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INTRODUCTION:
The functional cell represents a complex arrangement of molecules in dynamic
existence attempting to. achieve homeostasis. An integral component in this process is
maintaining proper organization of the plasma membrane. The plasma membrane
contains proteins, sugars, cytoskeletal elements, and lipids that transport nutrients and
translate extracellular events to intracellular signaling pathways. The internalization of ·
molecules coupled with signaling cascades ultimately determines the physiological
cellular response to depolarize, contract, endocytose, exocytose, transcribe, translate, or
apoptose.
A myriad of transport processes is responsible for shuttling components to and
from the plasma membrane. De novo synthesis leads to protein insertion or secretion via
the endoplasmic reticulum to Golgi to plasma membrane route or through
intracytoplasmic means. Cytoplasmic and membrane bound lipid formation also
contribute. Vesicles containing cargoes can be delivered to the plasma membrane
through exocytic events. Phagocytosis as well as receptor and non-receptor mediated
endocytosis dictate the entrance of molecules into the cell while active and passive
transport mechanisms govern the trans-membrane movement of ions and other small
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molecules. Of particular interest to the present investigation however is the cell's ability
to recycle certain proteins .and lipids in preserving membrane physiology.

Plasma membrane recycling:

In order to conserve intracellular resources and provide rapid cellular responses to
stimuli, cells contain the essential innate ability to recycle certain molecules. Cells can
recycle channels that alter a cell's permeability to certain ions. Similarly, cells can
recycle receptors in response to ligand binding. Finally,·cells can recycle membrane to
maintain appropriate surface area distribution. The processes are best illustrated in a
series of three models: recycling the H/K-ATPase proton pump in gastric parietal cells
(1,2), recycling receptor/ligand conjugates (3,4), and recycling synaptic vesicles in
neurons (5,6).
In resting parietal cells, the majority of H/K-ATPase molecules reside in
tubulovesicular membrane populations adjacent to lumenal canalicular membranes.
Following an excitatory stimulus to upregulate acid production, the sub-canalicular
vesicles fuse with the secretory canaliculu~, relocating H/K-ATPase molecules to the
apical surface where they actively pump hydrogen ions into the lumen. Once the
excitatory signal has dissipated, H/K-ATPase molecules are retrieved from the
canalicular membrane and stored in tubulovesicles awaiting the next excitatory stimulus
(2).
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All cells in the body require life-sustaining oxygen to function. Due to the
importance of iron in the oxygen transport process, cells retain the unique ability to
recycle transferrin receptor to ·and from the cell surface when bound to transferrin or
apotransferrin, respectively (3). Similar processes can occur with a number of other
receptors like cholesterol or_immunoglobulin receptors (4).
Finally, the transmission of electrical signals in the brain is dependent on a
recycling event. The influx of Ca2+ into pre-synaptic neuron terminals leads to the release
of neurotransmitters stored in vesicles beneatli the syaptic cleft membrane. Coupled to
this exocytic event is the endocytosis of membrane creating recycled vesicles for storing
newly synthesized neurotransmitters (5,6). Common to each of these three processes is
the directed recycling of membrane.
Integral to plasma membrane recycling as well as to other transport mechanisms
are a series of chaperones, recept9rs, molecular motors, cytoskeletal rearrangements, and
small GTPases that dictate proper localization of membrane bound vesicles and
distribution of cargoes. Specifically, these can include heat shock proteins, SNAREs and
other vesicle receptors, myosin and kinesin-like motors, actin and microtubule
redistribution, and Rablla with other small GTPase proteins, respectively (7,8,9,10).
Most obscure in function is Rablla.

4

Rab proteins:
More than 50 Rab proteins have been identified in the human genome ..
Characteristically, differentRab proteins associa,te with specific .intracellular vesicle
populations (Figure 1). In the exocytic pathway, Rab 1 and Rab2 aid in transporting
newly made protein cargoes between the endoplasmic reticulum and the Golgi apparatus
(11). Rab6 marks intra-Golgi trafficking (12) while Rab8 and RablO localize.fo postGolgi vesicles (13,14). Rab4 al)d Rab5 support the process of endocytosis
(15,16,17,18,19) while Rab7 and Rab9 direct internalized molecules to late endosomes
and lysosomes (29,21,22,23). Rablla, the R~b of interest in these investigations, is
localized to the plasma membrane recycling system (24,25,10).
As GTPase proteins, Rabs oscillate :between GTP and GDP-bound states with
associated proteins facilitating both GTP hydrolysis and GTP/GDP exchange (for review
see 26,27,28). GTPase activating proteins (GAPs) activate inherent Rab GTPase activity,
while GTP exchange factors (GEFs) remove GDP and add GTP (29). Several GDP-Rab
populations also share a common binding protein, GDP dissociating inhibitor (GDI),
which functions to maintain the GDP-bound form of the Rab proteins (30). Unique ·
interacting proteins that associate with either GDP- and/or GTP-bound Rab proteins have
also been discovered (26,27).
The current cyclical model of Rab protein function (26,27) is that GTP-Rab is
attached to vesicles either through an inherent geranyl-geranyl prenylation site or through
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Figure l: Rab proteins present in different subcellular vesicle populations.
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an effector protein (Figure 2). The GTP-Rab then functions as a docking or tethering.
protein to the target membrane. During or following vesicle delivery, GTP hydrolysis
'

'

occurs yielding dissociation·from the membrane or retrieval from the membrane by a
GDI protein. Sequestration of GDP-Rab by GDI in the cytoplasm remains until GDP is
re_placed with GTP with subsequent delivery to vesicle membranes beginning the cycle
again. Although this model is thought to apply, the Rablla cycle still remains unknown.

Rablla:
In 1988, Rablla was first identified in bovine brain membranes (31). Since that
time, other species homologues have been isolated. As with other Rab proteins, Rabl la
contains a GTP binding region, GTPase activity, and a carboxyl-terminal isoprenylation
site (32,33). Although ubiquitous in expression, Rabl la is apically oriented and highly
enriched in epithelial tissues (34). Neurons show Rabl la immunoreactivity in the cell
body as well as in dendrites but not in synaptic endings as is seen for Rab3a (35). Base_d
on amino acid sequence similarities, Rabl la is a member of the Rabl 1 family that
contains Rablla, Rabllb and Rab25 (36).
Initial work indicated the importance of Rabl la in secretory systems. In PC12
cells, Rabl 1 associated. with constitutive and regulated secretory pathways (37). Rabl la
'

.

.

'

is enriched in rabbit gastric parietal cells and is colocalized with the H/K.-ATPase pump
(38). Subsequent investigations in parietal cells indicated that Rabl la translocates with ·
the H/K-ATPase pump in stimulated parietal cells (1). Furthermore; a dominant negative

GDI

I

GDP
Target
membrane

GTP

GDI

Figure 2: Rab protein GTP/GDP exchange cycle.

I

8
form of Rahl la (Rabl laN124I) prevented stimulatory 1:11ovement of the H/K-ATPase to
•

r

,

.

the secretory canaliculus (39). Rahl la is present on vesicles involyed in the post-Golgi
sorting of r}J.odopsin in retinal photoreceptors (40) and may be required for the proper
trans-Golgi network to cell surface delivery of some proteins (41,42).
Further analysis has indicated the importance of Rabl la in vesicle trafficking
through the perinuclear recycling endosome (10). Other groups have also observed
Rablla association with vesicle and plasma membrane recycling. Investigations into the
human hematopoietic K562 cell line demonstrated an association with Rablla and
transferrin-containing recycling compartments (43). Dr. Sabatini' s group indicated that
OTP hydrolysis in Rabl 1 was required for appropriate delivery of transferrin to the cell
surface (44). Expression of dominant negative Rablla also significantly inhibited the
recycling of transferrin (10). Current studies may even indicate that a portion of
transferrin recycling can occur without passing through the recycling endosome (45).
Rahl la is associated with the trafficking of IgA through apical recycling systems
of polarized epithelial cells (25). More specifically, the dominant negative form of
Rahl la (Rabl laS25N) inhibited transcytosis and apical recycling of IgA, but not
basolateral recycling of transferrin in polarized cells (24). Although IgA and transferrin
are sorted jointly from LDL upon internalization in polarized MDCK cells, lgA cargo
passed through the Rablla positive apical recycling endosome, while transferrin passed
through non-Rahl la positive basolateral recycling endosomes in polarized MDCK cells
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'

(46). Even with close areas of overlap, there is a distinction between Rab4 positive early
endosomes and Rablla positive recycling endosomes (47,48). This close apposition
suggests that c~mpling between the two compartments must still occur.
As with other Rab proteins, investigations have sought to determine Rablla
f1;mction by discovering and characterizing interacting partners. Preliminary work
indicated that Rabl la is regulated by a nonspecific Rab-GDP-dissociating inhibitor
(GDI) (10,49). Since that time, three specific interacting proteins have been discovered:
•.

',-:

Rabll binding protein (RabllBP)/Rabphiliii 11, myosin Vb tail, and pp75/Ripl 1.

(RabllBP)/Rabphilin 11:
RabllBP/Rabphilin-11 binds the GTP-bound form of Rablla and is colocalized
with Rabl la in rat liver subcellular fractiotrs (50). · Immunofluorescence microscopy
indicated Rablla colocalization with RabllBP/Rabphilin-11 in endosomes, the
pericentriolar recycling compartment in Chinese hamster ovary cells (50) and along
microtubules in HeLa ~ells (51). In parietal cells and other epithelial cells we have
observed that this protein is primarily cytosolic (Goldenring unpublished observations).
Both the amino-terminal (50) and carboxyl-terminal (51) portions of
Rab 1 lBP/Rabphilin-11 are implicated in regulating transferrin recycling. In addition,
RabllBP/Rabphilin-11 deletional mutants containing only the carboxyl-terminal 123
amino acids significantly reduced cellular migration (51). There is also an unusual

10
association of Rahl lBP/Rabphilinl 1 with mammaiian Sec13 (52). Still, the exact
function of Rabl lBP/Rabphilinl 1 and its association with Rabl la remains obscure.

Myosin Vb tail:
Myosin Vb tail also interacts with the OTP-bound form of Rablla (9). Myosin
Vb/myr6 along with myosin Va/dilute and myosin Vc are all members of the
unconventional class V myosins. Constructs containing only the tail domain of myosin V
can function as a dominant negative-acting inhibitors of trafficking pathways. Myosin
Vb localized with Rablla in association with recycling vesicles in both non-polarized
HeLa and polarized 1\IDCK cells (9). Studies in 1\IDCK cells indicated a functional
relationship of myosin Vb with apical recycling endosome.s: nocodazole treatment
dispersed both Rab 11 a and myosin Vb· while taxol treatment relocated both proteins to
vesicles in the subapical comers of cells (9). In HeLa cells, GFP-myosin Vb tail, which
lacks the motor head domain, markedly reduced the movement of transferrin out of the
recycling system. Both transferrin and transferrin receptors were retained in the
perinuclear region of HeLa cells colocalizing with GFP-myosin Vb tail-containing
vesicles (9). Similarly, GFP-myosin Vb tail caused the accumulat~on of polymeric lgA in
1\IDCK cells, thereby inhibiting transcytosis (9). The results indicate that myosin Vb is
required for exit from, but not entry into, the plasma membrane recycling systems in both
non-polarized and polarized cells.
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pp75/Rip11:

Scheller and colleagues detailed a third Rab 11 a binding partner: Rab 11
interacting protein (Ripl 1) (53). This protein was previously described as pp75, an
autoantigen which interacted with the 60kDa SS-A and Ro auto-antigens (54).,
Furthermore, mothers of children with neonatal lupus erythematosus and patients with
Sjogren's syndrome demonstrated antibodies that recognized recombinant pp75 (54).
The pp75/Ripll was identified utilizing GST-Rablla a$,an affinity ligand (53). The
pp75/Ripl 1 bound neutral phospholipids in ii Mg2+-dependent manner and associated
with membranes preferentially in the phosphorylated state. In normal rat kidney (NRK)
cells, myc-tagged Rabl la colocalized with pp75/Ripl 1 (53). In MDC.K cells expressing
the polymeric IgA receptor, pp75/Ripl 1 coloc.alized with fluorescent IgA ligand, while
Ripll deletional mutant constructs decreased IgA transcytosis and apical recycling (53).
'J

Rablla association with these three proteins, especially myosin Vb tail and
pp75/Ripll, suggests a relationship between the interacting proteins and cargoes of the
recycling system. Based on localization and mutational analysis, initial descriptive
studies also place Rabl la within the context of the recycling endosome. However, the
actual function of Rabl la and processing within the plasma membrane recycling system
remains obscure.
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Physiological impact of Rablla:
Complete characterization of Rab 11 a and plasma membrane recycling may be
important pathophysiologically in fields ranging from immunology to cancer. The
process of antigen presentation is linked.to Rablla through the surface receptor CDla
(55). Protection from gastrointestinal pathogens is provided by receptor placement and
immunoglobulin secretion. Proper transport of IgG via Fe receptor providing increased
humoral immunity in neonates occurs through a Rabl la positive pathway (56). Rabl la
aids in promoting phagocytosis in macrophages (57). During the cellular response to
insulin, the GLUT4 receptor moves through Rabl la positive vesicles (58). Uterine levels
of Rabl 1 are increased in response to estrogen during zygote implantation (59). In acute
inflammatory processes, chemokine receptor placement on the cell surface is associated
with Rablla positive endosomes (60). Cholesterol transport and balance in the cell
appears to depend on Rablla and the plasma membrane recycling system (61). Rablla
may associate with the Alzheimer's Disease protein presenilin-1 (62) and even be utilized
as a marker in diagnosing early cancer changes in Barrett's esophagus (63).

Hypothesis:
Given the involvement of Rabl la in each of these cellular processes and given
the potential impact of Rabl fa on human health and disease, we sought to further
establish a role for Rab 11 a in plasma membrane recycling. Since other Rah proteins
have numerous characterized interacting proteins and because the repetoire for. Rab 1 la is

,, , '

·.1,

\.·~ •

. .}'1,:,
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currently liiruted to three identified interacting proteins, we hypothesized that other
Rab 11 a binding partners exist as putative downstream effectors for the small GTPase.
We therefore proposed the following three aims:

Aim 1: Identify Rablla interacting proteins.
Aim 2: Determine the effect of interacting proteins on membrane recycling.
Aim 3: Establish an organizational model of a putative ~ablla complex.
The progression of studies herein provides insight into the dynamic and complex
process of plasma membrane recycling. Yeast two hybrid screening of a parietal cell
cDNA library utilizing dominant active RabllaS20V as the bait identified Rabll-Family
interacting Protein 1 (Rab 11-FIP 1), a novel Rab 11 a interacting protein. EST database
searches with the_Rabll-FIPl sequence identified three homologous proteins with high
carboxyl-termin~l identity. Chapter 1 introduces the new family of Rabl la interacting
proteins and provides the initial characterization. Interestingly, these studies indicated an
interaction between Rabll-Family Interacting Protein 2 (Rabll-FIP2) and myosin Vb
tail. Chapter 2 further describes the Rab 11-FIP2/myosin Vb tail binding and provides
functional data placing Rab 11-FIP2 as an integral component of the plasma membrane
recycling system. Finally, recent studies have indicated a recycling system dependence
on different kinase activities. Through kinase inhibitor studies and immunofluorescence
imaging, evidence presented in Chapter 3 suggests.that Rablla along with multiple
Rabll-FIP proteins functi~n as a complex beginning at the process of endocytosis with
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movement dependent on multiple phosphorylation events. The ultimate goal throughout
these studies is to provide a clearer picture of Rabl la function in plasma membrane
recycling so that one day a positive impact on human health can be achieved.
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CHAPTERl
IDENTIFICATION AND .CHARACTERIZATION OF A FAMILY OF RAB11
INTERACTING PROTEINS
ABSTRACT:
Rab 11 a is a small OTP binding protein enriched in the pericentriolar plasma
membrane recycling systems. We hypothesized that Rablla binding proteins exist as
downs_tream effectors of its action. Here we define a family of four Rab 11 interacting
proteins: Rabll-Family Interacting Protein 1 (Rabll-FIPl), Rabll-Family Interacting
Protein 2 (Rabll-FIP2), Rabll-Family lnteractin~ Protein 3 (Rabll-FIP3) and
pp75/Ripll. All four interacting proteins associated with wild type Rablla and
dominant active Rablla (RabllaS20V) as well as Rabllb and Rab25. Rabll-FIP2 also
interacted with dominant negative Rabl la (Rabl laS25N) and the tail of Myosin Vb.
· The binding of Rabll-FIPl, Rabll-FIP2 and Rabll-FIP3 to Rablla was dependent
upon a conserved carboxyl-terminal amphipathic a-helix. Rabll-FIPl, Rabll-FIP2 and
pp75/Ripl 1 colocalized with Rabl la in plasma membrane recycling systems in both nonpolarized HeLa cells and polarized MOCK cells. GFP-Rabll-FIP3 also colocalized with
Rab_lla in HeLa cells. Rabll-FIPl, Rabll-FIP2 and pp75/Ripll also co-enriched with
Rablla and H/K-ATPase on parietal cell tubulovesicles, and Rabll-FIPl and Rabll-
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FIP2 translocated-to the canalicular membrane upon stimulating gastric glands with
forskolin. The results suggest that the function of Rabl la in plasma membrane recycling
systems is dependent upon a compendium of protein effectors.

