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Abstract
Epithelial cells display distinct apical and basolateral membrane domains, and maintenance of this
asymmetry is essential to the function of epithelial tissues. Polarized delivery of apical and basolateral
membrane proteins from the trans Golgi network (TGN) and/or endosomes to the correct domain
requires specific cytoplasmic machinery to control the sorting, budding and fission of vesicles.
However, the molecular machinery that regulates polarized delivery of apical proteins remains poorly
understood. In this study, we show that the small guanosine triphosphatase Rab14 is involved in the
apical targeting pathway. Using yeast two-hybrid analysis and glutathione S-transferase pull down,
we show that Rab14 interacts with apical membrane proteins and localizes to the TGN and apical
endosomes. Overexpression of the GDP mutant form of Rab14 (S25N) induces an enlargement of
the TGN and vesicle accumulation around Golgi membranes. Moreover, expression of Rab14-S25N
results in mislocalization of the apical raft-associated protein vasoactive intestinal peptide/MAL to
the basolateral domain but does not disrupt basolateral targeting or recycling. These data suggest that
Rab14 specifically regulates delivery of cargo from the TGN to the apical domain.
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Polarized membrane domains are a fundamental property of epithelial cells, imparting a
functional surface asymmetry that is essential for vectorial transport of water, ions and solutes
as well as for establishment of a barrier to pathogens. Establishment of cell polarity is triggered
by cell–cell adhesion and proper sorting and recycling of proteins to membrane domains. To
maintain these distinct apical and basolateral domains, newly synthesized and recycling
membrane proteins must be delivered to the correct membrane domains, and this polarized
delivery is critical for preserving the functional polarized state throughout the life of the cell
(1,2).

Segregation of apical or basolateral proteins for delivery to the plasma membrane occurs in
the trans Golgi network (TGN) or in endosomes (2). Basolateral targeting is known to be
mediated by cytoplasmic signals through adaptor protein (AP)-1B adaptor-dependent (3–5) or
-independent pathways (3,6). However, the signals involved in apical targeting comprise many
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different forms. Apical signals have been linked to N- and O-glycosyl chains (7,8), glycosyl-
phosphatidylinositol (GPI) moieties (9) and cytoplasmic domains (10–12). In addition,
partitioning into glycolipid rafts, association with the MAL proteolipid [vasoactive intestinal
peptide (VIP)17] and association with the phosphatidylinositol-4-phosphate-binding adaptor
protein (FAPP2) have also been implicated in sorting of proteins and lipids destined for apical
membranes (13–18).

When newly synthesized proteins or lipids arrive at the TGN or endosomes, they must partition
into distinct membrane domains, assemble into proper carriers and be delivered to the correct
surface. Recent studies have made use of live cell imaging techniques to provide images of
basolateral and apical vesicles segregating from the TGN and fusing with distinct domains
(19,20). Genetic and biochemical analyses have shown that protein complexes act in series to
regulate budding, docking and fusion to complete basolateral targeting (3,5,15,21–25). Despite
intensive work in the field, the machinery that regulates budding and transport of apically
directed vesicles is not well understood. Using yeast two-hybrid and glutathione S-transferase
(GST) pull-down approaches, we have found that the small guanosine triphosphatase (GTPase)
Rab14 is part of the regulatory machinery for apical targeting. Expression of the GDP mutant
form of Rab14 in Madin–Darby canine kidney (MDCK) cells causes a change in the
morphology of the TGN, an increase in vesicles surrounding the Golgi membrane and
mistargeting of the apical membrane protein VIP/MAL. Moreover, live cell imaging shows
that Rab14 vesicles are very dynamic and fuse with early endosomes and the plasma membrane.
Our results indicate that Rab14 regulates apical trafficking from the TGN to apical endosomes
in polarized cells.

Results
The small GTPase Rab14 interacts with an apical endosomal membrane protein

To identify machinery for delivery of apical proteins, we utilized an integral membrane
glycoprotein, endotubin. Endotubin is a type I transmembrane protein that localizes to apical
early endosomes (26). Two motifs on the short cytoplasmic domain are necessary and sufficient
for delivery to the apical endosomal compartment (12,26) (Figure 1A); mutagenesis of the
cytoplasmic domain results in mis-targeting to the basolateral membrane (12), and addition of
the cytoplasmic domain onto a basolaterally directed protein results in retargeting to the apical
plasma membrane (12). Using the endotubin cytoplasmic domain as the bait (Figure 1A), we
screened a yeast two-hybrid library constructed from messenger RNA (mRNA) derived from
neonatal rat intestinal epithelial cells. This screening resulted in the isolation of the amino-
terminal fragment of the small GTPase Rab14. This interaction in the yeast two-hybrid system
was confirmed by transformation of the bait and activating domain plasmids into yeast followed
by mating (unpublished results).

