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Background: Polarized acid secretion in gastric parietal cells requires ezrin and its phosphorylation at Ser-66.

Results: Phosphorylation of Ser-66 induces ezrin conformational change, which enables ezrin to interact with syntaxin 3.
Conclusion: Conformational change of ezrin provides a spatial cue for apical trafficking of H,K-ATPase.

Significance: Ezrin conformation orchestrates the polarized vesicle trafficking in epithelial cells.

The digestive function of the stomach depends on acidifica-
tion of the gastric lumen. Acid secretion into the lumen is trig-
gered by activation of a cAMP-dependent protein kinase (PKA)
cascade, which ultimately results in the insertion of gastric H,K-
ATPases into the apical plasma membranes of parietal cells. A
coupling protein is ezrin whose phosphorylation at Ser-66 by
PKA is required for parietal cell activation. However, little is
known regarding the molecular mechanism(s) by which ezrin
operates in gastric acid secretion. Here we show that phosphory-
lation of Ser-66 induces a conformational change of ezrin that
enables its association with syntaxin 3 (Stx3) and provides a spa-
tial cue for H,K-ATPase trafficking. This conformation-depen-
dent association is specific for Stx3, and the binding interface
is mapped to the N-terminal region. Biochemical analyses
show that inhibition of ezrin phosphorylation at Ser-66 pre-
vents ezrin-Stx3 association and insertion of H,K-ATPase
into the apical plasma membrane of parietal cells. Using
atomic force microscopic analyses, our study revealed that
phosphorylation of Ser-66 induces unfolding of ezrin molecule
to allow Stx3 binding to its N terminus. Given the essential role
of Stx3 in polarized secretion, our study presents the first evi-
dence in which phosphorylation-induced conformational rear-
rangement of the ezrin molecule provides a spatial cue for polar-
ized membrane trafficking in epithelial cells.
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The functions of an epithelium depend on the polarized
organization of its individual epithelial cells. The acquisition of
a fully polarized phenotype involves a cascade of complex
events including cell-cell adhesion, assembly of a lateral cortical
complex, reorganization of the cytoskeleton, and polarized tar-
geting of transport vesicles to the apical and basolateral mem-
branes (1).

Ezrin is an actin-binding protein of the ezrin/radixin/moesin
(ERM)® family of cytoskeleton-membrane linker proteins (2).
Within the gastric epithelium ezrin has been localized exclu-
sively to parietal cells and primarily to the apical canalicular
membrane of these cells (3, 4). Our previous studies showed
that gastric ezrin is co-distributed with the B-actin isoform in
vivo (5) and preferentially bound to the B-actin isoform in vitro
(6). It was postulated that ezrin couples the activation of protein
kinase A to the apical membrane remodeling associated with
parietal cell secretion (3, 7). In fact we have mapped the PKA
phosphorylation site on ezrin and demonstrated the impor-
tance of the phospho-regulation of ezrin in gastric acid secre-
tion (3). Using mouse genetics, Tamura (8) demonstrated that
knock-down ezrin in stomachs to <5% of the wild type levels
results in severe achlorhydria. In these parietal cells, H,K-
ATPase-containing tubulovesicles failed to fuse with the apical
membrane, suggesting an essential role of ezrin in tubulovesicle
docking. However, it is still not clear how ezrin links the apical
targeting of H,K-ATPase-containing tubulovesicle to the
remodeling of apical membrane and cytoskeleton during the
parietal cell activation.

Soluble N-ethylmaleimide-sensitive factor attachment pro-
tein receptors (SNAREs) are crucial for vesicle fusion. The three
SNARE proteins form a four-helical bundle, the SNARE complex,
which mediates membrane fusion (9). Our recent studies demon-
strate the functional significance of Stx3 (10), VAMP2 (11), and

®>The abbreviations used are: ERM, ezrin/radixin/moesin; AP, aminopyrine;
MEM, minimal essential medium; SLO, Streptolysin O; AFM, atomic force
microscopy; MBP, maltose-binding protein.
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SNAP25 (12) in the parietal cell exocytosis. Despite demonstration
of the functional importance of Stx3 in parietal cell secretion (13,
14), it is still unclear how Stx3 facilitates the docking tubulovesicu-
lar membrane at the apical membrane.

The crystal structure of a dormant ezrin FERM-tail complex
reveals that the FERM domain has three compact lobes includ-
ing an integrated PTB-PH-EVH fold, with the C-terminal seg-
ment bound as an extended peptide masking a large surface of
the FERM domain (15—17). Here we show that phosphorylation
of Ser-66 unfolds the three compact lobes of the FERM domain
and this conformational change enables association of Stx3
with ezrin. Thus, our study provides novel insight into the spa-
tial control of H,K-ATPase docking by phosphorylation-cou-
pled ezrin-Stx3 interaction in parietal cells.

