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Abstract 

The band 4.1 domain was first identified in the red blood 
cell protein band 4.1, and subsequently in ezrin, radixin, 
and moesin (ERM proteins) and other proteins, includ
ing tumor suppressor merlin/schwannomin, talin, un
conventional myosins VITa and X, and protein tyrosine 
phosphatases. Recently, the presence of a structurally 
related domain has been demonstrated in the N-terminal 
region of two groups of tyrosine kinases: the focal adhe
sion kinases (FAK) and the Janus kinases (JAK). Addi
tional proteins containing the 4.l/JEF (JAK, ERM, FAK) 
domain include plant kinesin-like calmodulin-binding 
proteins (KCBP) and a number of uncharacterized open 
reading frames identified by systematic DNA sequendng. 
Phylogenetic analysis of amino add sequences suggests 
that band 4.l/JEF domains can be grouped in several 
families that have probably diverged early during evolu
tion. Hydrophobic cluster analysis indicates that the band 
4.l/JEF domains might consist of a duplicated module of 

Introduction 
Attachment of proteins to membranes is neces
sary for the organization of cell structure, pro
viding each cell with its characteristic shape and 
its capacity for movement. Work during the last 
decade has demonstrated that protein targeting 
to the membrane is also critical for signal trans
duction (1). The activation of a number of sig
naling pathways begins with the highly regu-
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-140 residues and a central hinge region. A conserved 
property of the domain is its capadty to bind to the 
membrane-proximal region of the C-terminal cytoplas
mic tail of proteins with a single transmembrane seg
ment. Many proteins with band 4.1/JEF domains un
dergo regulated intra- or intermolecular homotypic 
interactions. Additional properties common to band 4.11 
JEF domains of several proteins are binding of phospho
inositides and regulation by GTPases of the Rho family. 
Many proteins with band 4.11 JEF domains are assodated 
with the actin-based cytoskeleton and are enriched at 
points of contact with other cells or the extracellular 
matrix, from which they can exert control over cell 
growth. Thus, proteins with band 4.l/JEF domain are at 
the crossroads between cytoskeletal organization and 
signal transduction in multicellular organisms. Their im
portance is underlined by the variety of diseases that can 
result from their mutations. 

lated aggregation of specific proteins at the level 
of the membrane, allowing the initiation of cas
cades of enzymatic reactions. Thus, the study of 
the mechanisms responsible for membrane tar
geting of cytoplasmic proteins has become a fer
tile area of research. Many proteins have co
valently attached fatty acids including palmitate, 
myristate, and isoprenoid derivatives, which can 
themselves be inserted in the lipidic bilayer (2). 
In some cases these interactions are regulated 
and proteins can cycle from a soluble to a mem
brane-bound state. Specific protein domains can 
also interact non covalently with membrane 
phospholipids using pleckstrin homology (PH) 
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domains, which bind phosphatidylserine poly-
phosphates (3), or C2 domains, which bind
phosphatidylserine in the presence of Ca2+ (4).
Membrane targeting of cytoplasmic proteins is
also achieved by interaction of specific domains,
including PSD-95/Dlg/Zo-1 (PDZ), WH1/EVH1,
and death domains, with transmembrane pro-

teins (5,6). SH2 and phosphotyrosine binding
(PTB) domains play an important role by inter-
acting with membrane-associated proteins when
they are phosphorylated on tyrosine (7). Interest-
ingly, the roles of lipids and proteins in membrane
targeting are not separated, since phospho-
lipids can regulate protein-protein interactions di-
rectly or indirectly (8). Moreover, some domains
can interact with both lipids and proteins. One
example is the PH domains that interact with phos-
phoinositides and with f3/y subunits of heterotri-
meric G proteins (3,9).

The band 4.1 domain is a large (>300 resi-
dues) and relatively less characterized domain,
capable of interaction with several types of pro-

teins including transmembrane proteins, and in
some cases with lipids (10,11). This domain was

originally identified as the N-terminal chymo-
trypsin-resistant region of erythrocyte protein
band 4.1, which is capable of binding to glyco-
phorin C (12,13). It was then recognized in
three related proteins, ezrin, radixin, and moe-

sin (ERM), which also act as linkers between
the actin cytoskeleton and the plasma mem-

brane (10). The band 4.1 domain is present in
many proteins (14,15) (Fig. 1). The acronym

FERM (Four-point-one/Ezrin/Radixin/Moesin)
has been suggested to refer to this domain (14).
However, recent work has extended consider-
ably the significance of the band 4.1 domain,
showing that, despite a low level of sequence

identity, significant structural relationships exist
between the N-terminal region of focal adhesion
kinases (FAK) and Janus kinases (JAK) (15). A
relationship between the band 4.1 domain and
FAK N-terminal region was also reported inde-
pendently by means of a different approach (16).
In this review, we will use the term band 4.1 /JEF
(JAK-ERM-FAK) to refer to this domain. We
shall summarize the approaches that allowed
identification of the relationship between the
distant members of the band 4.1 /JEF superfamily
and the structural characteristics of this domain.
Some features of the various proteins containing
band 4.1 /JEF domains and of their known part-
ners are reviewed, and their common properties
outlined. Finally, we shall indicate the impor-

tance of the mutations of these domains in hu-
man pathology.

Sequence and Structural Features
of the Band 4.1/JEF Domain
Superfamily
The band 4.1 domain has been defined on the
basis of sequence similarities easily detected by
automatic procedures such as BLAST or FASTA.
This allowed the identification of its presence in
ERM and proteins such as protein tyrosine phos-
phatases, talin, and unconventional myosins
(10,14). However, the recognition of this domain
in the N termini of FAK and JAK (15) was not
possible by this approach and required the use of
a bidimensional method of sequence analysis
called hydrophobic cluster analysis (HCA)
(17,18). The sensitivity of HCA within and below
the twilight zone (i.e., -25-30% sequence iden-
tity) originates from its ability to combine se-
quence comparison with secondary structure
prediction. Indeed, the clusters formed by hydro-
phobic amino acids on the HCA bidimensional
plot (Fig. 2) have been shown to correspond
mainly to the internal faces of regular secondary
structures in globular proteins (19). They consti-
tute two-dimensional (2D) signatures that are
much more stable, and therefore recognizable
through human expertise, than signatures de-
scribed from ID sequence only (20). Therefore,
at low levels of sequence identity, the method is
particularly efficient in detecting similar folds by
sorting out true relationships from background
noise (18).

