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The epithelial brush-border Na/H Exchanger NHE3 associates with the actin cytoskeleton
by binding to ezrin directly and via PDZ domain containing NHERF proteins
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Summary types of metastatic cancér.

Ezrin is the only ERM protein detected in epithelial

1. The Na/H™ exchanger NHE3 associates with thecg|is of the deeloping intestine and provides an essential
actin g/tosleleton by binding ezrin both directly andiqe in configuring the mouse intestinal epitheliugzrin
indirectly. Both types of interaction are necessary for acuignirols the localization and/or function of certain apical
regulation of NHE3. Most NHE3 acute regulation is bYnembrane protein¥.
changes in trafficking by fefcts on gocytosis and for Many multimembrane spanning domain containing
endogtosis. Havever, NHE3 activity also can begelated roteins associate with the actiytaskeleton and ezrin
without changing the surface expression of NHE3 (chang,%ing proteins  with  protein-protein interacting

in tumover number). . . PsSD-95/DIg/z0O-1 (PD2) domains as

2. Direct ezrin binding to NHE3: A posie anino intermediate§;1112131415 while single transmembrane
acid cluster in the-helical juxtamembrane region in the oeins, Jile the cell surface hyaluronate receptor protein
COOH-terminus of NHE3 (aa K516, R520, R527) i3cp43), the cell surface sialoglycoprotein sialophorin
necessary for binding to the FERM domain IIl of ezrincp4a), and intercellular adhesion molecules (ICAM-1, 2,
The direct ezrin binding of NHES is necessary for ynang) - girectly interact with ERM proteins. Another model
aspects of basal tfafking, including basal ¥dcytosis, relevant to ezrin binding is NHE1, which is a 12
delivery from the synthetic pattay and mwement of ransmembrane domain protein that associates with the
NHE3 in BB, which probably contrilies to endodosis  aciin gtoskeleton by directly binding to ERM proteins
over a prolonged period. _using two positively charged amino acid-rich areas in the

3. Indirect ezrin binding to NHE3: PDZ domain jytamembrane ion of its COOH-terminus. This
containing proteins NHERF1 or NHERF2 as intermediatégssociation has structural and functional consequences for

in linking NHES3 to ezrin are necessary for maspects of he fibroblast gtoskeleton, with NHE1 acting as an anchor
NHE3 regulation. NHERF/ERMbinding to NHE3 occurs i, the lamellipodia for actin by binding to ERM

in the g/tosolic domain of NHE3 between aa 475-68%is proteinsi®? Disruption of NHEL/ERM binding is

NHERF binding is imolved in NHE3 compbe formation  gsgociated with abnormal stress fibres and focal adhesions
and restricts NHE3 mobility in the BBHowever, it is  ang results in lack of polar migration by fibroblasts in
dynamic, for instance changing in some cases of signalifgy,ng healing®1718

Also NHERF binding is necessary for ARtimulation of The epithelial brush-border (BB) NHE isoform
NHES and inhibition of NHE3 by C4 cAMP and cGMP.  NHE3, also associates with the actigtaskeleton by

binding with ezrin. We peviously showed that NHE3
associates with the actinytoskeleton with indirect
The ERM (ezrin/radixin/moesin) family of proteinsinteraction via ezrin by binding to the PDZ domain
sene as egulated cross-linking proteins between the actigontaining proteins, NHERF1 (EBP50) or NHERF2
cytoskeleton and plasma membrane proteins, and dls®  (ESKARP). TheNHE3 COOH-terminus binds NHERFs
participate in regulation of signal transduction paied2 between aa 585-689° The NHERFs simultaneously bind
ERM proteins concentrate in cell-sace structures which NHES3 and link it to the actinytoskeleton by also binding
are rich in actin ytoskeleton, such as microvilli and to ezrin. NHERF1 and NHERF2 are scaffolding proteins
filopodia. Their impaired expression or inaetion that form homo- and heterodimers, and assemble
severely alters cell surface morpholagynotility, and ~multiprotein signaling compies trough two PDZ
adhesior?. domains and a COOH-terminal ERM binding don?&ift
Ezrin has been implicated in v&eal types of NHE3 also can associate with the actytoskeleton by
diseases. Ezrinis required for bacterial wasion into binding directly with ezrin through ana-helical
epithelial or endothelial celfs® Diarrheal diseases causediuxtamembrane gion of the COOH-terminus, which has a
by enterotoxin-stimulated cAMP require a multiproteirPositively charged amino acid clust&r This binding of a
signaling comple containing the N&#H* exchanger single protein to te molecules of ezrin also occurs with a
(NHEZ3), the N&/H* exchanger regulatory factor (NHERF) single transmembrane domain protein, podocalyxin, the
proteins 1 or 2, ezrin, protein kinase A (PKA), and atfin. major sialoprotein of glomerular epithelial cells.
Recent studies shothat ezrin is upregulated in multiple We review here hov NHE3 associates with the actin
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ezrin and NHES3, especially in trafficking and vement in
Chou-Fasman the microvillus.