MATERIALS AND METHODS

Isolation of Gastric Glands and Aminopyrine (AP) Uptake
Assay—Gastric glands were isolated from New Zealand White
rabbits as modified by Yao et al. (5). Briefly, the rabbit stomach
was perfused under high pressure with PBS (2.25 mm K,HPO,,
6 mm Na,HPO,, 1.75 mm NaH,PO,, and 136 mm NaCl) con-
taining 1 mm CaCl, and 1 mm MgSO,. The gastric mucosa was
scraped from the smooth muscle layer, minced, and then
washed twice with MEM buffered with 20 mm HEPES, pH 7.4
(HEPES-MEM). The minced mucosa was then digested with 15
mg of collagenase (Sigma). Intact gastric glands were collected
from the digestion mixture for 20 -25 min and then washed 3
times in HEPES-MEM. In all subsequent gland experiments
(AP uptake assay) glands were resuspended at 5% cytocrit (v/v)
in the appropriate buffer for final assay.

Stimulation of intact and Streptolysin O (SLO)-permeabi-
lized rabbit gastric glands was quantified using the AP uptake
assay as described by Ammar et al. (20). Briefly, intact glands in
HEPES-MEM were washed 2 times by settling at 4 °C in ice-
cold K buffer (10 mm Tris base, 20 mm HEPES acid, 100 mm
KCI, 20 mm NaCl, 1.2 mm MgSO,,, 1 mm NaH,PO,, and 40 mm
mannitol, pH 7.4). SLO was added to a final concentration of 1
pg/ml, and the glands (at 5% cytocrit) were mixed by inversion
and then incubated on ice for 10 min. The glands were then
washed twice with ice-cold K buffer to remove unbound SLO
whereas the permeabilization was initiated by incubating gland
suspension at 37 °C in K buffer solution containing 1 mm pyru-
vate and 10 mm succinate.

To evaluate the function of Stx3-ezrin interaction in
parietal cell activation, we generated recombinant deletion
Stx3'!'*” and Stx3'*"7'8° mutants in bacteria. Briefly, GST-
fusion ezrin and its mutants were expressed in BL21 (DE3) bac-
teria and purified as described (3). The fusion proteins were
then eluted in PBS containing 10 mMm glutathione and then
applied to a gel filtration column (Econ-Pac 10 DG; Bio-Rad) to
remove glutathione and exchange PBS buffer for K* buffer.
Protein concentrations were determined by the Bradford assay
(22).

Cell Culture and Transfection—Primary cultures of gastric
parietal cells from rabbit stomach were produced and main-
tained as described (3). Separate cultures of parietal cells were
transfected with plasmids encoding GFP-tagged wild type ezrin
and/or deletion mutants using Lipofectamine 2000 (Invitrogen)
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according to the manufacturer’s instructions. Briefly, 1 ug of
DNA was incubated in 600 ul of Opti-MEM (antibiotic-free),
whereas 6 ul of Lipofectamine 2000 was added and left at room
temperature for 25 min. The cultured parietal cells (~3% cyt-
ocrit; 6-well plates) were washed once with Opti-MEM. The
DNA-lipid mix was added to the plates and incubated for 4 h
followed by replacement of 1.5 ml of medium B. The trans-
fected cells were then maintained in culture at 37 °C until used
for protein expression, partition, immunoprecipitation, or
immunofluorescence.

Infection of culture parietal cells with adenoviral mCherry-
ezrin, mCherry-ezrin®*®*, and mCherry-ezrin®*°® was described
previously (11, 12, 22). The infection efficiency and level of var-
ious ezrin expression exhibit no difference.

Preparation of Gastric Subcellular Fractions—Gastric sub-
cellular fractions were prepared according to Yao et al. (5). All
fractionation procedures were performed under ice-cold con-
ditions. Briefly, the treated glands were rinsed once in homog-
enizing buffer containing 125 mm mannitol, 40 mMm sucrose, 1
mwm EDTA, and 5 mMm PIPES-Tris (pH 6.7) and homogenized
with a very tightly fitting Teflon pestle. The homogenate was
centrifuged to produce a series of pellets: PO, 40 X g for 5 min
(whole cells and debris); P;, 4,000 X g for 10 min (plasma mem-
brane-rich fraction); P,, 14,500 X g for 10 min; P;, 100,000 X g
for 60 min (microsomes); and S;, supernatant (cytosol). The
pellets were resuspended in medium containing 300 mm
sucrose, 0.2 mm EDTA, and 5 mm Tris (pH 7.4). The protein
concentration in each individual subcellular fraction was
assayed using bovine serum albumin as a standard (6).

Alffinity Purification of Ezrin and Phosphatase Treatment—
To characterize the histamine-elicited protein interaction
between ezrin and Stx3, anti-ezrin antibody 6H11 affinity
matrix was prepared as by Yao et al. (19). Briefly, the precipitate
of ascites containing 6H11 was dialyzed against distilled water
and 0.1 m HEPES, pH 8.0. The beads were gently mixed with
6H11 for 4 h at 4°C. The 6H11-coupled beads were washed with
PBS then incubated with 1 m ethanolamine, pH 8.0, for 1 h to
block excess un-reacted N-hydroxysuccinimide groups. The
affinity column was stored at 4°C in PBS containing 0.1% NaNj.
Before each run the column was washed with elution buffer and
re-equilibrated with PBS before applying gastric membrane
extracts.