INTRODUCTION:
The Rab GTPase family contains more than 50 different members that are
believed to have a regulatory role in the formation, targeting, and/or fusion of transport
vesicles (64). While the precise mechanism of action remains poorly understood,
individual Rab proteins localize to distinct intracellular vesicular compartments
suggesting that each Rab has a well defined functional role. Rabl la is linked to the
processes of vesicle recycling, plasma membrane recycling, and transcytosis (24,25,10).
Recent studies have indicated that multiple protein effectors are involved in the
transport, localization, and activation of other Rab proteins. Since Rabl 1 binding
protein/Rabphilin 11, myosin Vb tail and pp75/Ripl 1 represent the only three Rabl la
interacting proteins for Rabl la and because the function of the ubiquitously expressed
'

.

Rabl la is still unclear, we hypothesized that other interacting proteins must exist.
Utilizing a yeast two-hybrid screen and EST database searches, we have identified a
family of four Rabl l binding proteins that have a highly conserved Rabl 1 family binding
amphipathic a-helical motif. lmmunofluorescence and western blot data show a close
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association bet~een Rabl la and this family of interacting proteins. These results suggest
that Rablla function is regulated by a complex compendium of interacting proteins.

METHODS:
Yeast two-hybrid screening and cloning offull length Rabl 1-FIP1. PolyA+ mRNA was
isolated from rabbit gastric parietal cells and primed with oligo-dT to construct a parietal
cell cDNA library in pAD-GAL (Stratagene, La Jolla, CA) with an average clone length
of 2.0 kb. Rabl laS20V was mutated as previously described (24) from wild type Rabl la
via a single base-pair substitution and cloned into pBD-GAL (Stratagene, La Jolla, CA).
pBD-GAL/RabllaS20V was transfectedinto the Y190 yeast strain to produce a stable
bait line which was isolated on tryptophan-deficient media. The bait line was then
transfected with 100 µg of parietal cell cDNA library plasmid and plated on media
deficient in leucine, tryptophan, and histidine (TLH-) supplemented with 2.5 mM 3aminotriazole. Following 4 days of growth, colonies were lifted onto filter paper, frozen
twice for 10 seconds in liquid nitrogen, and incubated with 1.67 ml X-gal stock (50 mM
5-Bromo-4 chloro-3 indolyl-B-D-galactoside in N,N-dimethylformamide) in 100 ml Z

Interactions were judged positive if blue product from the (3-galactosidase reaction was
present within 3 hours at room temperature. Positive clones were regrown on TLH-
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media (Clontech, Palo Alto, CA) and B~galactosidase activity wa~ reconfirmed. Plasmids
were then rescued from yeast and transformed into XL-.l Blue bacteria and selected on
ampicillin. Isolated plasmids were sequenced by automated sequencing (Medical
College of Georgia, Molecular Biology Core Facility) using pAD-GAL _flanking vector
sequences.
The larger isolated cDNA clone was used to screen a UniZAP phage parietal cell
cDNA library. Phage plaques were screened on duplicate filter lifts of 150 mm dishes
plated with 50,000 pfu/dish. The filters were probed with [32P]-dCTP random primed
labeled probe prepared from our original isolated cDNA sequence. Filters were washed to
high stringency (65°C, 0.2X SSC) and phage plaques demonstrating hybridization in both
duplicate filter lifts were cloned, to plaque purity through serial dilutional replating and
screening. Sequences were then rescued into pBluescript using- Exassist helper phage.
The-plas~c_l cDNA inserts were sized to identify-the largest clones that _we~e submitted
for automated sequencing.
5'-rapid amplification_of
cDNAends (RACE)_wa~ perf~rmed
using a linker
.
.. .
.
:

'

cDNA prepared from rabbit parietal cellmRNA (Ambion, Austin, Texas). Briefly, 5 ng
of parietal cell cDNA was utilized as template in the 12 buffer Fail-Safe PCR_system
(Epicentre Technologies) with the outer RNA linker primer (Ambion) and inner antisense
gene specific primer (5' TGGGCAGGGACATGAGCACAT 3'). Advantage Taq

19,
polymerase (Clontech) was used in the 25 µl reactions (5 cycles of 95°C, 30s, 72°C, .
180s; 5 cycles of 95°C, 30s, 70°C, 180s; and 20 cycles of 95°C, 30s, 68°C, 180s). The
750 nucleotide band obtained from buffer K of the Fail-Safe PCR kit was cloned into
pTOPO-T vector (Invitrogen, Carlsbad, CA) and sequenced (MCG Molecular Biology

An oligonucleotide for the start site of Rabll-FIPl designed with a Sacl site (5'
GCGCGAGCTCAATGGAGGCTGCAAGAGAAACCCAG 3') and an antisense
oligonucleotide containing a Sacl site (5' GAGCCTTTAGATCCACGCCCGAG 3') was
utilized to amplify the 542 amino-terminal nucleotides of Rab 11-FIPl from parietal cell
cDNA. Following digestion with Sacl (New England Biolabs, Beverly, MA), this
fragment was ligated (New England Biolabs ligase) to the carboxyl-terminal 1414
nucleotides of Rabll-FIPl already cloned into the GFP-C2 vector. Rabll-FIPl was then
recloned in pET-30c :and pAD-GAL.
Computer ge·ne database search, cloning and yeast two hybrid binary assays·of Rabl 1FJPJ, Rabll-FIP2, Rabll-FIP3 ~ndpp75/Ripll. pAD-GAL4/Rabll-FIP1 mutant
•

•

' j

constructs were created
utilizing
PCR amplification and normal
cloning techniques.
.
.
.
'
'

'

'

.

'

Rabll-FIP2 (KIAA0941), Rabll-FIP3 (KIAA0665) ~nd·pp75/Ripll (KIAA0857) were
identified utilizing Rabll-FIPl to search the human EST database. Rabll-FIP2
(KIAA0941) and Rabll-FIP3 (KIAA0665) were obtained as cDNAs from Dr. Osamu
Ohara (Kazusa DNA Research Institute). The Rabll-FIP2 coding sequence was
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amplified from the KIAA0941 cDNA via PCR using a 5' oligonucleotide with an EcoRI
site (GCCGGAATTCAAACAGGACAGGATGATGCT) and 3' oligonucleotide with
Sall site (GGCGTCGACAATTGGCTITATTAACTGTTAQAG), and ligated into pAD.

'

GAL4 digested with EcoRI
and Sall. The Rabll-FIP3 coding sequence was amplified
'

'.

/

.

from the KIAA0665 cDNA via PCKusing a_5'- oligonucleotide with an EcoRI site
(GCGGAATTCCTCGGGAGCATGGCGTCG) and 3' oligonucleotide with Xbal site
'

'

.

(CGCGTCTAGAGC':fGGACCTTCCTGCCTCTACTTG) and lig~ted into pAD-GAL4
and EGFP-C2 digested with EcoRI and Xbal. pAD-GAL4/pp75/Ripl 1 was prepared as
previously described (54).
Yeast two-hybrid binary assays were conducted as follows. For 20 reactions, 25
milliliters of YPD liquid (Clontech) were inoculated with a single colony from the yeast
strain Yl90. The culture was grown overnight at 30°C. Cells were harvested by
centrifugation at 1000g. Yeast cells were resuspended in 10 ml of water and centrifuged
again at l000g:

Yeast cells were resuspended in a 100 mM lithium actetate/Tris EDTA

solution (10 mM Tris-HCl, 1 mM EDTA, pH 7.5) and incubated for 5 minutes. For each
reaction, 20 µl of the lithium acetate/Tris-EDTA/yeast solution were added to a solution
containing: 20 µg heat denatured salmon sperm DNA, 120 µI lithium acetate/TrisEDTA/polyethyleneglycol solution (100 mM LiAc pH 7:5, 10 mM Tris-HCl/lmM EDTA
pH 7 .5, 40% polyethyleneglycol), 200 ng pBD-GAL4/construct plasmid, and 200 ng
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pAD-GAL4 construct plasmid. The solution was mixed well and placed at 30°C shaking
for 30 minutes. Cells were then heat shocked at 42°C for 15 minutes. The yeast cells
were pellet~d at 1000g for 30 seconds, the supernatant was removed, the cells were
resuspended in 100 µl _sterile wat~r, and then the cells· were plated onto a tryptophan and
leucine deficient media.-' The plate was incubated ·at 30°C for ·3 days and :the c_olonies
were lifted with a 70 mm.filter paper'disc. The discs were then processed.for detection of
~-galactosidase activity as detailed above. Observation of a blue color within 3 hours
was considered a positive result.
Antibody and recombinant protein production. Rabll-FIP1(263-651) was cloned into

pET-19b and recombinant His-tagged-Rabll-FIP1(263-651) was expressed and purified
1

as previously described (34). Mouse monoclonal Rabl 1-FIPl antibody was produced
against recombinant Rabll-FIP1(263-651) at the University of Georgia Monoclonal
Antibody Facility. Polyclonal Rab 11-FIP2 antibody was produced in goat by Strategic
Biosolutions· (Ramona, California) against a peptide (NRQDYFDYESTN) spanning
amino acids 395 to 406 of Rabll-FIP2 conjugated to Keyhole Limpet Hemocyanin
(KLH). Rabbit polyclonal pp75 was produced as described previously (54).
Full length Rabll-FIPl, Rabll-FIPl(l-615), Rabll-FIP2, Rabll-FIP2(1-465),
and Rabll-FIP3 sequences were cloned into pET-30a and recombinant expression
protein was purified as previously described (34 ).
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Rablla [y- 35S]-GTP overlay experiments. 2.5 µg of recombinant Rabll-FIPl, RabllFIPl(l-615), Rabll-FIP2, Rabll-FIP2(1-465), and Rabll-FIP3 proteins were resolved
on 10% SDS-polyacrylamide gels and transferred to nitrocellulose (Protran, Schleicher
and Schuell). The membrane was blocked for 20 hours in block/binding buffer (5% milk
and 0.1 % BSA in TBS) at 4°C.
For Rab3a, Rab5 or Rabl la labeling with [y35S]-GTP, 40 pmol of His-tagged-Rab
protein were incubated for 20 minutes at 30°C in 35 µl GTP-charging buffer (18 mM
Tris-HCl pH 7.5, 8.1 mM EDTA, 0.9 mM DTT, 4.5 mM MgC12 , and 0.3% CHAPS) with
5 µCi [y- 35S]-GTP (New England Nuclear). 4 µl of 100 mM MgC12 were then added and
reactions were placed on ice. Labeled Rahs were transferred to 1ml of block/binding
buffer and rocked for 2 hours. If reaction required peptide blockade, Rab 11-FIPl peptide
(KEFQVRELEDYIDNLLVRVMEETPNILRIP) or HT-31 peptide was added to final
concentration of 500 µMin 1 ml of block/binding buffer containing Rabl la [y- 35S]-GTP.
The solutions with [y- 35S]-GTP~labeled Rab3a, Rab5 and Rab1 la with or without peptide
were then incubated with the nitrocellulose membranes in 1 ~ of block/binding buffer
for 2 hours._ Membranes were removed ~nd_washed 5 times with block/bi~µing buffer
I

and 2 times with TBS. Membranes were imaged on Phosphorlmaging screens
(Molecular Dynamics, Sunnyva~e, CA) f<?r 16 ~ours ..

23
Parietal cell tubulovesicle preparation and western blot analysis. Entiched parietal cell

tubulovesicle preparation was conducted as previously described (65). 20 µg protein
from each fraction were electrophoresed on 10% SDS-polyacrylamide gels and
transferred to Immobilon-P (Millipore, Bedford, MA). Membranes were blocked for 1
hour in blocking buffer (TBS with 5% nonfat milk and 0.05% Tween-20). Membranes
were then probed with the appropriate primary antibody in 2 ml of antibody incubation
buffer (TBS with 2.5% nonfat milk and 0.05% Tween-20) for 2 hours. Antibody dilutions
were as follows: Rabll-FIPl was used at 1:10000; Rabll-FIP2 was used at 1:100;
Rablla (8H10-(34)) was used at 1:50; H+K+-ATPase was used at 1:50,000. Membranes
were washed 3 times for 10 minutes each with blocking buffer. Membranes were then
probed with appropriate HRP-conjugated secondary antibodies (Jackson
ImmunoResearch) in 2 ml antibody incubation buffer. All HRP-conjugated secondary
antibodies were used at 1:3000. Membranes were washed 3 times for 10 minutes in TBS
and developed with Super Signal Chemilumenescent Substrate (Peirce) for one minute
followed by exposure to film (Kodak, Biomax-ML).
. Cell culture and immi,,nofluorescence microscopy. HeLa cells were grown to confluence

on glass coverslips. MDCK cells were grown.to confluence on Transw~ll filters. Rabbit
gastric glands were isolated, treated with drug al).d fixed following harvest as previously
described (66,67). Nocodazole and taxol treatment of MDCK cells was performed as
previously described (25,68). Prior to fixing, all cells were washed 2 times with PBS
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(150 mM NaCl and 150 mM sodium phosphate pH 7.4). All cells were fixed for 30
minutes at 4 °C in 4% paraformaldehyde and washed 3 times with PBS prior to storage at
4°C in PBS.
To stimulate rabbit gastric glands, cells were treated with 100 µM forskolin for 15
minutes. Cells were then washed with PBS and fixed for 15 minutes in 4%
paraformaldehyde. Transient transfectlon of GFP-Rabll-FIP3 into HeLa cells was
conducted as described previously (9).
Staining of fixed cells was conducted as follows: Cells were blocked for 20
minutes with donkey serum s~lution (0.3% Triton X-100, 20 mM sodium phosphate, 8
'

.

.

mM NaCl, 0.00166% donkey serum). and then incubated with appropriate primary
antibodies diluted in donkey serum solution overnight at 4 6 C. Cells were washed 3 times
for 5 minutes with PBS and then incubated with appropriate fluorescently-conjugated
secondary antibodies (donkey anti-goat Cy3, donkey anti-mouse Cy3, donkey anti-rabbit
Cy3, donkey anti-mouse Cy5, or donkey anti-rat Cy5) for 2 hours. Alexa488-labeled
phalloidin (Molecular Probes, Eugene, OR) was included with fluorescently-tagged
secondary antibodies when staining parietal cells. Cells were washed 2 times for 5
minutes with PBS and 2 times for 5 minutes with 50 mM sodium phosphate pH 7.4.
Coverslips· or filters were mounted onto slides using Prolong Antifade (Molecular Probes, ·
Eugene, OR).
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HeLa cells were observed utilizing a Zeiss Axiphot equipped.with a SPOT digital
imaging system. MDCK cells were imaged utilizing a Molecular Dynamics confocal
microscope as previously described (24). Parietal cells were imaged with confocal
microscopy using single 0.3 µm optical sections.

RESULTS:
Dominant active Rab] 1a identifies. R,abl1-FIP1 fro~ a rabbit parietal cell cDNA library.

To identify proteins that interact with Rablla,'a yeast two-hybrid screenof a rabbit
parietal cell library was performed with dominant active Rabl la (Rabl laS20V). Two
clones for an identical cDNA sequence were found to activate histidine production and to
produce ~-galactostdase. The ·cDNAs were 1692 nucleotides: in length and 2000
nucleotides in length with open reading frames coding for 77 amino acids and 183 amino
acids, respectively. Since no initiation site was found, the l~ger cDNA clone was used to
screen a UniZAP phage parietal cell cDNA library. A cDNA clone of 2900 nucleotides
was isolated, and it contained a 481 amino acid open reading frame without an in-frame
upstream stop codon. 5' RACE technique was then utilized to obtain further sequence
coding for the remaining 171 ami!lo acids. The assembled full length sequence (3519
nucleotides) contained an open reading frame coding for 652 amino acids and was named
Rabll-Family Interacting Protein 1 (Rabll-FIPl) (Figure 3). The homologous human
protein is located on chromosome 2 containing 5 exons with 99 percent identity.
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Northern blot analysis of parietal.cell RNA demons.trated a 3.2 kb mRNA species (data
not shown).
The results of the screen suggested that only the carboxyl-terminal 77 amino acids
were required for binding of Rabl la. We therefore studied the interaction of truncations
ofRabll-FIPl with Rablla. Truncated forms of Rabll-FIPl containing amino acids
263 to 651 or amino acids 576 to 651 maintained an interaction with Rablla (Figure 4A).
However, truncations of Rab 11-FIPl which did not contain amino acids 616-651 lost
their ability to interact with Rabl la (Figure 4A). Hydropathy plot analysis of amino
acids 615-651 indicated the presence of an amphipathic a-helix between amino-acids
615-632 (Figure 4B). Based on these results we have designated this region as the
putative "Rabl 1 binding domain" (Rabl lBD).