i . Ezrin hasdirect and indirect association with
- - - ’ membrane proteins

Sheet

Hlix Specific binding of ERM proteins to juxtamembrane
T T e T T e positively charged amino acid clusters of CD44, CD43, and
ICAM-2 was confirmed by immunoprecipitation and site-
directed mutagenesis. From these findings, iasw
concluded that ezrin binding domains are characterized as
usually having tw characteristics: posite anino acid
clusters and a high isoelectric point in their juxtamembrane
cytoplasmic domais?
Arg 512 While multiple ERM binding proteins and this type
Ala 523 of binding sequence t@ been identified, we recently
: Lys 516 contrituted that the grouped posily charged amino acids
Phe 513 [arg 520] [Arg 527 could be presentedia an a-helix. We demonstrated this
/ for NHE3? and suggested this is true for other proteins as
C well. NHE3 has a direct ezrin binding domain in its
COOH-terminus, which is predicted (Choagfman
algorithm) to form aru-helical structure between residues
502-543. Therds a cluster of three posié anino acids
(K516, R520 and R527) on one face of théelix and it
has a high isoelectric point (theoretical pl = 12.1 between
aa 511-528; Figure 1A,B). Other ERM binding domains
also hae a #milar a-helical domain at the ERM binding
site. ICAM-3 binds ERM at positie anino acids R482,
R486, and R493 (Figure 1C; boxed amino acids) which are
Gly 488 G|, 495 Tyr502 clustered at one side of a pwatia-helix. ICAM-3 also
has a serine cluster S489, S496, and S503 (Figure 1C;
circled amino acids) on the opposite side of thbelix.
This serine-rich motif in ICAM3 was critical for its ERM-
directed subcellular tgeting?* Similarly, NHE3 has a

ter with high isoelectric point that is involved in ezrin . . . ]
binding. A: Secondary structer predictions of NHE3 jux- s.erme-nch. clustgr (S515, 3522’. anq .3526 (I_:l'gu.re. 1B;
circled amino acids) near the ezrin binding pesitimino

tamembane egon of the COOH-terminus (Gene Runner; id cluster Th le of thi . luster i inin NHE3
Chou-FRasman analysis). This area of the NHE3 contains %C' cluster The role o this serine clustern ezrin in

: : : unction or binding to ezrin is unknown.
long a-helical rich domain, has some turns but pesheet . . . .
structue hick lines ae medicted egons of stated NHE1 associates with the actipgtoskeleton by direct

domains).B: Since ezrin binding is often to anhelical g!ndl?g EO ez?n, alt?ﬁ“ganWTHE%At hcaggrllllytasmglle
area and to positive amino acid clusgethis NHE3a-heli- Irect interaction wi proteinsine -lermina

cal domain was examined for positive amino acid Clssterjuxtamembrane region of NHE1 was predicted 1o be

