secretion during
immunological synapse formation and for stabilization and successful abscission of the
cytokinesis bridge (Kouranti et al., 2006; Patino-Lopez et al., 2008). Additionally, Rab35 is
linked to actin dynamics during neurite outgrowth and to actin bundling during bristle
formation in Drosophila (Chevallier et al., 2009; Zhang et al., 2009). It has also been linked
to the recycling of transferrin and major histocompatibility complex class 11 (MHCII), which
use clathrin-dependent and-independent internalization pathways, respectively (Kouranti et
al., 2006; Walseng et al., 2008). MHCII recycling involves the formation of Rab35/EHD1-
positives tubules on early endosomes (Walseng et al., 2008). At recycling endosomes, Rab11/
EHD1 tubules recycle transferrin while MHC class | (MHCI) and B1-integrin are sorted into
Rab22/EHD1 tubules (Caplan et al., 2002; Naslavsky et al., 2004a; Naslavsky et al., 2003;
Naslavsky et al., 2004b; Weigert et al., 2004). EHD1/Rme-1 is the founding member of the
EHD protein family that in mammals comprises four members (reviewed in Grant and Caplan,
2008). EHD proteins form homo- and heterooligomers and function in the formation of
intracellular transport carriers (Blume et al., 2007; Daumke et al., 2007).

We identified connecdenn as a component of clathrin-coated vesicles (CCVs) and
demonstrated that connecdenn knock-down (KD) alters synaptic vesicle recycling in cultured
neurons (Allaire et al., 2006). Interestingly, connecdenn remains on CCV membranes after
clathrin coat removal, indicative of a post-uncoating function (Allaire et al., 2006). The
connecdenn N-terminus harbors a Differentially Expressed in Neoplastic versus Normal cells
(DENN) domain, formed by upstream DENN (uUDENN), DENN, and downstream DENN
(dDENN) modules. DENN domains are found in 16 human genes and mutations in DENN
domains and DENN domain proteins cause human disease (Azzedine et al., 2003; Del Villar
and Miller, 2004; Lichy et al., 1992; Senderek et al., 2003; Volterra and Meldolesi, 2005), yet
the function of the domain remains elusive. We now demonstrate that the connecdenn DENN
domain is a lipid-binding module both necessary and sufficient for the stable membrane
association of connecdenn with uncoated CCVs. Importantly, the DENN domain binds Rab35
and functions as a GEF for this GTPase. KD of connecdenn or Rab35 disrupts recruitment of
EHDL1 to early endosomes and leads to an enlargement of the compartment. Moreover, loss of
function studies reveal that Rab35 controls recycling of MHCI but not B1-integrin or transferrin
from early endosomes. Our data thus highlight that distinct Rab GTPases recruit a common
protein machinery to various sites within the endosomal network to establish distinct
endosomal recycling pathways that are utilized by specific subsets of cargo.

The DENN domain positions connecdenn for a post-endocytosis function

Connecdenn has an exceptionally stable association with the membrane fraction of uncoated
CCVs (Allaire et al., 2006; Fig. S1A). To identify the responsible molecular determinant, we
tested Flag-tagged variants of full-length connecdenn, the C-terminal region lacking the DENN
domain and the isolated DENN domain (Fig. 1A) for their ability to target to CCVs in
transfected cells. Flag-tagged full-length connecdenn enriched on isolated CCVs and remained
on stripped vesicles similar to the endogenous protein (Fig. 1B/C, Fig. S1A). The C-terminal
region also enriched on CCVs (Fig. 1B), likely through interactions with AP-2, a coat protein
that binds connecdenn (Allaire et al., 2006). However, this construct was readily extracted,
suggesting that the DENN domain, which alone does not target to CCVs, mediates membrane
stability (Fig. 1B/C). This was verified by fusing the DENN domain to the C-terminal region
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of NECAP 1, a CCV protein that targets CCVs through its C-terminal region but that efficiently
strips off vesicles (Ritter et al., 2003, Fig. 1D). Importantly, the chimeric DENN/NECAP
protein not only targeted to CCVs but remained on the vesicles following coat removal (Fig.
1D).

To better understand this association, we tested the isolated DENN domain for lipid binding
using sedimentation assays. The DENN domain displayed a broad spectrum of lipid
interactions (Fig. 1E), likely explaining the membrane stability. In respect to
phosphatidylinositol-phosphates (PtdInsP), which help create the specificity of organellar
membranes, the DENN domain showed a slight preference for PtdIns(3)P (Fig. 1E). However,
since the domain interacts broadly with PtdInsPs, it is unlikely that the DENN domain
determines to which membranes connecdenn will target. As such, connecdenn may be initially
recruited to CCVs through C-terminal interactions with coat proteins while the lipid binding
of the DENN domain aids in increased membrane stability during vesicle maturation, allowing
for a subsequent post-endocytosis function.