Rahl 1-FIP1 Rabl 1-BD identifies three human proteins with homologous. a-helices. A

PROSITE search with the Rabll-FIPl amino acid sequence did not reveal any significant
structural motifs. However, the amino terminal half of the protein did contain prolinerich domains. Since Rabll-FIPl binding to Rablla was dependent on a r~gion
containing an amphipathic a-helix, and because such a-helices are known to be involved

Figure 3: Rabll-FIPJ cDNA sequence and deduced amino acid sequence. The putative .
Rab 11 a binding domain is in bold and underlined .
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Figure 4: Four deletional mutants of Rabl 1-FIP1 indicate the carboxyl terminal a-helix
is necessary for Rablla binding in.yeast two hybrid association assays. A. Rabll-FIPl

constructs were cloned into. pAD-GAL4 and tested for binding_ agains_t R~bl la cloned
into pBD-GAL4. Amirto acids 576 to 651 are sufficient for Rablla binding while amino
acids 615 to 651 appear necessary. The dark box· represents the 19 amino acid
amphipathic a- helix. B. A helical wheel representation of the Rabll-FIPl carboxylterminal a-helix (amino acids 615-633).
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in protein-protein interactions (69), we hypothesized that other proteins might exist which
contain a similar Rab 11 a binding motif. A computer BLAST search of the human
GenBank EST database yielded three homologous proteins with high carboxyl-terminal
identity. O~e protein (KIAA0941) contained· the identical 18 amino acid amphipathic ahelix sequence as in Rabll-FIPl, and the other two proteins (KIAA0665 and KIAA0857)
showed high identity in the putative Rabll binding domain (Figure SA). Other than the
helix, these three proteins demonstrated no significant identity with Rahl 1-FIPl.
KIAA0941 was first published as one of 100 cDNAs isolated from human brain
which code for large proteins (70). By utilizing the PROSITE domain search engine,
KIAA0941 was found to contain a putative amino terminal C2-domain which was similar
to the C2-domain present in synaptotagmin (Figure SB). The KIAA0941 sequence is
located on chromosome 10 with 5 exons and only 15.6 percent overall identity to RabllFll>l.
KIAA0857 was initially published by T. Nagase and colleagues (71) and first
characterized as an autoantigen designated pp75 (54)~ This same protein was
subsequently identified as Rabll interacting protein (Ripll) because GST-Rablla
affinity assays and immunocytochemistry showed a relatiqnship between Rabl la and
Ripl 1 (53). The carboxyl-tetminal a-helix in KIAA0857 maintains 68.4 percent identity
to Rabll-FIPl and contains 2 other amino acids with like charge. pp75/Ripll maintains
29 .6 percent identity with KIAA0941 due to the presence of highly similar amino-

Figure 5: Protein alignments. A. Carboxyl-terminal alignment of Rabll-FIPl, RabllFIP2 (KIAA0941), Rabll-FIP3 (KIAA0665) and pp75/Ripll (KIAA0857). Bold amino
acids indicate areas of ideritity. The carboxyl terminal amphipathic
a-helix is present
.
.

within amino acids 615-633 of Rabll-FIPl, 475-493 of Rabll-FIP2, 732-750 of Rabll~
FIP3 and 625-643 of pp75/Ripl ~- B. The C2-d~main from Rabl l-FIP2 (amino acids 13101) was aligned by Clustal me_thod with the C2A domain from synaptotagmin. _There
are 25 identical amino acids along_with 19 other amino acids containing similar charge.
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terminal C2-domairts. However, the· C2-domain of pp7 5/Rip 11 shows more similarity
with the C2-domain of protein kinase C.
KIAA0665 was also first published as a cDNA isolated from human brain that
codes for a large protein in vitro (72). By utilizing the PROSITE domain search engine,
KIAA0665 contains a putative ezrin-radixin-moesin (ERM) motif from amino acids 469
to 692. The carboxyl-terminal a-helix in KIAA0665 maintains 47.4 percent identity to
Rabl 1-FIPl and contains 4 other amino acids with like charge.

Rabll-FIPJ, KIAA0941 (Rabll-FIP2),-KIAA0665 (Rabll-FIP3) andpp75/RIP11
interact with all three member~ ofihe Rab 11 family of small GTPases. Based on the
presence of either an identical (KIAA0941) or highly similar (KIAA0665 and
pp75/Ripll) carboxyl-terminal a-helix, we sought to determine whether these proteins
could interact with Rahl fa. The pAD-GAL4 constructs of Rabl 1-FIPl, KIAA0941,
KIAA0665 and pp75/Ripll were used in yeast two-hybrid binary association assays to
determine whether the proteins interacted with Rab 11 family members cloned into pBD(

GAL4. Figure 6 demonstrates that Rabll-FIPl, KIAA0941, KIAA0665 and pp75/Ripll
interacted with Rabl la and the dominant active form of Rabl la (Rabl 1S20V). In
addition, all four interacted with Rabllb and Rab25. Therefore Rabll-FIPl, KIAA0941,
KIAA0665 and pp7~/Ripl 1 represent a family of interacting proteins that bind Rabl la,
Rahl lb, and Rab25. We therefore have designated KIAA0941 as Rahl I-Family

Figure 6: Yeast two-hybrid binary assays of Rabl 1-FIP proteins interacting with Rabl 1
family members. Rabll-FIPl, Rabll-FIP2, Rabll-FIP3 and pp75/Ripll were cloned

into pAD-GAL4 and tested for binding activity against Rab proteins cloned into pBDGAL4. (+) represents a positive result indicated by blue color within three hours after
incubating yeast colonies with X-gal substrate. (-) indicates a negative result where no
blue color was observed. These results are representative of at least 3 separate
experiments.
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Interacting Protein 2 (Rabll-FIP2) and KIAA0665 as Rabll-Family Interacting Protein
3 (Rabll-FIP3). Interestingly, Rabll-FIP2 also associated with the dominant negative
form of Rabl la (Rabl laS25N) and the Myosin Vb tail, another Rabl 1 interacting
protein. However, Rabll-FIPl, Rabll-FIP3 and pp75/Ripll showed no interaction with
either dominant negative Rablla or Myosin Vb. Rabll-FIPl, Rabll-FIP2, Rabll-FIP3
and pp75/Ripll showed no interaction in yeast two-hybrid binary assays with Rab2,
Rab3a, Rab3b, Rab5, Rab8 or the dominant active form of Rab8 (Rab8Q67L).

Rabll [y- 35S]-GTP overlays of Rabll-FIP proteins. To confirm the results obtained
from yeast two-hybrid analysis, Rablla overlay experiments were conducted.
Recombinant Rabll-FIPl, Rabll-FIP2, and Rabll.aFIP3 were immobilized on
nitrocellulose membranes: ·These membranes were probed.with [y.i 35S]-9TP labeled
Rablla. Figure 7 shows [y- 35S]-GTP labeled Rablla binding to Rabll-FIPl, Rabll-FIP2
and Rab11FIP3. To show that th_e Rablla binding was specific, Rabll-FIP.proteins
were overlayed with [y~ 35S]-GTP labeled Rab3a and Rab5, arid no binding to Rabl 1FIPl, Rabll-FIP2, or Rabll-FIP3 was detected (Figure 7).
Based on initial two hybrid binary assays, amino acids 615-651 of Rabll-FIPl
were necessary for Rablla binding. To provide evidence of a Rablla binding motif,
mutant constructs of Rabll-FIPl and Rabll-FIP2, each with the carboxyl-terminal

Figure 7: [y-S35]-GTP Rablla overlays. Two µg of recombinant Rabll-FIPl, RabllFIP2, Rabl 1-FIP3, Rabl 1-FIPl(l-615) and. Rabl l-FIP2(1-465) were transferred to
nitrocellulose membrane .. The lane labeled "His-tagged protein" portrays the amount of
His-tagged recombinant protein in each lane. Rabl 1-FIPl, Rabl l-FIP2, Rabl 1-FIPl(l615) and Rabll-FIP2(1-465) were detected by western blotting while Rabll-FIP3 was
detected by Coomassie blue stain. [y-S 35]-GTP labeled Rabl la, [y-S 35]-GTP labeled
Rab5 and [y-S 35]-GTP
Rab3a were overlayed with the blots containing the recombinant
'
.

proteins. For the"+ BD peptide" lane 500 µg of peptide containing the Rabll-FIPl
amphipathic a-helix was incubated with [y-S 35]-GTP labeled Rablla for 2 hours prior to
overlaying the recombinant protein blo~. For the "+HT-31 peptide" lane 500 µg of HT-31
peptide was incubated with [y-S 35]-GTP labeled Rablla for 2 hours prior to overlaying
the blot. These results are representative of 3 separate experiments.

Ra~ll-FIPl
Rabll-FIP2 , u~f',iJ,tit,
Rabll-FIP3,

Rabll-FIPl
(1-615)

Rabll-FIPl
(1-465)

· 40
a-helix deleted (Rabll-FIPl(l-615) &nd Rabll-FIP2(1-465)) were expressed. [y- 35S]GTP labeled Rablla did not bind recombinant Rabll-FIPl(l-615) or Rabll-FIP2(1465). [y- 35S]-GTP labeled Rab3a a~d-Rab5 also failed to bind Rabll-FIP proteins. In
parallel experime1:1t~ a_ ~0 amino acid peptide containing the amphipathic a-helix from
Rabll-FIPI-.(Figure 4B) was includ~d-in the incubations with [y- 35S]-GTP labeled
Rabl la. The peptide markedly inhibited the binding of the labeled Rabl la to the
recombinant proteins (Figure 7). In_comparison,-a 21 amino acid peptide from the
amphipathic a-helical A-kinase Rn subunit binding domain of the HT-31 protein (73) did
not compete with the recombinant Rab 11-FIPl, Rab 11-FIP2· or Rab 1l-FIP3 for the
labeled Rabl la (Figure 7).

Mouse monoclonal Rab] 1-FIP1 antibody and goat polyclonal Rabl 1-FIP2 antibody. To

assess endogenous expression of the Rab 11-FIP proteins, we developed antibodies
against Rabll-FIPl and Rabll-FIP2. A mouse monoclonal antibody was raised against
recombinant Rabll-FIPl and a goat polyclonal antibody was raised against a RabllFIP2 specific peptide. The western blot in Figure 8A indicated that the monoclonal
Rabll-FIPl antibody is specific. Incubation of the antibody with recombinant RabllFIPl for 1 hour blocked in a concentration-dependent manner the antibody binding to an
89 kDa band in 100,000g microsomes isolated from gastric mucosa. Similar results were

Figure 8: Rab] 1-FiP1 and Rab] 1-PIP2 antibody characterization. Twenty µg of the
100,000g microsomes from rabbit gastric mucosa were transferred to Immobilon-P
membrane in each lane. A. Numbers indicate amount (µg) of recombinant Rab 11FIP1(263-651) incubated with the anti-Rahl 1-FIPl mouse monoclonal antibody for 1
hour in 1 ml total volume prior to probip.g the immobilized 100,000g membranes. B.
Numbers indicate amount (ng) of Rabll-FIP2 peptide incubated with the anti-RabllFIP2 goat polyclonal antibody for 1 hour in 1 ml total volume prior to probing the
immobilized 100,000g microsomes. Protein standards were used to determine kilodalton
sizes as indicated on the left side of each blot. The results ~e representative of at least
three separate experiments.
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found with the polyclonal goat anti-Rabll-FIP2 antibody. The Rabll-FIP2 peptide used
to immunize the goat blocked antibody binding to a 68 kDa band in the same microsomal
fraction in a concentration-dependent manner (Figure 813). Rabl 1-FIPl antibodies did
not recognize Rabll-FIP2 or Rabll-FIP3 and similarly anti-Rabll-FIP2 did not
recognize Rabll-FIPl or Rabll-FIP3 (data not shown).

Rahl 1-FIP1, Rahl 1-FIP2, GFP-Rahl 1-FIP3 and pp75/RIP11 colocalized with Rahl 1a
in HeLa cells. Since Rabll-FIP'i,Rabll-FIP2, Rabll-FIP3 and pp75/Ripll interacted

with Rabl la in th~ yeast two-hybrid binding assays, we sought to investigate the in situ
localization of these proteins in cultured cells. HeLa cells were double labeled with
antibodies against Rabl la and antibodies against Rabl 1-FIPl, Rabl 1-FIP2 or
pp75/Ripll (Figure 9A). Immunofluorescence microscopy showed that Rabll-FIPl,
Rabll-FIP2 and pp75/Ripll were distributed identically and colocalized with Rablla.
ForRabll-FIP3 localization, HeLa cells were transiently transfected with GFP-RabllFIP3 and immunostained for Rablla (Figure 9B). Rablla distributed identically with
GFP-Rabll-FIP3. In Figure 9C HeLa cells were triple labeled for Rabll-FIPl, RabllFIP2 and pp75/Ripl 1. All three colocalized in the HeLa cells.

Rahl 1-FIP1, Rabl l-FIP2 and pp75/RIP11 colocalized with Rabl 1a in MDCK cells and
redistributed with Rabl la upon treatment with nocodazole and taxol. To characteriz~

Figure 9: HeLa cell localization of Rabll-FIP proteins. HeLa cells were fixed in 4%
paraformaldehyde and then stained with primary antibodies.(Rabll-FIPl, Rabll-FIP2 or
pp75/Ripll) along with anti-Rablla: A. The left column depicts localization of RabllFIPl, Rabl l-FIP2 or pp75/Ripl 1. The right column shows Rabl la immunostaining.
Arrowheads indicate regions of colocalization. B. The left column demonstrates GFPRabll-FIP3, and the right column shows Rablla immunostaining. C. HeLa cells triple
stained for Rabll-FIPl, Rabll-FIP2 and pp75/Ripll. Arrowheads indicate regions of
triple colocalization. White bar equals 2 µm. Th¢se results are representative of 3
separate experiments.
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further the association of Rabl 1-FIP proteins with:Rabl la, .~e next investigated the
location of Rabll-FIPl, Rabll-FIP2 arid pp75/Ripll with GFP-Rablla in polarized
'

1

.,

.

~

Madin Darby Canine Kidney (MDCK) cells. Polarized MDCK cells stably-transfected
with GFP-Rabl la were immunostained with antibodies aga~nst the tight junction marker
.ZOl and one of the Rabl 1-FIPl, Rabl l-FIP2 or pp75/Ripl l antibodies. Confocal
immunofluorescence microscopic reconstructions through the apical region of the MDCK
cells indicated colocalization of Rabll-FIPl and pp75/Ripll with GFP-Rablla (Figure
lOA). Rabll-FIP2 immunoreactivity overlapped with GFP-Rablla but did not
colocalize completely (Figure lOA).
The microtubule cytoskeleton has been implicated in maintaining the integrity of
-the apical recycling endosome (ARE) (68). Polarized MDCK cells treated with the
microtubule depolymerizing drug nocodazole showed dispersal of the ARE as marked by
Rabl la (25). We therefore studied the effect of nocodazole treatment on the location of
Rabll-FIPl, Rabll-FIP2 or pp75/Ripll. Polarized MDCK cells stably-transfected with
GFP-Rabl la were treated with nocodazole and then stained with anti-ZOl antibodies
along with antibodies against Rabll-FIPl, Rabll-FIP2 or pp75/Ripll (Figure lOB).
Confocal immunofluorescence microscopy indicated that Rabll-FIPl and pp75/Ripll
were dispersed but still colocalized with dispersed GFP-Rablla. Rabll-FIP2 was also
dispersed, but its immunoreactivity only partially overlapped with dispersed GFPRablla.

Figure 10: MDCK localization of~abll~ with Rab11-FIP1; Rabll-FIP2 and
pp75/Ripl 1. In A., B., and C., Rabl 1-FIPl, Rabl 1-FIP2, or pp75/Ripl 1 immunostaining
is shown in the far left column. GFP-Rablla and immunostaining for the junctional
marker ZOl are as indicated. A. Cells were not treated. B. Cells were treated with
nocodazole. ~- Cells were treated ,with taxoL Arrowheads indicate points of
colocalization. White bar equals 2 µm. These results are representative of 3 separate
experiments.
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We have previously noted that treatment of MDCK cells with the microtubule
stabilizing drug taxol caused relocation of Rahl la-containing recycling vesicles to the
apical comers of polarized cells (25). We thus investigated the effect of taxol on the
distribution of Rabl 1-FIPl, Rabl 1-FIP2 and pp75/ Ripl 1 in GFP-Rabl la expressing
MDCK cells (Figure lOC). Confocal immunofluorescence microscopy indicated the
colocalization of Rabl 1-FIPl and pp75/Ripl i with GFP-Rabl la at the perijunctional
apical cornets of taxol-treated MDCK cells. Rabll-FIP2 immunoreactivity was also
relocated to the corners with GFP-Rabl 1a·, but in addition also demonstrated some
staining in an annular perijunctional distribution.
)

'

'

'

Rab 11-FIP1, Rab 11-FIP2 and pp75/Rip11 are located in the same gastric mucosa[
tubulovesiclefractions as Rablla and the H+K+-ATPase. Since Rabll-FIPl was isolated

from a parietal cell cDNA library, we investigated whether Rabll-FIPl, Rabll-FIP2,
and pp75/Ripl l were distributed with Rahl la within the. parietal cell. We isolated and
fractionated tubulovesicles from rabbit gastric mucosa. As in previous studies (38),
Rablla and H+K+-ATPase enriched in the 100,000g microsomes and in 20% and 27%
sucrose gradient fractions derived _from the 100,000g membranes (Figure 11). Replicate
western blots of parietal cell tubulovesicle preparations also indicated the co-enrichment
of Rabll-FIPl, Rabll-FIP2 and pp75/Ripll With Rablla and H+K+-ATPase in the
100,000g microsqmes and the 20% and 27% sucrose gradient fractions (Figure 11).

Figure 11: Western blot of rabbit gastric mucosa: microsome preparations ..
·11,.

Replicate blots of a rabbit gastric mucosal membrane fractionation were probed with
antibodies to H+K+-ATPase, Rablla, Rabll-FIPl, Rabll-FIP2, and pp75/Ripll.
Fractions resolved were: Homogenate- homogenate prior to fractionation; PNSpost:puclear supernatant; 50O-P..: 50g microsomes; lK-P-lO00g microsomes; lOK-P10,000g microsomes; l00K-P-100,000g microsomes; l00K-S-100,000g supernatant;
P20-20% fraction from sucrose gradient separation of 100,000g microsomes; P27-27%
fraction from sucrose gradient separation; P33-33% fraction from sucrose gradient
separation. These results are repres~nt_ative of at least 3 separate experiments.

Rablla
Rabll-FIPl
. _Rab11-FIP2

· p,p75/Rip11

I.

54
Rab] 1-FIP1 and Rab] l-FIP2 translocate -io the secretory canaliculus upon stimulation
.

.