K516, R520, and R527 (boxed amino acids) form a positi éhellcal by secondary structure programs  (by

amino acid cluster on one side of a putatiwehelix eneRunner; Choussman). Furthermorethe crystal

between aa 511-528. The calculated isoelectric point of trﬁ rL(IthUI’e Ong'; QTSEI Juhgtim.e mlb:jane tiomam v;/herg CHP
putative a-helix was 12.1. Isoelectric points \eeralcu- nds (aa —545), which includes thejioa of ezrin

: binding, was sold and shown to contain am-helical
lated from Gene R ft NHE3 2 R .
aled using a pogram om =ene unner sottwar omain?® The ezrin binding domain (aa 553-564) of NHE1,

has a serine cluster near the ezrin binding positive amincé o L.
gp identified by Barber and collaboratéfrshas a positie

acid cluster (circled serines; S515, S522, S5%Z5)Like . . :
NHE3, ICAM-3 has a positivelharged amino acid cluster 2MNO acid cluster (H545, K549, R552, and K556) in an
' %-helical domain (by helical wheel analysivia

(boxed amino acids; R482, R486, and R493) in the juX- . . . . )
tamembane egon of its C-terminus, in an aa pedicted eneRunner.) and a high theoretical |soelec'tr|c point (PI -
to be a-helical (Gene Runner; ChouaBman analysis). It 10.7 from rgion of aa 553-564). NHE1 also mte_racts W'Fh
has also a serine cluster near the ezrin binding cluster (ciFRNI proteins, which tethers NHE1 to. cortical ac_tlln
cled serines; S489, S496, and S503). cytoslkeleton to regu!ate cell shape, adhesion and .mot|I|ty
NHE1 defends ajnst apoptotic stress by ydical
association with the actirytoskeleton by binding actated
cytoskeleton, describe the ezrin binding motif in NHE3 an&RM proteins, resulting in aetition of the pro-survial
review the roles of direct and indirect interactions betweekinase, Akt® This result shows that NHE1-regulated ERM

Figure 1. a-Helical juxtamembrane domain of the NHE3
C-terminus contains a positively charged amino acid clus-
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Figure 2. Two different types of ezrin interactions with proteins leads to actin cytoskeleton association. Many single
transmembaine proteins sut as M44, ICAM-1,-2,-3, CD43, and syndecan associate with the actin ejetshk by
directly interacting with ezrin. A¥e auch as ppdocalyxin, also bind indirectly to ezrin. Many multiplartsmemtane po-

teins associate with the actin cytoskeleton by indirectly interacting with ezrin by PDZ domain containing proteins as inter
mediates. Examples include CFTR, PDGRBRAR, and NHE3. Some multi-membrane spanning domain proteinacinter
directly with ezrin. These include NHE1, A1b-AR, and NHE3. Seral non-tansmemtane proteins can associate with

the actin cytoskeletovia ezrin. Epacl directly binds to ezrin and EPI64 indirectly binds to ezaifHERF1.

protein binding is critical for the PI3-kinase/Akt signalinginvolved in direct ezrin contact is not establishéadeed,

pathway dependent cell suai. in crystal structure to 2.4 A of the radixin FERM (band 4.1
Another ezrin binding protein is podocalyxin, whichprotein and ERM homology) domain with thgtaplasmic

is a single-transmembrane protein and is the majdomain of ICAM-2, binding imolves aB-sheet peptide of

sialoglycoprotein of glomerular epithelial cellg.is knovn ICAM-2. Whereagositively charged residues arevioived

to directly bind to ezrin through its COOH-terminalin this binding, thg flank but are not in the binding domain,

juxtamembrane gion'* and also binds ezrin indirectly and their suggested role is in interacting with membrane

through NHERF1 or NHERFZ. Sequence alignment phosphatidylinositol bisphosphéte.

revealed that podocalyxin possesses a sequéhttQRIS, Many membrane proteins interact with ezrin directly

in the juxtamembrane geon that is similar to thé#“HQRS  or indirectly the latter oftenvia PDZ domain containing

sequence found in intercellular adhesion molecule®oteins, including bt not limited to NHERF1 or NHERF2

(ICAM-3).2* The direct ezrin binding domain of (Figure 2). In addition, ezrin also has direct and indirect

podocalyxin iwolves its last 18 aa, between aa 405 analssociation with seral cytosolic proteins (Figure 2).

