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Rab1lla, myosin Vb, and the Rab11-family interacting protein 2 (FIP2) regulate plasma membrane recycling in epithelial
cells. This study sought to characterize more fully Rab11-FIP2 function by identifying kinase activities modifying
Rab11-FIP2. We have found that gastric microsomal membrane extracts phosphorylate Rab11-FIP2 on serine 227. We
identified the kinase that phosphorylated Rab11-FIP2 as MARK2/EMK1/Par-1Ba (MARK?2), and recombinant MARK2
phosphorylated Rab11-FIP2 only on serine 227. We created stable Madin-Darby canine kidney (MDCK) cell lines
expressing enhanced green fluorescent protein-Rab11-FIP2 wild type or a nonphosphorylatable mutant [Rab11-
FIP2(S227A)]. Analysis of these cell lines demonstrates a new role for Rab11-FIP2 in addition to that in the plasma
membrane recycling system. In calcium switch assays, cells expressing Rab11-FIP2(S227A) showed a defect in the timely
reestablishment of p120-containing junctional complexes. However, Rab11-FIP2(S227A) did not affect localization with
recycling system components or the normal function of apical recycling and transcytosis pathways. These results indicate
that phosphorylation of Rab11-FIP2 on serine 227 by MARK2 regulates an alternative pathway modulating the estab-

lishment of epithelial polarity.

INTRODUCTION

The establishment of polarity is an intricately regulated pro-
cess in epithelial cells. The apical and basolateral domains
must remain separated by the tight junctions to segregate
membrane proteins. For example, although the apical do-
main of Madin-Darby canine kidney (MDCK) cells contains
GP-135 (Ojakian and Schwimmer, 1988), the basolateral do-
main expresses Na* /K*-ATPase (Louvard, 1980). The tight
junction serves as a physical barrier between the two protein
pools and is characterized by the expression of zonula oc-
cludens (ZO)-1, claudins, and occludin in an epithelial
monolayer. An adherens junction facilitates cell-cell contact,
which is regulated in part by E-cadherin and p120 (reviewed
in Miyoshi and Takai, 2005). Each of these proteins must be
trafficked to the correct domain of the cell for the epithelial
monolayer to function appropriately. These diverse destina-
tions require intricate trafficking pathways to ensure their
accuracy. Recently, Rablla has been implicated in the traf-
ficking of E-cadherin to the adherens junction (Lock and
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Stow, 2005), suggesting that the Rablla pathway may be
important in the establishment of polarized domains.
Rablla, a member of the Rabll subfamily of small GT-
Pases, is well-established as a participant in the regulation of
recycling endosomal trafficking. Rablla is associated with
vesicles in the apical portion of epithelial cells near the
centrosome and beneath the apical plasma membrane
(Casanova et al., 1999). Plasma membrane recycling is critical
in maintaining proper membrane protein expression in re-
sponse to stimuli for such diverse events as nutrient inter-
nalization and the recycling of ion channels and receptors
(Takei and Haucke, 2001; Volpicelli et al., 2002; Fan et al.,
2003; Fan et al., 2004). However, recent work has begun to
connect the recycling system to the trafficking pathways of
junctional proteins (Le et al., 1999; Lock and Stow, 2005).
The family of small GTPases, including Rab11a, interacts
with and is regulated by specific interacting proteins. Nu-
merous binding partners have been elucidated for Rablla,
including 1) myosin Vb (Lapierre ef al., 2001); 2) rabphillin11/
Rabl1-binding protein (Mammoto et al., 1999; Zeng et al.,
1999); and 3) a family of Rabll-interacting proteins: Rab11-
FIP1, Rab11-FIP2, Rab11-FIP3 (Hales et al., 2001), Rab11-FIP4
(Wallace et al., 2002), Rab11-FIP5 (pp75/Rip11) (Prekeris et
al., 2000), and RCP (Lindsay et al., 2002). The Rab11-FIP
proteins each interact with Rab11-family members (Rabl1a,
Rab11b, and Rab25) at their carboxy termini through predicted
coiled-coil regions containing an amphipathic a-helical Rab
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binding domain (Hales et al., 2001; Prekeris et al., 2001). The
diversity of multiple Rab11-FIP proteins, all of which bind to
Rabl1l with similar helices, suggests that each Rab11-FIP
may be important in a spatially restricted manner or in
separate trafficking processes.

In particular, Rab11-FIP2 seems to form a ternary complex
with both Rablla and myosin Vb (Hales et al., 2002). A
truncation of Rab11-FIP2 lacking its amino terminal C2 do-
main [Rab11-FIP2(129-512)] strongly inhibits plasma mem-
brane recycling (Hales et al., 2002). Nevertheless, studies in
nonpolarized cells have also implicated Rab11-FIP2 in the
regulation of endocytosis through interaction with the early
endosomal protein Repsl (Cullis et al., 2002).

In this study, we describe the involvement of Rab11-FIP2
in the establishment of polarity. We have biochemically
purified a kinase activity that phosphorylated Rab11-FIP2
on serine 227 and that was identified by mass spectrometry
as MARK2/EMK1/Par-1Ba (MARK2). Previous studies
have associated MARK2 with changes in aspects of polarity
(Cohen et al., 2004). Disruption of the junctional integrity
with low calcium followed by reestablishment of normal
extracellular calcium (calcium switch) showed that phos-
phorylation of Rab11-FIP2 is important for the timely rees-
tablishment of polarity. The results indicate that phosphor-
ylation of Rab11-FIP2 by MARK2 serves as an important
regulatory mechanism for the establishment of epithelial cell
polarity.

MATERIALS AND METHODS

Materials

Rabbit anti-Rablla (VU57) antibodies were developed against the amino
terminus of human Rab1la and were specific for Rablla versus Rabl1lb and
Rab25 (Lapierre, unpublished data). The other antibodies used were rat
anti-ZO-1 (Chemicon International, Temecula, CA), mouse anti-ZO-1 (Zymed
Laboratories, South San Francisco, CA), mouse pan anti-cadherin (Sigma-
Aldrich, St. Louis, MO), mouse anti-p120 catenin (BD Biosciences, San Jose,
CA), mouse monoclonal anti-ezrin (4A5; Chemicon International), rabbit anti-
occludin (8 pug/ml; Zymed Laboratories), anti-green fluorescent protein (GFP)
mouse monoclonal (8362-1; BD Biosciences), and anti-GFP rabbit (AB290;
Abcam, Cambridge, MA). All secondary antibodies were from Jackson Im-
munoResearch Laboratories (West Grove, PA). Dr. Roy Zent (Department of
Medicine, Vanderbilt University, Nashville, TN) kindly provided mouse
monoclonal anti-GP135.

Database Searches and Alignment

Rab11-FIP2 homologues were identified through GenBank searches using the
Rab11 binding domain. FlyBase, Joint Genome Institute Xenopus, and UCSC
Genscan were also used to identify homologues. Alignments were performed
using ClustalW (http://www.ebi.ac.uk/clustalw/).

Site-directed Mutagenesis

All site-directed mutagenesis of Rab11-FIP2 was performed using Pfu Turbo
polymerase according to the QuikChange site-directed mutagenesis kit (Strat-
agene, La Jolla, CA) with a 16-min extension time. Primers were synthesized
(Invitrogen, Carlsbad, CA) with one nucleotide change per oligonucleotide
sequence. The TCA encoding for amino acid 227 was changed to GCA for the
5227A mutant. All constructs were created in pEGFP-C2 (Clontech, Mountain
View, CA) and subsequently recloned into pET-30a (Novagen, Madison, WI)
with EcoRI and Sall restriction sites.