'

-·

with forskolin. Previous work has .indicated that Rab 11 a translocates with H+K+-ATPase

onto t~e secretory canaliculus following forskolin stimulation (1). We studied whether
Rab 11-FIP 1 and Rab 11-FIP2 also tr~nslocated to the parietal cell secretory canaliculus
upon stimulation with forskolin. Rabbit gastric glands were either maintained in their
resting state or stimulated with forskolin. Cells were then dual immunostained with
antibodies to Rabll-FIPl or Rabll-FIP2 along with fluorescently-conjugated phalloidin
to visualize F-actin (Figure 12). Rabll-F1Pl localized to a punctate vesicle pool that
surrounded the F-actin labeled canalicular membrane. Following stimulation with
forskolin, Rabll-FIPl translocated onto the F-actin containing canalicular membrane.
Similarly, Rahl l-FIP2 was localized in a punctate pericanalicular distribution in resting
parietal cells surrounding the F-actin labeled canaliculus (Figure 12B). Upon stimulation
with forskolin, Rab 11-FIP2 was translocated onto the canalicular membrane. These
results suggest that both Rab 11-FIP 1 and Rab 11-FIP2 are present on parietal cell
tubulovesicles and translocate ·10 the secretory canaliculus as the vesicles fuse with the
canalicular membrane to deliver the H+K+-ATPase to the lumen.

Figure 12: Rab] 1-FIP1 and Rabl 1-FIP2 in resting and stimulated rabbit gastric glands.
In A. and B. glands were either not treated (resting) or stimulated with forskolin
(stimulated). A. Cells were stained with anti-Rabll-FIPl and Alexa488-phalloidin. The
"Overlay" column is a merge of the two images. Rabll-FIPl is in the'ted channel and Factin is in the green channel. Yellow color indicates colocalization of Rab 11-FIP 1 and Factin. B. Cells were stained with anti-Rabl 1-FIP2 and Alexa488-phalloidin. The
"Overlay" column is a merge of th_e two images. Yellow color indicates colocalization of
Rabl 1-FIP2 and F-actin. White arrows indicate populations of Rabl 1-FIPl and Rabl lFIP2 that translocated to the actin positive secretory canaliculus following _stimulation
with forskolin.
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CONCLUSION:
The positioning of individual Rab proteins on discrete vesicle populations
suggests their importance in regulating unique trafficking pathways. Previous studies
have suggested that Rab proteins may organize multi-protein complexes associated with
specific vesicle trafficking pathways. For example, early endosome fusion events
mediated by Rab5 and the·Rab5 effectors Early Endosomal Antigen-I (EEA-1) and
rabaptin-5 provided a model for SNARE tet~~ring and vesicle fusion in early endosomes
(16,17,18,19). Golgi complex organization and intra-Golgi transport may be directed by
Rab6 and its microtubule associating effector rabkinesin-6 (27,74). Similarly, the
association of Rabl la with myosin Vb coupled with the effects of the tail of myosin Vb
in reducing transferrin and lgA·trafficking indicated the importance of myosin Vb and
possibly Rablla in plasma membrane recycling systems (9). We sought to identify
other proteins which interact with Rablla to further characterize protein complexes that
mediate the effects of Rab 11 a on vesicle trafficking through plasma membrane recycling
systems. The results presented here indicate that interaction of Rabl la with a family of
Rablla-interacting proteins may account for complexities observed in the trafficking of
cargoes recycling to plasma membranes·.
The present studies demonstrate that Rabll-FIPl, R~bll-F~2, Rabll-FIP3, and
pp75/Ripl 1 are members of a family of interacting proteins that bind Rabl la through an
amphipathic a-helical motif not present in either myosin Vb or RabllBP/Rabphilin-11.
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Amphipathic a-helices are known to participate in protein/protein interactions (69). In
yeast two-hybrid assays and blot overlays, deletion of the carboxyl-terminal a-helix
abolished Rablla binding. In addition, a peptide containing the carboxyl-teiminal ahelix could compete for Rablla binding in blot overlays. The presence of a conserved
.Rabl la binding domain in these four structurally diverse proteins of likely disparate
. function indicates the complexity of steps involved in membrane recycling.
As previously reported for myosin Vb (9), Rabll-FIP family members can
interact with the OTP-bound forms of all three Rabll family members: Rablla, Rabllb
and Rab25. The binding of Rabll-FIPl, Rabll-FIP2, Rabll-FIP3 and pp75/Ripll was
specific for the Rabl 1 family, since yeast two-hybrid association assays indicate no
binding with Rab2, Rab3a, Rab3b, Rab5 or Rab8a. In addition, [y- 35S]-GTP-Rab3a and
[y- 35S]-GTP-Rab5 overlay experiments also showed no binding to recombinant Rabll-

FIPl, Rabll-FIP2 or Rabll-FIP3. Although all fourinteracting proteins associated with
the dqminantactive form of Rablla (RabllaS20V), only Rabll-FIP2 interacted with the
dominant negative Rablla (RabllaS25N). These latter results may indicate the
existence of a new c_lass of Rab l l chaperone molecules charac~eriz~d by Rab l l-FIP2
which function irrespective of Rab activation status.
As with pp75/Ripll (53), Rabll-FIPl, Rabll-FIP2, and GFP-Rabll-FIP3
colocalized with Rabl la in HeLa cells. In MDCK cells, Rahl 1-FIPl and pp75/Ripl 1
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were colocalized on the apical recycling endosome system with GFP-Rablla. RabllFIP2 was also sub-apically located with Rablla, but colocalization was incomplete and
we observed Rabll-FIP2 staining in regions where Rablla was not present.
Interestingly, as previously observed with myosin Vb(~), Rabll-FIPl, Rabll-FIP2 and
pp75/Ripll all dispersed upon treatment with nocodazole and moved to the apical
comers upon treatment with taxol. Similarly in taxol treated MDCK cells, while the
majority of stained Rabll-FIP2 did colocalize with Rablla in sub-apical comers, a
significant subset of the immunoreactivity stained an annular region adjacent to the tight
junctions where Rabl la immunoreactivity was not observed. This evidence supports a
functional association between Rabll-FIPl, Rabll-FIP2 and pp75/Ripll with Rablla
based on their dynamic co-distribution with Rahl la-containing vesicles. The somewhat
different distribution of Rahl l-FIP2 may indicate the presence of different functions for
Rahl l-FIP2 in polarized cells. This difference in distribution of Rabl l-FIP2 could also
reflect its potential association with different pools of nucleotide-bound Rahl 1 family
members.
The results presented demonstrate that Rabll-FIPl, Rabll-FIP2 and pp75/Ripll
are all enriched with H+K+-ATPase and Rablla in gastric parietal cell tubulovesicle
I

•

fractions. The gastric parietal cell represents the most highly developed example of an
apical recycling system (75). The major function of the parietal cell, regulated acid
secretion, utilizes the second messenger-dependent activation of intracellular
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tubulovesicle fusion with an intracellular canalicular target membrane to deliver H+K+ATPase to the apical lumen of the stomach. We have previously demonstrated that
parietal cell tubulovesicles are highly enriched in Rablla and also contain Rab25 (76).
Duman, et al. reported that a dominant nega(ive forni of Rablla (RabllaN124I)
inhibited H+K+.;.ATPase recruitment to the secretory canaliculus (39). We have also noted
that when parietal cells are stimulated, Rab_lla and H+K+-ATPase translocate to the
expanded apical canalicular membrane (1). In the present studies, Rabl 1-FIPl and
Rab 11-FIP2 also translocat~d· to the ·secretory canaliculus. Maintenance of these Rab 11 aassociated proteins with the H+K+-ATPase-containing membranes after fusion suggests
the existence of a functional recycling complex that is highly specialized for apical
recycling in the parietal cells.
How can three different Rab proteins (Rab 11 a, Rab 11 b and Rab25) within the
same cell associate with at least 5 interacting proteins (Rabll-FIPl, Rabll-FIP2, RabllFIP3, pp75/Ripll, and Myosin Vb) and establish specific pathways for each member of
the Rab 11 family? Several possibilities exist. First, different pools of Rab 11 a, Rab 11 b
or Rab25 containing vesicles may be spatially segregated within a tubulovesicular
compartment, or they may associate with other, as yet unidentified interacting proteins
performing more highly specialized functions. Second, we have observed that Rablla
has the ability to oligomerize (Goldenring, unpublished results). Oligomerized Rablla
could associate with multiple interacting partners performing various different functions.

e,l
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Thus Rablla could be the nidus for the assembly of a multi-protein effector complex. A
final explanation is that Rabll-FIPl, Rabll-FIP2, Rabll-FIP3 and pp75/Ripll all bind
Rab 11 a, Rab 11 b or Rab25 but their binding may be reserved for different functions
oriented in time. Such interactions could then be regulated by either differences in in situ
binding affinities or alterations in binding due to post-translational modifications, as
postulated for pp75/Ripl 1 (53).
In summary, we have identified a family of four proteins.that can associate with
Rablla, Rabllb and Rab25. The interaction with Rablla is dependent upon a carboxylterminal amphipathic a-helix (Rabll binding domain). Rabll-FIPl, Rabll-FIP2 and
pp75/Ripl 1 colocalize on plasm~ membrane recyclit1g system vesicles with Rabl la in
both non-polarized HeLa cells and polarized MDCK cells while GFP-Rabll-FIP3
colocalizes with Rablla in HeLa cells. In addition, Rabll-FIPl, Rabll-FIP2 and
pp75/Ripl 1 co-enrich with Rabl la and H+K+-ATPase in gastric tubulovesicle fractions.
Rabll-FIPl and Rabll-FIP2 translocate with Rablla and the H+K+-ATPase upon
stimulating gastric glands with forskolin. These results suggest that association of
Rabl la with a number of protein regulators is required for the complex regulation of
plasma membrane recycling systems.
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CHAPTER2
RAB11-FIP2 ASSOCIATES WITH MYOSlN VB AND REGULATES PLASMA
MEMBRANE RECYCLING
ABSTRACT:·
Plasma membrane recycling is an important process necessary for maintaining
membrane composition. The motor protein myosin Vb regulates plasma membrane
recycling through its association with Rabl la. Overexpression of the tail of myosin Vb
disrupts trafficking out of plasma membrane recycling systems and leads to the
accuµmlation of Rabl la in both polarized and non-polarized cells. We have investigated
the association of Rab-11 Family Interacting Protein 2 (Rabll-FIP2) with myosin Vb as
an adapter protein between Rab 11 a and myosin Vb. lmmunofluorescence studies
indicated a colocalization of endogenous Rabll-FIP2 with GFP-myosin Vb tail
overexpressed in MDCK cells. Yeast two hybrid assays showed.that amino acids 129356 of Rabl l-FIP2 were important for binding to myosin Vb.tail. In vitro association
assays and co-transfection experiments· in both MDCK and HeLa cells confirmed this
result but further refined the binding site to amino acids 129-290 of Rab 11-FIP2. Like
myosin Vb, ~unctional studies indicated that Rab 11 "'."FIP2 is also important for normal
plasma membrane recycling. GFP-Rabl l-FIP2(129-512) which lacks its amino-terminal
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C2 domain, functioned as a dominant neg~tive acting truncation that caused accumulation
of Rab 11 a and disrupted IgA trafficking in MOCK cells and transferrin trafficking in
HeLa cells. The ternary association of myosin Vb and Rabll-FIP2 with Rablla suggests
that a multimeric protei:µ complex is involved in vesicle trafficking through plasma
membrane recycling systems.

INTRODUCTION:
'

'

'

Plasma membrane recycling.is an·ejssential process in th~ maintenance and
regulation of the normal complement of membrane pumps, channels and receptors in
mammalian cells. While the handling of individual cargo proteins may vary among cell
types, a number of studies over the past several years have established a central role for
the small GTPase Rab 11 a in plasma membrane recycling.
Recently, several groups have reported proteins that interact with Rablla. Rabll
binding protein (RabllBP)/Rabphillin 11 associated with OTP-bound Rablla and
colocalized with Rablla (50,51). Rabll-FIPl, Rabll-FIP2, Rabll-FIP3, Rabll-FIP4,
Rab coupling protein (RCP) and pp75/Ripl 1 all interact with Rabl la through a
conserved car~oxyl terminal amphipathic.alpha helical domain (77,78,79,80). Finally,
we have also reported that the actin motor protein myosin Vb associates specifically with
Rabll family GTPases (9). Observations have indicated that multiple Rabll-FIP
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proteins as well as myosin Vb tail are present spatially within populations of Rabl lacontaining recycling vesicles (77).
Myosin Vb is a member of the class V myosins (myosin Va/dilute, myosin
Vb/myr6, and myosin Vc) that promote transit along the actin cytoskeleton and appear to
·associate with distinct Rab GTPases. While the Rab protein partner for myosin Vc
remains obscure (81), recent investigations have demonstrated the association of myosin
Va with vesicles containing Rab27a (82). Myosin Va · organizes the distribution and
transport of Rab27a-containing melanosoines in melanocytes (82,83). Mutations in
Rab27a or myosin Va lead to neurological abnormalities and the inability to recruit
melanosomes in both rodent models and humans (84,85,86). The bond between Rab27a
and myosin Va is indirect (82), and recent efforts have indicated that melanophilin/Slp
homologue lacking C2 domains (Slac2-a) functions as the receptor recruited by Rab27 a
for myosin Va binding (87 ,88,89).
Importantly, original yeast two hybrid studies indicated that Rabl 1-FIP2 could
interact with the tail of mysoin Vb (77). R~cent studies from McCaffrey and colleagues
have suggested that Rabll-FIP2 can dimerize and may also form hetero-oligomers with
other Rabll-FIP family members (90). We therefore, hypothesized that Rabll-FIP2
may contribute to anchoring of Rabl la positive vesicles to myosin Vb.
We now report that yeast two-hybrid.analysis, immunolocalization experiments
and in vitro binding studies all confirm the direct association of Rabll-FIP2 with myosin
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Vb. In trafficking studies, a truncation of Rab l l-FIP2 lacking the amino terminal C2domain inhibited plasma membrane recycling in both HeLa and MDCK cells. These
· studies show that Rabl l-FIP2 is a receptor/adapter protein linking myosin Vb to Rahl la
and regulating the movement of vesicle cargo through the recycling endosome.

METHODS:
Yeast two hybrid: Yeast two hybrid binary assays were conducted as previously described
(77). Briefly, truncations of Rabll-FIP2 were amplified by polymerase chain reaction
(PCR) adding an EcoRI site to the 5' end and a Sall site to the 3'end. PCR amplification
products were then digested with EcoRI and Sall (New England Biolabs-NEB) and
cloned into pBD-Gal-(CaM) (Stratagene) vector utilizing T4 DNA ligase (NEB).
Plasmids were confirmed with automated sequencing (Molecular Biological Core
Facility, Medical College of Georgia). Rabll-FIP2 truncations were then cotransfected
with either pAD-myosin Vb tail or pAD empty vector as a control into the yeast strain
Y190. Yeast were allowed to grow for three days at 30 C and then analyzed via (3galactosidase assay. A positive result represented blue· color within 4 hours.

GST,;,association assays: Recombinant GST-myosin Vb tail attached to glutatplonesepharose beads and recombinant His-Rabll-FIP2, His-Rabll-FIP2(129-356), HisRabll-FIP2(129-290}, and His-Rabll-FIP2(191-290) were·made as previously described
(34,77). Briefly, myosin Vb tail was amplified with Sall sites added to both ends. The
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sample was cut with Sall, cloned into pGEXSx-1, and confirmed for sequence accuracy.
•

•

•

)

<

Myosin Vb tail in pGEXSx-1 and pGEXSx-1 empty vector were transformed into
BL21 pLysS competent cells (Promega), and re~ombinant protein was produced following
induction with IPTG (lmM) for 3 hours. OST and GST-myosin Vb tail beads were
stored in PBS with Protease Inhibitor Cocktail (Sigma) at 4C. Rabll-FIP2 and RabllFIP2 truncations were PCR amplifieq and cloned into pET30a (Novagen) for His-tagged
recombinant protein production.
For a single pull-down reaction, 50µ1 of OST and GST-myosin Vb tail beads were
blocked for 2 hours in buffer containing 1%BSA, 50mM Tris, pH 7 .5, 0.5mM MgC12~
lmM EGTA, lOmM DTT, 1:200 Protease Inhibitor Cocktail. Approximately 2µg of HisRabl 1-FIP2, His-Rabl 1-FIP2(129-356), His-Rabl 1-FIP2(129-290), or His-Rabl 1FIP2(191-290) were combined with either OST or GST-myosin Vb tail beads. Samples
were incubated with gentle shaking for 1 hour at room temperature. Supernatants were
removed and remaining His-tagged protein not bound to OST or GST-myosin Vb tail
beads was rescued utilizing His-bind resin (Novagen). The OST and GST-myosin Vb tail
beads (pellets) were washed in reaction buffer without BSA. The supernatant and pellet
beads were resuspended in SDS loading buffer and loaded onto SDS-PAGE gels. Gels
_were transferred to Immobilon-P m~mbrane (Millipore) and western blots were
performed. Since _the His-tagged proteins contajned an amino-terminal S protein tag,
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proteins were detected utilizing an S protein-HRP conjugated-secondary antibody
(Novagen).
Cell transfection, immunostaining and imaging: Transient transfections were performed

utilizing Effectene transfection reagent (Qiagen). Immunostaining was performed as
previously described (77). Imaging of dual transfection experiments with GFP-RabllFIP2 truncations and DsRed myosi~ Vb tail was performed utilizing a Zeiss LSM-510
confocal fluorescenc,e microscope. All other images were ob(ajned with a Molecular
Dynamics confocal microscope.
GFP-Rabl J.-FIP2( 129-512) expressing MDCK cell line stably transfected with polymeric
IgA receptor: The GFP-Rabll,;.FIP2(129-512) sequence was digested from pEGFP.

..

.

.