4221 Chou-Fasman analysis showed that the ezrin bindin% _ _ o

juxtamembrane gion of podocalyxin, including aa 1- Meémbrane proteins —actin cytoskeleton associatian

405-422, is aro-helical domain. Helical wheel analysis'”d'reCt interaction with ezrivia PDZ family proteins.

shaved that it has a posig anino acid cluster and a high

isoelectric point (pl = 11.8 of aa 411-422)hus, as with

NHE3, secondary structure analysis of ezrin ligand bindi%sociations he teen described with th@2-adrenergic
sites indicates that the clustered pusitthaiges for ezrin receptor B2-AR), cystic fibrosis transmembranegutator
binding can be arranged in arthelical as well as in a (CFTR), podoéalyxin, platelet-deed growth factor

linear configuration. Consequently both linear and receptor (PDGFR) and NHE3 througtverl PDZ domain

a-helical secondary structures must be considered Whggntaining adaptors, NHERF1, NHERF2, and synapse-
searching for ezrin binding sitesMoreover, dustered . . protein 97 (SAP91?)12,’13-14’15*28'221

positively charged amino acids are not sufficient for ezrin G protein-coupled receptors (GPCRs) can act as

bllndtlngeggel;é\l H(;Es CO(t)I—kIJ-.t%rmmgl pogﬁ haplnol agd scafolds binding a variety of proteinsvialved in receptor
cluster, , does not bind ezrin)A high isoelectric regulation and signalingAn indirect interaction between

point also appears to be necessary. ERM proteins and GPCRs has been suggested biopse
Importantly whether positiely charged residues are P 9 biop

Membrane proteins can associate indirectly with
ezrin via PDZ domain containing proteins.Indirect
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findings shwing that some GPCRs can interact with ERMilaments to the plasma membranghe NHE1-ezrin direct
proteins with NHERF1 as an intermedi&té®3! This interaction is a & ceterminant in the induction of stress
interaction seems to play a role in GPCR fitking. fibres in response to aedtion of the small GTPase RhoA
Recent studies shwed that ezrin can also directly interactby lysophosphatidic acid (I4). It is likely that RhoA and
with the alb-AR through a posite amino acid cluster the RhoA-kinase ROCK geilate the association of NHE1
located on the juxtamembrane region of COOH-terminus ahd ERM proteing®38
alb-AR and this interaction contrites to receptor S o )
recycling to the plasma membra¥e. 3. Ezrin binding domains in non-transmembrane proteins
The gtoplasmic tail of podocalyxin contains a
COOH-terminal PDZ binding motif*{2DTHL) that binds
to NHERF1 or NHERF2>4Podocalyxin is linked to ezrin
and the actin ytoskeleton via NHERF-2 and the
podocalyxin/NHERF-2/ezrin multiple-protein complés
localized along the apical domain of the podecplasma

Most well known ezrin binding of non-
transmembrane proteins voive the PDZ domain
containing proteins, NHERF1 or NHERFZhey havetwo
PDZ domains and ke an ERM binding domain in the last
30 amino acids of the COOH-termintf¥$ Similarly to the
533 . o ? ezrin binding domain of membrane proteins, the ERM
membrané>** The multiple protein signaling compe binding domain of NHERF1 or NHERF2 contains a

inpluding, .podocalyxin, NHERF-2, e_zrin, gnd actin .ar?)ositive anino acids cluster (K331, H335, R338, R342 in
disrupted in podoges from puromycin am|nonucle05|deNHERFl. K310, R314. R317. R321 in NHERF2:
rat%anublished data by Cha and Donowitz) located in the last
€S589 amino acids of the COOH-terminus and are critical for

and a marked increase in urinary proteiRCretion, oo pinging. Recently Chaet al?? shaved that the FERM
comparable to that seen in nephrotic syndréMBDZ- o | of N-terminal ezrin binds to NHERFL or