The gastric membrane fraction from histamine-stimulated
preparation containing large organelles including apical plasma
membrane fragments enriched in ezrin was extracted with
extraction buffer containing 0.25% Triton X-100, 200 mm NaCl,
1 mm EGTA, 20 mm Tris-Cl, pH 7.4, and protease inhibitor
mixture (Sigma) on ice for 30 min and centrifuged at 20,000 X
g for 20 min. Aliquots of the supernatant were mixed by gentle
rotation for 2 h at 4 °C with affinity matrix coupled with anti-
ezrin antibody. To examine the protein interaction dependent
on ezrin phosphorylation, an aliquot of affinity matrix was
treated with A-protein phosphatase (Sigma) followed by two
washes to remove non-binding proteins. The proteins bound
on affinity matrix were then eluted with 0.2 m glycine, pH 2.3)
followed by 75% ethanol precipitation at —20 °C for 1 h. The
precipitated proteins were then reconstituted in SDS-PAGE
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sample buffer and subjected to electrophoresis and immuno-
blotting analyses.

Purification of Recombinant Ezrin Proteins—Recombinant
wild type ezrin together its phospho-mimicking (S66D) and non-
phosphorylatable (S66A) mutants were expressed in bacteria as
histidine-tagged fusion proteins exactly as previously described
(18). Purified ezrin was eluted with 250 mm imidazole and then
applied to a gel filtration column to remove imidazole. The fusion
protein was estimated to be 90—-95% pure judged by SDS-PAGE;
the major contaminants were degraded fragments of ezrin. Protein
concentration was determined by Bradford assay.

Sample Preparation, Imaging, and Data Processing—Purified
protein samples were diluted to 10 nm in Milli-Q water and
placed on ice. 10 pl of protein sample was added onto a mica
surface that had been pretreated with 10 mm spermidine. After
10 min the mica surface was gently washed with water and dried
by nitrogen gas. The AFM imaging was performed on Nano-
scope Illa (Digital Instruments) with a type E scanner under the
Tapping Mode™ in air at room temperature. The AFM probes
made of single silicon crystals with a cantilever length of 129
pm and a spring constant 33— 62 newtons/m (Olympus) were
used. Images were collected in height mode and stored in the
512 X 512-pixel format. The images obtained were then plane
fitted and analyzed by the computer program accompanying
the imaging module.

For the statistic analyses, 1 X 1-um images were captured
using the height mode in a 512 X 512 format. Thus, the AFM
imaging provides images with subnanometer resolution. By
measuring a contour length between two peaks of heads, we
were able to get length between two heads of a single molecule.

For quantitative analyses, fitted Gaussian curves were over-
laid on the histograms. The peaks of the distributions are indi-
cated (mean = S.D.). In general, >120 molecules per group
were analyzed from three independent preparations.

["*CJAP Uptake Assay—Stimulation of parietal cells was
quantified using the AP uptake assay as previously described
(19). Cells were transfected with siRNA 36 h before stimulation
of histamine and isobutylmethylxanthine (100 and 30 uwm,
respectively). AP uptake values were normalized among the
various preparations by expressing as a fraction of the stimu-
lated control.

Immunofluorescence Microscopy—For cytolocalization of exog-
enously expressed ezrin, cultured parietal cells were transfected
with wild type FLAG-ezrin and FLAG-ezrin phospho-mutants
(S66A and S66D) and maintained in MEM for 30~36 h. Some
cultures were treated with 100 uM cimetidine to maintain a resting
state; others were treated with the secretory stimulants 100 um
histamine plus 50 uMm isobutylmethylxanthine in the presence of
SCH28080, a proton pump inhibitor (3). Treated cells were then
fixed with 2% formaldehyde for 10 min and washed 3 times with
PBS followed by permeabilization in 0.1% Triton X-100 for 5 min.
Before application of primary antibody, the fixed and permeabi-
lized cells were blocked with 0.5% BSA in PBS followed by incuba-
tion of primary antibodies against ezrin (4A5) or FLAG (M2;
Sigma). The endogenous and exogenous ezrin proteins were
labeled by a rhodamine-conjugated goat anti-mouse antibody and
counterstained with GFP-Stx3. Coverslips were supported on
slides by grease pencil markings and mounted in Vectorshield
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(Vector). Images were taken on a Zeiss Axiovert-200 fluorescence
microscope using a 63 X 1.3 NA PlanApo objective. Figures were
constructed using Adobe Photoshop.

Confocal Microscopy—Immunostained parietal cells were
examined under a laser-scanning confocal microscope LSM510
NLO (Carl Zeiss, Jena, Germany) scan head mounted trans-
versely to an inverted microscope (Axiovert 200; Carl Zeiss,
Germany) with a 40 X 1.0 NA PlanApo objective. Single images
were collected by an average of 10 scans at a scan rate of 1
s/scan. Optical section series were collected with a spacing of
0.4 pwm in the Z-axis through the ~12-um thickness of the
cultured parietal cells. The images from double labeling were
simultaneously collected using a dichroic filter set with Zeiss
image processing software (LSM 5, Carl Zeiss). Digital data
were exported into Adobe Photoshop for presentation.

Western Blot—Samples were subjected to SDS-PAGE on
6~16% gradient gel and transferred onto nitrocellulose mem-
branes. Proteins were probed by appropriate primary antibodies
and detected using ECL (Pierce). The band intensity was then
quantified using a PhosphorImager (Amersham Bioscience).