To determine if the nucleotide state of Rab14 affects the ability to bind endotubin, we used a
directed yeast two-hybrid approach. Full-length Rab14 wild type (wt) was isolated by
polymerase chain reaction (PCR) and inserted into the prey plasmid to confirm the interaction
with the entire molecule. Mating of cells expressing full-length Rab14-wt with cells expressing
the endotubin cytoplasmic domain resulted in robust growth on quadruple dropout plates
lacking leucine, tryptophan, histidine and adenine, indicating a strong interaction. Growth was
also seen with the Rab14-GTP (Rab14-Q70L) and Rab14-GDP (Rab14-S25N) mutants
(unpublished data), suggesting that the interaction is not nucleotide dependent.

To biochemically characterize the Rab14–endotubin interaction, we performed a GST pull
down using full-length Rab14-wt, Rab14-Q70L or Rab14-S25N fused to GST. Rab14–GST
fusion proteins were incubated with MDCK homogenates stably expressing full-length
endotubin followed by immunoblotting against endotubin (Figure 1B). As in the yeast two-
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hybrid analysis, the interaction of endotubin with Rab14 was observed with all Rab14
nucleotide states. There appeared to be a slight increase in endotubin binding to Rab14-wt–
GST compared with the other forms, but this difference was not significant between
experiments. As expected, we observed no interaction of Rab14-wt–GST with the basolateral
protein, E-cadherin (Figure 1B).

To determine if Rab14 binds to other apical proteins, we examined the apical raft-associated
protein, VIP/MAL. As shown in Figure 1C, Rab14-wt–GST pulled down VIP/MAL.
Interestingly, in contrast with endotubin, no interaction was observed with Rab14-S25N–GST,
suggesting that the interaction of Rab14 with VIP/MAL depends on the nucleotide state of
Rab14 (Figure 1B). Again, we observed no interaction with the basolateral protein, E-cadherin
(Figure 1C). These results further support the finding that Rab14 interacts specifically with
apical proteins.

Previously, we showed that mutations in either the hydrophobic motif (F1180A) or the CKII
site (T1186A) in the cytoplasmic domain of endotubin resulted in a small amount of basolateral
missorting of this apical endosomal protein, although 90% was targeted apically (26). In
contrast, mutation of both motifs resulted in 90% of endotubin being missorted to the
basolateral domain (12). To determine if these two motifs are necessary for interaction with
Rab14, we introduced the endotubin cytoplasmic domain mutants F1180A and T1186A into
the yeast two-hybrid bait plasmid to test their ability to interact with Rab14. We found that
yeast containing Rab14 and either of the endotubin cytoplasmic domain mutations (F1180A
or T1186A) grew on selection medium, demonstrating a positive interaction (Table 1).
However, the double mutant F1180A/T1186A does not show any interaction with Rab14 in
the yeast two-hybrid system (Table 1). These results indicate that Rab14 does not interact with
the basolaterally missorted endotubin mutant, suggesting that Rab14 plays a role in apical
sorting and targeting of proteins in epithelial cells.

Because Rab14 was isolated as a result of its interaction with endotubin, we reasoned that these
molecules would colocalize in the same compartment. First, we tested whether green
fluorescent protein (GFP)-tagged Rab14 could be properly geranylgeranylated using Triton
X-114 (TX-114) phase partitioning. Our results show that all the expressed forms of Rab14–
GFP partitioned into the detergent pellet, indicating normal lipid modification (Figure S1).
Next, we characterized the subcellular localization of Rab14 and endotubin in polarized MDCK
cells. Coexpression of endotubin with Rab14-wt (Figure 1D, panel a) and Rab14-Q70L (Figure
1D, panel b) resulted in significant colocalization. We observe a decrease in colocalization
between Rab14-S25N and endotubin (Figure 1D, panel c). Additionally, Rab14-wt and -Q70L
together with endotubin localize to the apical cytoplasm. Because endotubin has been shown
to be present in apical early endosomes, these results indicate that Rab14 is localizing to an
apical early endosome compartment (26–28). This contrasts with the distribution of Rab14-
S25N, which appears to be nonpolarized (Figure 1D, panel c).

Subcellular localization of Rab14 in polarized epithelial cells
To identify the subcellular compartment in which Rab14 functions, we examined the
intracellular distribution of Rab14-wt–GFP in polarized and nonpolarized MDCK cells. Recent
study in fibroblasts has shown that Rab14 localized to the biosynthetic pathway in both early
and recycling endosomes (29) and to the phagosome in macrophages (30). As shown in Figure
2A, in polarized epithelial cells, Rab14-wt–GFP partially colocalizes with furin, an endogenous
protein that recycles between the TGN and endosomes as AP-1A-dependent cargo (31). There
was also partial colocalization of Rab14-wt–GFP with the common endosome marker,
transferrin (Figure 2C). We observe no significant colocalization between Rab14-wt–GFP and
the apical recycling endosome marker, Rab11a (Figure 2B), suggesting that Rab14 localizes
to a distinct apical endosomal compartment.
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Similarly, in nonpolarized MDCK cells grown on coverslips, we observe Rab14-wt–GFP and
furin localizing to a perinuclear compartment (Figure 3A), but labeling is present in distinct,
adjacent membrane domains (Figure 3A, panel a′). There was no significant colocalization
between Rab14-wt–GFP and the AP-1 adaptor subunit γ-adaptin (Figure 3A, panel b′),
suggesting that Rab14 predominantly traffics through a non-clathrin-dependent pathway. We
also observe no colocalization between Rab14-wt–GFP and clathrin heavy chain, early
embryonic antigen 1 (EEA1) or Golgi 58K (Figure S2). We observe limited areas of
colocalization of Rab14-wt–GFP with the recycling endosomal marker transferrin in
nonpolarized MDCK cells (Figure 3A, panel c′) but not with the lysosomal marker, Lysotracker
(Figure S2). These results indicate that Rab14 is trafficking between the TGN, apical endosome
(endotubin) and common endosome (transferrin) (28) and suggests that Rab14 may regulate
trafficking between the Golgi and apical plasma membrane through different compartments
depending on the polarized state of the cell (27).

