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Ezrin is a cyclic AMP-dependent protein kinase
anchoring protein

Daniel T.Dransfield, Alvin J.Bradford, the fusion of H/K-ATPase-containing tubulovesicles with
Jenetta Smith, Marianne Martin’, the intracellular canalicular target membrane (Fettel.,
Christian Roy', Paul H.Mangeat' and 1977; Sorokaet al, 1993). These structural changes

represent one of the largest reversible membrane—cyto-
skeletal rearrangements in eukaryotic cells. Several
Institute of Molecular Medicine and Genetics, Departments of investigations have demonstrated the histamine-induced
l\/;egicinej Surget;]y agd Cet"ul\ﬁ/lrtBioloon//A f? An?\zogyy 'I\/lgdictal C:”eget phosphorylation of both cytosolic and particulate sub-
O eorgla an e Augusta Veterans alrs Medical Center, Augusta, H H : .
GA 30912, USA andCNRS UMR 5539, University o Monmpeller,  Suics In gastric parietal cells (Chew and el
34095 Montpelier Ceclex 5, France only well-characterized histamine-stimulated phospho-
protein is ezrin, which co-localizes with both F-actin
filaments and the intracellular canalicular membranes
(Hanzelet al,, 1989, 1991). In this cell system, as in other
epithelial cells, ezrin is thought to play a major role as
both a membrane—cytoskeletal linker (Haneehl, 1991;
Algrain et al,, 1993) and a critical component in microvilli
biogenesis (Takeuchét al,, 1994; Berrymaret al., 1995).

While both type | and type Il cAMP-dependent protein
e i kinases (A-kinases) are present in gastric parietal cells,
'(ARQXPaﬁ\'A?gg (rigtr:%mr%tzogga%hy. The plu”f'?d 7?bklg_a the type | A-kinase is predominantly cytosolic, while the

) : gnized Dy monaclonal antitodies e |1 enzyme partitions into both cytosolic and particulate

against ezrin, the_canallcular a<_:t|n-gssomated protein. fractions (Corbinet al, 1977; Chew, 1985; Goldenring
Eae&zw:'r;?:é if)rtljrr]\ dprlgdu%eedcc;nmb?ggg'[ rsargix?r?”;ngr et gl., 1992). Chew (1985_) has demons'trated that e_Ievation
moesin. ezrin-related prléteins also bound R in blot of mtra}qellular CAMP activates cytoso_llc type | A-klna_se.
overlay’ Analysis of recombinént truncations of ezrin In addlt_|on, we hgve obseryed that stimulation of pgnetal
mapped the R, binding site to a region between amino cells Wllth histamine also mduqes dephosphqrylatlon of
acids 373 andI 439. This region contained a 14-amino- the par'uqulate regulatory subunit of type | A-k!nasq|IR

id hinathi —.h lical gt tive R bindi . (Goldenringet al, 1992). The dephosphorylation of;R
acid amphipathic a-helical putative i, binding region. recently has been correlated with dissociation of the type
A synthetic peptide containing the amphipathic helical Il holoenzyme and kinase activation (Diboeial., 1979).
region t.(dezr'n‘.‘gﬁ439 lblogkedtR.. b||r]d|ng t% ﬁ“t’?* bUtt Together, these data suggested that subcellular activation
a peptide with a leucineé 1o profliné substitution a of A-kinase in parietal cells might be regulated through
amino acid 421 failed to inhibit Ry binding. In mouse sequestration by specific A-kinase anchoring proteins
fundic mucosa, R, immunoreactivity redistributed (AKAPS) (Scott and Carr, 1992). More recently, we have
from a predominantly cytosolic location in resting characterized a 78 kDa AKAP (AKAP78) which was
parietal cells, to a canalicular pattern in mucosa from enriched significantly in gastric parietal cells (Dransfield
animals stimulated with gastrin. These results demon- o " "1 995y This AKAP distributed predominantly into
strate that ezrin is a major AKAP in gastric parietal a Triton X-100-insoluble fraction (Dransfiett al., 1995),
celI; and ma%/ function to tethelr tylpe Il A-kinase to a suggesting its association with the cytoskeleton. We have
[<eg|0n raear 1 ﬁ secretory Pa;nil'\/lcg lés' dent ki / now sought to isolate and identify AKAP78 from parietal

eywords anchoring protein/c -dependent kinase cells. The results indicate that AKAP78 is ezrin, a member

ezrin/gastric parietal cells of a family of actin-associated proteins.

James R.Goldenring?

2Corresponding author

cAMP-dependent protein kinase (A-kinase) anchoring
proteins (AKAPs) are responsible for the subcellular
sequestration of the type Il A-kinase. Previously, we
identified a 78 kDa AKAP which was enriched in
gastric parietal cells. We have now purified the 78 kDa
AKAP to homogeneity from gastric fundic mucosal
supernates using type Il A-kinase regulatory subunit

Introduction Results

Epithelial cells, by definition, segregate the components Isolation of gastric AKAP78

of their apical and basolateral domains in order to express Since AKAP78 was present in both particulate and cyto-
and maintain specialized functions at disparate surfacesolic fractions, we purified AKAP78 from 100 009
environments. The proper segregation of both second gastric fundic mucosal supernates, @dfimgtyRchro-
messenger systems and specialized membrane—cytomatography. Recombinant ,Rwas bound to cAMP-
skeleton complexes contributes, among other factors, to agarose resin, and the regudtifigitik resin was then
epithelial integrity and function. In the gastric parietal used to resolve gastric fundic mucosal supernates. Figure
cell, histamine stimulates an increase in cCAMP, leading 1 demonstrates that the majority of protein voidgd the R
to a marked morphological rearrangement, which elicits affinity column. However, most of the AKAP78 was
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Fig. 1. Purification of gastric AKAP78. Gastric fundic mucosal high
speed supernates from two rabbit fundi were chromatographed gver R
affinity resin. Upper panel: the majority of protein, as monitored by
Aogp voided the column. A sharp elution of protein was observed at
250 mM NaCl. No further elutions of protein were detectable at either
higher concentrations of NaCl or with 1 mM cAMP (data not shown).
Lower panels: Coomassie blue staining demonstrated, in comparison