The starting point of the analysis was the
finding of a close relationship between the N-
terminal sequence of FAK and an uncharacter-
ized human gene product termed KIAA03 16
(15). This finding was decisive since, although
clearly belonging to the FAK group (Fig. 3), the
KIAA0316 sequence is a key linker between the
FAK group and the band 4.1 domain of talin. In
this respect, talin and related sequences form a
distinct group intermediate between FAK and
classical ERM band 4.1 domains (Fig. 3). On the
other hand, the FAK group was also found to be
related to the N-terminal sequence of JAKs. This
latter group is distinguished by the long se-
quences that separate conserved blocks in the
alignment of band 4.1 /JEF domains (Fig. 2a)
(1 5). Such intervening sequences of variable
length interfere with the ability of current 1D
methods to establish relationships between pro-
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Fig. 1. Schematic domain organization of pro
teins with band 4.1 JEF domains. Examples of 
proteins with distinct domain organization are 
shown in six groups based on the sequence similari
ties of their band 4.1IJEF domain. Group I: JAK ki
nases; group II: FAK, PYK2, and KIAA0316, a non
characterized open reading frame; group III: talin, 
unconventional myosins, and plant kinesin-like cal
modulin binding proteins (KCBP); group IV: the 
ERM proteins (ezrin, radixin, moesin) and the tumor 
suppressor merlin/schwannomin; group V: band 4.1, 
CDEP, and several protein tyrosine phosphatases 
(PTP); group VI: Expanded, a Drosophila protein, and 

teins because of gap penalties that these methods 
introduce, as they cannot, at least in nontterative 
procedures, discriminate between secondary 
structures and loop regions. The presence of a 
band 4.1-related domain at the N terminus of 
FAK was also detected independently by a dif
ferent approach, using automatic comparison of 
query sequences to multiple alignements of 
known domains (16). However, this method 
could not detect the relationship of band 4.1 with 
JAK, presumably because of the variable length 
of sequences between conserved clusters. 

As a consequence of this variability, the size 
of the band 4.11 JEF domain itself is variable, 

PTP-BAS, which have no close relationship with 
each other or with other proteins in the sequence of 
their band 4.11 JEF domain. Additional domains in
clude the tyrosine kinase domain (Tyr-kin), the ki
nase-like domain (kinase-like), a domain structurally 
related to the Src-homology 2 domain (SH2-L), the 
PSD95-Dlg-ZOl-homology domain (PDZ), the pleck
strin homology domain (PH), and the protein ty
rosine phosphatase domain (PTP). Other character
ized regions, including those involved in coiled-coil 
interactions or in actin binding are not indicated be
cause their sequence and limits are less well defined 
than those of globular domains. 

ranging from - 300 residues in ERM proteins to 
-400 residues in some JAKs. This large size, as 
well as the multiplicity of its potential partners, 
suggests that the band 4.1IJEF domain could be 
made up of several modules. A close examina
tion of the HCA plots supports this hypothesis, 
showing that the band 4.1IJEF domain could 
consist of a duplicated module (Fig. 2b; see be
low). The low sequence identity shared by the 
two related subdomains indicates that this dupli
cation is an ancient evolutionary event that oc
curred before the functional specialization of the 
various band 4.1IJEF domains. Moreover, in 
screening databases we were unable to find any 
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Fig. 2. Structure of the band 4.1/JEF domain
(HCA). (A) RCA plots of a conserved region of the
4. 1/JEF domain, defined by two highly conserved
blocks (blocks 6 and 7), from JAK (JAKL-HUMAN,
Swiss-Prot accession number P23458), FAK
(FAKL_HUMAN, Swiss-Prot accession number
Q05397), and ezrin (EZRI_HUMAN, Swiss-Prot ac-
cession number P1531 1). The sequence of human
KIAAO316 (GenBank accession number AB0023 14)
is also shown, as it appears to be a key linker be-
tween FAK and classical 4.1 domains. Sequence
identities (white on a black background) are associ-
ated with cluster similarities (shaded gray), indicat-
ing the conservation of a similar 2D environment.
Note that the intervening sequences linking con-
served blocks (horizontal arrows) are of considerable
variable length. The basic principles of RCA plots are
indicated in the inset: the amino acid sequence (ob-
liquely from top to bottom and left to right, ID) is
shown on a duplicated a-helical net (18). Hydropho-
bic residues are boxed and form clusters that corre-
spond mainly to the intemal sides of regular second-
ary structures (a helices and 13 strands), oriented
toward the hydrophobic core of globular proteins.
Inspection of the plot from left to right allows identi-
fication and comparison of those patterns indicative
of secondary structure (inset, 2D). Special symbols
used for proline (pro), glycine (gly), serine (ser) and
threonine (thr) are indicated. (B) HCA plot of the
4.1/JEF domain (residues 1-295) of human ezrin
(EZRILIUMAN, Swiss-Prot accession number
Pl5311). The plot is divided into three parts. The
central hinge containing Tyr-145 (Y*), a substrate for
tyrosine kinases, is set aside to highlight the similari-
ties between the two aligned subdomains (residues
1-132 and 168-295). Secondary structure predic-
tions are shown below the duplicated subdomains.
Sequence identities (white on a black background)
are associated with cluster similarities (shaded gray),
indicating the conservation of a similar 2D environ-
ment. Special symbols used for proline, glycine,
serine, and threonine are as indicated in panel A.
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--- mouse JAK2

:---- mouse JA}3

: :--- chicken JAK

: :---- mouse JAK1

:---- human TYK2

:-------- D.melanogaster JAK (Hopscotch)

:---- human FAK

: : :---- human PYK2

.-- - - - -human KIAA0316

:---- mouse TALIN

: : ---- C.elegans TALIN

: ----- D.discoidum TALIN

: ------ ---- mouse MYOSIN VII (a)