As in nonpolarized cells (29), the nucleotide-binding state of Rab14 determines its subcellular
localization in MDCK cells. Previous study has shown that the inactive form of Rab14 (Rab14-
S25N) is localized in a predominantly perinuclear distribution. Labeling of the TGN with wheat
germ agglutinin (WGA) (32) resulted in extensive colocalization with Rab14-S25N–GFP
(Figure 3B, panel c). In addition, in cells expressing Rab14-S25N–GFP, the TGN was
massively expanded and distorted, a morphology not seen with overexpression of the Rab14-
wt–GFP (Figure 3B, panel a) or Rab14-Q70L–GFP (Figure 3B, panel b). This effect on the
morphology of the TGN has also been reported by others in fibroblasts (29) and indicates that
Rab14 may modulate fusion or exit of vesicles at the TGN. To determine if the distension of
the TGN observed in Rab14-S25N–GFP caused an upregulation of synthesis of Golgi matrix
and tether proteins, MDCK cell homogenates stably expressing Rab14-wt–GFP or Rab14-
S25N–GFP were immunoblotted for Golgi proteins. However, there was no change in the
steady-state amounts of these proteins (Figure S3).

The expansion of the TGN observed in Rab14-S25N–GFP-expressing cells suggests that there
may be a block to budding from the TGN or an accumulation of vesicles in the peri-Golgi
region. To determine this, we performed ultra-structural analysis on stably transfected MDCK
cells expressing Rab14-wt–GFP or Rab14-S25N–GFP. The electron microscope (EM) images
show dramatic phenotypic differences. Cells expressing Rab14-wt–GFP have normal Golgi
morphology, with Golgi cisternae surrounded by budded vesicles (Figure 4A, left panel), as
previously observed in NRK cells (29). Conversely, Rab14-S25N–GFP-expressing cells
display larger and more distended Golgi cisternae (similar to Figure 3B, panel c) and an increase
in vesicles accumulating in the vicinity of the Golgi stacks (Figure 4A, right panel).

Because we observe vesicles lining up at the Golgi membrane in Rab14-S25N–GFP-expressing
cells (Figure 4C), we next determined if there was a block to vesicle fission by quantifying the
number of unattached and attached vesicles in the peri-Golgi region. Approximately 80 Golgi
stacks were analyzed and quantified per construct using specific criteria for vesicle size and
attached versus unattached vesicles (Materials and Methods). The results show an increase in
the number of unattached vesicles in the Rab14-S25N–GFP cells compared with cells
expressing Rab14-wt–GFP and a similar number of attached vesicles with both constructs
(Figure 4B). These results suggest that vesicles in Rab14-S25N–GFP-expressing cells are able
to undergo both budding and fission from the Golgi/TGN membrane but are accumulating in
the peri-Golgi region. Thus, Rab14 appears to be involved in the transport of vesicles between
the Golgi and endosomes/plasma membrane.

Rab14 vesicles traffic to early endosomes and the plasma membrane
Because our EM data demonstrate an accumulation of vesicular membrane profiles in the
vicinities of the Golgi apparatus, we next examined whether Rab14 is involved in the trafficking

Kitt et al. Page 4

Traffic. Author manuscript; available in PMC 2009 November 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of these vesicles. Because their flat morphology facilitates live cell imaging, we employed
NRK cells expressing GFP-tagged Rab14 (Figure 5). We found that Rab14-wt–GFP-positive
vesicles (Figure 5A) and Rab14-Q70L–GFP-positive vesicles (Figure 5B) move dynamically
in the cell. In Rab14-wt–GFP cells, we observe vesicles exiting and entering the perinuclear
region (Figure 5A and Video S1). In Rab14-Q70L cells, we observe vesicles undergoing fusion
in the perinuclear region (Figure 5B and Video S2). Rab14-S25N–GFP localizes to an
amorphous perinuclear compartment (Figure 5C) and, unlike Rab14-wt–GFP and Rab14-
Q70L–GFP, we observe no vesicular movement of Rab14-S25N–GFP into or out of the Golgi
region (Figure 5C and Video S3), suggesting that vesicles containing GFP–Rab14-S25N are
held up at the Golgi/TGN level.