Protein Production

For recombinant protein production constructs in pET-30a vectors were re-
transformed into BL21(DE3)pLysS bacteria. Bacteria were grown to log phase
and then induced with 400 ng/ml isopropyl B-p-thiogalactoside for 3 h at
37°C. To harvest protein, bacteria were pelleted at 2000 X g and then resus-
pended in lysis buffer (50 mM sodium phosphate buffer, pH 8.0, 300 mM NaCl
with protease inhibitors [protein buffer], and 10 mM imidazole). Protein was
harvested according to the manufacturer’s protocol (Novagen). Briefly, the
bacteria were then sonicated four times for 20 s at maximum potency on ice.
The lysate was extracted with 0.1% Triton X-100 for 5 min on ice. The
extracted lysate was cleared by centrifugation at 15,000 X g, and the resulting
supernatant was incubated with nickel-affinity resin at 4°C (His-Bind; Nova-
gen). The beads and protein were washed in protein buffer with 20 mM
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imidazole. The bound protein was eluted overnight at 4°C with elution buffer
(protein buffer with 250 mM imidazole). Recombinat MARK2 was purchased
from Upstate Biotechnology (Lake Placid, NY) (14-544).

Rabbit Gastric Tubulovesicle Preparation

Fractions of rabbit gastric mucosal microsomes were prepared as described
previously from the fundic mucosa of New Zealand White rabbits (Basson et
al., 1991). The rabbit gastric mucosa tissue was homogenized in 5 volumes of
15 mM HEPES, 300 mM sucrose buffer, pH 7.4, with protease inhibitors
(Sigma-Aldrich) with a Potter homogenizer at 1000 rpm. The homogenate was
sequentially centrifuged at 500 X ¢ for 10 min, 5000 X g for 10 min, 17,000 X g
for 20 min, and 100,000 X g for 60 min, and the 100,000 X g pellet was
resuspended in the homogenization buffer and frozen at —80°C until use.

Kinase Identification

The 100,000 X g microsomal pellet from rabbit gastric mucosa was thawed on
ice and then extracted for 30 min with 1% Triton X-100. The solubilized
microsomes were centrifuged at 100,000 X g for 1 h at 4°C. The supernatant
from this spin was diluted 1:10 with buffer A (5 mM sodium phosphate, pH
7.2, and 0.1% Triton X-100) for protein purification. The diluted homogenate
was loaded on a HiTrap Q FF column (2 ml; Amersham, Little Chalfont,
Buckinghamshire, United Kingdom) preequilibrated in buffer A at 1 ml/min.
The Rab11-FIP2 kinase activity, which voided the column, was collected and
then further purified over a ceramic hydroxylapatite column (Econo-Pac
CHT-I 1-ml cartridge; Bio-Rad, Hercules, CA) preequilibrated in buffer A. The
void fraction was collected and the bound protein was eluted in a gradient
from 0 to 500 mM sodium phosphate, pH 7.2, 0.1% Triton X-100. The Rab11-
FIP2 kinase activity eluted at ~250 mM sodium phosphate. The fractions with
the highest activity were pooled, diluted 1:1 in buffer A, and chromato-
graphed over MONO-S resin (5 ml) (GE Healthcare). The bound protein was
eluted with a continuous salt gradient from 0 to 1 M NaCl in buffer A. The
Rab11-FIP2 kinase activity eluted at 400 mM NaCl. The fractions with the
highest activity were pooled and further purified over a Cibachrome blue
affinity column (HiTrap Blue, 1 ml; Amersham). The proteins were eluted
with a continuous gradient to 2 M NaCl in buffer A. Kinase activity eluted at
~500 mM NaCl. Finally, the fractions with the highest activity were loaded
onto a 10 to 40% glycerol gradient and centrifuged for 24 h at 160,000 X g. The
Rab11-FIP2 kinase activity peaked at ~17% glycerol. Each step was moni-
tored by the in vitro kinase activity assay.

The fraction from the glycerol gradient that contained the greatest amount
of kinase activity was subjected to trypsin digestion, and the resulting pep-
tides were analyzed by liquid chromatography-tandem mass spectrometry
(LC-MS/MS) for protein identification. Before trypsin digestion, the samples
were cleaned up using a 10-kDa Ultrafree MC regenerated cellulose filter
(Millipore, Billerica, MA), and the proteins were subsequently digested di-
rectly off of the filter as described previously (Manza et al., 2005).

LC-MS analysis of the resulting peptides was performed using a Thermo
Finnigan (Waltham, MA) LTQ ion trap mass spectrometer equipped with a
Thermo MicroAS autosampler and Thermo Surveyor HPLC pump, Nanos-
pray source, and Xcalibur 1.4 instrument control. The peptides were sepa-
rated on a packed capillary tip, 100 um X 11 em, with C18 resin (Monitor
C18, 5 um, 100 A; Column Engineering, Ontario, CA) using an inline solid
phase extraction column that was 100 um X 6 cm packed with the same C18
resin (using a frit generated with liquid silicate Kasil 1; Cortes et al., 1987)
similar to that described previously (Licklider et al., 2002), except the flow
from the HPLC pump was split before the injection valve. The flow rate
during the solid phase extraction phase of the gradient was 1 ul/min and
during the separation phase was 700 nl/min. Mobile phase A was 0.1% formic
acid, mobile phase B was acetonitrile with 0.1% formic acid. A 95-min gradi-
ent was performed with a 15-min washing period (100% A for the first 10 min
followed by a gradient to 98% A at 15 min) to allow for solid phase extraction
and removal of any residual salts. After the initial washing period, a 60-min
gradient was performed where the first 35 min was a slow, linear gradient
from 98% A to 75% A, followed by a faster gradient to 10% A at 65 min and
an isocratic phase at 10% A to 75 min. The MS/MS spectra of the peptides was
performed using data-dependent scanning in which one full MS spectra,
using a full mass range of 400-2000 amu, was followed by three MS/MS
spectra. Proteins were identified using the SEQUEST algorithm (Yates et al.,
1995) and the SEQUEST Browser software in the BioWorks 3.1 software
package (Thermo Electron, San Jose, CA), using the nonredundant database
from National Center for Biotechnology Information (Bethesda, MD).

For phosphorylation mapping experiments, the Rab11-FIP2 band was ex-
cised from a one-dimensional-SDS-PAGE gel and either trypsin or chymot-
rysin digestion was performed in-gel. The samples were then analyzed using
data-dependent analysis similar to that described above with the addition of
aneutral loss scan to scan for neutral loss of phosphoric acid (loss of 98) in the
top three ions. If a neutral loss ion was found, it was fragmented and an
MS/MS/MS spectrum was collected. In addition to using the SEQUEST
algorithm to search for phosphorylations on serines, threonines or tyrosines,
the data were searched for modifications using the PMOD algorithm (Hansen
et al., 2005).
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In Vitro Kinase Activity Assay during Purification

The chromatographic fractions were added to the substrate [Rab11-FIP2(190-
383)] in a 50 mM Tris buffer containing 5 mM MgCl,, 1 mM EGTA, protease
inhibitors (1:100), and 25 uM dithiothreitol on ice. [y->P]ATP was added, and
the reaction was incubated at 35°C for 10 min. The reactions were terminated
with the addition of SDS buffer (final concentrations, 300 mM Tris, pH 7.5, 1%
SDS, 20 mM EDTA, and 17.5 mM sucrose) and incubated at 70°C for 10 min.
The samples were resolved on 12% SDS-PAGE gels, stained with colloidal
Coomassie (GelCode blue; Pierce Chemical, Rockford, IL) for protein detec-
tion, dried under vacuum, and analyzed with phosphorimaging (Molecular
Dynamics) for [32P]phosphate incorporation.