with the unresolved gastric fundic mucosal supernate (S), a decrease in

the staining in the void fraction (V) for a 78 kDa protein, which was
eluted as an essentially homogeneous fraction with 250 mM NaCl (E).
Examination of $2P]R, binding to these three fractions also
demonstrated the loss of binding to AKAP78 in the void fraction with
elution of this protein in the 250 mM NaCl fraction. A minor 75 kDa
breakdown product was observed variably. Examination of the three
fractions for ezrin immunoreactivity showed a similar diminution of
ezrin immunoreactivity in the void fraction with enrichment into the
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Fig. 2. Binding of [}?P]R, to ERM protein constructs. Total extracts

of 10 000 Sf9 cells expressing full-length recombinant ezrin (E),
radixin (R) and moesin (M) were resolved on 8% SDS-PAGE gels
and either stained with Coomassie blue, or transferred to nitrocellulose
and probed with32P]R, in the absence or presence ofi! HT-31
peptide. Specific binding to all three ERM proteins that was inhibited
in the presence of HT-31 peptide was observed. The results are
representative of two separate experiments.

Monoclonal antibodies against ezrin documented the
presence of ezrin in the gastric fundic mucosal supernates,
with both a decrease in ezrin immunoreactivity in the void
fraction of the R affinity column and an enrichment of
ezrin immunoreactivity in the 250 mM NaCl eluate
paralleling the enrichment for |Rbinding (Figure 1).

250 mM NaCl fraction. The results are representative of three separate These results suggested that AKAP78 was indeed ezrin.

experiments.

retained on the resin, as evidenced by a decreaséAR;
binding to AKAP78 in the void fraction. Examination of

Ry, binding to ERM family members
Ezrin is a member of the Band 4.1 superfamily of
cytoskeletal proteins which also includes talin, merlin,

the eluted fraction on Coomassie blue-stained gels revealedadixin and moesin (Goulét al. 1989; Turuneret al,
an essentially homogeneous fraction containing a single 1989; Lankes and Furthmayer, 1991; Satoal, 1992).

78 kDa band. A minor band of ~75 kDa, which also

All of the Band 4.1 proteins contain significant homologies

bound R,, was observed variably and appears to be a in their amino-terminal regions, which have been implic-

breakdown product of the 78 kDa band. The 250 mM
NaCl eluate contained a marked enrichment in AKAP78
R, binding. Further elution of the resin with higher NaCl
concentrations up to 1.0 M failed to elute any othgr R
binding proteins, and no significant protein elution was
observed either byA,gy or Coomassie blue staining.
Additional elution of the column overnight with 10 mM
cAMP resulted in the elution of recombinanj Rdata not
shown), but no further AKAPs were co-eluted. In contrast
to the results obtained with the ;Raffinity column,

ated in membrane association (Arghal, 1994). Ezrin,
radixin and moesin represent a subfamily of proteins (the
ERM family) possessing a higher degree of homology
across their entire sequences (Satoal, 1992). We
investigated the capacity of recombinant human ezrin,
radixin and moesin produced in a Sf9 baculovirus expres-
sion system to bind3fP]R, (Figure 2). All three of the
recombinant ERM proteins bound, RPrevious studies
have shown that synthetic peptides containing amphipathic
a-helical R, binding motifs can block¥P]R, binding to

chromatography of gastric supernate over cAMP resin AKAPs (Carr et al, 1991, 1992a). One such peptide

retained <5% of the cytosolic ezrin (data not shown).
Ezrin which was retained on cAMP resin could be eluted
with either 250 mM NaCl or 1 mM cAMP. These results

containing the R binding region of the thyroid AKAP,
HT-31, binds with especially high affinity (Caet al,
1991, 1992a) and has been used to identify authentic

suggested that a small population of ezrin is associatedR;, binding proteins. We have reported previously that

with R;; in the cytosolic fraction.

Given the prominence of the eluted AKAP78 band, we
investigated the possibility that AKAP78 might be the
canalicular-associated protein, ezrin (Harziehl,, 1991).
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the HT-31 peptide inhibited R binding to AKAP78
(Dransfieldet al, 1995). A 1uM concentration of the
HT-31 peptide inhibited binding of*{P]R, to all three
ERM proteins (Figure 2).
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Fig. 3. Binding of [32P]R, to ezrin affinity resin. Ezrin affinity resin

was incubated with®P]R; (1) in the absence or (2) in the presence

of 1 uM HT-31 inhibitory peptide. The positions of molecular mass
standards (kDa) are noted at the left. The autoradiograph of adherent
proteins resolved on 10% SDS—PAGE gels demonstrates the inhibition
of [32P]R, binding to ezrin by the HT-31 peptide. The results are
representative of two separate experiments.

Binding of Ry to ezrin affinity resin

To confirm that the binding of Rto ezrin was not an
artifact of the electroblot overlay assay, we incubated
recombinant ezrin affinity resin witf4P]R,, in the absence
or presence of the HT-31 inhibitory peptide. Figure 3
demonstrates that}P]R, was retained on the ezrin affinity
resin. However, the HT-31 peptide significantly inhibited
the association of Rwith ezrin. These results, along with
those in Figure 1, demonstrate that &1d ezrin associate
under non-denaturing conditions.

Mapping the R, binding domain in ezrin

All three of the ERM proteins contain an amino-terminal
Band 4.1 homology domain (Satt al, 1992; Algrain

et al, 1993; Arpinet al, 1994; Martinet al, 1995). This

is followed by a region ofa-helix which, in ezrin and
radixin, is terminated by a polyproline domain. Following
the polyproline domain is a carboxy-terminal domain
which has been implicated in actin filament association
(Turunenet al, 1994). To map the region responsible for
R, binding, we investigated R binding to full-length

recombinant ezrin and to a series of ezrin truncations

Ezrin is a cAMP-dependent protein kinase anchoring protein
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Fig. 4. Binding of [*?P]R, to recombinant ezrin constructA) Total
extracts of 20 000 Sf9 cells expressing full-length recombinant ezrin
(A.1) six truncated constructs (indicated as A.2-7), chand 3

subunits of H/K-ATPase (H) and wild-type viral proteins (w) were
resolved on 15% SDS—-PAGE and transferred to nitrocellulose.