A post-uncoating role for connecdenn was also demonstrated by a study in C. elegans (Sato et
al., 2008). RME-5, the C. elegans ortholog of Rab35 was shown to depend on RME-4, the C.
elegans ortholog of connecdenn for CCV-dependent transport to endosomes in oocytes (Sato
et al., 2008). Impairment of either protein led to defects in yolk receptor recycling (Sato et al.,
2008). RME-4 binds the GDP-bound form of RME-5/Rab35, yet the mechanism of RME-5/
Rab35 activation remains unclear (Sato et al., 2008). To clarify the connecdenn/Rab35
relationship, we tested if Rab35 is also a component of CCVs. Like Rab5, Rab35 is present on
CCVs (Fig. 2A) although neither protein shows the same enrichment as AP-2 and connecdenn
(Fig. 2A). Early endosome antigen 1 (EEA1) is excluded from the CCV fraction, indicating
that the presence of the Rabs is not due to early endosome contamination (Fig. 2A). Rab35
also co-migrates with CCVs on a continuous sucrose gradient (Fig. 2B). In COS-7 cells, a pool
of Rab35 localizes to forming CCVs at the PM (Fig. 2C). Thus, connecdenn and Rab35 are
both present on CCVs.

The connecdenn DENN domain binds Rab35 and functions as a GEF

Full-length connecdenn binds Rab35 and importantly, the isolated DENN domain is fully
responsible for binding (Fig. 3A). Binding increases with EDTA (Fig. 3A), which chelates
Mg?2* and destabilizes the interaction of guanine nucleotides with GTPases. In addition,
purified GST-DENN domain affinity-selected wild-type (wt) Rab35 (Fig. 3B). Even stronger
binding was seen with Rab35 S22N, which reduces nucleotide affinity analogous to Ras S17N
and no binding was observed to Rab35 Q67L, a mutation that impairs GTP hydrolysis keeping
the protein in a GTP-bound state (Fig. 3B). There was no binding of the DENN domain to
endosomal Rabs 4, 5, and 11 under nucleotide-free conditions (Fig. 3E). Flag-tagged
connecdenn co-localized with Rab35 S22N in punctate structures while little co-localization
was observed with Rab35 Q67L (Fig. 3C). Moreover, co-immunoprecipitation studies using
GFP-tagged Rab35 wt, S22N or Q67L revealed that the inactive variant efficiently co-
immunoprecipitates endogenous connecdenn (Fig. 3D). Together, these data demonstrate that
the connecdenn DENN domain forms a specific interaction with the inactive form of Rab35.

Preference for the inactive form is a signature of GEFs. We thus tested the DENN domain for
GEF activity and indeed, the purified domain efficiently facilitates the exchange of GDP for
GTP on Rab35 (Fig. 3F). In 3 minutes at room temperature, 1.5 pmoles of DENN domain
allowed for loading of 17.4 (x0.9) pmoles GTP onto 18.7 pmoles of Rab35 pre-loaded with
GDP, thus yielding nucleotide exchange on 93% of Rab35 (Fig. 3F). In contrast, the DENN
domain showed no activity for Rab3 or Rab5 and there was little activity with Rab35 alone
(Fig. 3F). Moreover, the isolated DH/PH domain of intersectin, a potent GEF for Cdc42
(Hussain et al., 2001) does not promote GTP-loading of Rab35 (Fig. 3F). In comparison, 1.5
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pmoles of purified GEF domain from Rabex5 (aa 1-399, Zhu et al., 2007) exchange 3.3 (x0.2)
pmoles of GDP for GTP on 18.7 pmoles of Rab5 over 3 minutes (Fig. 3F/G). This activity is
best seen when plotted on an expanded scale, which also reveals that Rabex5 has no activity
towards Rab35 and that the DENN domain of connecdenn has no activity towards Rab5 (Fig.
3G). The ability of the DENN domain to retain connecdenn on uncoated CCVs and to function
as a Rab35 GEF likely provides a means to activate Rab35 while the vesicles enter the
endosomal system.

Connecdenn and Rab35 KD cause enlargement of early endosomes

To analyze the functional consequences of DENN domain-mediated Rab35 activation, we
performed loss of function studies in COS-7 cells, a line with high levels of endogenous
connecdenn (Fig. S1B). Lentiviral delivery of GFP reporter constructs that also encode
synthetic small hairpin RNA sequences within the context of a microRNA (shRNAmIR) for
KD of Rab35 or connecdenn led to efficient reductions in both proteins (Fig. 4A). Connecdenn
levels were reduced to approximately 2 and 9% of control using ShRNAmiRs CD nt248 and
CD nt275, respectively, whereas Rab35 was reduced to 41 and 46% using ShRNAmMiRs Rab35
nt63 and Rab35 nt419, respectively (Fig. 4A). Interestingly, connecdenn levels were slightly
reduced following Rab35 KD. Together with the selective co-localization and co-
immunoprecipitation of connecdenn with inactive Rab35 (Fig. 3 C/D), this suggests that
connecdenn and inactive Rab35 form in part, a steady state complex, which may provide a
reservoir of Rab35 to be activated on demand. Removal of Rab35 could thus destabilize
connecdenn. In contrast, KD of either connecdenn or Rab35 had no apparent influence on
clathrin-heavy chain, EEAL, and Rab11 (Fig. 4A).

Rab35 KD had no obvious influence on the distribution of the clathrin adaptors AP-1 and AP-2
or on the recycling endosome protein Rab11 (Fig. 4B, Fig. S2), whereas it caused an
enlargement of Rab5- and EEA1-positive early endosomes, which in most cases clustered in
the peri-nuclear region (Fig. 4A/B, Fig. S2). Importantly, the Rab35 and connecdenn KD
phenotypes were essentially identical (Fig. 4B, Fig. S2), indicating that connecdenn through
its DENN domain is a key regulator of Rab35 activity.