In Situ Phosphorylation

We used [*?PJorthophosphate incorporation to assess phosphorylation in situ.
MDCK cells were plated on 60-mm Transwell filters (Corning Life Sciences,
Acton, MA) and allowed to polarize at confluence for 3 d. MDCK cells stably
expressing enhanced green fluorescent protein (EGFP)-Rab11-FIP2 or EGFP-
Rab11-FIP2(S227A) constructs were incubated with [32PJorthophosphate in
phosphate-free DMEM supplemented with 2 mg/ml bovine serum albumin
for 2 h. The cells were solubilized in lysis buffer [30 mm Tris, pH 8.5, 150 mM
NaCl, 20 mM magnesium acetate, 1% 3-[(3-cholamidopropyl)dimethylammo-
nio]propanesulfonate (CHAPS) with protease inhibitors, and phosphatase
inhibitors], extracted on ice for 20 min, and centrifuged for 20 min at 15,000 X
g to pellet the insoluble material.

For immunoprecipitation, anti-rabbit IgG Dynabeads (Dynal Biotech, Lake
Success, NY) were loaded with either 5 ul of anti-GFP antibody AB290 serum
(Abcam) or control rabbit serum for 2 h at 4°C. Beads were washed three
times with Tris-buffered saline (TBS). Lysate was diluted in immunoprecipi-
tation buffer (final concentration 30 mM Tris, pH 7.5, 150 mM, NaCl, 20 mM
magnesium acetate, protease inhibitors, and phosphatase inhibitors) and
incubated with the beads overnight at 4°C. The beads were washed twice for
20 min with immunoprecipitation buffer with 0.1% CHAPS and then once
with 30 mM Tris, pH 7.5. The beads were eluted in 1% SDS buffer, and
proteins were resolved on 10% SDS-PAGE gels, which were either dried and
visualized by a phosphorimaging screen (Molecular Dynamics) for 3?P-phos-
phoproteins or transferred to nitrocellulose for anti-GFP immunoblotting.

Immunoblotting

Protein samples were resolved on 10% SDS-polyacrylamide gels following a
standard Laemmli protocol (Laemmli, 1970). All incubations were performed
at room temperature. Proteins were transferred to nitrocellulose. Blots were
blocked for 1 h with 5% dry milk powder (DMP)/TBS and 0.05% Tween 20
(TBS-T). The blots were incubated with primary antibody diluted in 2.5% DMP/
TBS-T for 1.5 h (mouse monoclonal anti-GFP 1:2000), washed three times for 10
min in TBS-T, and incubated for 1 h with horseradish peroxidase-labeled anti-
mouse secondary; Jackson ImmunoResearch Laboratories) diluted in 1% DMP/
TBS-T. The blots were then washed three times with TBS-T followed by one
time with TBS, and specific labeling was detected by enhanced chemilumi-
nescence (SuperSignal; Pierce Chemical) with autoradiography using Kodak
BioMax ML film (Eastman Kodak, Rochester, NY).

Cell Culture

Parental T23 MDCKs (Barth et al., 1997) as well as the stably transfected cell
lines were grown in DMEM supplemented with 10% fetal bovine serum (FBS)
(Invitrogen), penicillin-streptomycin, 2 mM L-glutamine, and 0.1 mM mini-
mal essential medium (MEM) nonessential amino acids (Invitrogen). Media
for cell lines also contained 0.5 mg/ml G418 sulfate (Cellgro; Mediatech,
Herndon, VA), and 0.25 ng/ml hygromycin (Invitrogen). In the stable cell
lines, expression of the EGFP chimeras was inhibited with 20 ng/ml doxy-
cycline (Calbiochem, San Diego, CA). To examine EGFP protein expression,
cells were grown on 0.4-um Transwell filters (Corning Life Sciences) without
doxycycline in tetracycline screened FBS (Hyclone Laboratories, Logan, Utah)
media for 2-4 d.

GFP Constructs and Transfections

Doxycycline-inhibitable expression vectors were generated by excising the
EGFP-Rab11-FIP2 wild-type and mutant sequences from pEGFP-vectors with
Nhel and Smal and ligating into a pTRE2hyg vector (Clontech) cut with Nhel
and EcoRV. Transfection was performed using Effectene (QIAGEN, Valenica,
CA) following the manufacturer’s protocol. One microgram of vector was
transfected into a 60-mm plate of T23 MDCK cells in normal media. The
following day, the cells were trypsinized and replated in serial dilutions,
including 0.25 ng/ml hygromycin for selection and 20 ng/ml doxycycline for
suppression of EGFP expression. Multiple colonies were selected, expanded
for 10 d and then screened for EGFP expression in media with tetracycline-
screened serum. Multiple clones were initially characterized, all of which
showed the same expression pattern and level of the EGFP construct. One
clone was selected for each construct to use as the tetracycline-repressible
stable cell lines [expressing EGFP-Rab11-FIP2 wild type or EGFP-Rabll-
FIP2(S227A)].
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Polymeric Immunoglobin A (pIgA) Trafficking in MDCK
Cells

Labeling of pIgA and trafficking experiments were done as described previ-
ously (Hales et al., 2002) except that we used the cell culture media described
above. Cells were loaded from the apical side and fixed at time O after a
30-min loading.

Analysis of '?°I-IgA Postendocytotic Fate

125]-JgA was iodinated using the ICl method to a specific activity of 1.0-2.0
times] 107 cpm/pug (Breitfeld et al., 1989). The postendocytotic fate of a
preinternalized cohort of 2°I-IgA (at 5-10 ug/ml) was analyzed as previously
described (Apodaca et al., 1994). In brief, filter-grown MDCK cells expressing
the various FIP2 constructs and wild-type pIgR were cultured in the presence
or absence of doxycycline, and '?°I-IgA internalized from the basolateral cell
surface of the cells for 10 min at 37°C. The basal surface of the cells was
rapidly washed three times, the apical and basolateral medium was aspirated
and replaced with fresh medium. The cells were then incubated for 3 min at
37°C. This wash procedure takes 5 min at 37°C. Fresh medium was added to
the cells, and they were chased for up to 2 h at 37°C. At the designated time
points, the apical and basolateral media (0.5 ml) were collected and replaced
with fresh media. After the final time point, filters were cut out of the insert,
and the amount of '*I-IgA quantified with a gamma counter. The media
samples were precipitated with 10% trichloroacetic acid (TCA) for 30 min on
ice and then centrifuged in a microfuge for 15 min at 4°C. The amount of
125[-IgA in the TCA-soluble (degraded) and insoluble fractions (intact) was
quantified with a gamma counter.