(B) Visualization of ezrin constructs with a combination of polyclonal
rabbit anti-ezrin antibodies. The Western blot demonstrates the
migration of all seven recombinant protein construc®. [¢2P]R,

overlay: the autoradiograph demonstratgsbiding to full-length

ezrin, ezrin,g_sge €Zrirk19_47g@Nd €zrin73_sgg Minor binding to some
proteolytic fragments was also noted. This pattern of binding to the
truncated constructs mapped the binding site to between amino acids
373 and 478. No binding was observed either in the Sf9 extract
containing thea andp subunits of H/K-ATPase or in the extract from
cells infected with wild-type baculovirus. The results are representative
of two separate experiments.

ezrin, a series of recombinant carboxy-terminal truncations
were constructed ifEscherichia coli(Figure 5). In both
purified GST fusion proteins and cleaved recombinant

produced in a Sf9 baculovirus expression system. Figure proteins, R binding was observed in ezkinizg €zrin_sge

3 summarizes the results of binding to these constructs.

R, binding was observed in full-length recombinant ezrin
and a carboxy-terminal truncation (ezfigLsggd, but no
binding was observed in the amino-terminal fragment
(ezrin_319. Similar results were obtained in full-length,

and ;egginbut not in the shorter truncations,
ezrin_sge €Zrin_sgsand ezrin_so3 No binding of f2P]R;
to the GST polypeptide was observed following cleavage
of the fusion proteins (Figure 5). These results, in combina-
tion with the binding to the Sf9 truncations, map,the R

amino and carboxyl truncations of ezrin expressed as GSThinding region to between amino acids 373 and 439.

fusion proteins in a prokaryotic expression system (data

Since previous investigations have suggestgd that R

not shown). Further carboxy-terminal truncations mapped association with AKAPs is mediated through an amphi-

the R, binding to the region of predictea-helix between

pathia-helical domain (Caret al, 1991), we examined

amino acids 373 and 478 (Figure 4). These results sug-the region between amino acids 373 and 439 for a putative

gested that the Rbinding region was situated within
the ezrina-helical domain. No binding of3fP]R, was

demonstrated to the recombinant subunits of the H/K-

ATPase (Figure 4), supporting the specificity of the inter-
action of R, with a discrete component of the parietal
cell secretory machinery, ezrin.

To define further the region responsible fgriitnding in

yRbinding site. Figure 6A depicts the helical wheel
analysis of a putative amphipathic 14-amino-acid sequence
between amino acids 417 and 430. While AKAPs in
general have little sequence homology across their entire
sequences, significant homologies have been noted in their
R, binding regions (Scott and McCartney, 1994). A
comparison of the region spanning thg Bnding motif
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Fig. 5. Binding of [*?P]R, to carboxy-terminal truncations of ezrin.
Purified recombinant truncations as GST fusion proteins (GST—ezrin)
or after cleavage of the GST extension (ezrin) were separated

on 8% SDS—-PAGE gels (1, ezfingg 2, ezrin_sog 3, €zrin_4»3

4, ezrin_43g 5, ezrin_sg¢ 6, €zrin_sg). (A) Coomassie blue-stained
gel of proteins. The position of the GST cleavage product is noted at
the right. Ezrin_43grepeatedly demonstrated a slightly higher mobility
than predicted.R) Ezrin immunoblot. Proteins were transferred to
nitrocellulose and probed with a combination of anti-ezrin polyclonal
antibodies. Ezrin immunoreactivity coincided with the Coomassie blue
staining bands observed in (AXC) Binding of [32P]R,. Proteins were
transferred to nitrocellulose and probed witRH]R,. Only the three
largest ezrin constructs boung, RThe results are representative of
two separate experiments.

of ezrin with analogous regions from MAP2, HT-31
and AKAP79 (Figure 6B) shows significant homologies
throughout the sequence.

As noted above, peptides constructed against the amphi-

pathic helical regions of AKAPs can inhibit;Roinding

to native AKAPs. The HT-31 amphipathic helix peptide
inhibited R, binding to purified gastric AKAP78/ezrin
(Figure 6C). We synthesized a 30-amino-acid polypeptide
encompassing the predicted ezrin amphipathibelix
(ezrinygg_s3g. Figure 5C demonstrates that ezfiglsss
could block all R, binding to purified gastric ezrin (§g=

30 puM). While the 1G for ezrinyg_s3sWas higher than
that for the HT-31 peptide, this figure is similar to
inhibitory concentrations for other AKAP Rbinding
domain peptides (Caat al., 1992b). In addition, previous
studies have also demonstrated that disruption of the
amphipathic helical region with leucine to proline substitu-
tions abolishes [Rbinding. We, therefore, tested the ability
of a synthetic ezrigg_s3gpeptide with a leucine to proline
substitution at amino acid 421 (ez#g_s3g1>p) 10 inhibit

R, binding to purified gastric AKAP78/ezrin (Figure 6).
While 60uM ezrinygg_szgcompletely inhibited R binding,
ezringg_a3g>p failed to inhibit at concentrations of up to

100uM. These data support the presence of an amphipathic
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a-helical R, binding site in a specific region of the ezrin
a-helical domain.

Localization of Ry, in parietal cells

To investigate the localization of Rn parietal cells, we
developed a polyclonal rabbit antiserum against recombin-
ant murine R. In Western blots, the polyclonal antibodies
recognized a single 55 kDa species in murine fundic
mucosa which co-migrated with recombinant muring R
(Figure 7).

The polyclonal antibodies were used to study the
localization of R, in parietal cells from vehicle-treated
and gastrin-stimulated mice. Strong staining for Was
observed in mouse parietal cells in a punctate pattern
throughout the cell (Figure 8a). No staining of parietal
cells was observed with pre-immune serum (data not
shown). Double labeling of F-actin with bodipy-phallaci-
din demonstrated scattered areas of overlap. Only occa-
sional parietal cells in vehicle animals also showed co-
localization of R, and these were found predominantly
near the tops of glands (data not shown). In gastrin-
stimulated animals, many parietal cells exhibited co-
localization of R, and bodipy-phallacidin staining (Figure
8d—i). No labeling was observed in the nuclei of parietal
cells from either vehicle or gastrin-treated animals. These
data suggested an association gf With the secretory
canaliculus, at least in stimulated parietal cells.