Through an unknown mechanism, Rab5 levels were increased following Rab35 or connecdenn
KD (Fig. 4A). Rab5 and PtdIns(3)P recruit EEAL to endosomal membranes. EEAL is required
for homotypic fusion of endocytic vesicles and for their fusion with early endosomes (Hoepfner
et al., 2005;Nielsen et al., 1999;Simonsen et al., 1998;Zerial and McBride, 2001). The
enlargement of early endosomes could thus reflect an enhanced fusion caused by Rab5 up
regulation. However, early endosomes not only receive a constant flow of newly endocytosed
material but continually relay cargo to recycling and degradative routes. Thus, enlargement of
this compartment could alternatively be attributed to a block in an exit route.

Rab35 activiation is required for cargo-selective recycling from early endosomes

Rab35 is linked to the recycling of both clathrin-dependent and -independent cargo. Over
expression of dominant-negative Rab35 S22N was reported to impair recycling of transferrin
at early time points, suggesting a function in fast transferrin recycling from early endosomes.
(Kouranti et al., 2006). Surprisingly, however, we detected no significant differences in the
kinetics of transferrin endocytosis (Fig. 5A-C) or recycling (Fig. 5A/D) by flow cytometry or
using densitometry to quantify the amount of fluorescent transferrin that remains in control
and KD cells at various time points after loading and chase (Fig. S3A/B). We also failed to
detect significant kinetic defects for transferrin recycling rates following over expression of
GFP-tagged Rab35 variants in COS-7 and HelLa cells (Fig. S3C/D). Together, our data do not
indicate a major role for connecdenn and Rab35 in transferrin recycling.
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Specific clathrin-independent cargo follow at least two distinct itineraries upon internalization
and delivery to endosomes. EHD1-positive tubules recycle MHCII from early endosomes and
MHCI and B1-integrin from recycling endosomes (Walseng et al., 2008; Weigert et al.,
2004). When examining MHC recycling, we observed that following a 20 min pulse, labeled
MHCI localized in part to EEAL-positive early endosomes in control and KD cells (Fig. 6A,
Fig. S4). In KD cells, MHCI was found in the enlarged endosomes that had relocalized to the
perinuclear region (Fig. 6A, Fig. S4). Along with the observations on transferrin, these data
demonstrate that the change in size and localization of EEA1 endosomes in the KD cells does
not affect their ability to receive cargo. However, following a 20 min chase, significantly higher
amounts of MHCI were retained in the KD cells compared to control (Fig. 6B), revealing that
DENN-domain mediated activation of Rab35 is necessary for efficient trafficking of MHCI
following its delivery to EEA1-positive early endosomes.

In control cells following a 20 min pulse, MHCI is readily detected in recycling tubules
decorated with EHD1 (Fig. 6C). A large number of these tubules originate from EEA1-positive
early endosomes (Fig. 6D, Fig. S5). Triple labeling with GFP-tagged Rab35 and myc-tagged
EHDL1 reveal pools of these proteins on EEAL-positive endosomes (Fig. 6E), suggesting that
Rab35 could control the recruitment of EHDL1 to early endosomes for cargo recycling.
Consistently, connecdenn and Rab35 KD cause EHD1 to redistribute into the cytosol and lead
to a reduction in tubule formation (Fig. 6D, Fig. S5). Together, our data demonstrate that
connecdenn and Rab35 control the recycling of specific cargo from early endosomes. Thus,
the endosome enlargement observed upon connecdenn or Rab35 KD is likely due to a block
of at least one exit route out of early endosomes.

To further examine the relationship of Rab35 to Rab5 in terms of early endosome enlargement,
we expressed Rab5 alone or with Rab35 S22N. Expression of Flag-Rab35 S22N with GFP-
Rab5 caused the appearance of enlarged early endosomes that were similar to those seen with
expression of constitutively active GFP-Rab5 Q79L alone (Fig. 7A). In contrast, expression
of wt Rab5 alone did not lead to early endosome enlargement (Fig. 7A). Thus, inactivation of
Rab35 through KD, KD of its GEF, or expression of inactive Rab35 is sufficient to cause early
endosome enlargement. More importantly, the early endosome phenotype seen in connecdenn
KD cells is rescued with active GFP-Rab35 (Q67L) but not GFP alone (Fig. 7B/C). This
supports the notion that Rab35 activity is required to establish an early endosomal exit route
and that its disruption leads to an increase in the size of the donor compartment.

To better understand if the recycling phenotype is caused by the lack of active Rab35 or
increased expression of Rab5, we analyzed MHCI recycling in cells expressing Rab5 wt alone,
active Rab5 (Q79L) alone, or Rab5 together with its GEF Rabex5. Interestingly, each condition
showed a small but significant increase in the efficiency of MHCI recycling compared to cells
expressing GFP alone (Fig. 7D/E). This is opposite of what is observed upon connecdenn or
Rab35 KD (Fig. 6B), suggesting that the Rab5 upregulation is not responsible for the decrease
in MHCI recycling. Together, these experiments support that both the early endosomal
enlargement and the MHCI recycling defect are direct consequences of the loss of Rab35
activity. The slight increase in MHCI recycling seen with elevated Rab5 levels could indicate
that under KD conditions, cells up regulate Rab5 in an attempt to compensate for the trafficking
defect, though the trafficking route involved remains unknown.