: : -------- N.tobacum KCBP

-- ------ bovin MYOSIN X

:-------- human KRIT1

------------ C.elegans f25h9.5

--- human EZRIN

: :--- D.melanogaster MOESIN

: : --- C.elegans cOlg8.5b

: --- E.granulosus EG10

---- human MERLIN

S.mansoni JF2

:--- human 4.1

---- human KIAA0338

: : :---- D.melanogaster DROP41 (Coracle)

------ C.elegans zk270.2a

:---- human CDEP

:.: -- --- C.elegans h05g16.1

:------ human PTN3

: : : C.elegans t04c9.6

:----- mouse NBL4

- - ------- - C.elegans c24all.8

:------- mouse PTNE

---- ---- D.melanogaster EXPANDED

------ human PTP-BAS

Fig. 3. Hypothetical phylogenetic tree of the hand

4.1/JEF domains. Phylogenetic tree based on amino
acid sequences aligned following (15) was con-
structed using the program PROTML in the MOL-
PHY package (137). Note that the longest interven-
ing sequences (corresponding to loops between
conserved blocks) were omitted from the alignment.

occurrence of one of the two subdomains inde-
pendently, which supports the hypothesis of
their ancient origin and suggests a structural in-

terdependence between them. Duplications have
been described in a number of proteins. They are
sometimes easily detected because of a high se-
quence identity between the subdomairns,
whereas in other cases they become apparent
only after the experimental determination of the
three-dimensional structure.

The band 4.1 /JEF domains appear to consist
of two structurally similar subdomains of -130
residues lnked by a short hinge region (block 9)
of 30-35 residues, containing an invariant pro-
line residue. The evidence for duplicated subdo-
mains is visible orl the HCA plots of human ezrin
(Fig. 2b). Sequence conservation (e.g., -13%
sequence identity in the case of ER>`/ ) and h',-
drophobic cluster conservation are observed be-
tween the two putative subdomains. The hy-
pothesis of a duplication is further supported by
similar secondary structure predictions. Compar-
ison of the sequence of the two putative subdo-
mains highlights short conserved sequence mo-
tifs that are predicted to be related to the core
structure of the domain or a key conserved func-
tion. These motifs, including the stretches lxii
g/n, wixid and III/qi+ (where / stands for an
hydrophobic residue; +, a positively charged res-
idue; g, a glycine residue; q, a glutamine residue;
w, a tryptophan residue; and x, a variable posi-
tion) are all associated with predicted buried ,3
strands. The evidence for an internal duplication
is clear within the 4.1 /ERM group and in the case
of KIAA0316 (data not shown). -Hlowever, it is
much less conspicuous in the FAK and JAK
groups, suggesting that the two subdomains have
undergone a divergent evolution in these ty-
rosine kinases.

Proteins with Band 4.1/PEF
Domains and Their Partners
Band 4.1 and Related Proteins

Band 4.1 contains a C-terminal actin/spectrin
binding-domain and thus acts as a cross-linker
between the cortical cytoskeleton and the mem-
brane of eryth-ocytes, playing a critical -ole in
the characteristic shape of these cells (12). The
membrane partners of band 4.1 have been ex-
tensively studied. The main anchor site is the
short intracellular C-terminal tail of glycophorin
C, a small transmembrane protein with a heavily
glycosylated extracellular domain. The band 4.1
binding site of glycophorin C has been mapped
precisely (21,22) (Fig. 4a). The N-terminal do-
main of erythrocyte band 4.1 binds also to the
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anion exchanger of erythrocyte membrane
(band 3) (23) and to CD44, first identified as an
anchoring site for ERM proteins (see below)
(24). The interaction may involve a stretch of
arginine residues in band 3 and acidic residues
(LEEDY) in band 4.1 (25) (Fig. 4b). Another
important partner of the band 4.1 /JEF domain in
red blood cells is the protein p55, which contains
a PDZ, a SH3, and a guanylate-kinase domain
and belongs to the MAGUK (membrane associ-
ated-guanylate kinases) family of proteins (21).
p55 is capable of binding simultaneously the
band 4.1 /JEF domain by a short region between
its SH3 and guanylate kinase domains (Fig. 4b)
and the C terminus of glycophorin C by its PDZ
domain (26,27) (Fig. 5a). Thus, a ternary com-
plex between glycophorin C, band 4.1, and p55
may be a basic structural component allowing
anchorage of the cortical cytoskeleton to the
erythrocyte membrane (Fig. Sa). The sequence
in p55 responsible for band 4.1 binding is con-
served in Drosophila disc-large protein (Dlg) and
its human homologue (H-dlg), which suggests
that such interactions have been conserved dur-
ing evolution (21). The formation of membrane-
associated complexes containing band 4.1 is
probably highly regulated, since the binding of
band 4.1 to glycophorin C is increased by phos-
phatidylinositol 4, 5-bisphosphate (PIP2) (13),
whereas Ca2+/calmodulin reduces its affinity for
CD44 (24).

The role of band 4.1 is not restricted to eryth-
rocytes. In fact, a number of different 4.1 pro-
teins with distinct patterns of tissue expression
and different intracellular localizations are gen-
erated from the same gene, as a result of two
different sites of initiation of transcription and
multiple alternatively spliced exons (28,29). In
addition, several other genes code for related
proteins. One of them is an ubiquitously ex-
pressed 4.1-G (general protein 4.1) which was
identified as a protein interacting with FKBP-13
of the immunophilin family (30). Other as-yet
uncharacterized gene products with high se-
quence similarity to band 4.1 include NBL4
(Novel Band 4.1-Like protein 4) (31,32) and the
open reading frame KIAA0338. In Drosophila,
Coracle, a band 4.1-related protein, is enriched
in septate junctions between epithelial cells,
which are equivalent to tight junctions in verte-
brates (33). Last but not least, CEDEP, a recently
cloned protein, contains an N-terminal band 4.1 /
JEF domain closely related to that of band 4.1, a
Rho-guanine nucleotide exchange factor dbl ho-
mology domain, and a PH domain (34). Thus,

band 4.1 and its close relatives are expressed in
many cell types in a wide range of organisms.