Our results suggest that Rab14 may regulate delivery of apically directed proteins between the
TGN and apical endosomes or the plasma membrane. We next performed live cell imaging
using MDCK cells expressing Rab14-wt–GFP and tetramethylrhodamine isothiocyanate
(TRITC)-labeled ricin to mark the endocytic pathway. As shown in Figure 6A and in Video
S4, vesicles containing Rab14 fuse with ricin-containing endosomes within 5 min of warming
to 37°C. In addition, because not all the ricin is internalized within 5 min and continues to label
the plasma membrane, Rab14-containing vesicles can be visualized fusing with the plasma
membrane and then rebudding (Figure 6B and Video S5). These images indicate that Rab14
shuttles between early endosomes and the plasma membrane. Thus, Rab14 may regulate the
trafficking of apically directed proteins by cycling between the TGN and early endosomes or
the plasma membrane.

Rab14 is required for proper localization of the apical raft protein VIP/MAL
Because we saw a nucleotide-dependent interaction with VIP/MAL (Figure 1B), we next
determined whether Rab14 could be involved in the targeting of this raft-associated molecule.
As shown in Figure 7, in cells coexpressing Rab14-wt–GFP and VIP/MAL, VIP/MAL is
targeted to the apical membrane and more importantly is not found intracellularly (section of
VIP/MAL is in the middle of the cell) (Figure 7A). However, in cells expressing Rab14-S25N–
GFP, there is a retention of VIP/MAL intracellularly (section of VIP/MAL is in the middle of
the cell) and mis-targeting to the lateral membrane, as indicated by colocalizing with the
basolateral marker, E-cadherin (Figure 7B).

Localization of Rab14 with the apical plasma membrane protein, gp135, or pIgA receptor
Recent results indicate that there are multiple pathways to the apical domain (33). To determine
if Rab14 affects the trafficking of other apically associated membrane proteins, we looked at
the well-established apical marker, gp135. When MDCK cells expressing Rab14-wt (Figure
8A, panel a), Rab14-Q70L (Figure 8A, panel b) or Rab14-S25N (Figure 8A, panel c) were
labeled with antibodies against gp135, the distribution of gp135 was indistinguishable from
untransfected cells (unpublished data). In addition, we also observe no alteration in the
distribution of the polymeric immunoglobulin A (pIgA) receptor (Figure 8B) or the basolateral
protein E-cadherin (Figure 8C) in cells expressing all Rab14 constructs. In addition, the trans-
epithelial resistance of the cells was unaffected by the expression of any forms of Rab14
(unpublished data). Overall, these results suggest that Rab14 is selective for specific types of
apical membrane proteins.

Rab14 localizes to recycling endosomes (29), and localization studies of transferrin and Rab14
suggest that these molecules exist in nearby domains (Figure 3C, panel c′). To further examine
the specificity of the effects of Rab14 upon apical targeting and endosomal trafficking, we
examined the effect of expression of GFP-tagged Rab14-wt, Rab14-Q70L and Rab14-S25N
upon the recycling of basolaterally internalized transferrin. As shown in Figure 9, transferrin
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recycling and transcytosis are unaffected by expression of any of these forms of Rab14,
suggesting that Rab14 is not involved in the basolateral trafficking pathway.

Taken together, our results demonstrate a role for Rab14 in directing the trafficking of a subset
of apical proteins in polarized epithelial cells.

Discussion
Loss of epithelial cell polarity has been associated with transformation and uncontrolled growth
(34), and accurate delivery of newly synthesized proteins to both the apical and the basolateral
membranes is necessary for normal epithelial cell function. Despite the wealth of information
about sorting and delivery of newly synthesized proteins to the basolateral membrane (3,5,
15,21–25,35,36), the molecular hardware responsible for delivery of proteins and lipids to the
apical domain remains largely uncharacterized. In this study, we report that the small GTPase
Rab14 is involved in the polarized delivery of specific apical proteins from the TGN to the
apical plasma membrane without affecting basolateral targeting or cell–cell junctions. We
demonstrate that expression of the inactive form of Rab14 disrupts the TGN and causes
missorting of an apical raft-associated protein, evidence that Rab14 regulates the trafficking
of apical proteins. In addition, expression of GDP-bound Rab14 causes an increase in vesicles
accumulating in the peri-Golgi region, suggesting that it is involved in transport of these
vesicles.