In summary, we demonstrate that connecdenn-activated Rab35 controls the formation of
EHD1-positive recycling tubules from early endosomes, similar to the function attributed to
Rab11 and Rab22 at recycling endosomes. Interestingly, this trafficking route appears to be
cargo-specific. B1-integrin also uses the canonical MHCI transport pathway from early to
recycling endosomes for Rab22/EHD1-mediated recycling to the plasma membrane. Using
flow cytometry, we did not detect any significant differences in p1-intergin recycling between
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connecdenn or Rab35 KD and control cells (Fig. S3), similar to the lack of trafficking defects
we observed for transferrin. This demonstrates that Rab35 and its GEF connecdenn provide a
means to promote the recycling of a specific subset of cargo from early endosomes.

Discussion

DENN domains are found in multiple protein products encoded by 16 human genes including
myotubularin related (MTMR) 5 and 13, DENN/MADD, suppressor of tumorgenicity 5, Rab6-
interacting protein 1 (Rab61P1), connecdenn, and a number of uncharacterized proteins. The
presence of a single DENN domain protein in Schizosaccharomyces pombe indicates that the
DENN domain is evolutionary ancient and bioinformatics suggests it is present in all
eukaryotes (Harsay and Schekman, 2007). Mutations in DENN domains and their parent
proteins cause human diseases (Azzedine et al., 2003; Del Villar and Miller, 2004; Lichy et
al., 1992; Senderek et al., 2003; Volterra and Meldolesi, 2005). Notably, Charcot-Marie-Tooth
4B2 neuropathy is caused by deletion of the dDENN in MTMR 13 (Senderek et al., 2003).
Even in Arabidopsis thaliana, a point mutation in the DENN domain of SCD1 impairs exocytic
vesicle trafficking crucial for cytokinesis and polarized cell expansion and causes sterility
(Falbel et al., 2003). Thus, DENN domain proteins mediate crucial functions throughout
evolution.

In several cases, DENN domain proteins have been linked to Rabs but no common mode of
interaction has been gleaned. Rab6IP1 binds to Rab6 and Rab11 in their GTP-bound form but
also binds GDP-bound Rab6 (Miserey-Lenkei et al., 2007). DENN/MADD selectively binds
through its uDENN to GTP-bound Rab3 (Niwa et al., 2008). However, DENN/MADD also
functions as a GEF for Rab3 (Wada et al., 1997). Notably, the GEF activity has only been
observed with full-length protein and it is argued that the GEF activity resides outside of the
DENN domain (Coppola et al., 2002). We now demonstrate that the purified connecdenn
DENN domain has intrinsic GEF activity specific for Rab35. Our study is the first to assign
an enzymatic activity to the DENN domain and it will be interesting to see if other DENN
domains function as GEFs towards other Rabs.

We propose a model for connecdenn function in which the protein is recruited to nascent CCVs
through C-terminal interactions with AP-2 while the DENN domain anchors the protein to the
vesicle membrane and functions as a platform for Rab35 recruitment. Transition of the
endocytic carrier from PtdIns(4,5)P5 to PtdIns(3)P, the PtdinsP enriched on endocytic vesicles
could signal to the DENN domain to exert its GEF function. Connecdenn would then dissociate
from the vesicle before fusion with EEA1-positive endosomes and in fact, we observe minimal
co-localization of connecdenn and EEA1 (data not shown). Activated Rab35 remains on the
vesicles for delivery to early endosomes, where its effector protein(s) control the recruitment
of EHD1 for cargo recycling.

Over expression studies have linked Rab35 to the fast transferrin recycling pathway from early
endosomes to the PM (Kouranti et al., 2006), a function previously assigned to Rab4 (Daro et
al., 1996; van der Sluijs et al., 1992). However, Deneka et al. (2003) showed that KD of Rab4
enhanced transferrin recycling and our studies reveal that Rab35 KD does not affect transferrin
trafficking. Thus, the Rab-based protein machinery for this transport pathway is yet to be
defined.