binding domains are therefqre also critical in m_a!ntainin(gHERFz_ Theinteraction of ezrin with NHERF proteins
the_ glomerular cell mtggrlty and permselectivity an ccursvia an ezrin N-terminal membrane geting site that
avading glomerular protein leak. binds cargo molecules, whereas the COOH-terminus of
2. Membrane proteins—actin cytoskeleton association with®Z/n contains an F-aCtln.blpdlng site. .
direct interaction with ezrin Other multiple ezrin-interacting proteinsveabeen
reported. Thephosphoinositide-3 kinase (P13-kinase) p85
The FERM domain of ERM proteins bind directly tosutunit binds to ezrin at tw different binding sites: the N-
multiple membrane proteins, thereby linking the actiterminal domain and pY353, which binds to the c-Src
cytoskeleton to the plasma membrane. At the membrankepmology 2 (SH2) domain of p85.Also, the Drosophila
the ERM proteins can directly interact with theERM-related protein coracle, which is present in epithelial
juxtamembrane cytoplasmic region of ariety of single cells and helps genize the septate junction, requires
spanning transmembrane domain proteins, such as CDB#ding to its ligands with both its N-terminal (FERM
ICAM-1, -2, -3, and CD43%2335and multiple spanning domain) and its non-actin binding COOH-terminus for
transmembrane domain proteins, such as AE1, NHE1, andrmal septate junction formatiéh. The increasing
alb-AR3617.32This occursria a eries of basic amino acids recognition of more than one ezrin molecule or multiple
clusters on the juxtamembrane cytoplasmgiae of these sites on one ezrin molecule binding to a single partner is
proteins?® Recently it was demonstrated that ezrin canonsistent with ezrin existing as a dif®rand suggests
directly interact with thenl1b-AR through a poly-ginine this pattern should be sought to determine frequently it
motif located on the COOH-terminal tail of the receptor anig involved in ERM function.
that this interaction contriltes to receptor recycling to the Recent studies ka $own that Epacl dxchange
plasma membrang. protein directly activated by cAMP) interacts with ezrin
NHE1 scaffolding to the basolateral membrane dhrough its N-terminal 49 amino acitfs.Interestingly this
polarized epithelial cells occurs independently of PDXR-terminal 49 amino acids of Epacl contains a pesiti
domain interactions. NHE1 does not bind NHERFs and tlamino acids clusteP®’HQRPS, which is an ezrin binding
COOH-terminal cytoplasmic domain of NHE1 lacksmotif similar to ' HQRIS in podocalyxitt and *4“HQRS
canonical binding sites for PDZ domaingn contrast, in ICAM-3.24In addition, this putatie ezrin binding rgion
NHE1 associates directly with ezrin, thereby &iding in Epacl has a high isoelectric point (pl = 11.5).
NHE1 to the plasma membrane by associating with the  Another  non-transmembrane  protein, EPI64
actin g/toskeleton. Theanion exchanger AE1l is also(EBO50-PDZ interactor of 64 kD) is knm to indirectly
structurally linked to the actinytoskeleton. Theband 4.1 interact with ezrinvia NHERF1. Bretscherand his
protein (an ERM family protein) binds to AE1 at a motif ofcollaborators showed that EP164, a 508 wasolic protein
clustered positiely charged amino acids in theextracted from placenta micrdli that contains a TBC
juxtamembrane region of the COOH-dom#inA similar  (Tre-2/Bub2/Cdc16) domain, indirectly interacts with ezrin
ERM binding motif is present in CD34and is also found by binding NHERF¥3 EPI64 ends in the amino acid
in NHE11® The NHE1-ERM association has a role similasequence DTYL, which binds to the first PDZ domain of
to AE1 in regulating cell shape that can be understod&¢dHERF1%4
based on the ability of ERM proteins to tether cortical actin
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Direct ezrin bindingto NHE3 mediated inhibition of NHE3 does not require ezrin indirect
interaction through NHERF2 since the cGMP mediated

_ We haveshawn that direct binding of NHES to ezrin jnpibition of NHE3 was not abolished by the ezrin binding
is necessary for NHE3 tfadking and mobility in the BB. 4omain deletion mutant. NHERBZB0 47