How does Rab14 work? In MDCK cells, apically targeted molecules are sorted within the TGN
by partitioning into domains through interactions with N-linked carbohydrates (7), GPI
moieties (9) or the proteolipid MAL (16,17). These molecules presumably function to promote
the formation of membrane domains, while other cytoplasmic machinery is required for the
budding and delivery of these molecules and their cargo [but see Schuck and Simons (37)].
Although Rab proteins have been implicated in many steps of membrane trafficking (38), there
are relatively few reports of Rab proteins binding to cargo molecules in the membrane. A
notable example of a Rab protein binding to cargo is seen with the trafficking of pIgA receptor
in the transcytotic pathway (39) where GTP-bound Rab3b inhibits transcytosis of the pIgA
receptor. Rab21 also associates with the cytoplasmic domains of α-integrins, and nucleotide
mutants of Rab21 affect association with and trafficking of β1-integrins (40). We have found
that Rab14 interacts with the apical endosomal protein endotubin and VIP/MAL. Endotubin
has been found to oligomerize and is highly N-glycosylated (41) and may serve as a scaffold
for apical membrane proteins. Similar to Rab3b and Rab5a where the GTPase activity of the
proteins controls their association with pIgA receptor or angiotensin 2-1A-receptor (AT1AR)
(39,42), respectively, the differential trafficking pathways for Rab14 could reflect the type of
cargo Rab14 is transporting. Differential trafficking of apical proteins has been observed in
the targeting of the raft-associated hemagglutinin and the non-raft-associated protein endolyn
to apical compartments, suggesting that apical proteins traverse different endocytic
intermediates on their way to the apical membrane in polarized cells (33). It may be that
endotubin functions predominantly at the endosomal compartment, whereas VIP/MAL
functions at the TGN. It is also possible that the difference in nucleotide-dependent binding of
Rab14 with VIP/MAL reflects indirect binding and/or the presence of cofactors that modulate
VIP/MAL binding to Rab14.

Subsets of Rab GTPases are expressed in the apical domain of epithelial cells and have been
shown to regulate trafficking from endosomal compartments. Our colocalization and live cell
imaging of Rab14 suggest that it cycles between the TGN, common and apical early endosomal
compartments. In MDCK cells, in contrast with Rab14, Rab11a and Rab25 associate with the
apical recycling endosome (ARE) and mutants of Rab11a and Rab25 selectively disrupt the
apical recycling and transcytosis of IgA (43,44). Studies with Rab8 initially indicated that Rab8
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regulates basolateral targeting through AP-1B adaptors in the recycling endosome (45).
However, recent results in Rab8 knockout mice have implicated Rab8 in the trafficking of
peptidases and transporters to the apical membrane of gut epithelial cells (46). This difference
may reflect the different polarized trafficking pathways found in MDCK and intestinal
epithelial cells (47–49). Finally, mutation of Rab4 caused trafficking of the transferrin receptor
to the apical surface from the recycling endosome (50). However, transferrin recycling is
unaffected by the overexpression of the Rab14 genotypes, suggesting that Rab14 is not
involved in the targeting of basolateral proteins.

Rabs and their effectors work together to co-ordinate cargo sorting, budding, transport and
fusion. To temporally and spatially control these cellular events between organelle
compartments, Rabs must be highly organized to lend organelle specificity and function. This
study demonstrates that Rab14 directs the trafficking of specific apical proteins in polarized
epithelial cells. Future studies will determine other binding partners for Rab14 to characterize
the regulation of these targeting events.

Materials and Methods
Reagents

Cell culture reagents were obtained from Gibco-BRL. The following antibodies were used:
mouse anti-E-cadherin, rabbit anti-GFP and mouse anti-EEA1 (BD Biosciences), mouse anti-
Golgi 58K protein, rabbit anti-FLAG and mouse γ-adaptin (Sigma-Aldrich, Inc.), mouse anti-
gp135 (gift from Dr K. Matlin, University of Cincinnati, Cincinnati, OH, USA), mouse anti-
endotubin (41), sheep anti-pIgA receptor (gift from Dr C. Okamoto, University of Southern
California, Los Angeles, CA, USA), goat anti-dog transferrin (Bethyl Laboratories), mouse
anti-clathrin heavy chain (Affinity Bioreagents Inc.) and Lysotracker (Invitrogen/Molecular
Probes). Secondary antibodies were from Jackson ImmunoResearch Laboratories, Inc.
TRITC–ricin was from EY Laboratories, Inc., and rhodamine and WGA–rhodamine (WGA–
Rh) were from VECTOR Laboratories, Inc. All other chemicals and reagents were from Sigma-
Aldrich Chemical Company.

Two-hybrid library screening and plasmid construction
Endotubin cytoplasmic domain (tail) bait was constructed by amplifying nucleotides 3620–
3928 (amino acids 1160–1195) by PCR and subcloning into the GAL4-binding domain vector
(pGBKT7, MATCHMAKER Library Construction kit; Clontech). This bait was used to screen
a postnatal day 13 rat ileum complementary DNA library in GAL4-activating domain vector
(pGADT7-Rec; Clontech). A total of 2 × 106 clones were screened following the manufacture’s
protocol. Positive colonies were sequenced and interactions confirmed by mating.