Rabll-FIP2(129-512) with Nheiand Sall and clo~ed into th.e tetracycline responsive
plasmid, pTRE2 (Clontech) . Utilizing Effectene, GFP-Rabll-FIP2(129-512) in pTRE2
was then dually transfected with pCB7 vector into an MDCK tetracycline repressible cell
line (T23)(91) and plated onto 110-mm dishes. Cell media was supplemented with 0418
(0.5mg/ml) and doxycycline (5 ng/ml). Two days after transfection, cells were
trypsinized and replated in serial dilutions on 110-mm plates. After 7 days, single
colonies were picked and transferred to 24 well plates. After 7 more days cells were
trypsinized and transferred to 12 well plates in the absence or presence of doxycycline.
Cell lines expressing GFP-Rabll-FIP2(129-512) were passaged to 6 well plates, T25
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flasks and finally, T75 flasks. GFP-Rabll-FIP2(129-512) tetracycline repressible cell
lines were tested for clonality via imaging and for expression levels via western blot.
lgA trafficking in MDCK cells: IgA apical recycling and transcytosis assays were
performed by modification of previously described methods (25) adapted for the use of
fluorescent ligand. Briefly, Alexa 546 dye was covalently attached to polymeric IgA
(Alexa Fluor 546 Protein Labeling Kit). Alexa 546-IgA (lOµg/ml) was then added to the
apical surface or the basolateral surface of transwell filters containing confluent MOCK
cells stably transfected with the polymeric IgA receptor and GFP-Rabll-FIP2(129-512)
in the presence or absence of doxycycline (5ng/ml). Media without phenol red was
utilized for IgA traf~icking assays to reduce background fluqrescence .. For fluorescence
imaging, c~lls were fixed in 4% paraformaldehyde at 0 and 40 minutes for apical
recycling assays and 0 and 60 minutes for transcytosis assays. For quantitative analysis,
apical and basolateral supematants and cell bodies were collected at 0 and 40 minutes for
apical recycling and 0 and 60 minutes for transcytosis. Samples were suspended in SDSbuffer (final concentration: 300mM Tris pH 7 .5, 1%SDS, 20mM EDTA, 17 .5mM
sucrose) and resolved utilizing SDS-PAGE. Low fluorescence plates (Amersham
Biosciences) were utilized for preparing the polyacrylamide gels. Ge~s were then
scanned utilizing an Amersham Biosciences 2D fluorescent gel scanner. Fluorescent IgA
bands were quantified for pixel intensity utilizing GeneQuant software. At different time
points, the quantitated amounts of lgA in the apical and basolateral media as well as label
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remaining within cells were determined and used to calculate the percent total IgA
retained in cells: [(IgAcells)/(lgAcells+IgAapicalmedia+~gAba~olateralmedia)l X 100. At least three
separate experiments in triplicate were conducted for each condition. Differences among
groups were analyzed for statistical significance with Student's T test (InStat).

Transferrin trafficking in Hela cells: Transferrin trafficking was conducted as previously
described with differences noted below (9). HeLa cells containing transiently transfected ·
GFP-Rabll-FIP2(129-512) were utilized to assess trafficking. Alexa-546-conjugated
transferrin (Molecular Probes) was loaded into the cells. For images, cells were fixed at
0 and 40 minutes. Cells were then stained for transferrin receptor (CD71). The uptake of
transferrin into HeLa cells was quantitated by determining Alexa-546 fluorescence in
transfected and non-transfected cells using digital image analysis (Metamorph). For
quantitative analysis, imaging of HeLa cells was performed at 63x using a·Zeiss LSM510 confocal fluorescence microscope capturing 2 µm optical sections. All images were
obtained with identical exposure settings and were analyzed without further image
processing. Integrated fluorescence in an 8 µm diameter circular perinuclear region in
100 cells was determined for each condition. Results were expressed as a mean of
arbitrary fluorescence intensity units per cell.
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RESULTS:
Endogenous· Rab] 1-FIP1, Rab] 1-FIP2 and pp75/Ripl 1 co-localize with GFP-myosin Vb
tail. Our previous studies had implicated myosin Vb as the motor protein for transit out
of th~ plasma membrane recycli11:g endosome system (9). We therefore examined the
localization of endogenous Rabll-Family Interacting Protein l(Rabll-FIPl), Rabll.FIP2 and pp75/Ripl 1 (pp75/Rabl 1 interacting protein) with overexpressed GFP-myosin
Vb tail.

In polarized MDCK cells, endogenous Rabll-FIPl, Rabll-FIP2 and

pp75/Ripl 1 co-localized with both GFP-myosin Vb tail and endogenous Rabl la (Figure
13). The results suggest that all of these R~bl 1 interacting proteins may function in a
contiguous vesicle recycling system ultimately dependent on myosin Vb activity.

Myosin Vb tail binding site in Rahl 1-FIP2 is not located within the Rab] ]-binding site- or
the putative C2 domain. Since yeast two hybrid data has indicated an association
between myosin Vb and Rabl l-FIP2 (77), further yeast two hybrid assays were used to
(

determine the myosin Vb binding site in Rabll-FIP2. Amino acids 129-356 ofRabllFIP2 (Rabll-FIP2(129-356)) were sufficient to maintain an association with myosin Vb
tail (Figure 14). Interestingly, when truncated from the carboxyl terminus to amino acid
465, Rabll-FIP2 would associate nonspecifically. Truncation analysis indicated that the
autoactivation domain mapped to amino acids 429-465 in Rabll-FIP2 (data not shown).
Similar yeast two hybrid assays were conducted in which full length Rabll-FIP2 was

Figure 13: Endogenous Rab] 1-FIPs with GFP-myosin Vb tail.
MDCK cells stably transfected with GFP-myosin Vb tail were immunostained for
endogenous Rablla and Rabll-FIPl, Rabll-FIP2 or pp75/Ripll. Images are XY lookthrough confocal microscopic reconstructions with Z axis projections below. White
arrows indicate points of colocalization between GFP-myosin Vb tail, Rabl la and
Rabll-FIPl, Rabll-FIP2 or pp75/Ripll. Black arrowheads on fa~ right indicate.location
of the Z stack series. White boxes in lower left hand corners equal 2 microns. This
figure is representative of three separate experiments.
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tested against deletion mutants of myosin Vb tail. Deletion of either 45 amino acids of
the amino terminus (myosin Vb tail(45-588)) or 32 amino acids of the carboxyl terminus
(myosin Vb tail(l-553)) of the myosin Vb tail eliminated interaction with Rabl 1-FIP2.
In contrast, we have previously demonstrated that myosin Vb tail(45-588) and myosin Vb
tail(l-553) could interact with Rablla in yeast 2-hybrid studies (9).

GST-Rabll-FIP2 binds to myosin Vb in vitro. To confirm the myosin Vb tail/RabllFIP2 association, GST-fusion protein binding assays were us,ed. Rab 1 i-FIP2 strongly
associated with GST-myosin Vb tail beads compared to little detectable interaction with
GST control beads (Figure 15). Despite the presence of protease inhibitors, His-RabllFIP2 was highly susceptible to proteolysis especially in supernatant fractions (data not
shown). In agreement with yeast 2-hybrid results, Rabl l-FIP2(129-356) was also
retained on GST-myosin Vb tail beads, compared with no detectable association with
GST beads alone (Figure 15). Interestingly, GST-binding assays indicated an association
between myosin Vb tail and Rabll-FIP2(129-290) but not the smaller fragment RabllFIP2(191-290) thus narrowing the myosin Vb tail binding region.

In situ confirmation ofmyosin Vb interaction with Rabll-FIP2 using dual transfection.
To confirm the association of myosin Vb and Rabl 1-FIP2 in situ, we studied the
distribution of GFP-Rabl 1-FIP2 truncations with co-expressed DsRed-myosin Vb tail.

Figure 15: Biochemical association ofGST-myosin Vb tail with Rabll-FIP2.
Western blot of OST-myosin Vb tail pull down ofHis-Rabll-FIP2, His-RabllFIP2(129-356), His-Rabll-FIP2(129-290), or His-Rabll-FIP2(191-290) utilizing S
protein tag HRP. Start= 2 micrograms His-recombinant starting material. OST-Vb tail
beads: P=pulldown on beads and S=supematant. OST beads: P=pulldown on beads and
S=supernatant. Figure is representative of four separate experiments.
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In singly transfected MDCK cells, GFP-Rabll-FIP2 was distributed in a multivesiculated pattern similar to that observed for immunostaining of endogenous Rab 11FIP2 (Figure 16A). However, GFP-Rabll-FIP2(129-512), which lacked the amino
terminal C2 region of Rab 11-FIP2, was distributed to a more compact large punctate spot
(Figure 16A). Other GFP-Rabll-FIP2 truncations, which did not contain the carboxyl
terminal Rabl 1 binding site, demonstrated a predominantly cytosolic distribution (Figure
16A). In MDCK cells (Figure 16B), both GFP-Rabll-FIP2 and GFP-Rabll-FIP2(129512) colocalized with-co-expressed DsRed~mxosin Vb tail. As a control, non-chimeric
GFP alone did not colocalize with DsRed-myosin Vb tail (data not shown). Importantly,
compared with their cytosolic distribution in single transfection studies (Figure 16A),
GFP-Rabll~FIP2(1~4_65), GFP-~abll~FIP2(129-356), and G~-Rabll~FIP2(129-290)
.colocalized with DsRed-myosin Vb::tail in a punct~te_pattem. These results confirmed
the in vitro association studies.

Rahl 1-FIP2 regulates apical recycling and transcytosis of lgA. In MDCK cells stably
expressing polymeric IgA receptor (pigA-R), apical recycling or transcytosis of IgA 1s
trafficked through Rablla containing vesicles (25). GFP-myosin Vb tail concentrates
pigA-R and disrupts IgA transcytosis (9). Thus, we sought to determine the involvement
of Rabl 1-FIP2 in IgA trafficking. GFP-Rabl 1-FIP2(129-512) was chosen for the assay
since it elicited a tight punctate distribution similar to the dominant negative

Figure 16: Dual transfection ofGFP-Rabll-FIP2 truncations with DsRed-myosin Vb

tail. A. The distribution of a single GFP-Rabll-FIP2 and GFP-Rabll-FIP2 truncations
expressed in Iv.IDCK cells grown on glass coverslips. B. The distribution of GFP-RabllFIP2 and GFP-Rabll-FIP2 truncations coexpressed with DsRed-myosin Vb tail in
MDCK cells. White bar equals 5 microns. Images are single confocal microscopic
sections. Figure is representative of 3, separate experiments.
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acting myosin Vb tail (Figure 16A). A tetracycline repressible line containing GFPRabll-FIP2(129-51_2) \Vas created to compare trafficking in cells in th~ absence or
presence of overexpressed GFP-Rabl 1-FIP2(129-512). Figure 17 demonstrates that
polymeric IgA-R co-localized with both GFP-Rabll-FIP2(129-512) and Rahl la in
concentrated intracellular puncta in each cell. Western blots of whole cell extracts from
cells grown in the presence or absence of doxyc_ycline indicated undetectable expression
levels of GFP-Rabll-FIP2(129-512) in the presence of 5 ng/ml antibiotic (Figure· 18Binset) ..
Conventional IgA trafficking assays have utilized 125I-IgA to quantify
transcytosed or recycling IgA (25); however we chose to develop a fluorescent ligandbased assay. Alexa546-IgA was utilized as the cargo in both apical recycling and·
basolateral to apical transcytosis assays. In the absence of doxycycline, GFP-RabllFIP2(129-512) expressing cells demonstrated a significant decrease in both IgA apical
recycling and transcytosis (Figure 18). At the 40 minute time point for IgA apical
,\·

.I'

recycling and at the 60,minut~,time point for IgA transcytosis, GFP-Rabll-FIP2(129512) expressing cells accumulated the fluorescent Alexa546-IgA cargo in the apical
, portion of the cells (Figure 18A). In both cases, Alexa546-IgA was, accumulated in GFPRabll-FIP2(129-512) containing vesicle aggregates. In the presence of doxycycline,
IgA apical recycling and transcytosis occurred normally. Alexa546-IgA trafficked out of
the cells and did not accumulate at the 40 and 60 minute time points for apical recycling

Figure 17: lgA-R and Rablla staining in GFP-Rabll-FIP2(129-512) transfected cells.
MOCK cells stably transfected with GFP-Rablf-FIP2(129-512) and immunostained for
polymeric lgA receptor and Rablla. White arrows indicate points of colocalization
between GFP-Rabll-FIP2(129-512), plgA-R and Rab~la. White bar equals 5 microns.
Figure is representative of three separate experiments.
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Figure 18: lgA trafficking in polarized MDCK cells.
A. IgA trafficking was assessed in MDCK cells stably transfected with GFP-RabllFIP2(129-512) either without doxycycline (-DOX; expressing GFP-Rabll-FIP2(129512)) or with doxycycli~ {+DOX; not-expressing GFP-Rabll-FIP2(129-512)).
Alexa546-IgA was loaded basolaterally for IgA transcytosis. Cells were fixed at O and
60 minutes (T-0 and T-60) for imaging. Alexa546-IgA was loaded apically for IgA
apical recycling. Cells were fixed ·at O and 40 minutes (A-0 and A-40) for imaging.
Images are look-through confocal microscopic reconstructions with Z axis projections
below. White arrows indicate points of colocalization between GFP-Rabll-FIP2(129512) and Alexa546-IgA. Black arrowheads on far right indicate the locatioil'of Z series.
-

White bar in lower left equals 5 microns. Figure is representative of three separate
experiments. B. Percent lgA retained in cells (+/-SEM) for lgA transcytosis at the 60
minute time point. *p=0.013. Western blot inset shows GFP-Rabl l-FIP2(129-512)
expression in cells incubated in the absence (-DOX) and presence (+DOX) of
doxycycline. C. Percent lgA retained in cells(+/- SEM) for lgA apical recycling at the
40 minute time point. **p=0.007. Figure is representative of three separate experiments.
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and transcytosis, respectively (Figure 18A). GFP-Rabl 1-FIP2(129-512) expressing cells
demonstrated 33% higher retention of transcytosing IgA compared with cells not
expressing the chimera (Figure 18B). Similarly, 31 % more apically recycling Alexa546IgA was retained in GFP-Rabll-FIP2(129-512) expressing cells compared to cells
maintained in the presence of doxycycline (Figure 18C). _The results suggest that GFP.

.

.

Rabll-FIP2(129-512), like GFP-myosin Vb tail, acts as a potentinhibitor oflgA
trafficking in polarized MDCK cells.

Rabi l-FIP2( 129-512) disrupts the recycling of transferrinjn non-polarized HeLa cells.

In non-polarized HeLa cells, transferrin cycles through Rahl la-containing vesicles.
Previous studies have shown that the over-expression of either the dominant negative
mutant Rabi laS25N (10) or the GFJ>-myosin Vb tail (9) inhibited normal transferrin
recycling. Recent findings have indicated that truncations at the amino terminus of
Rahl 1-FIP2 may delay the cycling of transferrin causing accumulation of transferrin in
tubular type structures (92)i We deteqnined the effect of GFP-Rabll-FIP2(129-512) on
transferrin trafficking in transiently transfected HeLa cells. At the O time point, GFPRabi l-FIP2(129-512)-transfected cells accumulated Alexa546-transferrin into a central
perinuclear spot, whereas in non-transfected cells Alexa546-trartsferrin maintained the
normal more dispersed perinuclear distribution of the recycling system (Figure 19A).
The distribution of transferrin receptor immunostaining co-localized with fluorescent

Figure 19: Transferrin trafficking in nonpolarized HeLa cells.
A. HeLa cells were transiently transfected with GFP-Rabll-FIP2(129-512) and
Alexa546-transferrin was loaded and chase~ wi.th nonlabeled transferrin. Cells were
fixed at 0 and 40 minutes and immunostained for human transferrin receptor. White
arrows indicate triple colocalization between GFP-Rabl 1-FIP2(129-512), Alexa-546
transfer.µn, and transferrin receptor. White bar in lower left comer equals 5 microns. B.
Quantitative analysis of transferrin retained at 0 minute and 40 minutes after chase (+/SEM). Black bar=GFP-FIP2(129-512) transfected cells. Gray bar=non-transfected cells.
1 intensity unit on chart represents 1000 intensity units from Metamorph pixel intensity
quantification. Figure is representative of three separate experiments.

A.

0

40

B.
Hela Cell Transferrin Trafficking

18---------------------~

16---------------------

IC ~
·- rt.I

,._,m ·C
m

~

a:

:I

14---

1 2

·- ....>.i!t 1 80 - - IC

Iii.·'- U:I

m C
tt-111
rn ....

s---

cc

4---

~

2---

m =.i

0 ---40

0

Time (minutes)
I ■ GFP-FIP2(129-512)

tl Nontransfected

I

92
transferrin in both non-transfected and·transfected cells (Figure 19A). After 40 minutes
of serum chase, GFP-:Rabll-FIP2(129-512)~transfected cells still retained the
accumulated Alexa546-transferrin, while ~~n-transfected cells had recycled the
Alexa546-transferrin (Figure 19): Thus, while non-transfected and transfected cells
contained similar amounts of transferrin after loading, transfected cells still retained over
70% of the fluorescent transferrin after 40 min of serum chase (Figure 19B). In contrast,
less than 1% of the transferrin was retained in non-transfected cells (Figure 19B).