Calcium Switch

Cells were grown to confluence on filters in regular media with or without
doxycycline. Cells were washed with low calcium media (MEM [Cellgro
15-015-CV], 10% dialyzed FBS, penicillin-streptomycin, 2 mM L-glutamine,
and 0.1 mM MEM nonessential amino acids; Invitrogen). The cells were
incubated in low calcium media overnight with or without doxycycline.
Calcium was added to the top and bottom of the filter to a final concentration
of 1.8 mM. The cells were collected at the indicated time points.

Laminin Replating Assay

Cells were trypsinized and replated on 24-well plate 0.45-um laminin-coated
filters (BD Biosciences). The cells were collected at the indicated time points.

Immunofluorescence for Calcium Switch and Replating
Experiments

Cells were washed one time with phosphate-buffered saline (PBS) and then
preextracted on ice in 0.2% Triton X-100 in PBS. Cells were fixed for 30 min in
3% paraformaldehyde at room temperature. Cells were permeabilized with
0.05% Triton X-100 in PBS for 5 min on ice. Cells were incubated with
anti-p120 and ZO-1 antibodies in PBS for 1 h on ice. Cells were washed one
time with PBS. Cells were incubated with species-specific Cy3-anti mouse IgG
and Cy5-anti-rat IgG in PBS for 30 min at room temperature. Cells were
washed first with PBS and then with 50 mM sodium phosphate. Finally, cells
were stained with 4,6-diamidino-2-phenylindole (DAPI) in sodium phos-
phate. Filters were cut out of the transwells and mounted with Prolong
Anitfade solution (Molecular Probes). Cells were imaged on a Zeiss LSM510
confocal microscope using a 100X lens. The z-sections were 0.3 pm.

Additional Immunofluorescence

Cells were washed three times with PBS and then fixed in 4% paraformalde-
hyde for 15 min at room temperature. The cells were washed twice with PBS
and stored at 4° in PBS until staining. Cells were blocked with extraction
buffer (10% normal donkey serum, 150 mM NaCl, 20 mM sodium phosphate,
pH 7.4, and 0.3% Triton X-10) for 20 min. Primary antibody was immediately
added in antibody buffer (10% normal donkey serum, 150 mM NaCl, 20 mM
sodium phosphate, pH 7.4, and 0.05% Tween 20) for 2 h. The cells were
washed with PBS three times. Secondary species-specific Cy dye-labeled
anti-IgGs were added for 1 h in antibody buffer. After washing with PBS two
times, the cells were washed with 50 mM sodium phosphate once and then
stained with DAPI in sodium phosphate. Filters were cut out of the transwells
and mounted with Prolong Antifade solution (Molecular Probes). Cells were
imaged on a Zeiss LSM510 confocal microscope (Carl Zeiss, Thornwood, NY)
using a 100X lens. Z-sections were 0.5 um.

RESULTS

Phosphorylation of Rab11-FIP2

Although previous investigations have noted potential
phosphorylation sites on Rab11-FIP2, no discrete kinase ac-
tivities phosphorylating the protein have been identified.
We sought to identify potential phosphorylating activities
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Figure 1. Rab11-FIP2 kinase activities. (A) A kinase
activity associated with rabbit gastric microsomes phos-
phorylates Rab11-FIP2 on serine 227. Top, Coomassie
stain for protein levels. Bottom, phosphorimage. (B)
Phospho-amino acid analysis demonstrates phosphory-
lation of Rab11-FIP2 is on serine residues. Positions of
phospho-amino acid standards are shown by dotted
lines. PS, phosphoserine; PT, phosphothreonine; PY,
phosphotyrosine. (C) Rab11-FIP2 is phosphorylated by
recombinant activated MARK2 in vitro on serine 227 of

Homo sapiens (NP 055719)
Drosophilia melanogaster (cg6606)
Danio rerio (LOC402861)

Takifugu rubripes (scaffold_96.13)

221 RLSSAH gMSDL SGS
256 NLSHKS |SGSSL|NIQ
250 QRNKSQ |SMSTL|PTL
Xenopus tropicalis (scaffold _21727) 130 RLSSAH [SMSDL|IG-
232 QOKNMSQ |SMSVL|P——

Rab11-FIP2 wild type by not Rab11-FIP2(5227A). Top
blot, Coomassie stain for protein levels. Bottom blot,
phosphorimage. (D) Amino acid alignment of the puta-
tive Rab11-FIP2 sequences. The conserved phosphory-
lation site is boxed and in bold. The phosphorylated
serine is marked by a star.

for Rab11-FIP2 by assaying phosphorylation of recombinant
Rab11-FIP2 in vitro using extracts from rabbit 100,000 X g
gastric microsomes that are enriched in parietal cell tubu-
lovesicles (H*/K*-ATPase containing apical recycling mem-
branes). Extracts of rabbit gastric microsomes solubilized in
1% Triton X-100 strongly phosphorylated recombinant
Rab11-FIP2 (Figure 1A). Phospho-amino acid analysis indi-
cated that Rabl1-FIP2 was primarily phosphorylated on
serine residues (Figure 1B). Two-dimensional tryptic phos-
phopeptide mapping revealed that Rab11-FIP2 was phos-
phorylated on a major site (80%) and a minor site (20%) (our
unpublished data). Carboxy- and amino-terminal recombi-
nant truncations narrowed the region of phosphorylation to
amino acids 187-356. A further truncation to amino acids
227-356 was not phosphorylated. We therefore performed
site-directed mutagenesis on high-probability serine resi-
dues between 187 and 230. Mutation of serine 227 to alanine
led to a >80% reduction in the in vitro phosphorylation by
gastric microsomal extracts (Figure 1A). Serine-to-alanine
mutations at serines 223, 224, and 229 had no effect on
phosphorylation (our unpublished data).

Because we had no evidence for the phosphorylation of
Rab11-FIP2 by the more common characterized protein
kinases, and because serine 227 did not fall into any
canonical consensus sites for known kinases, we sought to
isolate the Rab11-FIP2 kinase activity from rabbit gastric
microsomes. The 100,000 X g microsomal membrane frac-
tion from rabbit gastric mucosa was used to isolate the
kinase activity that phosphorylated Rab11-FIP2 on serine
227. Microsomal proteins were extracted with 1% Triton
X-100, and proteins were resolved sequentially on
Mono-Q, hydroxylapatite, Mono-S, and Cibachrome blue
resins followed by resolution on continuous glycerol gra-
dients (see Materials and Methods). The fractions with the
highest activity from column chromatography and the
final glycerol gradient fraction containing serine 227

3628

Rab11-FIP2 kinase activity were submitted for proteomic
analysis by total trypsin digestion and analysis of pep-
tides by LC-MS/MS (Vanderbilt University Proteomics
Laboratory, Mass Spectrometry Research Center). Only
one kinase was identified consistently in these fractions
from two different sample preparations: Par-1Ba/MARK2/
EMK1 (MARK?2) (5.5-14.7% coverage by amino acid). Seven
separate peptides were identified matching either rat or human
sequences (Table 1).