Although NHEZ1/direct ezrin binding has been shown to be  apother functional consequence of this NHERF
important for oganizing the gtoskeletori®!"“%there is N0 pinging to NHE3 also includes ainhibition of NHE3.
evidence yet for a role of NHE3/direct ezrin binding inNHERF2 has been demonstrated to belired with NHE3
similar ogawiz_ation of either the !amellipodia of fibroblastsjnhipition by elevated intracellular calcium by a mechanism
or_the epithelial cell (OK ce_II) aplcayto_sleleton, although that involves both comple formation and changes in
this has not been systematically examined. . trafficking. NHERF2but not NHERF1 reconstitutes €a
Based on physiological studies, NHE3 associatggnipition of NHE34849.50|n this efect. NHERF2 scéiflds
with the actin gtoskeleton both by binding to and 3 pmplex invaving NHE3, ezrin,a-actinin-4 and protein
independently of NHERF1 and NHERF2Ve haveshown  yinase Ca (PKG). The ezrin binding domain deletion
that NHE3 directly binds ezrin at a site in its COOHytant NHERFA30 abolished G4 mediated inhibition of
terminus between aa 475-589, which is separate from @3 activity (Cha and Dotz unpublished data)This
PDZ interacting domaif.This is an area predicted to beregyit shows that G#nhibition of NHE3 requires ezrin
a-helical, with a positie @ duster on one side of the jhgirect interaction through NHERF2 specificallyit not
a-helix (K516, R520, and R527)Point mutations of these NHERF1, with the likely explanation being that NHERF2
positvely chaged amino acids abolished ezrin bindingp ¢ not NHERF1 bindsi-actinin-4, and actinin-4 is needed

The functional consequences of these NHE3 ezrin bindiggy c2+ inhibition of NHE3. Both NHERF1 and NHERF2
mutants include: 1) A maed decrease in sade pind PKQy 4851

expression with a greater decrease in NHE3 vigfi The functional consequences of ezrin indirect

indicating a dependence of tuugo number as well as 5gg0ciationvia NHERF binding also include limitating the
trafficking on direct ezrin binding; 2) Decreased auef qpjjity of NHE3 in epithelial cell BB.The role of indirect
expression due to decreased ratesxoiogiosis and plasma gzrin pindingvia PDZ domain containing proteins in lateral
membrane defery of newly synthesized NHES3, with mopility on the plasma membrane has been studied in
normal total expression vels and slightly reduced NHE3™ Thework of Cha and colleagues showed that the
endogtosis rates;3) A longer plasma membrane half-lifencation mutant (NHE3585; truncated to aa 1-585) or the
of mutant NHE3 with normal total half-life4) Decreased noint mutant (NHE3 F2LM; unpublished data by Cha and
NHES3 BB mobile fraction. Therefore the functional role ODonowitz), which preents NHERF1/2 binding, increase
the direct interaction of ezrin with NHE3 is related to thene |ateral mobility of NHE3, and that theepexpression of
exogytic trafficking of and plasma membrane dety of NHERF2 significantly decreased the lateral mobility of
newly synthesized NHE3, which determines the amount giE3. Basedn these results we conclude that NHERF1/2
plasma membrane NHE3 and partially determines NHEgR,y 4 role as anchoring proteins which immobilize NHE3
actvity and BB mobility the latter of which probably qp the plasma membraf&Similarly, Haggieet al showed
increases NHE3 detery from microvilli to the intervillus 4t |ateral mobility of CFTR was increased at the plasma
clefts, and may be important for NHE3ated mnemprane after deletion of its C-terminal PDZ binding
endocytosis. motif.53 This means that indirect ezrin associativia
NHE3 and indirect ezrin binding via NHERF1 or 2 NHERF pr_otelns limits CFTR and_ NHES3 ment in the
BB, most likely through an anchoring mechanism.