Potential transmembrane partners of band
4.1-related proteins, such as anion exchanger
or CD44, are also widely expressed. Moreover,
the presence of a sequence highly similar to the
4.1 binding site of glycophorin C has been
identified in an otherwise unrelated glycopro-
tein, paranodin (35) [also termed contactin-
associated protein, caspr (36)]. Paranodin is a
neuronal glycoprotein highly enriched in the
septate-like junctions between myelinating
glial cells and axons on both sides of the Ran-
vier nodes in the central and peripheral ner-
vous system of mammals. Paranodin binds
band 4.1 and other proteins with band 4.1 /JEF
domains in vitro (35 and T. Galvez, L. Gout-
ebroze, J.A. Girault, unpublished results). One
probable role of paranodin is to interact with
glial proteins on the extracellular side and to
provide an anchoring point for the axonal cy-
toskeleton on the intracellular side, thereby
participating in the structure of paranodal
junctions. Paranodin is related to a Drosophila
protein, neurexin IV, located in septate junc-
tions between epithelial cells during embryo-
genesis and between glial cells (37). Neurexin
IV also has a conserved band 4.1-binding se-
quence and interacts with Coracle, a Drosophila
relative of band 4.1 (33,38). It has been pro-
posed that other neurexins (I-III), which have
some sequence similarity with the band 4.1-
binding region of glycophorin C and paranodin
(Fig. 4a), might also be band 4.1-binding pro-
teins (39). This is an interesting possibility,
which should be experimentally tested, since
CASK, a MAGUK protein, is also associated
with neurexins (40) and binds to band 4.1
(41). Proteins related to band 4.1 are probably
attached to a number of transmembrane pro-
teins with different extracellular domains but
with a conserved intracellular segment. A ten-
tative consensus binding site for band 4.1, the
GNP motif (Glycophorin C, Neurexin IV, Para-
nodin), can be built by comparing sequences of
the three proteins that have been shown to
interact with band 4.1 (Fig. 4a). Using the
BLAST screening program (42), we were able
to find a similar motif in the membrane-prox-
imal C-terminal region of several novel trans-
membrane proteins (Fig. 4a). These proteins
are strong candidates for binding band 4.1 or
related proteins.
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(A) Band 4.1 (B) ERM 
Glycophorin C 

PIP2, Rho-GTP, protein kinase? 

Inactive ERM 

Actin filament protein Actin filament 

(C) FAK (0) JAK 

Autopho.phorylatlon 

Active FAK In focal adhesions 

Fig. 5. Functional interactions of band 4.lIJEF 
domains with transmembrane proteins. The 
interactions of four well-studied examples of pro
teins containing band 4.l/JEF domain with trans
membrane proteins are schematized. (A) In erythro
cytes band 4.1 binds to the cytoplasmic tail of 
glycophorin C and with a specific sequence of p55, a 
protein that also contains PDZ and SH3 domains. 
The PDZ domain of p55 binds to the C terminus of 
glycophorin C. forming a ternary complex. Other 
partners of band 4.1 include actin, spectrin, and 
band 3. (B) ERM proteins are thought to be in a 
closed state and, following activation, to bind to the 
cytoplasmic tail of several transmembrane proteins 
(CD44, CD43, ICAM-2, ICAM-3) . This activating 
step may involve binding to phosphatidylinositol 
4,5-bisphosphate (PIP2) and action of Rho-GTP 
and/or a protein kinase. ERM proteins also interact 
with EBP-50/NHE-RF, a protein with two PDZ do
mains associated with Na + /H+ exchanger, and with 

The ERM Proteins 

Ezrin, radixin, and moesin are three related pro
teins of -80 kDa that have an N-terminal band 
4.l/JEF domain and the ability to bind actin 
(10,1l,43). Although there are some sequence 
differences in their C-terminal moiety (e.g., ab-

Rho-GDI. (C) FAK is in the cytoplasm in an inactive 
state. Following integrin engagement, it is targeted 
to the focal adhesions by a C-terminal sequence 
(FAT, focal adhesion targeting) that interacts with an 
unidentified target (T) and multiple other proteins. 
The band 4.I/JEF domain interacts with the cyto
plasmic tail of {3 integrins, and this may participate 
in the activation of FAK. Although for the sake of 
simplicity the autophosphorylation of FAK is shown 
as an intramolecular reaction, it may be intermolec
ular. (D) The JAK kinases interact with the mem
brane-proximal region of cytokine receptors (only 
one chain is shown), through their N-terminal band 
4.1/ JEF domain. Activation of the kinase requires 
additional steps triggered by cytokine binding to the 
receptor (not shown). GUK, guanylate kinase do
main; TK; tyrosine kinase domain; KL, kinase-like 
domain. Question marks (7) indicate the likely exis
tence of proteic partners, yet to be identified. 

sence of a polyproline stretch in moesin) and in 
their pattern of expression, the ERM proteins 
share a number of properties. Like band 4.1 they 
appear to function as cross-linkers between the 
actin cytoskeleton and the plasma membrane, 
and are enriched in microvilli, filopodia, mem-
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brane ruffles, and cell contacts (10,11,43). They
bind actin through their C terminus and, possi-
bly, two additional sites, at the N terminus and in
the band 4.1 domain (res. 281-333) (44). The
ERM proteins can interact with CD44, a large
and ubiquitous transmembrane glycoprotein,
which acts as a receptor for hyaluronic acid, col-
lagen, fibronectin, and serglycin (45) (Fig. 5b).
ERM proteins can bind to other transmembrane
proteins that have a more restricted pattern of
expression such as CD43 and intercellular cell
adhesion molecules (ICAM) 2 and 3 (46,47).
ERM proteins also co-localize with the H+/K+
ATPase and are associated with EBP-50/NHE-RF,
a protein with two PDZ domains that regulates
the Na+/H+ exchanger (48,49). In addition,
ERM proteins bind to Rho-GDI and reduce its
activity, thereby initiating the activation of Rho
(50). This observation may be related to the re-
quirement of ERM proteins for the Rho-induced
stress fibers formation (51).