RESULTS

Phosphorylation of Ezrin at Ser-66 Is Essential for Tubulo-
vesicle Translocation to the Apical Plasma Membrane—Stx3 is
present in the vesicular membrane fraction of gastric parietal
cells (10, 21) and translocates to the apical membrane during
parietal cell activation elicited by histamine (13, 20). In addi-
tion, ezrin is essential for tubulovesicle docking during parietal
cell secretion via phosphorylation of Ser-66 (22). To delineate
the molecular mechanism underlying the Stx3-mediated
recruitment of H,K-ATPase-containing membrane to the api-
cal membrane during the parietal cell activation, we performed
affinity purification of the ezrin complex from the apical mem-
brane-rich fraction from histamine-stimulated parietal cells. In
histamine-stimulated parietal cells, H,K-ATPase-containing
tubulovesicles are fused to the apical membrane as previously
described (3).

As predicted, ezrin was recovered from the affinity isolation
along with several major protein bands (Fig. 1A, lane 2).
Because ezrin phosphorylation at Ser-66 occurs in histamine-
stimulated parietal cell secretion, we sought to test if any of
those associated proteins are dependent on ezrin phosphoryla-
tion at Ser-66. To this end, ezrin complex on affinity matrix was
treated with A-protein phosphatase followed by two washes to
remove proteins liberated from ezrin dephosphorylation. As
shown in Fig. 1B, top panel, lane 3), the phosphatase treatment
eliminated ezrin phosphorylation at Ser-66 as judged by the
Western blotting using phospho-Ser-66 ezrin specific antibody
(second panel, lanes 2 and 3). Although the ezrin content
remained unchanged in response to the phosphatase treatment
(Fig. 1B, top panel, lanes 2 and 3), interestingly, the majority of
the accessory proteins associated with phosphorylated ezrin were
removed by phosphatase treatment (Fig. 14, lane 3). Western blot-
ting analysis confirmed that ACAP4, a protein bound to phos-
phorylated ezrin (22), is liberated from the affinity matrix after the
phosphatase treatment (Fig. 1B, third panel, lane 3). As predicted,
Stx3 is also liberated from the affinity matrix after the phosphatase
treatment (Fig. 1B, bottom panel, lane 3). As a control, tubulin
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FIGURE 1. Phosphorylation of ezrin at Ser-66 is essential for Stx3 and H,K-ATPase translocation to the apical plasma membrane. A and B, the plasma
membrane-enriched P1 fraction was extracted with TX-100, and the extract was incubated with ezrin antibody-conjugated beads as described under “Mate-
rials and Methods.” The beads were washed successively with PBS before eluting ezrin with 0.2 m glycine, pH 2.3. All samples were separated by SDS gel
electrophoresis. The proteins were either stained with Coomassie Blue (A) or transferred onto nitrocellulose membrane for Western blotting (B). Western blots
were probed with an anti-ezrin antibody (top panel), anti-Ser(P)-66 antibody (second panel), anti-ACAP4 antibody (third panel), anti-Stx3 antibody (fourth panel),
anti-PALS1 antibody (fifth panel), and anti-tubulin antibody (bottom panel).i.p.,immunoprecipitate; A PPase, A-protein phosphatase. C, this montage represents
confocal images collected from resting and secreting gastric parietal cells doubly stained for GFP-Stx3 (green), mCherry-ezrin (red), and their merged images.
Ezrin is mainly located in the apical plasma membrane of parietal cells (seen as rings) in a pattern suggestive of the apical plasma membrane invaginations that
form the intracellular canaliculi (b’). Labeling of Stx3 is mainly located in the cytoplasm of parietal cells as they associate with tubulovesicle (a’), whereas a lesser
degree of co-localization is seen in apical membrane. However, stimulation induces remodeling of the apical membrane, seen as a dilation of apical vacuoles
in the parietal cells (b’ and ¢’). Labeling of Stx3 is mainly located in the dilated apical vacuole membrane (c, asterisk), which is superimposed onto that of
mCherry-ezrin distribution in the Merge. Note that histamine treatment maximally stimulates the dilation of apical vacuole membrane of mCherry-ezrin®¢°P-
expressing cells but failed to dilate apical vacuole membrane of mCherry-ezrin®®®*-expressing cells (d’). Bar, 15 um. D, Western blotting analyses of ezrin, Stx3,
and H,K-ATPase (a-subunit) of subcellular fractions derived from resting (R) and stimulated (S) gastric glands. Note that stimulation enriches the protein levels
of H,K-ATPase and Stx3 in P, fraction. E, Western blotting analyses of ezrin, Stx3, and H,K-ATPase (a-subunit) of subcellular fractions derived from resting and
stimulated gastric glands infected with mCherry-ezrin adenovirus (wild type, ezrin®*®#, and ezrin®¢°P). F, quantification of the a-subunit of H,K-ATPase and Stx3
proteins from P, (plasma membrane-enriched) and P; (tubulovesicle-enriched) fractions. The measurements were expressed as P, /P ratio. All data are given
as the means = S.E. (error bars) of four preparations. Cit, cimetidine; His, histamine.

protein was not found in the ezrin immunoprecipitates, suggesting
that the ezrin immunoprecipitation recovered proteins relatively
specific for ezrin association.