Theindirect association of ezrin with NHE3 controls
the macromolecular comples formed between NHERF1/2
and NHE3. NHERF1 and NHERF2 are docking protein

that assemble multi-protein signaling conxgtg including Ezrin actvation is necessary to associate with binding
NHES3, ezrin, and protein kinase A Il (PKAII), through theifyartners, including membrane proteir@ytosolic inactre
multiple PDZ domains. These multi-protein signaling grin does not interact with membrane proteifibere are

complexes facilitate the phosphorylation of NHE3 by PKA, ihree types of recognized ezrin wmation signaling
which is necessary for cAMP mediated inhibition of NHE%athways releant to NHE3 regulation (Figure 3).

activity®’ Here the interaction between NHERF proteins

and ezrin is critical for cAMP mediated inhibition of NHE31. PI3-kinase/Akt dependent ezrin activation and NHE3
activity. The ezrin binding domain deletion mutantregulation

NHERFI1A30’ or NHERF2\30* abolished cAMP mediated _ o

inhibition of NHE3 actiity. In the cGMP inhibition of BB~ PI3-kinase actity is necessary for basal NHE3
NHES3, the compbe of NHE3, NHERF2, and cyclic GMP activity in thg polan;ed epithelial gell lines Caco-2 and OK,
kinase Il (cGKIl) is necessary for cGMP mediated NHE®S well as in the fibroblast cell lines PS120 and in AP-1

inhibition. In this case, NHERF2 directly binds cGKIl in C€lls. PI3-kinasés also necessary for epidermal \gtb
the BB to form an NHE3 complex, with cGKII also factor (EGF)/fibroblast gnath factor (FGF) stimulation of
associating with the BBia its myristylation. Howvever, NHE3 in fibroblasts and EGF stimulation of NHE3 in ileal

unlike cAMP mediated inhibition of NHE3, cGMP brush border PI3-kinase inhibitors wrtmannin or

Ezrin activation mechanisms and NHE3 regulation and
Stranslocation
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Cytoplasm
lateral mobility

NHE3 (II
translocation*’

! (Activation)
(I) PI 3-kinase / Akt

(Gautreau et al., 1999;

Lee-kwon et al., 2001)  ——, «—— (III) RhoA /Rho Kinase
‘ ( ) (Szaszi et al., 2000)

(IT) P38 MAP kinase / Akt2 L
(Zhao et al., 2004; (Inactivation)
Shiue et al., 2005)

Figure 3. Ezrin activation signal pathways in NHE3 translocation. Ezrin activation in NHE3egulation involves thee
different pathways, P13-kinase/Akt, p38 MAPK/Akt2, and RhoA/Rho kinase pattvaydnase/Akt and p38 MAPK/Akt2
are involved in NHE3 translocation to the apical plasma meanbrand Rho/Rho kinase limits NHE3 lateral mobility in the
plasma membrane.

LY 294002 lowered NHE3 basal adty by 50% and also (MAPK) pathway actingvia MAPK-activated protein
lowered FGF stimulated NHE3 in PS120 cells by 50%inase 2 (MAPKAPK-2), Akt2 and ezrin, ub was
Thus, EGF/FGF stimulate NHE3 by both PI3-kinaséndependent of Rho kina8§&52 Additionally, they showed
dependent and PI3-kinase independent mechaffsth®  that inhibiton of Rho kinase did not inhibit ezrin
ERM proteins are regulated by tyrosinephosphorylation at T567Inhibition of p38 MAP kinase
phosphorylation in response to EQfatelet denved growth  prevented Akt  actvation and  blocked  ezrin
factor (PDGF) and hepatocyte growth factor (HGH) phosphorylation. MAPKAPK-2 phosphorylates an
ezrin, two tyrosine residues, corresponding to amino acidskt2-derved  peptide in  vitro.  SRNA-mediated
Tyr-145 and ¥r-353, are phosphorylated by the EGAMAPKAPK-2 knockdown inhibited phosphorylation of
recepto®’ Ezrin interacts with p85, the galatory subinit Akt2 and ezrin bt not p38 MAPK. MAPKAPK-2
of PI3-kinase. Two distinct sites of ezrin arevnlved in  knockdavn also blocked NHE3 translocationThus,
this interaction, the Nkterminal domain aa 1-309 and theMAPKAPK-2 links p38 MAPK to Akt2, ezrin, and NHE3
phosphorylated yii-353 residue, which binds to the COOH-actiation after SGLT1-mediated transp&#t.
terminal SH2 domain of p85A point mutation in ezrin, ) o )
Y535F induces cell apoptosis by impairing the watton of 3. Ezrin actlv_at|on through Rho dependent mechanism and
the serinefthreonine protein kinase Akt (PKB), a&HE3egulation
downstream effector of PI3-kinase. These resultsvsho
novel function for ezrin in determining suwd of epithelial
cells by actiating the PI3-kinase/Akt pathwa&y.