Full-length Rab14 was obtained by reverse transcriptase–polymerase chain reaction of mRNA
obtained from neonatal rat ileum and subcloned into pEGFP-C2 vector (Clontech). The Q70L
and S25N mutations were generated by site-directed mutagenesis using the Quik Change XL
Mutagenesis Kit (Stratagene). For Rab14-Q70L, the primers were 5′–3′ GGATACGGCAGG-
ACTCGAGCGATTTAGGG and 5′–3′ CCCTAAATCGCTCGAGTCCTGCCGTA-TCC. For
Rab14-S25N, the primers were 5′–3′ GACATGGGAGTAAAAAA-TTGCTTGCTTCATC
and 5′–3′ GATGAAGCAAGCAATTTTTTACTCCCATGTC. Endotubin cytoplasmic
domain mutants for yeast two-hybrid studies were generated by site-directed mutagenesis of
individual amino acids using the Quick Change XL Mutagenesis Kit as previously described
(26). All mutations were verified by sequencing.

For GST pull-down experiments, full-length Rab14 was cloned into pET-41a (Novagen), and
the CXC prenylation motif was deleted by PCR using the following primers: 5′–3′
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GTGAACCCCAACCCCAGTGAGAAGGCTGTGG-CTGC and 3′–5′
GCAGCCACAGCCTTCTCACTGGGGTTGGGGTTCAC.

GST pull downs
Rab14–GST proteins were purified by sonication of bacterial cultures expressing the constructs
followed by incubation of bacterial supernatants with Amersham Glutathione 4 Fast Flow
beads for 1 h. Beads containing 100 μg of GST–Rab14 protein were incubated with 100 μM
of either GTPγS or GDP and 2 mg of MDCK lysates expressing either VIP/MAL-FLAG or
full-length endotubin. MDCK lysates were prepared using 1% TX-100, 150 mM NaCl, 5 mM
ethylenediaminetetraacetic acid and 50 mM Tris, pH 7.5. After incubation, beads were washed
and eluted in SDS–PAGE sample buffer.

Cell culture, immunofluorescent labeling and fluorescence microscopy
MDCK and NRK cells were transfected with Rab14–GFP constructs as previously described
(26,51). MDCK cells expressing the Rab14 constructs were selected by growth in medium
containing 400 μg/mL G418 for 10 days followed by colony selection. For experiments, cells
were seeded onto Costar filters as previously described (26).

Prior to all experiments, MDCK cells were treated overnight with 4 mM butyric acid to induce
expression of the transgenes, and for immunofluorescent labeling, cells were processed as
previously described (52). For labeling with WGA–Rh, cells were fixed in 4%
paraformaldehyde, permeabilized with 0.05% Nonidet P-40/PBS and incubated with 100 μg/
mL WGA–Rh in PBS for 30 min at room temperature, washed with PBS and mounted with
Aqua Poly/Mount (Polysciences, Inc.).

Images of cells on coverslips were acquired using the DeltaVision restoration microscopy
system (Applied Precision, Inc.) using an Olympus IX70 inverted microscope (Olympus
America, Inc.) and Photometrics-cooled charge-coupled device (CCD) camera (Roper
Scientific Instruments); ×60 (1.4) or ×100 [numerical aperture (NA) 1.35] objectives were used
to obtain the images. The x,y stacks were deconvolved using a Silicon Graphics Workstation
(SGI) with measured point spread functions to create the final images. Cells on filters were
imaged using a Zeiss LSM laser scanning system with a ×100 oil immersion objective, NA
1.4. Simultaneous two- or three-channel recording was performed using excitation
wavelengths of 488, 533 and/or 633 nm through a z-stack of 10–50 μm in thickness. Images
were processed and merged using ADOBE PHOTOSHOP software (Adobe Systems). To
facilitate comparison, identical imaging and processing parameters were used for all figures.
Intensity of intracellular fluorescence was measured using IMAGEJ (National Institutes of
Health, NIH).

Transmission electron microscopy and Golgi vesicle quantification
MDCK cells stably expressing Rab14-wt or -S25N were grown as described above. For EM,
cells were fixed in 3% glutaraldehyde/0.1 M cacodylate buffer, pH 7.2, and embedded in Spurrs
resin (Electron Microscopy Sciences). Sections were examined using a Philips 410STEM at
80 kV, and images were acquired using a AMT-XR40 (Advanced Microscopy Techniques)
digital camera.

To quantify the attached and unattached vesicles surrounding Golgi apparatus, 80 stacks were
analyzed using IMAGEJ (NIH). The criteria used to define the vesicles around the Golgi were
(i) vesicles must be less than 300 nm in diameter, (ii) vesicles must be within 0.5 μm of the
Golgi stacks, (iii) vesicles where cytoplasm was present between the vesicle and the Golgi
membrane were considered unattached and (iv) vesicles that appeared to rest upon the
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membrane or to have a neck are considered attached. Statistical analysis was performed using
Student’s t-test.