DISCUSSION:
Movement of vesicles along cytoskeletal elements requires targeting of specific
vesicle systems to appropriate pathways. Recent studies have demonstrated that Rab
GTPases regulate many aspects of this targeting~ Rab6 interacts with a specific kinesin
isoform, rabkinesin 6, and regulates trafficking through the Golgi apparatus (12,74).
Rab27 a targets myosin Va to melanosomes for regulation of organelle distribution in
melanocytes (82,83). Similarly, we have demonstrated that Rabl la is a receptor for
myosin Vb on the vesicles of the plasma membrane recycling system (9). While the
interaction of myosin Va with Rab27a is clearly indirect and mediated by a linker protein
(87 ,88,89)°, melanophilin/Slac2-a, we have previously provided evidence for a direct
interaction of Rabl la with myosin Vb tail (9). The present investigations demonstrate
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that Rabl 1-FIP2 acts as a coordinator of the interaction of Rabl la with myosin Vb by
bindjng to both Rablla and myosin Vb.
All three members of the m~alian class V myosins :appear to interact with
distinct vesicle populations within cells. Myosin Va interacts<with melanosomes and
lytic granules of cytotox1c T lymphocytes (82). Targeting of myosin Va to melanosomes
is mediated by recruitment of melanophilin/Slac-2a to granules by Rab27a (87,88,89).
Melanophilin can then bind myosin Va thereby bringing melanosomes in contact with the
actin-based motor. In a similar fashion, Rabl1a appears to recruit both Rabll-FIP2 and
myosin Vb to the recycling system vesicles. While we have previously demonstrated codistribution of Rabl la and myosin Vb on recycling system vesicles, a direct interaction
could only be establisp.ed in yeast two hybrid assays (9). Rabl la interacts directly with
Rabl 1-FIP2 through a discrete amphipathic helical motif located in its carboxyl terminus
(77).
The present studies indicate that the association of Rabl 1-FIP2 with myosin Vb
occurs through a ce~trally located domain, which lies between the amino-terminal C2
domain and the carboxyl-terminal Rabl I-binding helix. In addition, the Rabl f-FIP2
binding region appears to encompass the entire myosin Vb tail. Notably, the pattern of
bin~ng for Rabll-FIP2 with myosin Vb was different from that observed for !ablla
and myosin Vb (9). Thus, these studies suggest that, in contrast with the pattern observed
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for Rab27a and myosin Va, Rablla may recruit directly both its motor protein, myosin
Vb, and its coordinating adapter, Rabll-FIP2.
In addition to interacting with myosin V motors, both Rablla and Rab27a also
interact with multi-member families of interacting proteins. Rab27a can interact with at
least four proteins containing homologous Rab27a binding regions (93). These include
melanophilin, synaptotagmin-like proteins,! and 2-a (Slpland Slp2a) and granulophilin.
With the exception of melanophilin, all of these proteins have general structural
.

.

homology with Rabphilin 3, containing amino terminal Rab binding domains and two
tandem C2 domains. Melanophilin lacks the C2 domains and instead contains 2 coiled
regions, the first of which is responsible for interaction with myosin Va (94). Similarly,
we, and others, hav:~ _now identified six members of the Rabl~-FIP family: Rabll-FIPl,
Rabll-FIP2, Rabll-FIP3, Rabll-FIP4, pp75/Ripll and RCP (77,78,79,80). All of these
proteins contain a conserved carboxyl-terminal Rabll binding domain. In addition,
Rabll-FIP2, RCP, arid pp75/Ripll contain single amino terminal C2 binding domains.
'

.,

'

While neutral phospholipid binding to pp75/Rip11 has been demonstrated (53), the
function(s) of the C2 domains in Rabll-FIP proteins remains obscure.
The present results demonstrate that the C2 domain of Rab 11-FIP2 is necessary
for proper function of the recycling system. Thus, overexpression of the Rabl 1-FIP2
truncation lacking the C2 domain strongly inhibited trafficking through recycling
systems. It is notable that the presence of the carboxyl-terminal Rab binding domain was
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necessary for targeting of Rab 11-FIP2 to the apical recycling system. However, in the
presence of overexpressed myosin Vb tail, fragments of Rab 11-FIP2 containing the
myosin Vb binding site could be recruited to the recycling system vesicles. These results
suggest that the interaction of myosin Vb and Rab 11-FIP2 can occur independent of their
interactions with Rablla. These findings also support the notion that myosin Vb tail can _
be targeted to the recycling system independent of an interaction with Rab 1 l-FIP2.
Indeed, it is notable that, while Rab 1 l-FIP2 can interact with Rab 11 a independent of its
guanine nucleotide binding status, myosin Vb fail only interacts with the GTP-bound
form of Rabl la (77,9).
The findings presented in this report demonstrate that over-expression of myosin
Vb tail causes concentration not only of Rablla, but also Rabll-FIPl, Rabll-FIP2 and
pp75/Ripll. Since all of these proteins bind to Rabii family members through the same
amphipathic helical motif, this pattern of concentration of three Rabl 1-FIP proteins by
myosin Vb tail suggests that some coordinating effort must be involved inregulating
recycling system trafficking. Individual Rabll-FIP proteins may mark specific subdomains within the continuous recycling compartment (95). To some_ extent this could be
regulated by Rab 11-FIP protein interaction with either Rab 11 a or Rab25. Compared with
Rablla, Rab25 has an opposite and inhibitory influence on trafficking through the apical
recycling system (25). The inhibitory effects of Rab25 could reflect sequestration or
diversion of Rab 11-FIP proteins. It is also possible that Rab 11-FIP proteins are recruited
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to recycling system vesicles by Rablla to be assembled into multimeric complexes.
MacCaffrey and colleagues _have reported that Rab 11-FIP proteins can homo- and heterodimerize (90). We have also observed the homodimerization of FIP2 in yeast two hybrid
assays·.. This homodimerization is depetiderit on the C2 domain of Rabl 1-FIP2 (Hales
and Gqldenring unpublished results). Thus the inhibitory effects of GFP-FIP2(129-512)
may result from a loss of.the dimenzatiot?- of Rablt-FIP2.
In summary, we have proyided evidence that Rabll-FIP2 is a coordinate adapter
for a ternary complex with both_ Rabl la and rnyosin Vb. The assembly of multimeric
complexes of regulatory Rabl 1-FIP proteins and the class V myosin motor, myosin Vb,
represents a critical step for the proper functioning of plasma membrane recycling
systems in both non-polarized and polarized cells.
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CHAPTER3
RABll-FIPS HAVE UNIQUE CHARACTERISTICS BUT MAY FUNCTION AS
A COMPLEX COUPLING ENDOCYTOSIS TO THE
APICAL RECYCLING ENDOSOME

ABSTRACT:
The plasma membrane recycliµg system consists of a complex arrangement of Rabs,
effector proteins, and cytoskeletal elements. An integral component of this system is the
recently identified Rabl 1-Family of Interacting Proteins (Rabl 1-FIPs). Although 6
members have been identified, little is known about their endogenous overlap and
intracellular behavior. Therefore we designed a series of literature b3:sed experiments to
obtain a better understanding of the function of 3 members from this family: Rabl 1-FIPl,
Rabll-FIP2 and pp75/Ripl 1. Endogenous immunostaining of Rabll-FIPl, Rabll-FIP2
and pp75/Ripll showed an apically oriented distribution for all three with nonoverlapping subpopulations· of Rabll-FIP2. Over express_ion of GFP-Rabll-FIP2 alters
the endogenous distributions of both Rablla and Rabllb. Conversely, GFP-Rablla and
GFP-Rabl l-FIP2(129-512) failed to·efficiently_ accumulate pp75/Ripl 1 and Rabl 1-FIPl,
.

.

respectively.- Rab1FFIP2 showed immunostaining adjacent to a.-adaptin and ezrin but
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did not colocalize. Rabll-FIPl, Rabll-FIP2, and pp75/Ripll were.localized separately
from prometaphase to anaphase during the cell cycle. ·Staurosporine treatment of.MOCK
cells yielded a collapsed ceritral recycling endosome system and relocalized some
vesicular components to regions of 201 tight junctions. Finally, wortmannin treatment
of MDCK cells redistributed Rab 11-FIPs as well as Rab 1 la to large intracellular
vacuoles. These studies suggest that Rabl 1-FIPs perform unique functions and may
associate with the process of endocytosis while still working as a multimeric complex.

INTRODUCTION:
.Rabs are small GTPase proteins integral to the process of intracellular vesicle
trafficking.. Characteristically, different cellular compartments are associated with
specific Rab proteins (27). In an effort to understand better t.he function of Rabs, unique
interacting partners have been identified for many of the more than 50 Rabs. Recently,
the Rab 11-Family Interacting Proteins (Rab 11-FIPs) was identified as being part of the
plasma membrane recycling system (77,78). Each of the 6 members, Rab 11-FIPl,
Rabl 1-FIP2, Rabl 1-FIP3, Rabl l-FIP4, pp75/Ripl land RCP, contains a carboxylterminal Rabl 1-binding domain that is required for association with Rabl la
(77,78,79,80). All Rabll-FIPs contain the Rabll binding domain, however different
Rabll-FIPs contain similar structural motifs as well as other non-homologous regions.
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These structural observations suggest that unique functions exist for individual
Rabl 1-FIPs. In fact, potential differences have been identified for some of the family
members. Rabll-FIP2 associates with myosin Vb tail and may be necessary for exit
from the recycling system by functioning as an adapter protein between Rab 11 a and
myosin Vb tail (96). pp75/Ripll and Rabll-FIP4 may also be important for exit from
the recycling endosome since dominant negative acting truncations of those two
molecules disrupt normal recycling just like Rabl 1-FIP2(129-512) (78,79,97). In vitro
binding studies also suggest that Rab 11-FIP2 associates with the clathrin scaffolding
protein AP-2 (98). Interestingly, RCP may bind Rab4 and Rabl la suggesting a potential
endocytosis to recycling system coupling mechanism (80).
pp75/Ripl 1 contains a phosphorylated residue and moves to junctional edges of
cells following staurosporine treatment (53). Interestingly, the endocytosis and recycling
of E-cadherin, a junctional protein, was dependent on protein kinase C isoforms inhibited
by staurosporine (99). Similarly, the recycling of both Na+/H+ exchanger 3 and AT 1
angiotensin II receptor was regulated by a PI-3 kinase dependent process (100,101). The
same study showed that the cycling of transferrin from the cell surface was significantly
disrupted in the presence of wortmannin (101), and in l\IDCK cells, wortmannin caused
the translocation of surface receptors to large intracellular vacuoles (102). Therefore
phosphorylation events may be an integral component to membrane recycling and
subsequent Rabl 1-FIP localization.
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Evidence for homo- and hetero-dimer formation between Rab 11-FIP members .
also exists (~O). However, Rabll-Fq> proteins may interact with Rablla molecules in a
.

.

1: 1 stoichiometry (97). _ Therefore molec1.:1les of Rab_l 1-~P proteins may compete for
Rablla binding as pp75/Ripll and Rabll-FIP3 only partially colocalized with mycRablla. This same study showed that Rabll-FIP3 and pp75/Ripll have little
overlapping distribution in HeLa cells suggesting that Rabll-FIPs maintain distinct
subcellular populations.
We have previously reported that Rabll-FIPl, Rabll-FIP2, and pp75/Ripll are
·an present in the recycling system in HeLa cells (77). To understand further the
dynamics of the apical recycling system and since studies of Rab 11-FIPs focus mainly on
single proteins, the endogenous localization of Rabll-FIPl, Rabll-FIP2, and
pp75/Ripll was explored under different cellular conditions in MDCK cells. We
addressed the concept of ~abll-FIPs competing forRablla binding with transfection
overexpression studies. Given that Rabl la maintains membranous association
throughout the process of cell division, the distribution of Rabl 1-FIPl, Rabl 1-FIP2 and
pp75/Ripl 1 at each stage of the cell cycle was studied. Finally, the behavior of Rabl la
as well as the Rabll-FIPs following staurosporine and wortmannin treatment was
determined. These experiments provide evidence of unique Rab 11-FIP functions and
support the supposition that a protein complex is responsible for plasma membrane
recycling.

101

MATERIALS AND METHODS:
Cell culture and cell staining: MDCK cel,ls and H~~a cells were grown· as previously
.~

.

'

'

described. Utilizing Effectene reagent (Qiagen), cells were transfected with GFP-RabllFIP2, GFP-Rabll-FIP2(129-512), GFP-Rablla, GFP-myosin Vb tail, GFP-myr6 or left
untransfected. Cells were treated with staurosporine (lµM) or wortmannin (lµM) in
growth media for 45 min. 4% paraformaldehyde for 20 minutes at 4C was utilized for
cell fixation. Cell staining ~as performed as previously described (77). Antibodies
utilized included: mouse anti-Rabll-FIPl (1:1000), goat anti-Rabll-FIP2(1:100), rabbit
anti-pp75/Ripll(l:100), rabbit anti-Rablla (1:25-Zymed), rabbit anti-Rabllb(l:200),
mouse anti-ezrin (1:200), mouse anti-alpha-adaptin (1:100-Affinity Bioreagents), rat antiZOl(l:200), Alexa-488 anti-goat secondary (1:400-Molecular Probes), cy3 anti-mouse
secondary (1:100-Jackson Immunoresearch), cy3 anti-rabbit secondary (1:100-Jackson
Immunoresearch), cy5 anti-mouse secondary (1:100-Jackson Immunoresearch), cy5 antirabbit secondary(l:100-Jackson Immunoresearch), and cy5 anti-rat secondary (1:100Jackson Immunoresearch). Nuclear material was stained with Hoescht dye. Images were
obtained with a Zeiss LSM 510 con-focal fluorescence microscope.

RESULTS:
Endogenous localization ofRabll-FIPl, "Rabll~FIP2, andpp75/Ripll in MDCK cells:
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Previous studies have shown association as well as overlapping distributions of Rab 11FIPl, Rabll-FIP2, ancl pp75/Ripll with Rablla (53,77). There is also evidence
suggesting that different Rabll-FIP pro~eins may form homo- and hetero dimers (90).
Rabll-FIPl, Rabll-FIP2 and pp75/Ripll colocalized in nonpolarized HeLa cells, but
their endogenous overlapping distributions in polarized MDCK cells is unknown.
Therefore, a confluent monolayer of MDCK cells was immunostained for Rabll-FIPl,
Rabll-FIP2, and pp75/Ripll (Figure 20). A central apically oriented compartment was
observed for all three Rabll interacting proteins. Interestingly, Rabll-FIPl and
pp75/Ripll overall showed nearly identical distributions while Rabll-FIP2 was present
in some vesicle populations devoid of the other two. These data suggest a close
functional relationship between Rabll-FIPl, Rabll-FIP2, and pp75/Ripll, but also
confirms previous observati~ns indicating a secondary function of Rabll-FIP2.

GFP-tagged Rabl 1-FIP2 and Rabi 1a may alter normal distributions of endogenous
proteins. The use of green fluoresc~nt protein (GFP) to label proteins of interest is a

common tool for studying the intracellular localization and the effect of a certain protein
on intracellular systems. However, this technique involves the overexpression of ·
exogenous GFP-tagged protein that may or may not function as the endogenous protein
does due to limitations on secondary, tertiary and quaternary protein structure caused by
the GFP tag. Studies have suggested that overexpression of a single Rab 11 interacting

Figure 20: Endogenous Rabll-FIP2, pp75/Ripll and Rabll-FIPJ. A confluent
monolayer of l\1DCK cells was immunostained for Rab 11-FIP2, pp7 5/Rip 11 and Rab 11FIPl. White color in the Overlay image equals areas of triple colocalization with single
colors representing Rabll-FIP2(green), pp75/Ripll(red), and Rabll-FIPl(blue). Scale.
bar equals 5 microns.
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protein may artificially sequester Rablla displacing other interacting proteins (97).

To·

examine this phenomena ~CK cells transfected with GFP-Rabll-FIP2, GFP-Rablla, .
.

and GFP-Rabll-FIP2(129-512) were immunostained for different ~ecycling system
components (Figur(? 21). Rabll-FIPl and pp75/Ripll localized with GFP-Rabll-FIP2
as in the endogenous state (Figure 21A). Similarly, as observed for endogenous RabllFI];>2, GFP-Rabll-FIP2 labeled vesicles lacking other Rabll-FIPs. However, GFPRab 11-FIP2 seems to alter the endogenous distributions of Rab 11 a and Rab 11 b as
compared to non""transfected cells (Figure 21B). Although Rablla and Rabllb normally
maintain somewhat different distributions, ·oFP-Rab 11-FIP'.2 caused the accumulation of
both proteins into GFP-FIP2 positive vesicles (Figure 21B). Similarly, even though the
endogenous Rab 11b distribution remained virtually unchanged following taxol treatment,
GFP-Rabl 1-FIP2 was able to accumul,ate bothRabl la and Rabl lb to junctional comers
following taxol treatment (data not ·shown). These data indicate that the overexpression
of GFP-Rabll-FIP2 gathers Rablla and Rabllb into a more concentrated
tubulovesicular system.
Conversely, the overexpression of GFP-Rablla caused a notable reduction of
pp75/Ripll staining in GFP-Rablla and Rabll-FIPl positive vesicles (Figure 21C).
Although the dominant negative acting GFP-Rabll-FIP2(129-512) caused the
accumulation of recycling system cargoes (77), many transfected cells exhibited a loss of
Rabll-FIPl immunostaining (Figure 21D). These data also suggest that GFP-

Figure 21: Accumulating properties of GFP- constructs. Confluent monolayers of MDCK
cells were transfected with GFP-Rabl l-FIP2(A), GFP-Rabl 1-FIP2(B), GFP-Rabl la(C), ,
or GFP-Rabll-FIP2(129-512)(D) and immunostained for pp75/Ripll and Rabll-FIPl
(A, C, and D) or Rablla and Rabllb (B). White color equals triple localization (A,C,D).
Yellow color equals double localization (B). GFP-constructs are green (A-D),
pp75/Ripll is red (A,C,D), Rabll-FIPl is blue (A,C,D), and Rablla and Rabllb are red
(B) in Overlay images. White arrows indicate colocalizing puncta. Scale bar equals 5

microns.
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Rabl_la does not preferentially associate with pp75/Ripl 1, and that the phenotype of the
dominant negative acting GFP-Rabll-FIP2(129-512) may be due in part to a lack of
Rabll-FIPl in the recycling system complex.