To verify MARK2 as a Rab11-FIP2 kinase, we assessed the
ability of recombinant activated MARK2 to phosphorylate
recombinant Rab11-FIP2 in vitro. Although recombinant
MARK?2 strongly phosphorylated recombinant Rab11-FIP2,
we observed little phosphorylation of Rab11-FIP2(S227A)
(Figure 1C). In addition, we examined by LC/MS tandem
mass spectrometry phosphorylation sites in recombinant
Rab11-FIP2 when the protein was phosphorylated by

Table 1. Peptides obtained from mass spectrometry for Rab11-FIP2
kinase identification

Peptide match Xcorr z
AENLLLDADMNIK 4.54 2
KYDGPEVDVWSLGVILYTLVSGSLPFDGQNLK 3.73 3
LFEVIETEK 2.59 2
PSADLTNSSAPSPSHK 2.44 3
TQLNSSSLQK 2.59 2
FLILNPSK 1.94 2
VLNHPNIVK 1.42 2

Xcorr, cross-correlation score as identified by SEQUEST (Link et al.,
1999); z, charge state of peptide.

Peptide sequences of MARK? identified in Rab11-FIP2 kinase prep-
arations by mass spectrometry.
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Figure 2. EGFP-Rab11-FIP2 is phosphorylated in situ.
Top blot, Phosphorimage of phosphorylation of immuno-
precipitated EGFP-Rab11-FIP2 from MDCK cell lines sta-
bly expressing either EGFP-Rab11-FIP2 or EGFP-Rab11-
FIP2(S227A). Cells were loaded with [**Plorthophosphate,
lysed, and immunoprecipitated with an anti-GFP anti-
body, and proteins were resolved on SDS-PAGE gels.
Bottom blot, Immunoblot probing for GFP of immunopre-
cipitated lysates. Full-length EGFP-Rab11-FIP2 is 75 kDa
(denoted with a solid square), but it is consistently broken
down to a lower molecular mass species (indicated with a
star) by an as yet unknown mechanism.

MARK?2 and found that serine 227 was phosphorylated in
peptides produced from both trypsin and chymotrypsin
digestions. In addition, spectra of the peptides from both
digests contained a neutral loss of 98 (NL98) ion, indicative
of a phosphorylation site, and an MS/MS/MS spectrum of
the NL98 ion in the tryptic peptide confirmed that the ion
resulted from neutral loss of phosphoric acid resulting from
the phosphorylation.

On inspection of the available genomic databases using
the Rab11 binding domain, we found that the serine 227 site
is an evolutionarily conserved residue in putative Rab11-
FIPs from numerous species, including Drosophila melano-
gaster and Danio rerio (Figure 1D). Interestingly, this phos-
phorylation site, the first serine residue of SMSXL, is a
noncanoncial site for MARK2. Previous studies have sug-
gested that MARK2 phosphorylates KxGS sites (Drewes et
al., 1997). This noncanonical site is also present in two other
human Rabll-interacting proteins, RCP and Rab11-FIP1.
Activated recombinant MARK2 phosphorylated both RCP
and Rab11-FIP1 in vitro (our unpublished data).

Rab11-FIP2 Is Phosphorylated In Situ

To assess the importance of Rab11-FIP2 phosphorylation
in situ, we generated MDCK T23 cell lines with tetracy-
cline-repressible expression of EGFP-Rab11-FIP2 wild type
and nonphosphorylatable EGFP-Rab11-FIP2(S227A). EGFP-
Rab11-FIP2- and EGFP-Rab11-FIP2(5227A)-expressing cells
were grown on permeable filters and labeled for 2 h with
[3?PJorthophosphate, followed by lysis and immunoprecipi-
tiation of GFP-Rab11-FIP2 proteins with anti-GFP antibod-
ies. An immunoblot using anti-GFP showed that the amount
of protein immunoprecipitated was similar between the two
conditions. However, although the wild-type Rab11-FIP2
was strongly phosphorylated in situ, Rab11-FIP2(S5227A)
demonstrated far less in situ phosphorylation (Figure 2). We
consistently observed a phosphorylated breakdown product
in the EGFP-Rab11-FIP2 wild-type cell line that was not
present in the EGFP-Rab11-FIP2(S227A) line. This break-
down was also apparent in recombinant protein prepara-
tions, suggesting that Rab11-FIP2 is readily degraded by an
as yet unknown mechanism. Recently, PEST sequences have
been implicated in the degradation of RCP, a member of the
Rab11-FIPs (Marie et al., 2005). Although Rab11-FIP2 does
not have PEST sequences, degradation may be a prominent
regulatory mechanism in this family. Although mutation of
the phosphorylation site seems to stabilize the protein, we
have no evidence that phosphorylated Rab11-FIP2 binds
14-3-3 proteins (our unpublished data). These results estab-
lish the presence of Rab11-FIP2 phosphorylation on serine
227 in polarized MDCK cells.

Overexpression of Cargo Alters Rab11-FIP2 Morphology

During the characterization of the tetracycline-repressible
stable MDCK T23 cell lines, we noticed two morphologies
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apparent in each of 10 lines cloned of EGFP-Rab11-FIP2 wild
type. One morphology was similar to the EGFP-Rab11-FIP2
distribution previously reported by our laboratory in tran-
siently transfected MDCK cells (Hales et al., 2001) and others
in A431 cells (Lindsay and McCaffrey, 2004), maintaining an
apical vesicular appearance traditionally attributed to the
apical recycling endosome. In the second morphology,
EGFP-Rab11-FIP2 localized on smaller vesicles and along
the lateral membrane. One publication has reported this
alternate morphology in A431 cells in response to treatment
with EGF (Lindsay and McCaffrey, 2004). Because we iso-
lated multiple individual clones that exhibited both mor-
phologies, we sought to understand the implications of this
diversity. One difference between this and our previous
study (Hales et al., 2001) was the use of T23 MDCK cells as
the parental line (Barth et al., 1997) instead of MDCK II cells.
The T23 clone incorporates both the stable expression of
polymeric IgA receptor (pIgR) and the tetracycline-repress-
ible transactivator tTA into MDCK II cells. When we com-
pared MDCK 1I cells transiently expressing EGFP-Rab11-
FIP2 with T23 cells expressing EGFP-Rab11-FIP2, the difference
in distribution was apparent. The transiently transfected
MDCK 1II cells displayed our previously published distribu-
tion for EGFP-Rab11-FIP2, whereas the T23 cells stably ex-
pressing EGFP-Rab11-FIP2 displayed both morphologies
(Figure 3A). On initiation of pIgA trafficking, the cells
changed to the more traditional apical recycling endosomal
morphology (Figure 3B). These dynamic localizations sug-
gest an additional new role for Rab11-FIP2 beyond the re-
cycling pathway.

Rab11-FIP2 Proteins Localize to the Subapical Domain

Rab11-FIP2 was initially characterized as an interacting pro-
tein for Rablla (Hales et al., 2001). Rabl11a has traditionally
been associated with trafficking through the plasma mem-
brane recycling system (Casanova ef al., 1999). Therefore, we
examined the general effect of overexpression of EGFP-
Rab11-FIP2 and it nonphosphorylatable mutant on the dis-
tribution of the recycling system components in our induc-
ible cell lines. The phenotype observed in each of these lines
was most prominent in polarized cells grown on filters and
was difficult to discern in nonpolarized cells grown on glass
(our unpublished data).