Live cell imaging
Twenty-four hours after transfection, NRK cells expressing the Rab14–GFP constructs (wt,
Q70L and S25N) were placed in live cell imaging media (DMEM-phenol red free, 10% FBS,
25 mM HEPES) and transferred to a closed viewing chamber equipped with an objective heat
collar and a temperature-controlled air blower. Samples were maintained at 37°C and imaged
using a ×100 oil objective and an Intelligent Innovations imaging system (Intelligent Imaging
Innovations) with a Zeiss Axiovert 200M including a 175 Watt Xenon light source with a dual
galvanometric filter changer, a Coolsnap HQ interline CCD camera and an x,y motorized stage
with harmonic drive z-focusing. Using an enhanced green fluorescent protein filter set, 70
frames were taken at 2 seconds per frame for a 2-min movie. Each movie series was projected
onto a single x, y plane. Movies were made using slidebook software.

For live cell imaging of MDCK cells, cells were grown on coverslips (Bioptechs) designed to
fit onto the Focht live-cell chamber apparatus (Bioptechs). Time-lapse series were acquired at
37°C on the Olympus IX70 microscope system described above. Exposure times were 400–
500 milliseconds for each channel and time-lapse sequences of 6 seconds. Series were exported
as QuickTime movies or as single TIFF files and processed in ADOBE PHOTOSHOP 6.0.

Uptake studies
For transferrin uptake studies, canine apo-transferrin was saturated with iron using iron–
nitrilotriacetate chelate as described in Bates and Wernicke (53), run twice through a G-25
Sephadex column (Pharmacia Biotech) and dialyzed against 20 mM HEPES (pH 7.0) buffer
to a final concentration of 1.5–3 mg/mL. This iron-saturated transferrin was iodinated to a
specific activity of 5.0–9.0 × 106 c.p.m./μg using Iodogen tubes (Pierce). Unincorporated
Na125I was removed with a G-25 Sephadex column.