KD of Rab35 and connecdenn impairs recycling of MHCI. MHCI is internalized in a clathrin-
independent pathway that merges with EEA1-positive endosomes (Naslavsky et al., 2003).
From there, MHCI is either delivered to late endosomes/lysosomes or traffics to recycling
endosomes for recycling back to the PM in transferrin-negative, Rab22-positive tubular
structures (Weigert et al., 2004). In addition, these tubules contain Rab11 and EHD1, which
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also regulate the recycling of clathrin-dependent cargo from recycling endosomes (Caplan et
al., 2002; Grant et al., 2001; Lin et al., 2001; Weigert et al., 2004). Clathrin-independent and
-dependent cargo thus utilize in part common machineries to recycle from recycling endosomes
to the PM (Weigert et al., 2004). Weigert et al. (2004) further describe MHCI-positive tubules
that originate from transferrin-positive endosomal structures but the protein machinery
involved in their formation remained undefined. Our studies demonstrate that Rab35 activation
is crucial for EHD1 recruitment to EEA1-positive endosomes and for efficient MHCI
recycling. Together, these data suggest that MHCI recycling from distinct intracellular
locations is likely mediated by a common protein machinery but that the spatial organization
of this machinery is determined by pathway-specific Rab GTPases. Moreover, these pathways
seem, at least in part, to be cargo-specific. p1-integrin has been shown to follow the MHCI
trafficking route from the PM to recycling endosomes and back (Jovic et al., 2009; Jovic et al.,
2007; Powelka et al., 2004), however, KD of Rab35 or connecdenn does not impair the
trafficking of this cargo. This is reminiscent of recent data from the Corvera group, which
demonstrated differences in the early endosomal processing of endocytic vesicles dependent
on the cargo they carried (Leonard et al., 2008). Incoming transferrin is efficiently routed to
recycling endosomes whereas EGF is retained in EEA1-positive endosomes for delivery to the
degradative pathway due to higher levels of Rab5 present on EGF-delivering vesicles (Leonard
et al., 2008), underscoring the importance of Rabs for sorting decisions within the endosomal
network.

In summary, our results reveal an enzymatic activity for a DENN domain and given the ancient
nature of this module, it is likely that this activity functions broadly throughout eukaryotes.
Moreover, our results indicate that distinct Rabs GTPases use a common protein machinery to
control cargo selective recycling from different sites in the endosomal system.

Experimental Procedures

Antibodies and reagents, protein and lipid binding assays, virus production and KD

conditions

These procedures are described in the Supplemental Material.

Subcellular fractionation

CCVs were purified from adult rat brain or cell lines in buffer A (100 mM MES, pH 6.5, 1
mM EGTA and 5 mM MgCl,) as described (Girard et al., 2005). For the extraction of coat
proteins, 50-100 pg aliquots of CCVs were suspended in 100 pl of buffer A or 0.5 M Tris pH
8.0 EDTA (1:1 buffer Aand 1 M Tris pH 9.0) and incubated for 30 min on ice. The samples
were centrifuged at 200,000 xg to separate coats (supernatant) and stripped vesicles (pellet).
CCVs were further separated on linear 20-50% sucrose gradients as described (Girard et al.,
2005).

Purification and cleavage of fusion proteins

GST fusion proteins were expressed in BL21 bacteria and purified using standard procedures.
pPEBG constructs for expression of GST-tagged fusion proteins in mammalian cells were
transfected into HEK 293-T cells using calcium phosphate. After 48 hours, cells were scraped
in PBS buffer with protease inhibitors (0.83 mM benzamidine, 0.23 mM
phenylmethylsulphonyl fluoride, 0.5 pg/ml aprotinin and 0.5 ug/ml leupeptin), lysed by
sonication, Triton X-100 was added to 1% final and cells were spun at 205,000 xg for 30 min
before purification of the fusion protein on glutathione-Sepharose beads.

For GDP/GTP exchange assays, GST tags were removed by incubating the fusion proteins
bound to glutathione-Sepharose in thrombin cleavage buffer (50 mM Tris, pH 8.0, 150 mM

Mol Cell. Author manuscript; available in PMC 2011 February 12.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Allaire et al.

Page 8

NaCl, 5mM MgCl,, 1 mM DTT), overnight at 4°C using 5 units of thrombin (Sigma, St-Louis,
USA) in 500 pl total volume. Thrombin was cleared with benzamidine-Sepharose (GE
Healthcare, Chalfont St. Giles, United Kingdom) and the supernatant was exchanged into
appropriate buffer and concentrated using a Millipore Amicon Ultra-15 filter (Millipore,
Carrintwohill, Ireland). For GST affinity selection assays, all GST fusion proteins were
expressed in BL21 with the exception of the connecdenn DENN domain, which was purified
from HEK 293-T cells. All proteins used in GDP/GTP exchange assays were expressed in HEK
293-T cells except for GST-DH/PH and GST-Rabex5 (aal-399), which were expressed in
BL21.

GDP/GTP exchange assay

GST-cleaved Rab3, Rab5, and Rab35 were exchanged into GEF loading buffer (20 mM Tris
pH 7.5, 100 mM NaCl) and Rabex5 (aal1-399) and the DENN domain were exchanged into
GEF incubation buffer (20 mM Tris pH 7.5, 100 mM NaCl and 5 mM MgCly). Purified
GTPases (15 M) were loaded with 40 uM GDP by incubation at 30°C for 10 min in GEF loading
buffer containing 5 mM EDTA. Loaded GDP was stabilized by the addition of 10 mM
MgCl,. Exchange reactions were carried out at room temperature in 130 pl total volume
containing 1.25 uM loaded GTPase, 100 nM DENN domain or Rabex5 (aal-399), 0.5 mg/ml
BSA, 5 uM GTPyS, 0.2 mCi/mmol [3*S]GTPyS, and 0.5 mM DTT in GEF incubation buffer.
Atthe indicated times, 15 pl of the reaction were removed, added to 1ml of ice cold wash buffer
(20 mM Tris pH 7.5, 100 mM NaCl, 20 mM MgCly), passed through nitrocellulose filters,
washed with 5 ml wash buffer and counted using a liquid scintillation counter (Beckmann
Coulter LS6500 Scintillator). For the plots, background signals from samples at time 0 (before
addition of the Rabs) were subtracted from the values obtained at the subsequent time points.