To test if cellular distribution of Stx3 is responsive to the status
of ezrin phosphorylation at Ser-66, cultured parietal cells were
transiently transfect to express phospho-mimicking and non-
phosphorylatable ezrin tagged with mCherry. Although GFP-Stx3
is primarily localized to cytoplasm of ezrin-expressing cells (Fig.
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1C, a'), it becomes relocated to the apical plasma membrane in
response to histamine stimulation (Fig. 1C, ). Consistent with
our speculation, expression of phospho-mimicking ezrin>**" pro-
motes Stx3 translocation to the apical membrane in histamine-
stimulated parietal cells, whereas expression of non-phosphorylat-
able ezrin prevents the relocation of Stx3 to the apical membrane
(Fig. 1C, ¢'), suggesting that ezrin phosphorylation at Ser-66 is
functionally linked to Stx3 in parietal cell activation.
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Because parietal cell activation is hallmarked by the translo-
cation of H,K-ATPase from tubulovesicles to the apical mem-
brane, we sought to assess the translocation of H,K-ATPase and
Stx3 in non-phosphorylatable ezrin expression cells. To this
end culture rabbit parietal cells were stimulated with histamine
followed by subcellular fractionation and differentiated centri-
fugation as illustrated in Fig. 1D. A typical panel of Western
blotting of subcellular fractionation was shown in Fig. 1E in
which the histamine-stimulated relocation of an ~95-kDa
polypeptide from the tubulovesicle fraction of P3 to apical
plasma membrane fraction P1 was readily apparent (Fig. 1E, top
panel; the a-subunit of H,K-ATPase contains >1000 amino
acids but migrates as a band around 95-kDa due to its tight
association with heavily glycosylated B-subunit). Stx3 is also
redistributed to apical plasma membrane fraction P1 from the
tubulovesicle fraction of P3 upon histamine stimulation (Fig.
1E, middle panel). To test if ezrin>®°" in involved in Stx3-me-
diated H,K-ATPase docking, we performed the aforemen-
tioned fractionation experiment using cultured parietal cells
infected with adenoviral mCherry-ezrin (wild type, phospho-
mimicking mutant, and non-phosphorylatable mutant) for 8 h
followed by histamine stimulation. As shown in Fig. 1F, hista-
mine-stimulated translocation of H, K-ATPase and Stx3 in wild
type mCherry-ezrin-expressing cells exhibits an identical pro-
file seen in uninfected cells (e.g. Fig. 1E). Interestingly, hista-
mine failed to induce translocation of H,K-ATPase and Stx3 in
non-phosphorylatable but not phospho-mimicking ezrin>®°"-
infected cells, suggesting that ezrin phosphorylation at Ser-66 is
critical for Stx3 docking to the apical plasma membrane. To
quantify the translocation of Stx3 and «-subunit of H,K-
ATPase in response to histamine stimulation, we carried out
densitometric analyses of the a-subunit of H,K-ATPase and
Stx3 proteins from P; (plasma membrane-enriched) and P,
(tubulovesicle-enriched) fractions from resting and secreting
rabbit gastric gland preparations and expressed the value as
P,/P; ratio. Quantification of the a-subunit of H,K-ATPase
exhibits a characteristic translocation typically seen in hista-
mine-stimulated secreting parietal cells (20). Statistical analy-
ses from four different preparations demonstrate that Stx3
significantly translocates from cytoplasm to apical plasma
membrane fraction in a pattern similar to that of H,K-ATPase
in wild type and phospho-mimicking ezrin®**"-expressing cells
but not non-phosphorylatable ezrin3°**-expressing cells (Fig.
1F,*,p <0.001;**, p < 0.001 compared with those of cimetidine
treatment).® We reason that ezrin®*°® phosphorylation is
essential for translocation of Stx3 and H,K-ATPase to the apical
plasma membrane of secreting parietal cells.

Phosphorylation of Ser-66 on Ezrin Is Essential for Ezrin-Stx3
Interaction and Parietal Cell Acid Secretion—Our recent study
showed that phosphorylation of ezrin at Ser-66 enables its asso-
ciation with ACAP4, an ARF6 GTPase-activating protein
essential for acid secretion (22). To test if phosphorylated
ezrin®°®" physically interacts with Stx3, we carried out a pull-
down assay in which GST-fused Stx1-5 proteins on glutathione
beads were used as the affinity matrix to bind MBP-ezrin5®

¢ H. Yu, X. Ding, and X. Yao, unpublished observations.
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protein. As shown in Fig. 24, MBP-ezrin®°®" is only retained on
the agarose beads immobilized with Stx3 (lane 9; cyan arrow),
which was validated by an anti-ezrin Western blotting analysis
(bottom panel). To validate the specificity of Stx3-ezrin®**", we
carried out additional set of pulldown assays in which GST-
Stx3 on glutathione beads was used as an affinity matrix to
absorb purified recombinant protein MBP-ezrin®*°"®, MBP-
ezrin®®®* MBP-ezrin">*"", and wild type MBP-ezrin (lane 8).
As shown in Fig. 2B, only MBP-ezrin®*°" protein is bound on
GST-Stx3 beads (lane 6), whereas MBP-ezrin®®®* and MBP-
ezrin™®’P proteins remain in the solution (lanes I, 3, and 7),
suggesting that Stx3 binds to ezrin in a Ser-66 phosphorylation-
dependent manner.