The transferrin-recycling assay on filter-grown cells expressing Rab14-wt, Rab14-Q70L and
Rab14-S25N were performed as previously described (54).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Endotubin and VIP/MAL interact with the small GTPase Rab14
A) Endotubin cytoplasmic domain used for bait construction. Motifs critical for apical
endosomal targeting are indicated in bold. B) Rab14–GST (wt, Q70L and S25N)-tagged
proteins were used to pull down endotubin or VIP/MAL from MDCK cells followed by
immunoblotting. Results show that binding of full-length endotubin to Rab14 is not nucleotide
dependent (B). However, binding of VIP/MAL is nucleotide dependent (C). None of the
Rab14–GST constructs interacts with the basolateral marker, E-cadherin. Input is 5% of total.
D) MDCK cells expressing Rab14-wt, -Q70L, or -S25N–GFP (green) and endotubin (red) were
visualized by confocal microscopy. Coexpression of Rab14-wt and endotubin resulted in areas
of overlap in the apical domain (arrowheads). Rab14-Q70L and endotubin also show extensive
colocalization (arrowheads). Coexpression of Rab14-S25N and endotubin resulted in some
areas of colocalization as well as a nonpolarized distribution of Rab14-S25N. Dotted line in
the z-stack represents the bottom of the filter. Scale bar, 5 μm.
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Figure 2. Subcellular localization of Rab14 in polarized epithelial cells
MDCK cells stably expressing Rab14-wt–GFP were labeled with anti-furin (A, red), anti-
Rab11a (B, red) or anti-transferrin receptor (C, red) and visualized by confocal microscopy.
There is some colocalization of Rab14-wt–GFP with furin (TGN) and transferrin receptor
(common endosome) (arrowheads). No colocalization was observed with the ARE marker,
Rab11a. Dotted line in the z-stack represents the bottom of the filter. Scale bar, 5 μm.
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Figure 3. Subcellular localization of Rab14 in nonpolarized epithelial cells
A) MDCK cells transfected with Rab14-wt–GFP (green), labeled with anti-furin (panel a, red),
anti-γ-adaptin (panel b, red) or anti-transferrin receptor (panel c, red) and visualized by
deconvolution microscopy. Rab14 and furin (arrows, panel a′) are present in adjacent
membrane domains. There is also some colocalization with the transferrin receptor (arrow and
arrowheads, panels c′ and c) but no colocalization with γ-adaptin (panel b′). B) Expression of
Rab14-wt (B, panel a) or Rab14-Q70L–GFP (B, panel b) did not affect the structure of the
TGN, labeled in this study with WGA–Rh. In contrast, expression of Rab14-S25N caused a
dramatic expansion and reorganization of the TGN with extensive overlay of the labels (B,
panel c, arrows). Scale bars, 10 μm.
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Figure 4. Rab14 is not involved in budding/fission of vesicles from the TGN
Low magnification of cells expressing Rab14-wt and Rab14-S25N. Cells expressing Rab14-
wt display normal Golgi morphology (arrows, A – left panel) compared with Rab14-S25N-
expressing cells (arrowheads, A – right panel) where Golgi membranes are expanded. B) High
magnification of a Golgi region in cells expressing Rab14-S25N demonstrates an increase in
vesicles lined up at the Golgi membrane (arrows). Scale bar, 0.5 μm. C) Rab14-S25N-
expressing cells have a significant increase in unattached vesicles in the peri-Golgi compared
with Rab14-wt (**p < 0.005).
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Figure 5. Nucleotide states determine motility of Rab14 vesicles
NRK cells expressing Rab14-wt, -Q70L and -S25N–GFP were imaged by live cell fluorescence
microscopy. Selected frames from time-lapse images were enlarged and vesicles tracked.
Individual frames were taken for 2 min and 20 seconds for each Rab14 construct. (A) Rab14-
wt vesicles traffic in and out of the perinuclear region; time lapse shows a vesicle undergoing
anterograde transport from the perinuclear region (arrow) and then undergoing retrograde
movement (arrowheads). (B) Rab14-Q70L vesicles undergo fusion into the perinuclear region;
time lapse shows a vesicle undergoing fusion (arrow) with another vesicle (arrowhead) in the
perinuclear region. In contrast, cells expressing (C) Rab14-S25N display no vesicle movement
and membrane structures containing Rab14 remain constant (arrows). The time is shown in
min:seconds. Scale bar, 10 μm.
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Figure 6. Rab14-wt vesicles traffic to early endosomes and plasma membrane
Rab14-wt–GFP (green)-expressing cells were incubated with ricin–TRITC (red) at 4°C and
warmed to 37°C. Image acquisition was initiated within 5 min of warming. Individual frames
were taken over a 10-min period (see supplementary material videos 4 and 5). A) Rab14-wt–
GFP-containing vesicle (arrowhead) docks and fuses with an ricin–TRITC-labeled early
endosome (arrow), and subsequently, a Rab14 tubular structure emerges from the vesicle
(asterisk in 01:06:00). B) Rab14 vesicle (arrow) is docked at the ricin–TRITC-labeled plasma
membrane; additional frames indicate the vesicle fusing with the plasma membrane. The
Rab14-wt–GFP-positive vesicle then buds off the plasma membrane and moves into the
cytoplasm (arrowhead in 00:00:24). The Rab14-wt–GFP domain then buds off from the plasma
membrane (arrowhead in 00:30:00 and 00:36:00). The time is shown in
min:seconds:milliseconds. Scale bars, A–B, 2.5 μm.
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Figure 7. Inactive Rab14 selectively disrupts targeting of the raft-associated protein VIP/MAL
Cells expressing Rab14-wt or Rab14-S25N and VIP/MAL were labeled and examined by
confocal microscopy. The plane of section in the x–y images is indicated by the yellow bar in
the cartoon. A) Cells expressing Rab14-wt demonstrate an apical distribution of VIP/MAL,
with no labeling in the subapical cytoplasm. No colocalization is observed with E-cadherin.
B) Measurement of pixel intensity demonstrates no colocalization with E-cadherin. C) In cells
expressing Rab14-S25N, VIP/MAL is retained intracellularly and localizes to the basolateral
membrane shown by the colocalization with E-cadherin (arrows and arrowheads). D)
Measurement of pixel intensity demonstrates extensive overlay between the two signals. Note:
Rab14 is not shown in these images. Dotted line in the z-stack represents the bottom of the
filter. Scale bar, 5 μm.
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Figure 8. Rab14 does not affect the targeting of the apical proteins, gp135 and pIgA receptor
A) Cells expressing Rab14-wt, Rab14-Q70L and Rab14-S25N have an apical distribution of
gp135 (red, a, b and c). B) The distribution of the pIgA receptor and C) E-cadherin was also
unaffected by all forms of Rab14. Dotted line in the z-stack represents the bottom of the filter.
Scale bars, 5 μm.
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Figure 9. Rab14 has no effect on basolateral recycling of transferrin
Polarized epithelial cells expressing wt- (filled circles), Q70L-(filled squares) or S25N-Rab14
(open triangles) were loaded with 125I-labeled transferrin from the basolateral side of the
monolayer. Apical (A) and basolateral (B) media were harvested at different time-points to
assess basolateral recycling and basolateral-to-apical transcytosis, respectively. Data are
presented as mean (±SD) percentage of counts per minute recovered for each condition.
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Table 1

Rab14 does not interact with endotubin mutants that are mistargeted basolaterallya

Cytoplasmic domain sequence Targeting Interaction with Rab14

wt KQHLPCQSTDAAASGFDNILFNADQVTLPESITSNP A +
F1180A KQHLPCQSTDAAASGFDNILANADQVTLPESITSNP A +
T1186A KQHLPCQSTDAAASGFDNILFNADQVALPESITSNP A +
F1180A/T1186A KQHLPCQSTDAAASGFDNILANADQVALPESITSNP B −

a
The cytoplasmic domain of endotubin and mutations of F1180A (hydrophobic motif) and T1186A (CKII site) are targeted to the apical domain (26) and

interact with Rab14 in the yeast two-hybrid system. However, the double mutant T1186A/F1180A is mistargeted to the basolateral membrane (26) and
showed no interaction with Rab14 in the yeast two-hybrid system.
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