Immunofluorescence

COS-7 cells were plated on poly-L-lysine-coated coverslips and transfected using
Lipofectamine 2000 (Invitrogen) the next day. Transduced cells were transfected using
jetPRIME (Polyplus Transfection) according to the manufacturer’s recommendations or using
Lipofectamine 2000, limiting the incubation time with the Lipofectamine 2000/DNA mix to
60 min. Following overnight incubation, cells were fixed in 4% PFA and processed for
immunofluorescence following standard protocols. For the localization of marker proteins, KD
cells were plated one to two days before analysis and processed for immunofluorescence on
day five after transduction. For the rescue of the EEA1 KD phenotype, cells transduced with
RFP control virus or RFP-tagged viruses for KD of connecdenn or Rab35 were plated on
coverslips three days after transduction, transfected with GFP alone or GFP-Rab35 Q67L on
day 4 after transduction using jetPRIME, and processed for immunofluorescence five days
after transduction. Images were taken without selecting for the state of the EEAL signal and
pictures were analyzed blind to determine the persistence of the EEA1 KD phenotype in GFP-
positive cells. For MHCI recycling, cells were incubated with 1 ug of antibody per 10° cells
for 20 min at 37°C in culture medium. The cells were chilled on ice and surface-bound antibody
was removed by acid wash (0.2M acetic acid, 0.5M NaCl) followed by a PBS wash, and the
cells were fixed and processed as described above.

Endocytosis and recycling assays

For transferrin internalization assays, cells were starved in DMEM overnight and analyzed on
day five after transduction. The cells were chilled on ice for 30 min and then incubated with
Alexa633-transferrin (200 p g/ml) in ice-cold DMEM on ice for 60 min. Cells were washed
with cold PBS and incubated in pre-warmed culture medium at 37°C for various times. At each
time point, a sample of cells was chilled on ice, surface-bound transferrin was removed by acid
wash followed by a PBS wash. The cells were removed from the plate in 1 ml of PBS by
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pipetting, filtered through a cell strainer and analyzed in by flow cytometry on a FACSCalibur
(Becton Dickinson). For transferrin recycling assays using transduced cells or cells transfected
for 2 or 3 days, cells were serum starved overnight and incubated with Alexa633-transferrin
for 60 min at 37°C. Surface-bound transferrin was removed on ice by acid wash, followed by
a PBS wash. The cells were then incubated in pre-warmed culture medium at 37°C for the
times indicated and processed for flow cytometry as described above. Due to lower expression
levels of GFP-Rab35 S22N, transfected cells were gated in the GFP channel such that all cells
analyzed had a fluorescence intensity of 10 arbitrary units or more. For the
immunofluorescence-based recycling assay, cells were serum starved overnight, incubated
with Cy3-labeled transferrin for 1 hr at 16°C, and acid washed on ice, followed by a PBS wash.
The cells were then incubated in pre-warmed culture medium at 37°C for the times indicated.
At each time point, a sample of cells was acid washed on ice, fixed in 2% PFA and fields of
cells were chosen for imaging solely based on the GFP channel. Internal transferrin amounts
were then quantified measuring the transferrin signal intensity of cells located completely
within the fields using ImageJ (Rasband, W.S., ImageJ, U. S. National Institutes of Health,
Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-2008).

For MHCI recycling assays, two sets of transduced or transfected cells were incubated with 1
ug of antibody per 108 cells for 20 min at 37°C in culture medium. Both sets were chilled on
ice and surface-bound antibody was removed by acid wash, followed by a PBS wash. The
second set was then incubated in pre-warmed culture medium at 37°C for 20 min, chilled on
ice and surface-bound antibody was removed by acid wash, followed by a PBS wash. Both
sets were fixed in 2% PFA, permeabilized with 0.2% Triton X-100 in PBS and incubated with
Alexab47-conjugated secondary antibodies for 30 min on ice. The cells were washed with PBS,
scraped off the plates and processed by flow cytometry. For the co-expression of GFP-Rab5
with myc-tagged Rabex5, a DNA ratio of 1:4 (Rab5:Rabex) was used to ensure that the majority
of Rab5-positive cells also express Rabex5. For B1-integrin recycling assays, two sets of cells
were starved in DMEM for 1 hour at 37°C, incubated with 1 pg of antibody per 10° cells for
2 hat37°C in DMEM, chilled on ice and surface-bound antibody was removed by acid wash,
followed by a PBS wash. The second set was then incubated in pre-warmed culture medium
at 37°C for 2 h, acid washed on, followed by a PBS wash. Both sets were fixed in 2% PFA,
permeabilized with 0.2% Triton X-100 in PBS and incubated with Alexa647-conjugated
secondary antibodies for 30 min on ice. The cells were then washed with PBS and processed
by flow cytometry. In each assay, 10,000 cells were analyzed for each time point and condition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The connecdenn DENN domain binds lipids and is stably associated with membranes
A. Schematic representation of connecdenn (CD) indicating peptide motifs binding AP-2
(FXDXF, DPF, WXXF) and SH3 domain proteins (proline-rich) (Allaire et al., 2006). Borders
of constructs used in the study are indicated B. Equal protein aliquots of homogenate (H) and
CCVs isolated from HEK 293-T cells transfected with the indicated Flag-tagged connecdenn
(CD) constructs were blotted with antibodies against clathrin heavy chain (CHC) and Flag.
C. Equal amounts of CCVs isolated from cells expressing the indicated constructs were
incubated with control buffer A or a Tris buffer to strip clathrin coats and the coat (supernatant,
S) and vesicle (pellet, P) fractions generated by centrifugation were analyzed by Western blot,
using CHC as control. D. Equal protein aliquots of homogenate (H) and CCVs isolated cells
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expressing Flag-tagged C-terminal region of NECAP 1 (Flag-N1-CT) or a chimeric protein,
where the connecdenn DENN domain had been fused to the NECAP 1 C-terminal region (Flag-
DENN/N1-CT) were probed by Western blot with Flag and CHC antibodies along with coat
(S) and vesicle (P) fractions prepared as described in C. E. Purified GST or GST-DENN domain
were incubated with liposome suspensions (1 mg/ml) containing 90 mol% of PtdChol (PC)
and 10 mol% of the indicated phospholipids. The bars represent the mean percentage
(xSTDEV) of starting material retained on liposomes, N=5. Paired T-tests revealed significant
differences for DENN domain binding to PtdIns(3)P compared to the other lipids as indicated
(* p<0.05, ** p<0.01). See also Fig. S1.
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Figure 2. Rab35 is associated with CCVs