Discussion

In many cellular systems, type Il A-kinase is sequestered
in specific regions of the cell. This compartmentalization
may regulate the spatial and temporal access of the kinase
to specific substrates as well as to its activator, CAMP.
Investigations over the past several years have pointed to
the presence of a diverse group of AKAPs which are
responsible for immobilizing type Il A-kinase in discrete
particulate fractions in association with either membrane
organelles or the cytoskeleton (Scat al, 1992). In
gastric parietal cells, histamine, through the elevation of
intracellular cAMP, stimulates the fusion of intracellular

oriented intracellular canalicular target membrane system
(Foee al, 1981). In parietal cells, we previously
have provided evidence that elevations in cAMP lead to
dephosphorylation of irR particulate fractions
(Goldenringet al, 1992). These studies had suggested an
association of type Il A-kinase with the intracellular
canalicular membranes. In addition, our preliminary
investigations demonstrated an association of the major
parietal cell AKAP, AKAP78, with the Triton X-100
cytoskeleton (Dransfielet al, 1995). The present results
indicate that R relocates to the secretory canaliculus

during stimulation of parietal cells. These data provided

further support for the association of the type Il A-kinase
with the canalicular membrane, which is intimately associ-
ated with a dense F-actin cytoskeleton (Hanetlal,
1989; Sorokat al., 1993). The present studies demonstrate
that AKAP78 is ezrin, the actin-associated protein which
is highly enriched in the F-actin cytoskeleton underlying
the parietal cell canaliculus. Thus, ezrin may anchor the
type Il A-kinase into the critical zone for regulated

tubulovesicles containing H/K-ATPase with an apically
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Fig. 6. Analysis of the putative Rbinding, amphipathi@-helical region of ezrin.A) Helical wheel analysis of the ezrin amino acid sequence
between 373 and 478 demonstrated a single 14-amino-acid region which displayed a putative amphipeltbad structure. *L indicates the
position of the leucine to proline substitution which disrupts the amphipathic hBjxTlfe putative R binding region of ezrin was compared with
analogous regions from MAP-2, HT-31 and AKAP79. Positions of significant ezrin homology with other AKAP sequences are designated with
asterisks (*). Positions of identities with the ezrin sequence are noted in )Ido(analyze the amphipathi-helical structure, purified gastric
AKAP78/ezrin was resolved on 8% SDS—-PAGE gels and transferred to nitrocellulose. Strips of electroblpty(e0 AKAP78/ezrin protein) were
incubated with $2P]R, in the absence of blocking peptide (0) or in the presence jofI1HT-31 peptide or ezrigyg_s3gpeptide (EZpep) in
concentrations of 20, 30 and 0. The HT-31 peptide abolished binding to AKAP78. Ezgg 43gpeptide blocked binding to ezrin with an
approximate 1Gg of 30 uM. The results are representative of four separate experim@jt®isruption of thea-helical domain with a leucine to
proline substitution. A synthetic peptide with a leucine to proline substitution at amino acid 421 ipgygzAg(ezringgg_s3g>p) Was constructed.
Strips of electroblot (~0.5ig of AKAP78/ezrin protein) were incubated witf?P]R, in the absence of blocking peptide (1), in the presence of
60 UM ezringgg_43g(2) or in the presence of 60M ezringgg_43g>p (3).- Ezrinygg_s3g>p failed to inhibit binding to AKAP78/ezrin. The results are
representative of three separate experiments.

fusion of intracellular vesicles with the canalicular target 1 2
membranes.
A great deal of study has focused on the functions of 87
the amino and carboxyl domains of ezrin. The Band 4.1
homology region has been implicated in the association 50- - ‘Rll
of ezrin with membrane surfaces. In particular, recent v
investigations have suggested that, in some systems, the 334
ezrin interacts with the ubiquitous cell surface glyco-
protein, CD44 (Tsukitat al, 1994). The carboxy-terminal
region of ezrin has been implicated in the association of kDa
ezrin with F-actin filaments. Ezrin may interact preferen-
tially with F-actin filaments containing b-actin (Yaat al,, Fig. 7. Characterization of polyclonal anti-muring; RThe rabbit

1995). While co-localization of ezrin with actin filaments Polyclonal antiserum raised against recombinant muripg6000)

has been noted in a number of systems (Hamtahl, (% o0 2 D e e cgenates of murine
1991; Algrainet al, 1993; Arpinet al, 1994; Martinet al,, fundicg mucosa (20@19). Specificplabeling was detecgt]ed with

1995), the exact nature of the ezrin—F-actin interaction is horseradish peroxidase-coupled secondary antibody and enhanced
controversial. Turuneret al. (1994) have supported a chemiluminescence. The positions of molecular mass standards (kDa)
direct association of ezrin with F-actin through its terminal g[)‘?sgr‘\)/teeg iﬁ‘;:“fugt% lﬁ] ;‘2%‘3 Sgsg?,‘;‘h'i;”hmgongi‘zﬁg’g Vt\’,ﬁﬂd was

35 amino acids, W_h”(? other StUle_S (Sh_USter an_d Herman’recombinant murine R The results are representative of two separate
1995) suggest an indirect association with F-actin. Several experiments.

investigations also suggest that the amino- and carboxy-

terminal regions interact to regulate their respective activi-

ties. Martin et al. (1995) have demonstrated that the The present studies suggest tbate¢heal region of
ezrin amino-terminal domain inhibits the capacity of ezrin contains a domain for association with type Il
the carboxy-terminus to induce cellular extensions. This A-kinase. Both recombinant radixin and moesin also

inhibition may, in part, stem from a capacity of the protein bound R,. Since the R binding to all three ERM proteins
to form head-to-tail homodimers (Gary and Bretscher, was inhibited by the HT-31 amphipathic helix peptide,
1993, 1995; Andreolet al., 1994). anchoring of A-kinase may be a general property of the
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Fig. 8. Localization of R, in murine gastric parietal cells. Polyclonal antibodies agains{IlR6000) were used to stain sections of murine fundic
mucosa from vehicle-treated mica—€) and mice stimulated with gastrim<i). R, staining was detected with Cy5-rabbit 1gG (a, d and g). All
sections were double labeled with bodipy-phallacidin (b, e and h) to detect F-actin which underlies the secretory canaliculus. Anaglyph
superimpositions of the double-staining patterns are shown in (c), (f) and;,(3ofocalization with F-actin lining the secretory canaliculus is
observed prominently in parietal cells from animals stimulated with gastrin (f and i). The results are representative of four separate experiments.
Bar = 20 um.