ERM proteins have a long a-helical region
with the ability to form coiled-coil interactions
and regions of intramolecular recognition in the
N and C termini (52,53). These features lead to
intra- or intermolecular head-to-tail interactions
that are thought to maintain the ERM proteins in
a closed conformation as inactive monomers or
to provide the basis for dimerization ( 11,43).
Several regulatory factors contributing to the ac-
tivation of ERM proteins have been reported.
ERM proteins contain a conserved tyrosine phos-
phorylation site that might be involved in the
regulation of oligomerization (54). PIP2 binds to
the N-terminal band 4.1 domain of ERM proteins
and promotes their interaction with CD44 in
vitro (55,56). The action of Rho-GTP is necessary
for the binding of ERM proteins to CD44 (56).
One possible mechanism of action of Rho is the
activation of Rho-kinase and the phosphoryla-
tion of ERM proteins on a conserved C-terminal
threonine, which prevents the head-to-tail inter-
action (57) (Fig. 5b).

Schwannomin/Merlin
The gene mutated in neurofibromatosis type 2
(NF2) codes for a tumor suppressor termed
schwannomin (58) or merlin (moesin-ezrin-ra-
dixin-like protein) (59) that has a high degree of
sequence identity with ERM proteins (43% over-
all identity with ezrin, 62% in the band 4.1 N-
terminal domain). Schwannomin is co-localized
with cortical actin (60-62) and is enriched in
membrane ruffles (63). Although it lacks the

C-terminal actin-binding domain of ERM pro-
teins, schwannomin may bind actin by its N-
terminal domain (res. 178-367) (64) and one of
its splice isoforms (isoform 2) interacts with spec-
trin by its C-terminal domain (65). Schwan-
nomin also interacts with CD44 (60), microtu-
bules (64), and EBP-50 (48). In Drosophila,
homologues of moesin (D-moesin) and merlin/
schwannomin (D-merlin) are both associated
with the plasma membrane but the latter appears
to be co-localized with the endocytic compart-
ment (66). The precise mechanism by which
schwannomin and D-merlin exert their anti-pro-
liferative effects is not known. Loss of function of
D-merlin increases cell proliferation and it was
demonstrated that all its essential genetic func-
tions reside in its N-terminal 350 amino acids,
corresponding to the band 4.1 /JEF domain (67).
The consequences of NF2 loss of heterozygoty
are severe in transgenic mice, leading to the oc-
currence of a range of highly metastatic tumors
(68). Thus, defects in schwannomin and perhaps
in other members of the ERM family have an
important role in tumor formation and metasta-
sis. Interestingly, Expanded, a Drosophila protein
with a divergent band 4.1/JEF domain (Fig. 3)
enriched in adherens junctions, also regulates
cell proliferation (69). These molecules, like
other tumor suppressors associated with cell-cell
junctions, such as APC and dlg (70), may control
cell proliferation in response to clues provided by
cell contacts. It is likely that such controls are
very important in regulating cell proliferation
during organ development, as suggested by the
phenotypes resulting from their mutation in Dro-
sophila (67,69).

Talin and Motor Proteins

Band 4.1 /JEF domains are found in several large
proteins closely associated with cytoskeleton.
One is talin, a 270-kDa cytoskeletal protein en-
riched in focal adhesions (71). Talin has multiple
actin-binding sites and a band 4.1 domain lo-
cated near its N terminus. Talin can dimerize and
interact with a number of proteins including
,B-integrin cytoplasmic tail, vinculin, and FAK
(71,72). Band 4.1/JEF domains are also fou-rd in
specific isoforms of motor proteins, belonging to
the myosin and kinesin groups, that are associ-
ated with actin filaments and microtubules, re-
spectively. Myosins VIIa and X are unconven-
tional myosins containing band 4.1 /JEF domains
located at the C termini (Fig. 1) (73,74). The
presence of band 4.1 domains might give these
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proteins a mode of membrane association
unique among the unconventional myosins. In
addition, myosin X contains PH domains, which
may also contribute to their membrane attach-
ment. Myosin Vlla is enriched in stereocilia of
cochlear and vestibular sensory cells and is nec-
essary for the integrity and function of these cells
(74). Band 4.1/JEF domains are also found in a
specific group of microtubule-associated proteins
related to the kinesin family in plants. Kinesin-
like proteins containing band 4.1 /JEF domains
cloned in Arabidopsis thaliana, Nicotiana tabacum,
and Solanum tuberosum have the unique property
of binding the Ca2+-calmodulin complex and are
termed kinesin-like calmodulin binding proteins
(KCBP) (75). These proteins appear to have a
role during cell division (76). It can be speculated
that the presence of a band 4.1/JEF domain in
unconventional myosins VIIa and X and in
(KCBP) may allow their direct association with
specific transmembrane receptors, resulting in
the movement of membranes relative to actin- or
microtubule-based cytoskeleton.

Protein Tyrosine Phosphatases

Three groups of large protein tyrosine phospha-
tases (PTPs) contain band 4.1 /JEF domains. They
all have an N-terminal 4.1 domain and a C-
terminal phosphatase domain but their se-
quences are unrelated between these two do-
mains. These PTPs have been cloned
independently by several laboratories and have
received different names. One group, character-
ized by a central PDZ domain, includes two dif-
ferent enzymes: PTPN_3 [PTP HI (77)] and
PTPN_4 [PTP MEG (78)]. The second group also
consists of two different enzymes, PTPN_E
[PTP36 (79) or PTP-PEZ (80)] and PTPN_F [PTP-
Dl (81) or PTP-RL10 (82) or PTP2E (83)], that
have a similar structure but no PDZ domain. The
sequences of the band 4.1/JEF domain of these
PTPs are closely related to those of protein 4.1.

In contrast, the band 4.1/JEF domain of a
third grou- of PTP is more divergent (Fig. 3).
These phosphatases, known as PTP-BAS (84),
PTP-BL (85), PTPIE (86), PTPL1 (87), or FAP-1
(88), are very large proteins of >2400 r sidues
with five central PDZ domains. The human phos-
phatase FAP-1 interacts with the C terminus of
Fas by two of its PDZ domains (PDZ 2 and 4)
(88,89). However, the significance of this obser-
vation is unclear (90). In general, little is known
about the function and regulation of the PTPs
with band 4.1/JEF domains. It is likely that the

presence of a band 4.1 /JEF domain allows their
targeting to specific cell locations by its associa-
tion with specific membrane proteins. This could
result in the enrichment of PTPs in the vicinity of
areas of cell contacts and/or in association with
cortical cytoskeleton. However, the precise intra-
cellular localization of these enzymes has not
been determined.