A. Equal protein aliquots of various fractions obtained during the purification of CCVs from
adult rat brain were analyzed by Western blot for the indicated proteins. B. Purified CCVs were
separated on a continuous sucrose gradient and aliquots of the gradient fractions were analyzed
by Western blot with the indicated antibodies. C. COS-7 cells were transfected with Flag-
Rab35 and the localization of Rab35 was compared to endogenous clathrin light chains (CLCs).
The higher magnification shows the area highlighted by the box. Bar: 20 um (low mag.), 5
um (high mag.).
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Figure 3. The connecdenn DENN domain binds Rab35 and functions as a GEF

A. Purified GST or GST-Rabh35 were used to affinity-select Flag-tagged full-length
connecdenn (CD), the C-terminal region (CD-CT) or the isolated DENN domain. Binding was
performed in HEPES buffer alone or in the presence of 10 mM EDTA (HEPES+EDTA), which
renders GTPases nucleotide-free, and interactions were detected by Western blot. B. Purified
GST and GST-DENN domain were used to affinity-select the indicated GFP-tagged Rab35
constructs. Binding was revealed by GFP Western blot. For A and B, starting material (SM)
equals 10% of the material used in each condition. C. COS-7 cells were transfected with Flag-
tagged connecdenn (Flag-CD) and myc-tagged Rab35 S22N or Q67L and processed for
immunofluorescence using antibodies directed against the tags. The regions highlighted by
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boxes a-d are shown in higher magnification. Bar: 20 um (low mag.), 5 um (insets a-d). D.
HEK 293-T cells were transfected with GFP-tagged Rab35 wt, S22N, and Q67L. Cell lysates
were incubated with protein A-agarose alone (mock IP) or protein A-agarose with anti-GFP
antibody (GFP IP). Specifically bound proteins were detected by blot with anti-GFP antibody
or antibody recognizing endogenous connecdenn. The positions of the GFP-tagged Rab35
variants is indicated by the arrowheads. E. Purified GST and GST-DENN domain were
incubated with lysates from HEK 293-T cells transfected with the indicated GFP-tagged Rabs
and prepared under nucleotide-free conditions (HEPES+EDTA). Binding was revealed by
Western blot using GFP antibodies. For D and E, starting material (SM) equals 10% of the
material added to the beads. F/G. To measure GEF activity, 18.7 pmoles of GDP-loaded Rab3,
Rab5, or Rab35 were incubated with 1.5 pmoles of connecdenn DENN domain, Rabex5
(aa1-399), or DH/PH domain of intersectin 1-I, a specific GEF for Cdc42, in the presence of
5 uM cold GTPyS and 0.2 mCi/mol 35S-GTPyS. At the time points indicated, an aliquot of the
reaction was analyzed for nucleotide exchange as described in the Experimental Procedures.
pmoles of GTP exchanged are plotted over time (in seconds) and points represent mean
(xSTDEV), N=3. The curve was fit by nonlinear regression one phase association. The dotted
line in F represents the total amount in pmole of Rab35 present in the reaction.
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control shRNAmiR CD nt248 Rab35 nt63

Figure 4. Connecdenn or Rab35 KD causes perinuclear clustering and enlargement of early
endosomes

A. Equal aliquots of lysates from COS-7 cells transduced with control ShRNAmIR or
shRNAmIRs for KD of connecdenn (CD nt248 and CD nt275) or Rab35 (Rab35 nt63 and
Rah35 nt419) were analyzed by Western Blot for the expression levels of the indicated proteins.
For the bar graph, Western blots from four independent transductions were quantified by
densitometry using ImageJ. Expression levels are represented in percent (+STDEV), setting
the control ShRNAmIR to 100%. B. Control and KD COS-7 cells were processed for
immunofluorescence to reveal the localization of endogenous markers of early endosomes
(EEA1, Rab5) and the recycling endosome (Rab11). Bar: 10 um. See also Fig. S2.
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Figure 5. Connecdenn and Rab35 do not control transferrin trafficking