The specific Stx3-ezrin®°® interaction in vitro suggests that
they may form a complex essential for acid secretion. To this
end we carried out ezrin immunoprecipitation using cell lysates
from histamine-stimulated parietal cells. As shown in Fig. 2C,
Stx3 forms a complex with ezrin in secreting parietal cells (lane
8). Immunoprecipitation of ezrin from non-secreting parietal
cell lysates failed to pull down Stx3, validating the physiological
relevance of ezrin-Stx3 interaction.

To map regions of Stx3 interacting with phospho-ezrin
we generated a series of deletion mutants of Stx3 fused with
GST (Fig. 2D). The GST-fused Stx3 and its deletion mu-
tants were used as an affinity matrix to bind histidine-tagged
ezrin®®°", As shown in Fig. 2E, the ezrin®*°" binding activity
was mapped to the Habc domain of Stx3 (lanes 3 and 4). If the
Habc domain of Stx3 interacts with ezrin upon its Ser-66 phos-
phorylation, the addition of an excess amount of Habc domain
would interfere the association of endogenous Stx3 binding to
ezrin and thereby inhibit parietal cell acid secretion. To test this
hypothesis, the recombinant Habc domain of Stx3 (Stx3'~'*"),
the linker region of Stx3 (Stx3'*"~'%%), and GST fusion protein
were added to SLO-permeabilized glands in the presence and
absence of CAMP/ATP as previously described (19, 20, 22). The
addition of GST or GST-Stx3'*"7'*° caused relatively small
changes in AP uptake (at most ~9% decrease), and there was
no dose-dependent inhibitory effect. In contrast, the Habc domain
caused a dose-dependent inhibition of acid secretion in SLO-per-
meabilized glands as measured by AP uptake. No significant inhi-
bition was noted at 1 ug of protein/ml, but 5 ug of protein/ml
caused a 27.3% reduction in acid secretion, and maximal inhibition
(79 —83%) occurred at 10 ug/ml (Fig. 2F). These experiments sup-
port the notion that the phospho-Ser-66-coupled ezrin-Stx3 inter-
action is required for parietal cell activation.

Single Molecule Imaging of Ezrin Unfolding in Response to
Ser-66 Phosphorylation—The crystal structure reveals that the
FERM domain has three compact lobes (15) in which Ser-66
resides. We speculate that phosphorylation of Ser-66 opens the
compact lobes, which enables its association with Stx3. To
probe the possible molecular conformation change of ezrin in
response to Ser-66 phosphorylation, we carried out atomic
force microscopic analyses using recombinant non-phosphory-
latable (S66A) and phospho-mimicking (S66D) ezrin proteins.
The recombinant proteins were produced in bacteria and puri-
fied to the homogeneity judged by SDS-PAGE (Fig. 3A). Fig. 3B
represents typical AFM images seen in S66D ezrin prepara-
tions, whereas a magnified image was shown in Fig. 3C.
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)
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FIGURE 2. Phosphorylation of Ser-66 on ezrin is essential for ezrin-Stx3 interaction and parietal cell acid secretion. A, phosphorylation of Ser-66 of ezrin
specifies its association with Stx3. Various GST-syntaxin proteins were purified on glutathione-Sepharose beads followed by incubation with MBP-ezrin®%°°, Beads
were washed and boiled in SDS-PAGE sample buffer followed by SDS-PAGE analyses of proteins bound to the beads. Western blotting analyses shown on the bottom
panel confirmed that Stx3 selectively binds to Ezrin®%P. B, Stx3 specifically binds to ezrin®**® but not ezrin>®, ezrin®**"?, or wild type ezrin. GST-Stx3 proteins were
purified on glutathione-Sepharose beads followed by incubation with MBP-ezrin®*¢, MBP-ezrin>¢**, MBP-ezrin®>¢"", or wild type ezrin proteins. Beads were washed
and boiled in SDS-PAGE sample buffer followed by SDS-PAGE analyses of proteins bound to the beads. R, resting; S, stimulated. C, Stx3 forms a cognate complex with
ezrin. Ezrin immunoprecipitation pulled down Stx3 from secreting parietal cells. D, diagram of Stx3 deletion mutants. NTD, N-terminal domain; TMD, terminal
transmembrane domain. £, mapping the domains of Stx3 responsible for ezrin®*°P binding. Note the Habc domain of Stx3 binds to ezrin>¢*P. F, Habc domain of Stx3
inhibits acid secretion in SLO-permeabilized gastric glands. Glands were SLO-permeabilized and incubated with various Stx3 deletion mutants before being stimu-
lated with 100 um cAMP plus 100 um ATP, and the AP uptake was measured as described under “Materials and Methods.” AP data are plotted as a percentage of the
stimulated control for each experiment. Error bars represent S.E.; n = 5. %, significant difference from stimulated controls (p < 0.001).

We obtained images of individual recombinant ezrin proteins
using scanning AFM as previously described (18). Scanning AFM
revealed overall elongated structures with different lengths and
heights. A crystallographic study shows that activated radixin
exists as a linear structure with globular domains at both ends (23).
As expected, a similar linear structure of ezrin was also enriched in
phospho-mimicking ezrin (S66D; Fig. 3C), indicating that a con-
formational change of ezrin associated with its phosphorylation at
Ser-66. The majority of ezrin®*®” protein exhibits a molecule
structure as one head followed by a short tail. Given the heteroge-
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neity, we measured the height of ezrin structures randomly
selected to make unbiased histograms based on the measurement
of 130 ezrin molecule structures. Our measurement indicates that
heights of ezrin®*®® molecules fall into two categories with a
majority of ezrin exhibiting a height of 0.48 nm (Fig. 3D; n = 136).
On the other hand, majority of non-phosphorylatable ezrin®***
molecule heights fall into one major category with an average of
0.54 nm (Fig. 3E; n = 125).