The FAK Family

Focal adhesion kinase is a nonreceptor tyrosine
kinase substrate for Src and is enriched in focal
adhesions (91,92). The knockout of FAK gene is
embryonic lethal (93). Its role is thought to in-
clude signaling from integrins, turnover of focal
adhesion, anti-apoptotic effects of cell contacts
with the extracellular matrix, and plasticity in
the adult nervous system (94-96). FAK is auto-
phosphorylated in response to integrin engage-
ment or stimulation of a number of G protein-
coupled receptors (97). The autophosphorylated
tyrosine-397 binds with high affinity Src family
kinases that in turn phosphorylate other residues
and neighboring proteins, leading to the activa-
tion of multiple signaling pathways (98). FAK
consists of a central tyrosine kinase domain
flanked by a C-terminal domain, which is the site
of multiple protein-protein interactions, and an
N-terminal domain whose similarity with band
4.1 domain was recently demonstrated (15,16).
The region located close to the C terminus is
necessary for the targeting of FAK to focal adhe-
sions (focal adhesion targeting, FAT) (99). Al-
though it does not seem to be involved in this
targeting, the N-terminal domain of FAK inter-
acts in vitro with f3 integrins (100).

Autophosphorylation of FAK on Tyr-397,
which is located between the band 4.1/JEF do-
main and the kinase domain, is a critical step in
its activation. However, the precise mechanism
of this autophosphorylation is not known. It
might involve a transient dimerization and an
intermolecular phosphorylation, by analogy
with growth factor receptors. Alternatively, it
could result from the suppression of an intramo-
lecular inhibition, as in the case of Src-family
kinases, or from a combination of the two mech-
anisms (i.e., suppression of intramolecular inhi-
bition leading to transphosphorylation). Accord-
ingly, deletion of the region corresponding to the
band 4.1/JEF domain increases FAK autophos-
pho-rylation in vitro (101,102). Moreover, per-
manent membrane association by fusion of the N
terminus with a trarsmembrane protein results
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in a constitutive activation of FAK (101). These
observations are compatible with an intramolec-
ular inhibition by the N-terminal domain (96).
Interestingly, neuronal splice isoforms of FAK,
which differ from the ubiquitous form by the
insertion of short peptides on both sides of ty-
rosine-397, have a dramatically increased auto-
phosphorylation, suggesting that slight modifica-
tions in the peptide joining the kinase domain
and the band 4.1 /JEF domain and containing the
autophosphorylation site have important conse-
quences for activation of the enzyme (103).
Thus, FAK is targeted to focal adhesions by its
C-terminal region, whereas the N-terminal band
4.1/JEF domain may contribute to its regulation
by interacting with integrins or other as-yet un-
identified molecules (Fig. 5c).

To date, the only known tyrosine kinase
closely related to FAK is proline rich-tyrosine
kinase 2 (PYK2) (104), also named cell adhesion
kinase (3 (CAK(3) (105), related adhesion focal
tyrosine kinase (RAFTK) (106), Ca2+-dependent
tyrosine kinase (CADTK) (107), or FAK2 (108).
PYK2 displays a high degree of sequence similar-
ity with FAK over most of its sequence. How-
ever, the focal targeting properties of PYK2 ap-
pear to be repressed in most circumstances (109).
Src-family kinases interact with PYK2 following
its autophosphorylation on a tyrosine residue
(Tyr-402) corresponding to the autophosphory-
lation site of FAK (110). Although the partners
and activation of PYK2 have not been as exten-
sively studied as those of FAK, there are striking
similarities and some differences between the
two kinases (96). One characteristic of PYK2 is its
sensitivity to increased free intracellular Ca21
(104,107), at least in part mediated by protein
kinase C ( 1 1-1 14). The band 4.1 /JEF domain
most closely related to that of FAK and PYK2 is
found in KIAA0316, a predicted open reading
frame that contains an N-terminal PDZ domain
and a long C-terminal region of unknown func-
tion (Figs. 1 and 3; see above).

The JAK Family
The JAK tyrosine kinases are an important
group of nonreceptor tyrosine kinases that as-
sociate with the intracytoplasmic region of re-
ceptors for a number of cytokines and polypep-
tidic hormones or growth factors ( 115,116).
These receptors are devoid of intrinsic enzy-
matic activity, but form homo- or heterooli-
gomers that associate with tyrosine kinases of
the JAK family. Each receptor chain interacts

preferentially with one or several JAKs. The
signaling cascade initiated by these receptors
has been extensively studied (see refs. 115,1 16
for references). Following binding of the cyto-
kine or hormone to the extracellular domain of
the receptor, the JAK tyrosine kinases are ac-
tivated. They phosphorylate the receptor and
recruit the STAT proteins, which are unusual
transcription factors with SH2 domains. When
phosphorylated on tyrosine by JAKs the STATs
dimerize, translocate to the nucleus, and acti-
vate transcription of specific genes.

The JAKs contain a number of regions in
which the residues are conserved among all
the members of the JAK family. These regions
have been termed JAK-homology regions (JH)
and are numbered 1-7, starting from the C
terminus (by analogy with the SH domains of
the Src family) (115,116). JH1 is the tyrosine
kinase domain. JH2 is a kinase-like domain
that appears to be important for the function of
the JAKs but whose precise role is not known.
The N-terminal half of the molecule compris-
ing JH3-7 is far less characterized. The region
surrounding JH3 has been shown to possess
the structural features of a SH2 domain (117).
However, no ligand for this SH2-like domain
has yet been identified. The N-terminal region
of JAKs, corresponding to the band 4.1 /Jef
domain (15), is responsible for their interac-
tion with the receptors and the specificity of
this interaction (115,116) (Fig. 5d). Interest-
ingly, the N-terminal limit of the region of
Tyk2 necessary for interaction with the inter-
feron a/X3 receptor (118) corresponds to the
limit of the band 4.1 /JEF domain. Thus, the
N-terminal half of JAKs contains two well-
defined globular domains, a band 4.1 /JEF do-
main, and a SH2-like domain. The most N-
terminal region (corresponding to the first
subdomain of band 4.1 /JEF domain and the
hinge region, see above) is primarily involved
in the binding to the receptor (118). The se-
quences in tha receptor that interact with the
JAKs have not been fully identified. The mem -
brane-proximal region is critical for the bind-
ing of JAKs and a short proline-rich sequence
(Box 1) appears to contribute to the specifica-
tion of the JAK isoform that interacts with the
receptor (115,119-121). However, little is
known about the regulation of the JAK-recep-
tor interaction and their other partners. Inter-
estingly, one report shows the possibility of an
association between JAK2 and FAK (122).
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Common Themes among Band 4.1/
JEF Domains
This brief overview of the proteins containing
band 4.1/JEF domains and of their properties
allows us to identify a number of common
themes. Obviously, the existence of structural
similarities with a low level of sequence identity
does not imply that all the functional properties
are identical within the superfamily. On the con-
trary, significant divergence and specialization of
the domains are expected. However, it is also
likely that some features may be conserved in
many members of the superfamily. Thus, infor-
mation on the most-studied proteins with these
domains can be used to generate interesting
working hypotheses for the other proteins.