In both cell lines, EGFP-Rab11-FIP2 and EGFP-Rabl1-
FIP2(S227A) showed overlapping localization with endoge-
nous Rablla (our unpublished data). The EGFP-Rab11-FIP2
in the wild-type cell line localized near the apical membrane
as shown by comparison with the apical marker GP135
(Figure 4). A portion of the EGFP-Rab11-FIP2 was inter-
spersed with the GP135 staining, while the remainder was
immediately subapical to the membrane. The nonphosphor-
ylatable EGFP-Rab11-FIP2(S227A) population of vesicles
were also located in the subapical region in comparison with
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GP135 (Figure 4A). Similar results were seen comparing the
distribution of EGFP-Rab11-FIP2 proteins with that of ezrin
(our unpublished data).

Effects of Phosphorylation Site Mutations on Rab11-FIP2
Recycling System Interactions

Next, we analyzed the interaction of Rabl1-FIP2(S227A)
with known apical recycling system components, including
association with myosin Vb and Rablla as well as Rab11-

GFP-Rab11-FIP2 cy3-GP135

”"“‘W”_‘“"_“”f"“"""}'”‘—‘w"g
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Figure 3. Distribution of EGFP-Rab11-FIP2
in stably overexpressing cell lines. (A) T23
cells stably expressing EGFP-Rab11-FIP2 ex-
hibit two different morphologies. White ar-
rowhead indicates a cell with a more diffuse
distribution of EGFP-Rab11-FIP2. (B) Tran-
siently transfected MDCK II cells show only a
punctuate subapical distribution of EGFP-
Rab11-FIP2. (C) T23 cells expressing EGFP-
Rab11-FIP2 in the presence or absence of
pIgA (red in merge). On induction of traffick-
ing, the EGFP-Rab11-FIP2 exhibits dynamic
relocalization to the more traditional recy-
cling system. EGFP images are from two dif-
ferent z-positions in the same confocal stack, as
indicated in the x-y orthogonal view, to en-
hance the visualization of both morphologies.

FIP2 dimerization by far Western analysis (Ducharme et al.,
2005). All three interactions were maintained regardless of
the mutated state of Rab11-FIP2 (our unpublished data).
These interactions were confirmed by yeast two-hybrid anal-
yses, which revealed that phosphorylation of S227 did not
affect Rablla or myosin Vb interactions with Rab11-FIP2 or
Rab11-FIP2-Rab11-FIP2 dimerization (our unpublished
data). We have previously demonstrated that expression of
myosin Vb tail causes compaction of the Rablla-containing

Figure 4. Subapical distribution of EGFP-
Rab11-FIP2 in stably expressing cell lines. Local-
ization of the apical maker GP135 with EGFP-
Rab11-FIP2 and EGFP-Rab11-FIP2(S227A) was
compared in stable cell lines. Confocal immuno-
fluorescence imaging of the EGFP-Rab11-FIP2
constructs with GP135 showed that EGFP-
Rab11-FIP2 partially colocalized and inter-
spersed with the apical marker GP135 (red in
merge). EGFP-Rab11-FIP2(5227A) was also par-
tially colocalized with and partially beneath the
apical marker GP135 (red in merge). The x-y
planes are optical sections taken 2.5 um apart.
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Figure 5. Phosphorylation of Rab11-FIP2 does not alter interaction with myosin Vb tail or pIgA trafficking. (A) The phosphorylation state
of Rab11-FIP2 does not affect known interactions with myosin Vb. Stable EGFP-RAB11-FIP2 cells lines were transiently transfected with
Ds-Red2 myosin Vb tail. Rab11-FIP2 wild type and Rab11-FIP2(S227A) as well as Rablla were pulled into the myosin Vb tail collapsed
recycling system as expected. (B) Recycling functions of Rab11-FIP2 are not affected by phosphorylation on serine 227. Apical recycling and
transcytosis of *°I-IgA were assessed in stable transfected cell lines in the presence or absence of doxycycline. Neither apical recycling nor
transcytosis were affected by the phosphorylation state of Rab11-FIP2. Top graphs, EGFP-Rab11-FIP2 wild type. Bottom graphs, EGFP-
Rab11-FIP2(5227A). Left-hand side shows data from transcytosis assays, whereas the right-hand side shows results from apical recycling
assays. Dark blue and pink lines indicate that doxycycline was present in the media (inhibiting expression of the EGFP-chimera). Yellow and
light blue lines indicate that the cells were incubated in doxycycline-free media allowing for expression of EGFP-chimera proteins. Dark blue
and yellow lines indicate media was collected from the apical side of the transwell. Pink and light blue lines indicate media was collected
from the basal side of the transwell. The results show no effects of EGFP-Rab11-FIP2 expression on either transcytosis or apical recycling.

apical recycling system and marked inhibition of both apical of EGFP-Rab11-FIP2—- or EGFP-Rab11-FIP2(5227A)—express-
recycling and transcytosis (Lapierre ef al., 2001). Transfection ing cell lines with DsRed2-myosin Vb tail elicited colocal-
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ization of both EGFP-Rab11-FIP2 proteins with myosin Vb
tail and Rab11la in a collapsed recycling system (Figure 5A),
further indicating that phosphorylation state does not affect
association with myosin Vb. We also examined the effects of
overexpression of wild-type EGFP-Rab11-FIP2 or EGFP-
Rab11-FIP2(S227A) on trafficking of polymeric IgA in the
tetracycline repressible cell lines. Both transcytosis and api-
cal recycling of pIgA, well characterized functions of the
Rablla containing recycling system, were unaffected by the
overexpression of wild-type or mutant EGFP-Rab11-FIP2
proteins (Figure 5B).

Rab11-FIP2 Phosphorylation Is Important for the
Formation of Calcium-dependent Junctions

MARK?2 has previously been implicated in the proper estab-
lishment of polarity in both Caenorhabditis elegans embryos
(Guo and Kemphues, 1995) and MDCK cells (Bohm et al.,
1997; Cohen and Musch, 2003). Thus, we hypothesized that
Rab11-FIP2 phosphorylation may also impact on polarity.
We assessed the effect of Rab11-FIP2 phosphorylation mu-
tants on the reestablishment of polarity after calcium switch.
Cell polarity was disrupted by switching confluent cells to
calcium-free media overnight. Cells were then fixed at indi-
cated time intervals after readdition of 1.8 mM calcium.
These cells were stained for ZO-1 and p120 catenin (Figure
6) to assess the reestablishment of tight and adherens junc-
tions, respectively.

EGFP-Rab11-FIP2 wild type exhibited dynamic move-
ments during the reestablishment of polarity. After incuba-
tion overnight in calcium-free media, EGFP-Rab11-FIP2 lo-
calized along the lateral membrane and in perinuclear pools.
After readdition of calcium, Rab11-FIP2 initially moved to
perinuclear pools where it colocalized with Rablla (our
unpublished data). Over time, EGFP-Rab11-FIP2 redistrib-
uted near the apical membrane, a pattern similar to that in
cells that did not undergo a calcium switch (Figure 6). These
cells did reform proper junctions as measured by immuno-
fluorescence staining for both p120 catenin and ZO-1 local-
ization by 6 and 3 h, respectively, after reestablishment of
normal extracellular calcium (Figure 7, A and B). Similar
results were seen with the tight junction marker occludin as
well as adherens junction proteins B-catenin and E-cadherin
(our unpublished data).