ERM proteins. Our results have delineated a specific the elution of cytosolic ezrin fioaffiRity resin with
putative amphipathia-helical region in ezrin between 250 mM NaCl suggests that it has a lower affinity than
amino acids 417 and 430. The requirement fordHeelix many previously described AKAPs (Scott and McCartney,
in binding is confirmed by the inability of the proline- 1994). While these studies focused on soluble ezrin
substituted ezrin peptide (ezfifd_szg>p) to block R, isolated following homogenizatiorin situ most of the
binding to ezrin. Since the amphipathichelix peptide ezrin in parietal cells is associated with the F-actin
from HT-31 associates with the amino-terminus qf R cytoskeleton (Sorokat al,, 1993). Mandel and colleagues
(Carr et al, 1991; Carr and Scott, 1992), its ability to (Chenet al, 1994) have observed that dephosphorylation
block R, binding to ezrin indicates that ezrin also binds of ezrin during renal hypoxia correlates with dissociation
to the same AKAP association domain. The specificity of ezrin from cortical actin filaments. Post-translational
and structural basis for the interaction of ezrin with R modifications in cytoskeletally associated ezrin might alter
was established by the analysis of recombinant truncationsaffinities for R,. Since terminal truncations of ezrin can

and binding inhibition with synthetic peptides spanning bind 8merization of ezrin is not required. Neverthe-
the putative amphipathia-helix. Although these studies less, it is not clear whether dimerization could inhibit
indicate that ezrin is the major AKAP in parietal cells, binding or whether binding,ot&uld inhibit dimeriz-
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ation. Association with non-dimerized or phosphorylated Cole Parmer Master Servodyne homogenizer and sequentially centrifuged

ezrin might result in altered affinities for the interaction at ®0. 1000, 10 000 and 100 0@dto prepare four particulate pellets
of R with ezrin and a final high-speed supernate fraction.
1l .

In addition to its established role as a membrane—actin purification of gastric AKAP78
bridging protein, several studies have suggested importantRecombinant R produced in BL21(DE3)pLysS bacteria possessing an
interactions between ezrin and second messenger Systemﬁll'pETlld expression plasmid (a gift of Dr John Scott, Vollum Institute,

. Portland, OR) was purified by cAMP affinity chromatography. Fgr R
Bretscher (1989) demonstrated that epldermal growth affinity chromatography, Rwas not eluted from 0.5 ml of CAMP resin

factor (EGF) stimulated the phosphorylation of both tyro- ang, after extensive washing in butfer containing 1 M NaCl, the column
sine and serine residues on ezrin, in concert with its was equilibrated in 50 mM HEPES, pH 7.4 with the previously noted
stimulated recruitment into zones of membrane ruffling in protease inhibitors (Equilibration buffer). Gastric supernates from two

_ ; ; ini ; -~ rabbit stomachs were passed over the column and, following extensive
A-431 cells. Histamine elicits the phosphorylation of ezrin washing with Equilibration buffer with monitoring ofygp the column

In situ In pa”etal _C_e”s on Se!"ne reS|due_s (Urushldanl was washed sequentially with Equilibration buffer containing 250 mM,
et_a|-, :!-989)-_”1 addition, EGF St'mmates_ezrln thSphoryl- 500 mM and 1 M NacCl, followed by an overnight incubation in the
ation in parietal cells on a serine residue distinct from presence of 10 mM cAMP. Fractions of 1 ml were collected.
that phosphorylated in response to histamine (Whitne

P phory P ( y Ry overlay

etal, 1990)' While tyrosine phosphorylatlon Of. ezrnin 3%p_Labeled R was used for the overlay procedure. Recombinapt R

A-431 cells appears to_be due to phosphorylation by the was phosphorylated by incubation with purified bovine A-kinase catalytic

EGF receptor tyrosine kinase (Bretscher, 1989), the kinasessubunit and{-32P]ATP, as described previously (Dransfieidal., 1995).

responsible for serine phosphorylation are as yet unclear.Gastric prltlﬁleins Velgrze r6)80|ved .02 8% T(E)JOS—P:GE gels arlld traglsferred

it i . to nitrocellulose (0.2um) overnight at mA. Protein electroblots

In addl.tlon tO_ ItS.Status as a substrate for protein Ifmases’were blocked with 5% non-fat dry milk, 0.1% bovine serum albumin

recentinvestigations have demonstrated that alftt®ling  gsa)in 25 mM Tris—HCI, pH 7.5, 150 mM NaCl, 0.05% NalBlotto)

site |s_conta|ned within 'ghe first 309 amino amds of ezrin for 16-24 h at 4°C prior to the addition o#?P]R, (100 000 c.p.m./ml

(Niggli et al, 1995). While the status of ezrin as a target Blotio, supplemented with 5 mM benzamidine)rfd h at room

for protein phosphorylation is well established, the present femperature. Following five 15 min washes in Blotto, binding was

data represent the first indication that ezrin, as well as \/Sualized by exposure of blots to a Phosphorimaging screen (Molecular

other ERM proteins, directly associates with a specific Dynamics, Sunnyvale, CA).

protein kinase. Thus, ezrin may serve to sequester type |l Recombinant protein constructs

cAMP-dependent protein kinase within critical sub-apical Recombinant baculoviruses coding for human ezrin, ezrin truncations

membrane domains providing for specific localization of and rat H/K-ATF’ase were utilized as prewqusly described (Martln and

A-kinase action within epithelial cells. Such regionaliz- “angeat 1994 Martiiet al. 1995). New ezfin constructs (624i3-azs
e . p - : . g ezrim_gzjpand ezrin_z;39 and viruses coding for human radixin (carboxy-

ation in parietal cells to the intracellular canaliculus would  tagged with 11 amino acids of the vesicular stomatitis virus glycoprotein

position A-kinase in the zone where membrane fusion and G) and moesin (with amino acids 1-11 deleted) were obtained using

recycling are thought to be regulated by elevations of similar prolocols (Martin and Mangeat, 1994; Maréinal, 1995). fotal