Interactions with the Membrane-Proximal Domain
of Transmembrane Proteins

Many of the proteins with band 4.1 /JEF domains
interact with the cytoplasmic region of proteins
having a single transmembrane segment and an
intracellular C terminus. In most cases (Fig. 4) as
well as in the case of cytokine receptors (see
above), the interaction involves the membrane-
proximal region of the transmembrane protein.
Some of these proteins (glycophorin C, neurexin
IV, paranodin) share a short region of similarity,
with a GNP consensus motif also found in other
proteins which are good candidates for binding
proteins with band 4.1 /JEF domains (Fig. 4a).
Other proteins (CD44, CD43, ICAM-2, band 3)
possess stretches of basic residues (also found in
p55) that appear to be important for the interac-
tion with band 4.1 /JEF domains (Fig. 4b). This
suggests that there may be several distinct bind-
ing sites on band 4.1 /JEF domains. The careful
study of the interactions between the various
band 4.1 /JEF domains and their partners is now
required to determine the generality and speci-
ficity of these interactions and the structure of
the regions involved in binding.

Interactions with Cytoplasmic Proteins

In addition to intrinsic membrane proteins, band
4.1 /JEF domains can bind to a variety of periph-
eral or cytoplasmic proteins. One particularly in-
teresting example is proteins of the MAGUK
family which contain PDZ domains. The ternary
complex between protein 4.1, p55, and glycoph-
orin C, in which each protein is bound to the two
others, has been well characterized in erythro-
cytes (27). This type of ternary complex can be of

general significance since proteins with PDZ do-
mains, and in some cases guanylate-kinase like
domains, are found in association with other
proteins which have known or putative binding
sites for band 4.1 /JEF domains such as neurexins
(39-41). Moreover, NHE-RF/EBP-50, a protein
interacting with band 4.1/JEF domain of ERMs
and schwannomin, possesses PDZ domains asso-
ciated with Na+/H+ exchanger (48,49) and sev-
eral proteins with band 4.1 domains contain PDZ
domains themselves (Fig. 1). Many of these pro-
teins have additional interaction domains (e.g.,
actin-binding sites, spectrin-binding sites, SH3;
see above). Thus, band 4.1 /JEF domains are
likely to participate in multimolecular complexes
of potentially unlimited size, forming networks
of proteins with multiple interacting domains.
Such networks are likely to be the structural
framework of many specialized cell regions such
as cortical cytoskeleton, focal adhesions, or post-
synaptic densities. The exact proteic composition
of each network is expected to determine its
properties.

Intra- and Intermolecular Interactions of Band 4.1/
JEF Domains

In several cases (e.g., ezrin, radixin, moesin,
schwannomin, talin) proteins with band 4.1 /JEF
domains have been shown to undergo intramo-
lecular interactions. These interactions involve
one site in the band 4.1 /JEF domain and one in
the C-terminal region and appear to have a func-
tional importance (53): they allow the formation
of homomeric complexes of various sizes (54).
They also perform a regulatory role by maintain-
ing the protein in a closed inactive state, until a
specific stimulus (e.g., phosphorylation by Rho-
kinase in the case of ERM proteins) "opens" the
protein (43,45). It will be very interesting to
determine if such principles apply to other pro-
teins with band 4.1 /JEF domains, including FAK
(96). It is also remarkable that heterotypic inter-
actions have been reported between different
proteins with band 4.1 /JEF domains. For in-
stance, ezrin, radixin, and moesin (54), talin and
FAK (72), and JAK and FAK (122) interact with
each other. Not all the sites responsible for these
interactions have been mapped precisely. How-
ever, it is an intriguing possibility that the same
regions involved in intramolecular or homotypic
intermolecular interactions are also responsible
for heterotypic interactions within the group of
proteins with band 4.1 /JEF domains.



J.-A. Girault et al.: Band 4.1/JEF Domains 763

Regulation of the Membrane Association of Band
4.1IJEF Domains

In many cases, the interactions between proteins
containing band 4.1 /JEF domains and their
membrane partners appear to be highly regu-
lated by several factors. The proximity of the
membrane may be an important point since
binding of a phospholipid (PIP2) increases the
affinity of the band 4.1 /JEF domain for its trans-
membrane partner, as demonstrated in the case
of band 4.1 and ERM proteins (13,56). A direct
binding of PIP2 to ezrin has been demonstrated
(55), indicating that some of the band 4.1 /JEF
domains contain a lipid binding site. Binding of
PIP2 may have several important consequences
that are not mutually exclusive: it may promote
the opening of the protein containing the band
4.1 /JEF domain (see above); it may alter the
affinity of another binding site for its proteic
partner by an allosteric mechanism; and it may
provide an additional anchoring point to the
membrane.