Our previous AFM study revealed an elongated structure of
open molecular structure of ezrin™®¢”" with an overall length of
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FIGURE 3. Phosphorylation-coupled ezrin molecule unfolding revealed by AFM analyses. A, recombinant ezrin®®®* and ezrin**°® proteins were

purified to homogeneity as determined by SDS-PAGE and stained by Coomassie Blue. B, AFM images of ezrin

566D molecule structures (low magnification

of broader view). Image size, 1000 X 1000 nm. C, magnified view of the inset in B. Bar, 100 nm. D, statistic histogram of single molecule height of
ezrin®®®, The major peak mean value is 0.48 nm, whereas a minor population show a mean height of 0.76 nm. Analyses were performed from a total of
136 measurements of three independent preparations. £, statistic histogram of single molecule height of ezrin®®®A, The major peak mean value is 0.54
nm. Analyses were performed from a total of 125 measurements of three independent preparations. F, statistic histogram of single molecule length of
ezrin®®°®, The major length mean value is 44.7 nm, whereas a minor population shows a height of 15.9 nm. Analyses were performed from a total of 125

measurements of three independent preparations.

45 nm for fully open the ezrin molecule and an average of 15 nm
for partially open the ezrin molecules (18). Statistic analysis
indicated the length of ezrin®¢°" falls into two populations with
majority length of 44.7 nm (Fig. 3F; n = 127), suggesting that
the majority of ezrin molecules become extended after phos-
phorylation at Ser-66. In contrast, the majority of ezrin®***
molecules exhibit as half-closed monomers with the length of
15.9 nm as previously described for non-phosphorylatable
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ezrin">®”* (18). Together with previous analyses, we propose
the phosphorylation of Ser-66 opens intramolecular N-C asso-
ciation and the three compact lobes of ezrin so its molecule
structure of ezrin®*°" becomes extended.

Because Stx3 binds to ezrin in a Ser-66-phosphorylation-de-
pendent manner, we reasoned that Stx3 recognizes a structure
domain in the three compact lobes that becomes exposed upon
Ser-66 phosphorylation. If this is indeed the case, incubation of
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FIGURE 4. Phosphorylation-coupled conformational change enables ezrin-Stx3 interaction. A, representative molecule structures of Stx3. B, statistic
histogram of single molecule mean height of Stx3. The major peak value is 0.32 nm from a total of 120 measurements of three independent preparations. C,
representative molecule structures of Stx3 mixed with ezrin®¢®®, Bar, 1 um. D, representative molecule structures of Stx3 mixed with ezrin°*®° from a different
preparation. Bar, 1 um. E, magnified single molecule structure of Stx3 incubated with ezrin>¢®, Bar, 100 nm. F, statistic histogram of single molecule height of

Stx3 incubated ezrin>°®P, There three major peak mean values: 0.34 nm (Stx3 alone), 0.59 nm (ezrin

566D alone), and 0.91 nm (Stx3-bound ezrin>¢®P). Represent-

ative magnified images were also shown from a total of 145 measurements of three independent preparations.

Stx3 with ezrin®¢°P but not ezrin®°** will result in an increase in

ezrin molecule height. To this end we measured 120 molecules
of Stx3 and revealed a major population mean height 0of0.32 nm
(Fig. 4, A and B). We next imaged and measured the heights of
Stx3 in complex with ezrin®*®”. Two representative low mag-
nification images of AFM were presented in Fig. 4, Cand D, and
magnified insets were presented in Fig. 4E. The majority of
molecules exhibited a typical structure as one head followed by
a short tail (Fig. 4E, a’, b’, and ¢'). In addition, a population of
molecule exists as a linear structure with globular domains at
both ends (Fig. 4E, d’, €', and f'). Our measurement of 135
randomly selected molecules indicates that heights of mole-
cules in the mixture of ezrin®*®® and Stx3 fall into three cate-
gories with a height of 0.34, 0.59, and 0.91 nm, respectively (Fig.
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4F). The height of 0.34 nm represents free Stx3 molecules,
whereas 0.59 nm represents the height of ezrin N-terminal
globular head. The highest measure of 0.91 nm represents the
binding of Stx3 on the top of N-terminal globular head. As a
control, our measurement of 181 randomly selected molecules
of ezrin®*** mixed with Stx3 indicates no major change in the
molecule height. Thus, we conclude that Ser-66 phosphoryla-
tion-induced conformation rearrangement of ezrin molecule
enables ezrin-Stx3 complex formation.