: - _ extracts from cells expressing the various recombinant proteins were

g]rgﬂgeljlljusl%rnCaAr:\ng:’eﬁ)l;[?l?nug??lyvgftilgs?:((:ggte:a,l tq% gj‘jm resolved on SDS—PAGE and transferred to nitrocellulose for 100 min at

- 0.8 mA/cn? in a semi-dry apparatus.
is still in dispute and has been challenged recently by an Carboxy-terminal truncations of ezrin were prepared as prokaryotic
alternative mechanism involving an expansion of the recombinant proteins. The subcloning of full-length human ezrin cDNA

secretory membrane (Pettﬁ!t al 1995) Nevertheless into pGEX-2T vector was described previously (Andrealial., 1994).
N : ! Carboxy-terminal deletions were obtained using the double-stranded

n bo_th mechanisms proposed, ezrin phOSphoryle‘,t'on IS hested deletion kit from Pharmacia. The ezrin-containing pGEX-2T
considered a key factor for membrane reorganization vector was cleaved witfEcoRl, blunted with thio-dNTPs and cleaved
during parietal cell stimulation. In other epithelial cells, with Esd. Exonuclease Ill was then added and the reaction was stopped
sequestration of A-kinase by ezrin might provide for €very 30 s for 10 min. After nuclease S1 action, filling-in with the

e : _Klenow DNA polymerase fragment and overnight ligation, DNA was
SpeCIfIC regl'”atlon of plasma membrane pumps and chan transformed into TG1 bacteria. Randomly picked clones were grown

nels located in the proximity of sub-plasmalemmal F-actin. overnight in LB medium, induced for 1 h with 0.5 mM IPTG and
Thus, ezrin may not only link plasma membrane with the analyzed by Western blotting for protein expression after adsorption of

cytoskeleton, but also act as a nidus for the localization the bacterial lysate to glutathione-agarose. Antibodies against the ezrin
i moiety or the GST part of the fusion protein were used to select clones
of critical regulatory enzyme systems. according to their relative mobility in SDS—-PAGE. Selected clones were

sequenced using the T7 Sequenase version 2.0 (Amersham). The full-
length ezrin used its own stop codon. The pGEX-2T vector which

Materials and methods contains stop codons in all three reading frames provided the stop codon
. for the truncated proteins. As a consequence, 2—7 additional amino acids
Materials encoded by the vector were added after the carboxy-terminal deletion site.

[y-32P]JATP was purchased from New England Nuclear (Boston, MA).

New Zealand White rabbits (2-3 kg) were purchased from Shelton’s Association of Ry with ezrin under non-denaturing
Bunny Barn (Waverly Hall, GA). A-kinase catalytic subunit was pur-  ¢onditions

chased from Promega (Madison, WI). All other reagents were from GST_ezrin was purified fronE.coli as described by Andreokt al.

standard suppliers and were of the highest purity available. (1994). After extensive dialysis against 100 mM NaHC®5 mg of

fusion protein was coupled overnight at 4°C to 6 ml of CNBr-
Gastric mucosal fractionation activated Sepharose 4B (Pharmacia) according to the manufacturer’s
Scraped fundic gastric mucosa from the rabbit was minced and diluted recommendations. After blocking of free sites and washing, the resin
10-fold (v/v) with homogenization buffer (buffer A) in (mM): mannitol was stored in phosphate-buffered saline (PBS) with 0.05% sodium azide.
(113), sucrose (37), EDTA (0.4), MES (5), pH 6.7, containing benzamid- Ezrin affinity beads were blocked with 1 mg/ml BSA in PBS (BSA-
ine (5), AEBSF (0.1), 0.5 mg/ml leupeptin, 0.2 mg/ml chymostatin, PBS) for 1 h at room temperature. Thirgyl of affinity resin was
0.2 mg/ml pepstatin, 0.5 mg/ml soybean trypsin inhibitor and 1.4 TIU incubated with 250 000 c.p 8 [in 1 ml of BSA-PBS for 1 h
aprotinin. The tissue samples were homogenized in a Potter Teflon-on- at room temperature with constant gentle agitation. Incubations were
glass homogenizer by five up and down strokes at 300 r.p.m. with a performed in the presence or absphtel®f3ll peptide. Following
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the incubation, the beads were washed four times in 0.5 ml of PBS and accounting for its proposed role as a membrane—cytoskeletal linker.
adherent proteins were removed with boiling 1.5% SDS stop solution.  J. Cell Biol,, 120 129-139.

Proteins were resolved on 10% SDS-PAGE gels, and dried gels were Andreoli,C., Martin,M., Le Borgne,R., Reggio,H. and Mangeat,P. (1994)
exposed to Phosphorimaging screens (Molecular Dynamics, Sunnyvale, Ezrin has properties to self-associate at the plasma memkira@ell

CA) for 1 h. Sci, 107, 2509-2521.
i Arpin,M., Algrain,M. and Louvard,D. (1994) Membrane—actin
Immunoblotting microfilament connections: an increasing diversity of players related

For the detection of ezrin, proteins were resolved on 8% SDS-PAGE  to band 4.1Curr. Opin. Cell Biol, 6, 136—141.

gels and transferred to Immobilon P (Millipore, Bedford, MA). The  Berryman,M., Gary,R. and Bretscher,A. (1995) Ezrin oligomers are
blots were blocked for 1 h at room temperature with 5% non-fat dry  major cytoskeletal components of placental microvilli: a proposal for
milk in 25 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.05% NaN5% their involvement in cortical morphogenesid. Cell Biol, 131,
Blotto). The blots were then probed in 3% non-fat dry milk in 25 mM 1231-1242.

Tris—HCI, pH 7.5, 150 mM NaCl, 0.05% NaNO0.05% Tween-20 (3%  Bretscher,A. (1989) Rapid phosphorylation and reorganization of ezrin
Blotto) for 2 h atroom temperature with a monoclonal antibody against and spectrin accompany morphological changes induced in A-431
ezrin (4C4; 1:2000; a gift from Dr John Forte, University of California, cells by epidermal growth factod. Cell Biol, 108 921-930.