Interestingly, the EGFP-Rab11-FIP2(5227A) did not ex-
hibit the same dynamic movement during the establishment
of polarity. The EGFP-Rab11-FIP2(S227A) initially localized
along the apical and lateral membranes after incubation
with calcium-free media, often showing up as subapical
rings. Moreover, after readdition of calcium, EGFP-Rab11-
FIP2(5227A) was less compacted in the internal pools com-
pared with EGFP-Rab11-FIP2. Finally, 1.5 h after the read-
dition of calcium, the nonphosphorylatable mutant localized
diffusely near the apical surface exclusively (Figure 6).
EGFP-Rab11-FIP2(S227A)-expressing cells did not reestab-
lish proper adherens junctions as assessed by a lack of p120
catenin localization to the lateral junctions by 6 h after the
readdition of calcium (Figure 7A). This cell line did relocal-
ize ZO-1 by 3 h after calcium addition (Figure 7B). When
calcium switch was performed in the presence of doxycy-
cline to block expression of EGFP-Rab11-FIP2(S227A), both
p120 catenin and ZO-1 relocalized to their junctions after
readdition of calcium by 3 h (Figure 7, A and B), as seen
previously (Gumbiner ef al., 1988; Straight et al., 2004).

A recent report suggests that the Rablla pathway is in-
volved in the trafficking of newly synthesized E-cadherin
(Lock and Stow, 2005). Therefore, it was possible that the
Rablla pathway was involved in the internalization or re-
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Figure 6. Distribution of EGFP-Rab11-FIP2 during calcium switch.
Cell lines expressing EGFP-Rab11-FIP2 or its phosphorylation mu-
tant were subjected to the calcium switch protocol and fixed at the
indicated time points after readdition of extracellular calcium. The
EGFP-Rab11-FIP2 initially moved to a lateral membrane before
accumulating in a tight spot internally. As the junctions reformed,
the construct localized to the apical membrane as seen for those cells
not subject to the switch. EGFP-Rab11-FIP2(S227A) initially local-
ized in subapical rings. As the junctions reformed, the construct was
less compact and became diffusely apical. The x-y planes are com-
piled stacks of optical sections taken 2.5 um apart.

cycling of junctional constituents. Nevertheless, we did not
observe colocalization of any junctional protein with Rab11-
FIP2 during the calcium switch assay. We therefore exam-
ined the localization of junctional makers in cells expressing
the previously characterized dominant-negative recycling
system trafficking mutants EGFP-myosin Vb tail (Figure 8A)
and EGFP-Rab11-FIP2(129-512) (our unpublished data).
Neither dominant-negative construct showed colocalization
with p120 or ZO-1. To confirm that a Rablla-dependent
pathway using Rab11-FIP2 pathway was not involved dur-
ing trafficking, we examined the effects of these dominant-
negative mutants in the calcium switch assay. No p120 was
observed in myosin Vb tail or Rab11-FIP2(129-512) contain-
ing collapsed recycling systems (Figure 8B). Furthermore,
throughout the time course of the calcium add-back, we did
not observe localization of any junctional marker within the
inhibited recycling system (our unpublished data).

Molecular Biology of the Cell
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Figure 7. Phosphorylation of Rab11-FIP2 is necessary for the proper reestablishment of p120 at adherens junctions but not ZO-1 at tight
junctions. Cell lines expressing EGFP-Rab11-FIP2 or its phosphorylation mutant were subjected to the calcium switch protocol and fixed at
the indicated time points. (A) Z sections from cells in the calcium switch experiment stained for p120 catenin. Note the delayed establishment
of p120 localization in Rab11-FIP2(S227A) compared with wild type. p120 staining showed a normal reestablishment at the adherens junction
in EGFP-Rab11-FIP2 cells grown in the presence of doxycycline (uninduced). (B) Projections of z-stacks from ZO-1 staining during the
calcium switch experiment demonstrate the normal reestablishment of ZO-1 at tight junctions in all cell lines.

As an independent method of assessing junction forma-
tion, we trypsinized cells and replated them at high density
on laminin-coated filters. We examined the cells at fixed
time points to assess the establishment of junctions by stain-
ing for p120 and ZO-1. Cells overexpressing EGFP-Rab11-
FIP2 wild type reestablished normal junctions by 4 h after
replating, whereas the EGFP-Rab11-FIP2(5227A)-express-
ing cells did not (Figure 9). ZO-1 localization was reestab-
lished similarly in both lines by 4 h. Thus, the inability to
phosphorylate serine 227 of Rab11-FIP2 delays adherens
junction formation in multiple assays.

DISCUSSION

Traditionally, the apical recycling system is marked by the
presence of Rablla. Rablla and its known family of inter-
acting proteins (Rab11-FIPs) regulate trafficking through the
apical recycling system. For example, removal of the C2
domain from Rab11-FIP2 causes a disruption of the traffick-
ing of pIgA through the apical recycling system (Hales et al.,
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2002). In addition, we have shown that myosin Vb associates
with the Rablla and Rab11-FIP2 to form a ternary regula-
tory complex for apical recycling (Hales et al., 2002). How-
ever, Rab11-FIP2 also has a role in cellular function beyond
apical recycling. We and others have previously shown that
a subset of the Rab11-FIP2 is not with the recycling system in
quiescent cells (Hales et al., 2001; Cullis ef al., 2002). Rab11-
FIP2 associates with EH domain proteins such as Repsl,
assisting in receptor-mediated endocytosis (Cullis et al.,
2002). In the initial characterization of Rab11-FIP2, we found
that not all Rab11-FIP2 colocalized with Rablla. This was
apparent particularly when cells were treated with the mi-
crotubule-stabilizing drug taxol. Taxol treatment of polar-
ized cells caused Rablla-containing recycling vesicles to
relocate to apical corners near the tight junction complex
(Casanova ef al., 1999). However, taxol treatment of cells
caused Rab11-FIP2 to localize at both the apical corner and
laterally (Hales et al., 2001), suggesting that not all of Rab11-
FIP2 was involved in the Rablla-containing recycling path-
way. This lateral localization is similar to that seen after the
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removal of calcium in the EGFP-Rab11-FIP2(S227A) cells.
Importantly, in these studies, we have demonstrated that
phosphorylation of Rab11-FIP2 on serine 227 by MARK2 is
not involved in the traditional apical recycling pathway, but
is instead involved in the establishment of epithelial cell
polarity.

The recycling system is a dynamic tubular network with
multiple regulators and signaling pathways. Present models
suggest that the assembly of multiple proteins associating
with Rablla regulates trafficking through the recycling sys-
tem. Although few of the Rab proteins are directly regulated
by protein phosphorylation (van der Sluijs et al., 1992), phos-
phorylation of Rab-interacting proteins has emerged as an
important regulatory mechanism. Thus, the Rab3-interact-
ing protein rabphilin-3 is phosphorylated both by protein
kinase A and calmodulin-dependent kinase II (Kato et al.,
1994; Numata et al., 1994). Rabphilin-3 phosphorylation re-
duces its affinity for membranes (Foletti et al., 2001; Lonart
and Sudhof, 2001). Rab11-FIP5 (pp75/Rip11) was originally
described as an autoantigen phosphoprotein, and as in the
case of rabphilin-3, phosphorylation seemed to alter subcel-
lular localization (Wang et al., 1999; Prekeris et al., 2000). The
kinase activity responsible for Rab11-FIP5 phosphorylation
is unclear, although we have not found phosphorylation of
Rab11-FIP5 by MARK2 (our unpublished data). In the
present report, we have found that MARK2 can phosphor-
ylate Rab11-FIP2. Nevertheless, mutation of serine 227 does
not alter apical membrane recycling or transcytosis. Thus,
MARK2 seems to regulate Rab11-FIP2 functions distinct
from its role in the recycling system.