A second mechanism of regulation of band
4.1 /JEF domains binding to the membrane is the
intervention of small GTP-binding proteins of the
Rho family. Rho-GTP increases the association of
ERMs with CD44 (56). Rho is necessary for FAK
activation in response to many stimuli (123,124)
and Rho-GTP induces the phosphorylation of
FAK and associated proteins (125). The mecha-
nism by which Rho exerts its effects is not pre-
cisely known. One possibility is that it activates a
serine/threonine kinase (Rho-kinase) that phos-
phorylates ERM proteins' C-terminus, relieving
their intramolecular inhibition (57). It has also
been suggested that Rho-GTP might activate a
phosphatidylinositol-5 kinase, thereby increas-
ing the levels of PIP2 (45). A strong functional
relationship between Rho and some proteins
with band 4.1/JEF domains is also indicated by
the observation that ERM proteins are required
for the effects of Rho-GTP on membrane and
cytoskeleton (51). It is noteworthy in this con-
text that the band 4.1 /JEF domains of ERMs can
associate with Rho-GDI (50) and that CDEP, a
novel protein containing a band 4.1 /JEF domain,
has a domain of homology with Rho-GEF (34).

The properties of proteins with band 4.1 /JEF
domains can be regulated by phosphorylation.
Phosphorylation sites for several serine/threo-
nine or tyrosine kinases have been reported on
many of these proteins, and in some cases shown
to alter their properties (57,121,126,127). It is
possible that different regulatory mechanisms

have evolved for each protein with a band 4.1 /
JEF domain. However, some properties (e.g.,
strategic regions for regulation by phosphoryla-
tion, presence of a lipid binding site) might be
conserved in several, if not all, of these proteins.
Determination of the three-dimensional struc-
ture of band 4.1 /JEF domains will help to address
this issue.

Band 4.1/JEF Domains in Multimolecular
Complexes Important for Cell Structure and Signal
Transduction

Many proteins with band 4.1/JEF domains are
enriched at specific intracellular locations, such
as cortical cytoskeleton, focal adhesions, adher-
ens junctions, or septate junctions. As discussed
above, they participate in multimolecular com-
plexes that are likely to form large networks
important for cell structure. Proteins with band
4.1/JEF domains appear to have two types of
roles in these complexes. First, they play a struc-
tural role by linking transmembrane proteins to
actin cytoskeleton (e.g., band 4.1, ERM, talin). In
some specific cases (unconventional myosins
Vlla or X and KCBP), they may even participate
in actin- or microtubule-dependent movements
of macromolecules or membranes. A second type
of function in which proteins with band 4.1 /JEF
domains are involved is signal transduction. Sev-
eral of these proteins have catalytic domains
with protein tyrosine kinase or phosphatase ac-
tivities. The role of the band 4.1 /JEF domains
may be to target these enzymes to specific cell
locations within structural protein networks and
to regulate their activity. Thus, they are placed at
strategic cellular locations and generate impor-
tant messages, in response to cell contacts with
other cells or with the extracellular matrix. For
example, FAK generates antiapoptotic messages
in response to cell adherence (128). In addition,
several proteins with band 4.1 /JEF domains
are tumor suppressors (e.g., schwannomin,
Expanded), or are closely associated with such
proteins (e.g., dlg), whose physiological role is
presumably to harmonize cell growth within tis-
sues by controlling the entry into the cell cycle in
response to clues coming from neighboring cells.
The JAKs constitute a special case among pro-
teins with band 4.1 /JEF domains, as they are not
enriched at points of contact with other cells or
the extracellular matrix and they do not seem to
interact with the cytoskeleton. They may repre-
sent a divergent utilization of band 4.1 /JEF do-
mains during evolution, specialized for the con-
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trol of cellular growth in response to secreted
polypeptides and not to fixed proteins.

Band 4.1/JEF Domains and Human
Pathology
Mutations in proteins with band 4.1 /JEF do-
mains play a role in medicine, giving rise to a
variety of diseases that underscore the multiplic-
ity of functions in which these proteins are in-
volved. Mutations in band 4.1 gene are respon-
sible for cases of hereditary elliptocytosis with
hemolytic anemia (129). The clinical manifesta-
tions result from a defect in the cortical cytoskel-
eton of red blood cells and are similar to those
due to mutations in the genes of two proteins
associated with band 4.1: spectrin and glycoph-
orin C. A large variety of mutations in the mer-
lin/schwannomin gene are responsible for NF2,
which is characterized by the occurrence of mul-
tiple schwannomas and meningiomas (130). So-
matic mutations of the NF2 gene are also ob-
served in sporadic schwannomas and meso-
theliomas (131,132). Schwannomin is absent in
many glial tumors as a result of the combination
of a germ-line mutation and a somatic mutation
in hereditary cases (NF2), or of two somatic mu-
tations in sporadic cases. It is noteworthy that
several mutations of merlin/schwannomin iden-
tified in human tumors are missense mutations
or short deletions in the band 4.1 /JEF domain,
emphasizing the functional importance of this
domain. The mutation of a third protein with
band 4.1 /JEF domain, myosin VIIa, is responsible
for hereditary deafness in mice and humans (74).
Mutations in the myosin VIla gene result in
shaker-I phenotype in mice and in Usher syn-
drome type lB in humans. Both diseases include
deafness, but patients with Usher syndrome are
also blinded by retinitis pigmentosa. It has been
hypothesized that myosin VIIa is important for
the integrity of the stereocils of the auditory cells
and that it may participate in the phagocytosis of
photoreceptors by the retinal pigmented epithe-
lium (13 3). In the case of JAK family, at least one
point mutation occurring in the N-terminal re-
gion of JAK3 has been reported in humans, re-
sulting in a severe combined immunodeficiency
(134). This mutation (Tyr-100 -> Cys) occurs in
one of the most conserved stretches of the band
4.1 /JEF domain (block 6), underlining its func-
tional importance. Interestingly, a point deletion
in the corresponding position in merlin/schwan-
nomin (Phe-96) has been reported in a case of

NF2 (135). By contrast, a point mutation (Gly-
341 -> Glu) in the Drosophila relative to JAKs,
Hopscotch, which results in a dominant gain of
function with leukemia-like hematopoietic de-
fects, is located in a loop that appears to be
specific for this protein (136).

Thus, although the superfamily of band 4.1/
JEF domains appears to be divergent, the evi-
dence reviewed here suggests that several of
their properties have been conserved. We have
proposed a number of hypotheses based on this
assumption. Experimental approaches, including
determination of the three-dimensional struc-
ture of representative examples of proteins with
this domain, will allow us to test some of these
hypotheses.
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