GFP-Rabll-FIP2 does not colocalize with a-adaptin, actin, or ezrin: A rec~nt study has
indicated that Rabll-~2 can interact with the aradaptin subunit of adapter protein 2
(AP-2) (98). In MDCK cells, GFP-Rabll-FIP2.was not localized with the a-adaptin
subunit of AP-2, and similarly, there was no overlap with cortical actin (Figure 22A).
Endogenous Rabll-FIP2 was also absent from a-adaptin positive areas (Figure 22B).
Similarly the dominant negative acting construct, GFP-Rabll-FIP2(129-512), did not
accumulate a-adaptin indicating that a-adaptin positive vesicles do not pass through the
plasma membrane recycling system (Figure 22C). However, actin, a-adaptin, and GFPRabl 1-FIP2 all maintained close apposition just under the plasma membrane as indicated
by the Z axis images (Figure 22A). These data suggest that Rabll-FIP2 is not fully
engaged with AP-2 but does not rule out ~he possibility of transient interactions due to
close spatial orientation.
Ezrin is an actin binding protein responsible for providing support to the plasma
membrane by attaching membrane receptors to cortical actin (103). Previous studies on
both ezrin and Rabl 1-FIP2 have indicated a localization at the canalicular membrane

Figure 22: GFP-Rabll-FIP2 does not colocalize with ezrin or a-adaptin. MDCK cells
transiently transfected with GFP-Rabll-FIP2 (A,D), GFP-Ra~ll-FIP2(129-512) (C), or
not transfected (B) were immunostained for a-adaptin and actin (A,C), Rabl 1-FIP2 and
a-adaptin (B), or ezrin (D.) White arrows demarcate location of GFP-Rabll-FIP2 (A,D)
or Rabll-FIP2 (B). Inset in (A) is higher magnification of a GFP-Rabll-FIP2
transfected cell. Black arrowheads indicate location of Z section (A,D).· GFP-Rabl 1FIP2 (A,D), GFP-Rabll-FIP2(129-512) (C), or Rabll-FIP2 (B) is in the green channel.
Alpha-adaptin (A,B,C) or ezrin (D) is in the red channel. Actin is in the blue channel
(A,C). Overlay panels represe~t merged images. Scale bar equals 5 microns.

/

GFP-Rabll-FlP2

a -adapt in

Actin

Rabi 1-FIP2

a -adaptin

Ovt!rlay

Overlay

A

B.

C.

GFP-FIP2(129-512)

a-adaptin

Actin

GFP-Rabl 1-FIP2

Ezrin

Overlay

Overlay

D
◄

1

I

1

f

'

I

•

I .if,

111
(67,77). In MDCK cells, GFP-Rabll-FIP2 did not localize with ezrin (Figure 22D).
However, Z axis images showed that the two FIP2 proteins were apically oriented
· adjacent to the ezrin positive vesicles. Given the tubular nature of the recycling system,
GFP-Rabl 1-FIP2 and ezrin may indeed be on the same vesicle populations.

Rabi 1-FIP1, Rabl l-FIP2, ·and pp.75/Ripl 1 show differing ·distributions during mitosis:
Previous studies on mitosis have shown that Rab 11 a remains attachec;l to vesicles during
cell .division (104). Rabl la also reorganizel1nto coalesced vesicles earlier than other
membranous compartments, like Golgi, f~llowing the initiation. of anaphase. The
distribution of Rabl 1-FIPs during. c~ll division however is unknown. Therefore
confluent monolayers of MDCK cells were immunostained for Rab 11-FIPl, Rab 11-FIP2,
pp75/Ripl 1 and DNA (Figure 23). The mitotic stage of cells was determined by
examining DNA material stained with Hoescht dye (data not shown). Both Rabll-FIP2.
and pp75/Ripll distributions fragmented into more vesiculated to cytosolic distributions
from prophase through metaphase. Rabll-FIPl however coalesced into a tight
centrosomal like localization by metaphaseJ]:iat was mostly devoid of Rab l 1-FIP2 and
pp75/Ripl 1. GFP-Rabl la was also absent from the Rabl 1-FIPl distribution in
metaphase (data not shown). Rabll-FIPl distribution was partially fragmented through
anaphase and early telophase but was recondensed into late telophase along with RabllFIP2 and pp75/Ripl 1 (Figure 23). GFP-Rabl la was also present with Rabl 1-FIPl at this

Figure 23: Rahl l-FIP2, pp75/R,ipl 1 and Rabl 1-FIP1 in mitosis. Confluent monolayers
of MDCK cells were immunostained for Rabll-FIP2, pp75/Ripll, and Rabll-FIPl.
Cells in the different stages of mitosis were identified by observing nuclear material
stained with Hoescht dye (not shown). White color in Overlay equals triple localization
with single colors representing Rabll-FIP2 (green), pp75/Ripll (red), and Rabll-FIPl
(blue). Scale bar equals 1 micron.
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stage (data not shown).· Rabll-FIP1,°RabU-FIP2 arid pp75/Ripll were once again
oriented together at interphase following nuclear reorganization. These data suggest that
Rabll-FIPl may be the anchor or-impetus for reorganizing the plasma membrane
rec,ycling during cell di vision.

Recycling system components distribute to the cell periphery and a compact central
localization following staurosporine treatment: Previous studies with pp75/Ripll have

indicated that pp75/Ripl 1 dispersed to jurictionai locations while maintaining a centrally
located collapsed vesicle population following staurosporine treatment (53). Given that
pp75/Ripl 1 can be phosphorylated, the implication was that pp75/Ripl 1 functioned as a
switch for plasma membrane recycling (53). The location of Rabl la and other Rabl 1
interacting proteins foll.owing staurosporine treatment was not investigated. Therefore,
transfected and non-transfected MDCK cells were treated with lµM staurosporine for 45
minutes and immunostained for Rabll-FIPs (Figure 24). Both endogenous Rabll-FIPl
and Rabll-FIP2 collapsed to a central vesicle population and showed staining at the cell
periphery along with pp75/Ripll (Figure 24A). Similarly, GFP-Rabll-FIP2
redistribu(ed to the periphery and accumulated with Rabll-FIPl and pp75/Ripll (Figure
24B). GFP-Rablla also redistributed and collapsed colocalizing with Rabll-FIPl;
however, there was once again a reduced staining of pp75/Ripl 1 with GFP-Rabl la as
compared to non-transfected cells (Figure 24C). Figure 24F confirmed that the

Figure 24: Staurosporine treatment of MDCK cells. MDCK cells transiently transfected
with GFP-Rabll-FIP2 (B), GFP-Rablla (C), GFP-Rabll-FIP2(129-512) (D), GFPmyosin Vb tail or GFP-myr6 (E) or not transfected (A) were treated with 1 µM
staurosporine for 45 minutes or not treated (Control in E). Cells were then
immunostained for Rabll-FIP2, pp75/Ripll, and Rabll-FIPl (A), pp75/Ripll and
Rabl 1-FIPl (B, C, D, E), or Rabl 1-FIPl and ZOl (F). White arrows indicate points of
colocalization. White color in Overlay equals triple localization with single colors
representing Rabll-FIP2 (green) (A only), pp75/Ripll (red) (A-E), Rabll-FIPl (blue)
(A-E), Rabl 1-FIPl (green) (F), and ZOl (red) (F). Scale bar equals 5 microns.
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peripherally localized distributions of RahU-FIPl were adjacent to ZOl-staining tight
junctions, as observed previously with pp75/Ripll (53).
Studies have shown.that dominant negative acting-trimcations, GFP-myosin Vb
tail and GFP-Rabl 1-FIP2(129-512), disrupt plasJV.a membrane recycling by inhibiting the
exit of car.goes from the recycling system (9,96). GFP-myosin Vb tail and GFP-RabllFIP2(129-512) transfe~ted· cells were tr.eated with staurosporine to determine the effect of
inhibiting kinase activity on the organization of disruptive constructs. GFP-RabllFIP2(129-512) partially redistributed to celi bon;lers with staurosporine treatment (Figure
22D). There was also still a centrally located accumulation of GFP-Rabl 1-FIP2(129512) containing pp75/Ripll, however, as seen above many of these transfected cells did
not accumulate Rabll-FIPl (Figure 24D). As compared to GFP-myosin Vb tail
transfected non-treated cells, GFP-myosin Vb tail did not localize to the rims of cells
following staurosporine treatment (Figure 24E). However, full length GFP-myosin Vb,
GFP~myr6, did redistribute to junctional areas. Also interesting is that Rabl 1-FIPl and
pp75/Ripl 1 were present at the cell periphery despite the presence of GFP-myosin Vb
tail. These d~ta suggest that entry into and exit from the plasma membrane recycling
system involves a protein complex which is dependent on protein kinase activities
inhibited by staurosporine.
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Wortmannin treatment redistributes recycling system components to membranes of
intracellular vacuolar compartments in MDCK cells: Previous studies have implicated

PI-3 kinase as being important for recycling the Na+m+ exchanger 3 in opossum kidney
cells and AT1 angiotensin II receptor (100,101). Similarly, the treatment of MOCK cells
with _wortmannin l~d to the accumulation of the endogenous resident apical membrane
protein 3F2 into large intracellular vacuoles with lysosomal properties (102). Therefore,
transfected or non-transfected MOCK.cells were treated with lµM wortmannin for 45
minutes andimmunostained for Rabll-Fii>s (Figure 25). Rabll-FIPl and pp75/Ripll
along with endogenous Rabi 1-FIP2 redistributed to large intracellular vacuoles (Figure
25A). Similarly, GFP-Rabll-FIP2 and GFP-Rablla also redistributed to the same
vacuoles (Figµre 25 B,C). As with previous GFP-Rabl la cells, the pp75/Ripl 1
immunostaining was once again dramatically reduced (Figure 25C). Vesicle populations
of Rabll-FIPl, Rabll-FIP2, pp75-RIP11, GFP-Rabll-FIP2 and GFP-Rablla not
present in the vacuoles still maintained their original apically oriented vesicle distribution
(Z section data not shown). Finally, GFP-Rabll-FIP2(129-512) and GFP-myosin Vb tail
were partially resistant to wortmanmn treatm~nt, GFP-myosin Vb tail more so than GFPRabll-~2(129-512) (Figure 25D). _ Distributions of the GFP dominant negative acting
constructs however were more fragmented (Figure 25D) than observed in non-treated
transfected cells (Figure 21D and 24E). These studies suggest that the entire recycling

Figure 25: Wortmannin treatment of MDCK cells. MDCK.cells transiently transfected
with GFP-Rabll-FIP2 (B), GFP-Rablla (C), GFP-Rabll-FIP2(129-512) and GFPmyosin Vb tail or not transfected (A) were treated with 1 µM wortmannin for 45 minutes
and fixed. Cells were then immunostained for Rabll-FIP2, pp75/Ripll, and Rabll-FIPl
(A), pp75/Ripll and Rabll-FIPl (B, C,), or pp75/Ripll (D). White arrows indicate
points of triple localization (B), or dual localization in vacuoles (C,D). White arrowheads
show dual localization not present in vacuoles (D). White color in Overlay equals triple
localization with single colors representing Rabll-FIP2 (green) (A only), pp75/Ripll
(red) (A-D), and Rabl 1-FIPl (blue) (A-C). Scale bar equals 5 microns
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system complex is present with the endocytotic _machinery and that the process is
dependent upon a PI-3 kinase phosphorylation event.

DISCUSSION:
Membrane recycling is a dynamic process that retrieves and recycles patches of
plasma membrane. Although Rablla and multiple Rabll interacting proteins are
implicated in this process, little is known about their endogenous expression overlap and
behavior or their coupling to endocytosi_s and/or exocytosis. Recent efforts have
suggested that unique interacting r~lationships exist between the Rab 11 interacting
proteins and that Rabl 1-FIPs show differing subpopulations and compete with each other
for Rablla binding (97). Similarly, staurosporine treatment places pp75/Ripll at the site
of membrane retrieval (53 ). These studies confirm that Rab 11-FIPs maintain unique
properties in differing subpopulations but suggest that Rabl la along with the entire
repertoire of Rabll-FIPs are present in a complex at the plasma membrane duri:q.g the
process of endocytosis.
The overlap between certain Rabll-FIPs or the loss of colocalization due to
overexpression of exogenous protein may be an indication as to which proteins work .
more closely together. Rabll-FIPl, Rabll-FIP2, and pp75/Ripll showed high overlap
in the apical recycling endosome, however greater deviations with Rab 11-FIP2 suggest
.

.

ari alternative function within the smaller apically oriented vesicle _populations. The

123
reduced staining of pp75/Ripll with GFP-Rablla and the reduced staining of RabllFIPl with GFP-Rabll-FIP2(129-512) confirm that sequestration of certain Rabll~FIPs
or Rablla, respectively does occur. -~nother alternative however is thatthe proteins are
still present but have a blocked antibody binding site due to altered protein structure.
Similarly, the disruption of plasma membrane recycling by dominant negative
acting constructs of Rabll-FIP2, Rabll-FIP4 and pp75/Ripll as well as myosin Vb tail,
may be due to the artificial sequestration of Rab 11 proteins (9,77 ,92,97). Even full
lengthGFP-Rabll-FIP2 accumulates large amounts of Rablla and Rabllb into noncharacteristic distributions as compared to non-transfected MDCK cells. Similar results
were observed in HeLa cells (data not shown). This suggests that binding of Rablla to
RabU-FIPs may not necessarily be in a 1:1 stoichiometry or that an oligomerized
complex of multiple Rabs and multiple Rabl 1-FIPs exists. Results from overexpressing
exogenous Rabl la or Rabl 1-FIPs may therefore prove _difficult.to i_nterpret given the
potential for binding competition.
-Distribution of Rabll-FIPl, Rabll-fi'IP2, and pp75/Ripll in dividing ~ells also
suggests that unique Rab 11-FIP functions exist. Pr~vious studies on Rab 11 a in the
dividing cell show that Rabl la dispersed briefly during metaphase and then reorganized
quickly following anaphase (104). Rabl la was present at the cell periphery even at the
beginning of anaphase. Analysis of membrane fractions showed that Rabl la never came
off the vesicles during mitosis (104). Interestingly, by metaphase, Rabll-FIP2 and
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pp75/Ripll had fragmented to smaller vesicles, but Rabll-FIPl maintained a puiictate
centrosomal like distribution even through early anaphase. All three members relocalized
by late telophase, along with Rablla. Rabll-FIPl may therefore be an anchor protein
not only for the recycling system complex during cell division, but also during the steady
state. Similarly, the early organization of recycling system components may suggest
involvement in replenishing plasma membrane area for the two daughter cells.
The redistribution of Rabl 1-FIPs and Rabl la to junctional edges following
staurosporine treatment as well as the moviinent to large vacuoles following wortmannin
treatment provides evidence for a protein complex in the endocytosis/recycl_ing system
coupling event. Although Rabl 1-FIP2 did not colocalize with AP-2, cortical actin or
ezrin, there was close apposition _in both the ,XY _and Z planes providing spatial
orientation adjacent to endocytic machinery. Previous studies have also suggested that
the broad kinase inhibitor staurosporine·could disrupt endocytosis (105). In hepatocytes,
the large_ vacuoles created by wortmanhi_n treatment are shown to co~tain endocytic
markers EEA-1 and Rab5 as well as-late endosome and lysos_omal markers mannose 6phosphate receptor and endolyn (102,106,107). However, no basolateral markers or
Golgi markers were present suggesting that this is an apical specific endocytic event
under the control of PI-3 kinase ( 107). The presence of Rab 11 a, Rab 11-FIP l ,_ Rab 11FIP2 and pp75/Ripl 1 on the vacuole surface indicates that these proteins are membrane
tethered and associated with the endocytosis apparatus.
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Phosphorylation is a common post-translational modification, and evidence exists
for the involvement of kinase activity in Rab function. Rab8 interacts with Rab8ip which
contains inherent kinase activity (108). Phosphorylation of Rab4 disrupts its ability to
associate with membranes (15). Synaptic organization may be af!ected by
phosphorylated rabphilin, a Rab3A int~racting pr()tein (109). Therefore the concept of
phosphorylation events controlling aspects of vesicle trafficking is not a novel idea.
''

--

These studies have confirmed that Rab 11 ~FIPs possess: unique functions in plasma
membrane recycling. Conversely, these studies also provide compelling evidence for a
recycling system complex poised at the plasma membrane for endocytosis. Finally these ·
studies confirm previous results suggesting the involvement of at least two different
kinase activities for membrane recycling. The recycling endosome may not be as discrete
and compartmentalized as indicated in theorized models.
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CONCLUSION:
Plasma membrane recycling is a complex but integral process for maintaining
cellular homeostasis and organization. Previous studies have provided evidence that
Rabl la is the 'recycling Rab' which increased recycling activity in its OTP-bound form
and inhibited activity in its GDP-bound form. The initial discovery of Rahl la interacting
proteins revealed a cytosolic factor (RabliBP/Rabphilinl 1) (50,51), a molecular motor
(myosin Vb) (9), and a vesicle bound protein (pp75/Ripll) (53) but did not provide a
comprehensive description of Rahl la function in recycling. Unlike other Rabs, Rahl la
had -a limited number of potential effector ·proteins to aid in the elaborate process of
plasma membrane recycling. The results presented here have introduced a new family of
Rahl la interacting proteins localized to recycling systems. Results also indicated a
binding relationship.between two similarly functioningRablla interacting proteins,
Rabl 1-FIP2 and myosin Vb tail. Finally, vesicle trafficking within the plasma membrane
recycling system utilizes a complex of.unique effector proteins that is dependent on
multiple kinase activit~es. Analysis of the work.presented here in combination with
commentary on work conducted by other researchers may provide a clearer ·
understanding of how Rab 11 a orchestrates the process of plasma membrane recycling.