A. Control and KD COS-7 cells were surface-labeled on ice with AlexaFluor647-transferrin,
shifted to 37°C for the indicated times, and intracellular transferrin was measured by flow
cytometry. The graph represent the mean of percentage of the initial surface label (N=4) and
statistical analysis by Repeated Measure Two-Way ANOVA followed by Bonferroni posttests
revealed no significant differences between control and KD cells. B/C. The data for the 1 min
(B) and 2 min time points (C) from panel (A) were replotted as bar graphs to highlight the lack
of any endocytic defect (note the overlap in error bars for the different conditions). D. Control
and KD COS-7 cells were continuously labeled with AlexaFluor647-transferrin at 37°C for
one hour, chased at 37°C for the indicated times, and intracellular transferrin was measured
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by flow cytometry. The graph represent the mean of percentage of the initial surface label
(N=4) and statistical analysis by Repeated Measure Two-Way ANOVA followed by
Bonferroni posttests revealed no significant differences between control and KD cells. See also
Fig. S3.
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Figure 6. Connecdenn and Rab35 KD affects MHCI trafficking and EHD1 recruitment

A. Control and KD COS-7 cells were incubated for 20 min with antibodies against MHCI and
processed by immunofluorescence to reveal the localization of the internalized antibodies and
endogenous EEAL. Bar: 20 um. B. Control and KD COS-7 cells were incubated for 20 min
with antibodies against MHCI, chased for 20 min, and intracellular MHCI antibodies were
detected by flow cytometry. The graph represent the mean fluorescence after the 20 min chase
(N=4), plotted as relative ratio (*SEM) with the control ShRNAmMIR set to 1. Statistical analysis
by Repeated Measure One-Way ANOVA followed by Dunnett’s posttests revealed significant
differences between control and KD cells (* p<0.05, ** p<0.01, *** p<0.001). C. COS-7 cells
transduced with lentivirus for the expression of control ShRNAmMIR and transfected with myc-

myc-EHD1

control shRNAmiR 9

CD nt248
EEA1
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EHD1 were incubated with antibodies against MHCI for twenty minutes and processed by
immunofluorescence. Bar: 20 um. D. Control and KD COS-7 were transfected with myc-EHD1
and processed by immunofluorescence to reveal the localization of EHD1 and endogenous
EEAL. Bar: 20 um. E. COS-7 cells transfected with expression constructs for GFP-tagged
Rab35 and myc-tagged EHD1 were processed by immunofluorescence to reveal the
localization of Rab35, EHD1, and endogenous EEAL. The arrowheads indicate areas of co-
localization of all three proteins and the area highlighted by the box is shown in higher
magnification. Bar: 20 pm (low mag.), 10 um (high mag.). See also Fig. S4/S5.
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Figure 7. Loss of Rab35 activity causes the KD phenotypes

A. COS-7 cells were transfected with GFP-Rab5 wt or GFP-Rab5 Q67L alone, or co-
transfected with GFP-Rab5 wt and myc-Rab35 S22N and processed by immunofluorescence
to compare the effect of inactive Rab35 on the localization of Rab5. The arrowhead indicates
the transfected cell when only the Rab5 signal is shown. Bar: 20 um. B. Connecdenn KD cells
(CD nt248) were transfected with GFP alone or GFP-tagged Rab35 Q67L and processed by
immunofluorescence for endogenous EEAL to reveal the localization and morphology of the
early endosomal compartment. Arrowheads indicate the transfected cells when only the EEA1
signal is shown. Bar: 40 um. C. Quantification of (B). The bar graph represents the mean
percentage (+SEM, N=4) of transfected cells showing the EEA1 KD phenotype in connecdenn
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KD cells expressing GFP alone or GFP-Rab35 Q67L. Statistical analysis by two-tailed Mann
Whitney test revealed a significant difference between GFP- and GFP-Rah35 Q67L-expressing
cells (* p<0.05). D. COS-7 cells transfected with GFP alone or with GFP-tagged Rab5 Q79L
were incubated for 20 min with antibodies against MHCI, chased for 20 min, and intracellular
MHCI antibodies were detected by flow cytometry. The graph represent the mean fluorescence
after the 20 min chase (N=4), plotted as relative ratio (+SEM) with GFP set to 1. Statistical
analysis by two-tailed T-test revealed a significant difference between GFP and GFP-Rab5
Q79L-expressing cells (* p<0.05). E. COS-7 cells transfected with GFP or GFP-Rab5 alone
or co-transfected with GFP-Rab5 and myc-tagged Rabex5 were processed as described for
(D). The graph represent the mean fluorescence after the 20 min chase (N=4), plotted as relative
ratio (+SEM) with GFP set to 1. Statistical analysis by Repeated Measure One-Way ANOVA
followed by Dunnett’s posttests revealed significant differences between GFP and Rab5 or
Rab5+Rabex5-expressing cells (* p<0.05).
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