Berkeley). The antibody is specific for ezrin, and does not detect either carr b W. and Scott,J.D. (1992) Blotting and band-shifting: techniques
radixin or moesin. For detection of recombinant ezrin protein constructs, ¢y studying protein—protein interactiongrends Biochem. Sgil7,

blots were probed with a mixture of polyclonal anti-ezrin antibodies 246-249.
(predominantly anti-carboxy-terminal domain) and anti-ezf{, as Carr,D.W., Stofko-Hahn,R.E., Fraser,l.D., Bishop,S.M., Acott,T.S.,

previously described (Andreddi al., 1994). After the primary incubation, Brennan,R.G. and Scott,J.D. (1991) Interaction of the regulatory
the blots were washed three times for 15 min each with 3% Blotto and subunit (R,) of cAMP-dependent protein kinase with,fnchoring

then incubated with horseradish peroxidase-conjugated goat anti-mouse proteins occurs through an amphipathic helix binding matifBiol.

1gG (1:5000) fo 1 h atroom temperature. The blots were finally washed Chem, 266, 14188-14192.

three times for 15 min each with 3% Blotto and immunoreactivity Was ~5.r D.\W.. Hausken.Z.E.. Fraser 1.D.C.. Stofko-Hahn R.E. and Scott.J.D.

detected with chemiluminescence (Renaissance, NEN) and autoradio- (1§92a)' Association of the tybe I (;AMP—depend’ent protein kinase

graphy. with a human thyroid R-anchoring proteinJ. Biol. Chem 267,
13376-13382.

Carr,D.W., Stofko-Hahn,R.E., Fraser,|.D.C., Cone,R.D. and Scott,J.D.
(1992b) Localization of the cAMP-dependent protein kinase to the
postsynaptic densities by A-kinase anchoring proteins: characterization
of AKAP79. J. Biol. Chem, 267, 16816-16823.

Chen,J., Doctor,R.B. and Mandel,L.J. (1994) Cytoskeletal dissociation
of ezrin during renal anoxia: role of microvillar injurgum. J. Physial
267, C784—C795.

Chew,C.S. (1985) Parietal cell protein kinases: selective activation of
the type | cAMP-dependent protein kinase by histamide Biol.

AKAP peptide competition

HT-31 peptide, ezrifyg_s3gpeptide (DQIKSQEQLAAELAEYTAKIAL-
LEEARRRK) and ezriggg_43g1>p (DQIKSQEQLAAEPAEYTAKIALL-
EEARRRK) were synthesized as free acids by the University of Georgia,
Athens Peptide Synthesis Core Laboratory. Peptides were dissolved
(1 mM) in distilled water. For peptide competition experimentdP]R,

was pre-incubated for 30 min either in the absence or presence of
different concentrations of competitive peptide, prior to its addition to
strips of electroblots of purified gastric ezrin.

Ry antibodies Chem, 260, 7540-7550.

A polyclonal antiserum against recombinant muring viRas developed Chew,C.S. and Brown,M.R. (1987) Histamine increases phosphorylation
in New Zealand White rabbits. To verify the specificity of the antiserum, ~ 0f 27- and 40-kDa parietal cell proteingm. J. Physial 253
Western blots of recombinant,Rand homogenates of mouse gastric G823-G829.

mucosa were probed at a 1:6000 dilution. Specific binding was detected Corbin,J.D., ~ Sugden,P.H., Lincoln,_T.M/. and Keely,S. (1977)
with anti-rabbit horseradish peroxidase secondary antibodies and Compartmentalization of adenosine ":8-monophosphate and

enhanced chemiluminescent detection. adenosine ‘35'-monophosphate-dependent protein kinase in heart
tissue.J. Biol. Chem, 252, 3854-3861.
Ry immunocytochemistry Dibona,D.R., Ito,S., Berglindh,T. and Sachs,G. (1979) Cellular site of

C57/BI6 mice (Jackson Laboratories) were injected intraperitoneally — gastric acid secretiorRroc. Natl Acad. Sci. USA76, 6689-6693.

with either saline vehicle or gastrin (50y/kg). After 30 min, animals Dransfield,D.T., Bradford,A.J. and Goldenring,J.R. (1995) Distribution
were sacrificed by carbon dioxide inhalation, and the stomach was of A-kinase anchoring proteins in parietBioo#lis. Biophys.
removed rapidly, incised along the greater curvature and fixed in 4%  Acta 1269 215-220.

paraformaldehyde. Frozen sections of stomachs were cut pmn5 Forte,J.G., Black,J.A., Forte, T.M., Machen,T.E. and Wolosin,J.M. (1981)
thickness and stained with either pre-immune serum or the anti-R Ultrastructural changes related to functional activity in gastric oxyntic
antiserum (1:6000) fo2 h at room temperature. Specific labeling cells. Am. J. Physio| 241, G349-G358.

was visualized with Cy5-conjugated donkey anti-rabbit IgG (Jackson Forte, T.M., Machen,T.E. and Forte,J.G. (1977) Ultrastructural changes
Laboratories). Sections were also labeled with bodipy-phallacidin  in oxyntic cells associated with secretory function: a membrane
(Molecular Probes) to visualize F-actin underlying the secretory canalicu-  recycling hypothesisGastroenterology73, 941-955.

lus. Sections were examined on a Molecular Dynamics confocal fluores- Gary,R. and Bretscher,A. (1993) Heterotypic and homotypic associations

cence microscope with dual imaging using Imagespace software. between ezrin and moesin, two putative membrane—cytoskeletal linking
proteins.Proc. Natl Acad. Sci. US/A0, 10846—10850.
Acknowledgements Gary,R. and Bretscher,A. (1995) Ezrin self-association involves binding
of an N-terminal domain to a normally masked C-terminal domain
We thank Dr John Scott for the gift of recombinant muring Rr John that includes the F-actin binding sitélol. Biol. Cell, 6, 1061-1075.
Forte for the gift of a monoclonal antibody against ezrin, Dr Monique Goldenring,J.R., Asher,V.A., Barreuther,M.F., Lewis,J.J., Lohmann,S.,

Arpin for the human radixin cDNA, and Dr Gilles Thomas for the Walter,U. and Modlin,I.M. (1992) Stimulation of isolated gastric
human moesin cDNA. The authors thank Dr Richard Cameron for  parietal cells activates dephosphorylation of membrane-bound type I
assistance with the production of polyclonal antibodies agaipsfTRis regulatory subunit of cyclic AMP-dependent protein kinaden. J.

work was supported by National Institute of Diabetes and Digestive and  Physiol, 279, 763-773.