Cytoplasm-to-plasma membrane translocation of
ERM proteins is partially under the control of the small
GTPase Rho.Rho-dependent formation of miafiti-like
2. p38 MAP kinase/Akt dependent ezrin activation and ~ Structures requires ERM proteﬁi’s. ERM proteins are
NHE3 requlation phosphorylated at a C-terminal threonine by Rho kinase

(ROCK), and this phosphorylation interferes with their

Addition of Iuminal D-glucose in intestinal head-to-tail interactiof® The phosphorylation of moesin
absorptve lls acts via a Na'-dependent glucose T558 by ROCK in vivo plays a necessary role in the
cotransporter (SGLT1) to cause NHE3 to be translocatedftwmation of micreilli-lik e dgructures®* In addition,
the apical plasma membrane and leads ytwptasmic binding of GDP-dissociation inhibitor Rho-GDI to a cryptic
alkalization. Trrner and his collaborators showed that ezrigite in the N-terminal domain of ERM adies Rho by
activation is required for this NHE3 translocation to thereleasing Rho-GDI inhibitiof®
apical plasma membraf®®® They showed that ezrin Mobility of NHE3 on the apical plasma membrane in
activation was a consequence of linkage of SGLT1 tepithelial cells is decreased by Rho G§ES’ Tetanus
stimulation of a p38 mitogen-acited protein kinase toxin B (TxB) impairs Rho GT&se function. When
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compared with control cells, TxB-treated cells wad However, the Rho/ROCK pathway regulates functional
markedly increased mobility of NHE3 and suggested thatctivity of NHE3 at the plasma membrane without changing
NHE3 mobility on the apical plasma membrane isurface amount in fibroblast$f®while it increases suate
dependent on Rho-dependent ezrinvatitn. In contrast, NHE3 amount in polarized epithelial ceffs.
NHE3 mobility was not changed by the PI 3-kinase Our studies of NHE3 ha& identified and
inhibitor LY294002%2 In fibroblasts and OK cells, characterized the functional consequences of toetypes
wortmannin or LY294002 reduced the basal transpodf ezrin interaction. The direct ezrin binding domain of
activity and the surface amount of NHE3 BB0% which NHE3 involves a positiely charged amino acid cluster in
was hown to be due to inhibition of thexecytosis of the an area of high isoelectric poinDur studies indicated that
exchanger back to the plasma membr&ité:>> These these positiely chaged amino acid clusters can be
results suggest that Rho/ROCK dependent but natranged in either a linear or anrhelical conformation.
PI3-Kinase/Akt dependent ezrin aetion regulates the The functional consequences of thetiwpes of interaction
lateral mobility of NHE3 on the apical plasma membrane. with ezrin afect multiple functional aspects of NHE3.
) However, both are necessary for acute changes in NHE3
Concluding remarks actvity which are a critical component of the major
We showed that ezrin binds to NHE3 atdwites. At functions of NHE3. It will be important to characterize the

one site it binds indirectlyia the NHERF family of PDZ functions of the direct and indirect binding of ezrin to

domain-containing proteins, NHERF1 or NHERF2, '[hrougﬁIHEB and O”.‘ef protein.s to determine Whgther _there are

their COOH-terminal ERM binding domain and at théY charac_terlfsnc_ functions assomateq with - direcs

second site by direct binding in arthelical area in the Indirect ezrin binding to membrane proteins.
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