MARK?2 is a member of the PAR (partitioning-defect) family
originally characterized as PAR1 in C. elegans (Kemphues et al.,
1988). Since that time, the majority of the work on this kinase
has related to phosphorylation of Tau, MAP2C, and MAP4
on their microtubule binding domains, which results in dis-
ruption of the microtubule network (Drewes ef al., 1995;
Drewes et al., 1997; Ebneth et al., 1999). In Drosophila, MARK2
regulates the density, stability, and apicobasal organization

3634

Figure 8. Dominant-negative Rablla recy-
cling system trafficking mutants do not colo-
calize with junctional proteins p120 or ZO-1.
(A) X-Y confocal sections showing dual label-
ing of p120 catenin (Cy 3; pseudocolored red)
and ZO-1 (Cy5; pseudocolored blue) in EGFP-
myosin Vb tail cells. No colocalization was
found between the junctional markers and
EGFP-myosin Vb tail. (B) Projections showing
dual labeling of p120 catenin (Cy 3; pseudo-
colored red) and ZO-1 (Cy5; pseudocolored
blue) in EGFP-Rab11-FIP2(129-512) and EGFP-
myosin Vb tail cells after calcium switch at t =
0. Junctional markers do not colocalize with
the dominant-negative inhibitors of the Rablla
apical recycling system. No localization with
the collapsed recycling system was seen at
any time point after reestablishment of extra-
cellular calcium.

of microtubules by regulating the microtubule plus ends
(Doerflinger et al., 2003). Although MARK2 phosphorylation
of Rab11-FIP2 does not seem to affect the traditional Rablla
trafficking pathway, previous studies have implicated
MARK?2? in the breakdown of the microtubule network.
MARK?2 phosphorylation events may also be regulating the
movement of vesicles along the microtubule network.

The Schizosaccharomyces pombe family MARK2 member
kinl is necessary to establish the rod-shaped morphology
and for progression of cytokinesis (Drewes and Nurse,
2003). This kinase also plays a role in the establishment of
polarity. MARK?2 is essential for epithelial specific microtu-
bule arrays in polarized cells (Cohen et al., 2004). Overex-
pression of the kinase inhibits apical/basolateral polar-
ization in MDCK cells partially by altering apical protein
transport. Interestingly, cells overexpressing MARK?2 form a
polarity-axis parallel to the substratum (Cohen and Musch,
2003). Recently, the yeast homologue was reported to inter-
act with components of the exocytic machinery, including
the yeast Rab family member Sec4 (Elbert et al., 2005), thus
establishing a precedent for the involvement of this kinase
family in Rab-related trafficking. The results presented here
indicate that phosphorylation of Rab11-FIP2 by MARK2 is
necessary for the proper localization of junctional proteins.
The importance of the phosphorylation site was most obvi-
ous when manipulating the system through a calcium
switch assay. The reestablishment of polarity was grossly
delayed in cells overexpressing EGFP-Rab11-FIP2(S227A).
p120 catenin did not organize into junctions when cells were
examined up to 8 h after the addition of normal media.
Similar defects in the establishment of polarity in EGFP-
Rab11-FIP2(S227A)-expressing cells were also observed in
replating assays. Nevertheless, we did not observe any dif-
ference in transepithelial resistance (TER) between cells ex-
pressing EGFP-Rab11-FIP2, EGFP-Rab11-FIP2(S227A), or
uninduced cell lines (our unpublished data). However, cells
that have ZO-1 knocked out also do not have reduced TER,
suggesting that other junctional proteins such as ZO-2 can
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Figure 9. Phosphorylation of Rab11-FIP2 is
necessary for the proper reestablishment of po-
larity in a replating assay. Cell lines expressing
EGFP-Rab11-FIP2 or EGFP-Rab11-FIP2(S227A)
were trypsinized and replated on laminin-
coated filters. The cells were fixed at the indi-
cated time points and stained with p120
(pseudocolored red) and ZO-1 (pseudocolored
blue). These overlays show x-y planes after
replating. Although ZO-1 was reestablished
at tight junctions in both lines, EGFP-Rab11-
FIP2(S227A)-expressing cells demonstrated a
deficit in p120 localization 4 h after replating.

compensate for a lack of junctional ZO-1 (Umeda et al.,
2004).

Previous work by Parkos and colleagues demonstrated
that junctional proteins including cadherin, p120, and ZO-1
are internalized in response to calcium depletion (Ivanov et
al., 2004). During Drosophila cellularization, cadherin is ini-
tially localized along the entire lateral membrane and then
becomes sequestered into both apical lateral and basal lat-
eral compartments; finally, it is restricted to the apically
oriented adherens junction (Le Bivic, 2005). This dual local-
ization found during mid-cellularization is reminiscent of
the localization of p120 observed in cells overexpressing
EGFP-Rab11-FIP2(S227A), suggesting that these cells may
never achieve proper adherens junctions. The role of Rab11-
FIP2 in adherens junction protein trafficking is supported by
a recent study by Stow and colleague demonstrating that
newly synthesized cadherin requires functional Rab11 for
proper localization (Lock and Stow, 2005). However, our
work suggests that establishment of junctions is not blocked
by expression of previously characterized inhibitors of the
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apical recycling system, Rab11-FIP2(129-512) and Myosin
Vb tail. Another Rab11-FIP, Rab Coupling Protein (RCP),
was also recently found to relocalize with Rablla to the
lateral membrane in the presence of calpeptin, a potent
blocker of calcium-mediated calpain actions (Marie et al.,
2005). In the presence of calpain inhibitor, RCP relocalized in
a pattern similar to that for Rab11-FIP2 during the initial
stages of junctional reformation after readdition of calcium.
Interestingly, RCP also has the MARK2 phosphorylation site
and is phosphorylated by MARK2 in vitro, suggesting a
possible common regulatory mechanism for both RCP and
Rab11-FIP2 in response to calcium.

In summary, the present study has defined a novel con-
sensus site for phosphorylation by MARK2 of Rab11-FIP2.
Manipulation of the serine 227 phosphorylation site in
Rab11-FIP2 alters the establishment of polarity in polarized
MDCK cells, but it does not affect traditional recycling sys-
tem trafficking pathways. Previous investigations have sug-
gested that MARK2 plays an important role in the establish-
ment of polarity. Although the exact compendium of
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phosphorylation substrates for MARK?2 is unclear, it seems
likely that a cascade of phosphorylation events on a number
of proteins may ensue from activation of MARK2. These
phosphorylation events may be directly active (e.g., promot-
ing cytoskeletal interactions for proteins destined for the
adherens junctions) or inhibitory for functions that compete
with polarity (e.g., general nonspecific trafficking to all
plasma membrane surfaces). At this time, we cannot deter-
mine the exact role of Rab11-FIP2 in these processes, but
these studies do define a previously unrecognized class of
MARK?2 substrates that likely act as components of a coor-
dinated cascade of events that lead to the orderly establish-
ment of polarity. All of these findings demonstrate that
Rab11-FIP2 plays an important role in regulating epithelial
cell polarity, distinct from its function in the Rablla-con-
taining recycling pathways.
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