Kidney Diseases (NIDDK) FIRST Award Grant DK43405, and a Veterans Gould,K.L., Bretscher,A., Esch,F.S. and Hunter,T. (1989) cDNA cloning
Affairs Merit Award (to J.R.G.). D.T.D. was the recipient of a National and sequencing of the protein-tyrosine kinase substrate, ezrin, reveals
Research Service Award DK-09026. P.H.M. is supported by a grant from  homology to band 4.1EMBO 1, 8, 4133—4142.

I'Association pour la Recherche sur le Cancer (Contract 6844) and grant Hanzel,D., Urushidani, T., Usinger,W.R., Smolka,A. and Forte,J.G. (1989)

BMH4 CT950090 from the European Commission. Immunological localization of an 80-kDa phosphoprotein to the apical
membrane of gastric parietal celfsn. J. Physial 256, G1082—G1089.
References Hanzel,D., Reggio,H., Bretscher,A., Forte,J.G. and Mangeat,P. (1991)
The secretion-stimulated 80K phosphoprotein of parietal cells is ezrin
Algrain,M., Turunen,O., Vaheri,A., Louvard,D. and Arpin,M. (1993) and has properties of a membrane cytoskeletal linker in the induced
Ezrin contains cytoskeleton and membrane binding domains apical micr&MBO J, 10, 2363-2373.

42



Lankes,W.T. and Furthmayer,H. (1991) Moesin: a member of the protein
4.1-talin—ezrin family of proteinsProc. Natl Acad. Sci. USA88,
8297-8301.

Martin,M. and Mangeat,P. (1994) Expression of the ratki"-ATPase
in insect cells using a double recombinant baculovirus. In Hirst,B.H.
(ed.), Molecular and Cellular Mechanisms of 'HTransport. NATO
ASI Series\Vol. 89, Springer-Verlag, Berlin, pp. 359-366.

Martin,M., Andreoli,C., Sahuquet,A., Montcourrier,P., Algrain,M. and
Mangeat,P. (1995) Ezrin Nfterminal domain inhibits the cell
extension activity of the COOH-terminal domaih. Cell Biol, 128
1081-1093.

Niggli,V., Andreoli,C., Roy,C. and Mangeat,P. (1995) Identification of
a phosphatidylinositol-4,5-bisphosphate-binding domain in the N-
terminal region of ezrinFEBS Lett, 376, 172-176.

Oddsdottir,M., Goldenring,J.R., Adrian, T.E., Zdon,M.J., Zucker,K.A. and
Modlin,l.M. (1988) Identification and characterization of a cytosolic 30
kDa histamine stimulated phosphoprotein in parietal cell cytosol.
Biochem. Biophys. Res. Commutb4, 489-496.

Pettitt,J.M., Humpbhris,D.C., Barrett,S.P., Toh,B., van Driel,l.R. and
Gleeson,P.A. (1995) Fast freeze-fixation/freeze-substitution reveals the
secretory membranes of the gastric parietal cell as a network of
helically coiled tubule: a new model for parietal cell transformation.
J. Cell Sci, 108 1127-1141.

Sato,N., Funayama,N., Nagafuchi,A., Yonemura,S. and Tsukita,S. (1992)
A gene family consisting of ezrin, radixin and moesin: its specific
localization at actin filament/plasma membrane association sites.
J. Cell Sci, 103 131-143.

Scott,J.D. and Carr,D.W. (1992) Subcellular localization of the type II
cAMP-dependent protein kinasNIPS 7, 143-148.

Scott,J.D. and McCartney,S. (1994) Localization of A-kinase through
anchoring proteinsMol. Endocinol, 8, 5-11.

Shuster,C.B. and Herman,l.M. (1995) Indirect association of ezrin with
F-actin: isoform specificity and calcium sensitivitl. Cell Biol, 128
837-848.

Soroka,C.J., Chew,C.S., Modlin,I.M., Hanzel,D., Smolka,A. and
Goldenring,J.R. (1993) Characterization of membrane and cytoskeletal
compartments in cultured parietal cells using immunofluorescence and
confocal microscopyEur. J. Cell Biol, 60, 76-87.

Takeuchi,K., Sato,N., Kasahara,H., Funayama,N., Nagafuchi,A.,
Yonemura,S. and Tsukita,S. (1994) Perturbation of cell adhesion and
microvilli formation by antisense oligonucleotides to ERM family
membersJ. Cell Biol, 125 1371-1384.

Tsukita,S., Oishi,K., Sato,N., Sagara,J. and Kawai,A. (1994) ERM family
members as molecular linkers between the cell surface glycoprotein
CD44 and actin-based cytoskeletodsCell Biol, 126, 391-401.

Turunen,O., Winqgvist,R., Pakkanen,R., Grzeschik,K.-H., Wahlstrom,T.
and Vaheri,A. (1989) Cytovillin, a microvillar M75,000 protein:
cDNA sequence, prokaryotic expression and chromosomal
localization.J. Biol. Chem, 264, 16727-16732.

Turunen,O., Wahlstrom,T. and Vaheri,A. (1994) Ezrin has a COOH-
terminal actin-binding site that is conserved in the ezrin protein family.
J. Cell Biol, 126, 1445-1453.

Urushidani,T., Hanzel,D.K. and Forte, J.G. (1987) Protein
phosphorylation associated with stimulation of rabbit gastric glands.
Biochim. Biophys. Acte930, 209-219.

Urushidani,T., Hanzel,D.K. and Forte,J.G. (1989) Characterization of an
80-kDa phosphoprotein involved in parietal cell stimulatié¢m. J.
Physiol, 256, G1070-G1081.

Whitney,A.B., Okamoto,C.T., Hanzel,D.K. and Forte,J.G. (1990)
Epidermal growth factor (EGF) stimulates phosphorylation of an 80
kDa protein at the apical surface of parietal ceASEB J, 4, A488.

Yao,X., Chaponnier,C., Gabbiani,G. and Forte,J.G. (1995) Polarized
distribution of actin isoforms in gastric parietal cellgol. Biol. Cell,

6, 541-557.

Received on June 14, 1996; revised on September 25, 1996

Ezrin is a cAMP-dependent protein kinase anchoring protein

43