127
Identification of Rabll-Family Interacting Proteins:
Chapter 1 discussed the identification and characterization of Rabll-family
interacting proteins (Rabll-FIPs). As indicated, each of these new Rabll interacting
proteins, Rabll-FIPl, Rabll-FIP2, Rabll-FIP3 and the previously characterized
pp75/Ripl 1 contained a highly conserved carboxyl-terminal Rabl 1 binding domain as
confirmed by yeast two hybrid studies and y- 35S-OTP Rab 11 a overlays. The Rab 11-FIPs
localized to Rablla positive vesicles both in situ and in rabbit gastric membrane
fractions.
l_n parallel, another group published similar d~ta indicating the presence in the
Rabll-FIP·s··ofaRabll binding domain (pp75/Rip11(628-645)) that is responsible for
binding Rablla and Rab25 (78). Yeast two hybrid as well as OST association assays
indicated that the Rabll binding domain was present in Rabll-FIP2 (nRipll), Ra,bllFIP3 (eferin), and pp75/Ripll (78). Removing the Rabll binding domain from OFPpp75/Ripll led to a loss of pp75/Ripl 1 localization with Rabl la in l\IDCK cells. Finally,
OST-association assays indicated that only the Rab 11 binding domain was necessary and
sufficient for interaction with Rablla (78). These experiments provided confirmatory
evidence for the existence of a Rab 11 family of interacting proteins based on the presence
of a homologous Rabll-binding domain. In yeast two hybrid studies, our
experimentation showed that the last 75 amino acids of Rabl 1-FIPl was necessary for
Rab 11 a interaction suggesting that secondary structure may be necessary for proper
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interaction. In fact, mutating an isoleucine residue to glutamate within the hydrophic
patch on the proposed a-helix in the Rabll binding domain of pp75/Ripll seems to
disrupt Rabl la association (97).
Recently, two other proteins have been added to the Rabll-FIPs: Rab coupling.
protein (RCP) (80) an~ Rabl 1-FIP4 (79). Interestingly, RCP may link endocytosis to
recycling because yeast two hybrid data i~dicated·an interaction with both Rab4 and
Rablla.. Our unpublished observations have shown that Rabll-FIPl, Rabll-FIP2,
'

'
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Rab.11-FIP3 ~d pp75/Ripll
do not bind ~ildtype Rab4. Immunolocalizaticm
studies in
.
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HeLa ceHs also showed an overlappi_ng distribution with RCP ·and Rab4 and Rab 11 a (80).
A carboxyl-terminal piece of RCP, RCP(379~649), also seemed to disrupt transferrin
trafficking however it did not collapse the recycling system distribution as seen with
Rabll-FIP2(129-512). Rabll-FIP4 associated with Rablla as well as Rabll-FIP2,
Rabll-FIP3, pp75/Ripll and itself (79). Immunolocalization data placed Rabll-FIP4
with Rablla and showed that Rabll-FIP4(82-637) accumulated Rablla but did not
disrupt transferrin trafficking.(79). Therefore, along with RabllBP/Rabphilinll and
myosin Vb tail, there is now a family of Rab 11 interacting proteins that contains 6
members all of which have carboxyl-terminal homology and can bind to Rablla.
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Plasma membrane recycling occurs through a Rablla recycling complex:

Conclusions from. Chapter l postulate that a_ multimeric protein complex is
responsible for Rabl la mediated v~sicJe recycling. Kinase inhibitor studies' show that
multiple Rabll-FIPs as well as Rablla and myosin Vb are present together at the cell
periphery. Similarly, Rab 11-FIPs and Rab 11 a translocated to intracellular vacuoles
known to be positive for classic endocytic components (102,106,107). Also, Rabll-FIPs
by definition bind all three members of the Rabl 1 family: Rabl la, Rabl lb, and Rab25
(77). Given that there are 6 Rabll-FIPs and 3 Rabll family members, how does the
event of plasma membrane recycling occur?
The observation that Rablla as well as several Rabll-FIPs have the ability to
oligomerize may provide part of the answer. Our data has indicated that Rabll-FIP2 can
dimerize while others have shown that dimerization occurs with RCP, pp75/Ripll,
Rabll-FIP2, Rabll-FIP3, and Rabll-FIP4 (90). There is also evidence for Rabll-FIP2
interacting with pp75/Ripll and Rabll-FIP3 as well as for pp75/Ripl 1. interacting with
Rabll-FIP3. Recent studies have shown that the binding of pp75/Ripll and Rabll-FIP3
to Rablla may be a mutually exclusive event indicating a 1:1 ratio of Rablla binding to
a single Rabl 1-FIP (97). Over expression of either pp75/Ripl 1 or Rabl l-FIP3 may also
sequester Rablla from other binding partners. Evidence in chapter 3 supports the
concept of sequestering· Rab 11 a and competition for binding amongst different Rab 11FIPs, however, the presence of multipl~ colocalizing effectors suggests the possibility of
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oligomerization in a multimeric. protein complex. Just like Rab 11 a and Rab 11 b, Rab 11FIP proteins localize to slightly different vesicle populations and may function as adapter
or receptor proteins for inbound and outgoing cargoes.
A less reductionist approach would indicate that multiple Rabl 1-FIPs work in
concert to traffic recycling vesicles. Each member of the Rabll-FIPs has a carboxylterminal Rab 11 binding domain while the amino termini contain varying structural
moieties. Rabll-FIP2, pp75/Ripll, and RCP all contain putative Ca2+ dependent
phospholipid binding domains: C2- domains. Rabll-FIP3 and Rabll-FIP4 contain a
pair of EF hands as well as a centrally located ezrin-radixin-moesin (ERM) binding
motif. Rabl 1-FIPl contains no other known structural motifs. Evidence also exists
indicating that certain Rabll-FIPs may preferentially associate with Rablla or Rabllb
(unpublished observations). Although just realized, Rabll-FIP3 is the previously
identified arfophilin that associates with the small OTP-binding proteins ADPribosylation factors 5 and 6 (ARF5 and ARF6) (110,111). Since ARF proteins are
associated with the recruitment of membrane trafficking coat proteins to Golgi and the
plasma membrane (112,113), Rabl 1-FIP3/arfophilin may aid in coupling other
trafficking pathways to_ the recycling eridosome. Therefore, structur,al motifs as well as
'

•

'

•

•
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interpathway associations may control vesicle targeting through a series of
protein/protein and protein/lipid interactions. C2-domain containing Rabll-FIPs may
-

'

provide the in~mbran"e association while ERM motif containing Rabl-L-~s aid in
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plasma membrane localization and docking. The previously described myosin Vb would
funct~on as the actin based motor since myosin Vb tail disrupts the process of cargo
exiting the recycling system..

Rabll-FIP2 as an adapter protein for myosin Vb and Rablla:
Chapter Z provides more information concerning the myosin Vb tail/Rabll-FIPZ
association and how the plasma membrane recycling system is impacted by a dominant
negative acting Rabll-FIPZ truncation. Nithough yeast two hybrid studies indicated an
association between myosin Vb tail and Rablla, confirmation of an interaction using
biochemical methods could not be obtaine~. Following the discovery in yeast two hybrid
assays that Rabll-FIPZ could bind to both Rablla and myosin Vb tail, we hypothesized
that Rabl 1-FIPZ might function as an adapter protein solidifying the interaction between
Rablla arid myosin Vb tail. In concert, the discovery of Slc-Za/melanopl:iilin as an
adapter protein between myosin Va and RabZ7 a· suggested that a similar adapter protein
might exist for Rablla (87,88,89). Structural similarity between Rabll-FIPZ and Slc-Za
is also intriguing in that Slc-Za/melanophilin is part of a CZ-domain containing family .
and Rabl 1-FIPZ, as mentioned, contains a putative CZ-domain.
OST-association assays, yeast two hybrid studies, and immunolocalization data
confirmed the Rabll-FIPZ/myosin Vb tail interaction. As seen with myosin Vb tail,
Rabll-FIP2(129-51Z), which lacks its amino-terminal C2-domain, disrupted the exit of
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cargo from the recycling system in both polarized and nonpolarized cells. In parallel,
other studies on Rabll-FIP2 indicated that Rabll-FIP2(446-512), a truncation which
contains the Rab 11 binding domain, could also inhibit transferrin trafficking in nonpolarized HeLa cells leading to a tubulation of the recycling system (92). This tubulation
was not affected by cytochalasin D but was broken· apart by nocodazole (92), indicating
as previously observed that recycling system components are dependent upon
microtubules for proper organization (25,68). These studies do not rule out the
possibility of association with actin bec~iile the construct used, Rabll-FIP2(446-512) did
not include the putative my~sin Vb tail binding region. This provides confirmatory
evidence ~or Rabll-FIP2 involveme~t i.n recycling, and when compared to studies using
the longer dominant negative acting Rapll-FIP2(129-512), indicates that
an important
.
'

functional domain, perhaps the myosin,Vb binding region, li~s between amino acids 129
and 446 of Rab 11-FIP2. Given that Rab 11-FIP2( 1-445) is mainly cytosolic, the
functional status of the region between amino acids 129 and 445 appears to depend on 'the
ability of Rabll-FIP2 to bind Rablla thereby providing support for a tripartite
arrangement between Rablla, Rabll-FIP2 and myosin Vb. These studies do not
discount the possibility that Rabl lb or Rab25 could substitute for Rabl la depending on
vesicle location in the recycling process. As indicated in Chapter 3, GFP-Rabll-FIP2
has the ability to accumulate Rabl la and Rabl lb equally well.
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Rab11-FIP2 may couple recycling to endocytosis through AP-2:
Interestingly, recent studies,have shown that Rabll-FIP2 can also associate with
Repsl, a substrate for the EGF receptor tyrosine kinase involved in endocytosis (98).
Similarly, there is also an in vitro association of Rabll-FIP2 with the a-adaptin subunit
of adapter protein-2 (AP-2) (98). Since the endogenous distribution of Rabll-FIP2 is not
completely colocalized with Rab 11 a ·or myosin Vb tail, it is conceivable that Rab 11-FIP2
is functioning as a connector between two different endosomal populations. Work in
Drosophila embryogenesis has also indicated localization between Rablla and a-adaptin
in the posterior pole of the oocyte (114). Rab 1 la is necessary for Drosophila oocyte
polarization and development. Studies presented here indicate that GFP-Rabll-FIP2 and
AP-2 are in close apposition but do not colocalize. Previous studies have also shown that
plasma membrane recycling events occur through a clathrin independent process. AP.:.2
does not pass through the recycling system asindicated by a lack of AP-2 accumulation
with GFP-Rabll-FIP2(129-512). Therefore, the association of Rabll-FIP2 with AP-2
may be aitifactual -~r occur as a transient process in coupling endocytosis to plasma
membrane recycling. However Rabll-FIP2 indeed may have·some function in the
endocytic process given the association of Rabll-FIP2 with EGF receptor endocytosis
(98).
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Rablla recycling cargoes and overlap-with adjacent vesicle trafficking events:
Research over the past few. years have focused on the function of Rabl la in the
proce_~s of plasma mem~rane recy~ling. In addition to previou~ly mentioned recycling
proteins, recent studies have pl~ce.d glycrisphingolipids (115), ·G-protein coupled
receptors (116), mouse polyomavirus capsid protein (VPl) (117), protease activated
receptor (118), integrins (119), and chemoltjne receptor 2 (CXCR2) (120) in vesicle
populations within recycling Rabl la vesicles. However, the scope of Rabl la function
may reach beyond just shuttling recycled cargoes. Sitting at the cro~s-roads of the c~ll,
Rablla is well-positioned to regulate transport in the trans-Golgi network, the exocytic
and endocytic pathways, and to contractile vacuoles, as well as cytokinesis.
Following stimulation with estrogen, neuroblastoma cells recruited Rablla as
well as other factors to the trans-Golgi network (TGN) leading to an increase in budding
from the TON (121). Previous work showed consistent results in that Rab11S25N
disrupted normal TGN to plasma membrane transport (41). Exocytosis as well as fission
in yeast may be mediated by a Rabll homologue (122). Hematopoietic K562 cells show
high expression of Rabl la that is integral to exosome secretion (123). Rabl la may
function as a type of docking protein for exocytosis in the parotid acinar cell secretory
apparatus (124). As mentioned previously, Rablla is necessary for proper oocyte
polarization (114) and may even be necessary for the delivery of fruit ripening enzymes
and exocytic events in plants (125) .. These st1:1dies indicate that Rablla is not mutually
•

~'

I
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exclusive in function and is distributed into multiple trafficking pathways in cells. Proof.
of this is evident in the overlapping distribution of various Rab proteins.

Rablla recycling system mechanism:
Rabl la association with adjacent vesicle trafficking pathways only solidifies the
intermingling properties of Rabl la and recycling system components. Mechanistically,
though, how does Rablla work in conjuction with Rabll-FIPs as well as myosin Vb to
orchestrate normal plasma membrane recycling? An initial important observation is that
multiple potentially convergent recycling system pathways may exist in polarized
epithelial cells. Differential distributions of Rabl 1 family members as well as
localization patterns of Rab 11-FIPs support this idea. In addition, more evidence is
supplied by the involvement of PI-3 kinase as well as PKC dependent phosphorylation
events regulating ATl angiotensin II receptor and NHE3 a~ well as E-cadherin recycling,
respectively (99,100,101). Although the actual function of Rablla still appears elusive,
insights into its possible involvement in plasma membrane recycling are outlined below
and in Figure 26.
Entrance of cargoes into the plasma membrane recycling system may come from
intracellular sources as discussed above. However, recycled products coming from the
plasma membrane will require an interface between endocytotic vesicles and the plasma
membrane recycling system. The association of RCP with Rab4 and Rablla indicated a
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potential overlap between the two pathways suggesting passage through early endosomes
(80). Similarly, complexes of Rabll-FIPs with Rablla at junctional areas or
intracellular vacuoles following treatment with staurosporine' or wortmannin,
respectively, seem to require a phosphorylation event that ultimately leads to
translocation to the plasma membrane recycling system. The association of Rabl 1-FIP2
with Repsl and possibly AP-2 could also be a necessary component for the endocytosis
of proteins which ultimately enter the recycling system (98).
Recent studies have continued to':support the hypothesis that Rab-GDP proteins
are sequestered by UDI proteins. The isoform a-GDI forms a complex with heat shock
protein 90 (Hsp90) potentially stabilizin~.Rab-GDP interactions with Rab3a.in synaptic

a

vesicle recycling (7). Rab 11 not localiz_ed to endogenous Rab 11-FIPs may represent
this extra-recycling system pool awaiting activation.
Formation of the apical recycling system depends on microtubule dynamics as
well as myosin Vb, an actin based motor (9,25). Similarly, truncation analysis of RabllFIP2 as well as pp75/Ripll and Rabll-FIP4 has indicated that full-length proteins are
required for normal plasma membrane recycling to occur (79,96,97). Multiple
phosphorylation events modulate recycling system distribution and formation.
Synaptotagmin III is also implicated as a necessary component for recycling system
organization from secretory granules. (126). The association of Rabll-FIP3/arfophilin
with ARPS and ARF6 may direct the recycling of certain cargoes passing through other
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vesicle populations (110,111). Distributions of Rabl 1-FIPs not localized to the recycling
endosome are also present, m:ost likely representing different stages of the cycle or nonmembrane associated populations.
Finally, exit of recycling system cargoes to the plasma me])lbrane may depend on
a myriad of receptors and protein switches. Myosin Vb is necessary given that the
dominant negative acting GFP-myosin Vb tail retards known recycling system cargoes
and components (9). Rabll-FIP2 as well as its interaction with myosin Vb may also be
an integral component since the dominant negative acting construct of Rabll-FIP2
disrupts apical membrane recycling (96). Similarly, pp75/Ripl 1, Rabl 1-FIP4 and RCP
may also be necessary. · Attachment of vesicles to the plasma membrane or cortical actin
structures may require receptors such as the t-SNARE syntaxin 4 (127). Original studies
on rabbit gastric membrane fractions indicate~ the presence of V AMP-2 and SCAMPs on
Rablla positive vesicle that were devoid of syntaxin 1 (8). Similarly, interaction of
pp75/Ripll/y-SNAP associated factor-1 (Gafl) with y-SNAP may also stabilize plasma
membrane association (128). Cell motility work has placed the Arf-GAP containing
protein, p95-APP1, within Rablla positive vesicles, thereby implicating the protein
complex containing PIX, ankyrin, PAK, paxillin, Arf and a Rae GTPase in transporting
Rablla positive vesicles of endocytosed membranes back to the plasma membrane (129).
Plasma membrane recycling is ~. dynannc process that utilizes effector proteins
ranging in function from receptors and motors to phosphorylated intermediates and lipid
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bound tethering proteins. Multiple incoming pathways may converge on a central
recycling system or several parallel pathways may work in concert each with
specialization to recycled cargo or even certain patches of plasma membrane. The
growing body of evidence howev~r does ~gree ,that Rablla is an integral component for
marking the recycling endosome. More importantly, the results presented here coupled
with other studies strongly suggest that a myriad of Rabl la interacting partners
functioning in a complex is responsible for not only organizing but orchestrating the
process of plasma membrane recycling. Ultimately, an increased understanding of this
integral cellular process will lead to potential treatments for inherent human pathologies
related to plasm~ membrane recycling.
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