DISCUSSION

Docking, the stable association of secretory vesicles with a
specific zone of plasma membrane, is considered to be the nec-
essary first step before vesicles gain fusion-competence, but it is
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FIGURE 5. Working model illustrates the histamine stimulation signaling induces ezrin conformational change that enables the association of ezrin
with Stx3 and provides spatial cue for tubulovesicle translocation. In non-secreting parietal cells Stx3 resides on tubulovesicle and relocates apically upon
the histamine stimulation (7). Histamine stimulation induces PKA activation that phosphorylates ezrin at Ser-66 (2). Phosphorylation of Ser-66 elicits a confor-
mational change of ezrin (3), which promotes docking of Stx3 at the apical membrane (4) for subsequent fusion of H,K-ATPase-containing vesicles to the apical

membrane for proton pump (5).

unclear how vesicles dock in polarized secretion in response to
hormone stimulation. Ezrin has been found essential for an
array of dynamic membrane-cytoskeletal interaction underly-
ing cell migration, immunological synapse formation, and
polarized secretion (2, 24). Here we provide the first evidence
that ezrin interacts with Stx3 in a conformation-oriented man-
ner, and this interaction is essential for docking of H,K-ATPase
containing tubulovesicles to the apical membrane. Stx3 binds
to the extended three lobes of ezrin®°°P via its Habc domain,
which could allow its H3 domain to form SNARE at same time.
Thus, our data, therefore, provide direct evidence for a phos-
phorylation-coupled molecular switch of ezrin in orchestrating
secretory vesicle docking and perhaps anchoring SNARE dur-
ing regulated secretion in gastric parietal cells in response to
histamine stimulation (Fig. 5).

Gastric ezrin was initially identified as a PKA substrate asso-
ciated with parietal cell acid secretion (25). Both cellular and
animal experiments demonstrated the essential role of ezrin in
gastric acid secretion (8, 26). Our recent studies demonstrate
that ezrin couples PKA-mediated phosphorylation to the
remodeling of the apical membrane cytoskeleton associated
with acid secretion in parietal cells (3). However, knowledge of
how ezrin operates H,K-ATPase trafficking upon the parietal
cell activation by histamine stimulation has remained elusive.

The SNARE hypothesis holds that membrane fusion involves
the pairing of specific proteins in both the vesicle and target
membranes. Despite the great importance of Stx3 in parietal
cell acid secretion (12), the identities of the cognate partners
that form a complex with Stx3 at the apical plasma membrane
have remained elusive. Our present study shows that phospho-
Ser-66 provides a spatiotemporal cue for tubulovesicle mem-
brane trafficking to the apical membrane via a site-specific
phosphorylation-coupled ezrin-Stx3 interaction. It is worth
noting that ezrin is an interacting protein of the regulatory sub-
unit of PKA that is implicated in the apical localization of PKA
(27). Thus, the dynamic interaction between phospho-ezrin
and Stx3 established here (see illustration in Fig. 5) together
with a recently characterized ezrin-ACAP4 interaction (22)
may organize an apical signaling, docking, and anchoring com-
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plex that orchestrates vesicular membrane recruitment and
membrane cytoskeletal remodeling. Precise mapping of respec-
tive binding interfaces between the aforementioned proteins
will aid in delineating the molecular mechanisms underlying
polarity establishment and polarized secretion in gastric parie-
tal cells. In fact, the recent development of super-resolution
imaging-based delineation of protein-protein interaction inter-
face in live cells will enable us to consolidate the dynamics of
ezrin conformational changes and interaction with Stx3 illus-
trated in Fig. 5 into single parietal cell secretory dynamics (29).
In addition, this newly developed nanoscale visualization of
molecular dynamics will enable us to assess precisely the ezrin-
Stx3 interaction dynamics during parietal cell activation in
response to physiological stimuli and Helicobacter pylori toxins
(19).

Phosphorylation of ezrin has been functionally linked to
membrane dynamics and plasticity. Our previous study dem-
onstrated that phosphorylation of the conserved Thr-567 resi-
due of ezrin alters the physiology of gastric parietal cells (26)
and participates in hepatocarcinoma metastasis (30). We
recently established a protocol in which phosphorylation-me-
diated protein conformational change can be studied at the
single molecule level using AFM (18). Using this protocol we
correlated phosphorylation-induced conformational change of
ezrin-Thr-567 with its functional activity in cellular localiza-
tion. Using the same protocol, we show here that phosphory-
lation of ezrin at Ser-66 also unfolds ezrin intramolecular as-
sociation. Although Thr-567 phosphorylation retains the
N-terminal globular domain of ezrin half-folded (18), Ser-66
phosphorylation fully extends the ezrin molecule. Precise com-
parative analyses using photoactivation localization micros-
copy will provide a molecular illustration of phosphorylation-
elicited functional activation of ezrin and delineate how
phosphorylation-coupled protein conformational change is
used as a signaling mechanism orchestrating cellular dynamics.
Future work using a FRET-based sensor established for report-
ing substrate phosphorylation will help to illustrate the spatio-
temporal gradient of ezrin phosphorylation in histamine-elic-
ited parietal cell secretion and its relationship to the kinetics of
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proton secretion (28), which will prompt the delineation of sin-
gle molecule dynamics of polarized vesicle trafficking in gastric
parietal cells.

Taken together, the present work reveals that phospho-ezrin

interacts with Stx3 and specifies its apical localization. Finally,
we show that disruption of ezrin-Stx3 interaction blocks the
docking of the H,K-ATPase to the apical membrane and subse-
quent insertion of proton pump into the plasma membrane.
We propose that the phosphorylation-coupled conformation
change of ezrin provides a spatial control for H,K-ATPase
docking at the apical membrane of gastric parietal cells.
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