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Radixin is a member of the ezrin/radixin/moesin
(ERM) family of proteins, which play a role in the
formation of the membrane-associated cytoskeleton
by linking actin filaments and adhesion proteins. This
cross-linking activity is regulated by phosphoinositides
such as phosphatidylinositol 4,5-bisphosphate (PIP2)
in the downstream of the small G protein Rho. The
X-ray crystal structures of the radixin FERM domain,
which is responsible for membrane binding, and its
complex with inositol-(1,4,5)-trisphosphate (IP3) have
been determined. The domain consists of three sub-
domains featuring a ubiquitin-like fold, a four-helix
bundle and a phosphotyrosine-binding-like domain,
respectively. These subdomains are organized by
intimate interdomain interactions to form characteris-
tic grooves and clefts. One such groove is negatively
charged and so is thought to interact with basic juxta-
membrane regions of adhesion proteins. IP3 binds a
basic cleft that is distinct from those of pleckstrin
homology domains and is located on a positively
charged flat molecular surface, suggesting an electro-
static mechanism of plasma membrane targeting.
Based on the structural changes associated with IP3
binding, a possible unmasking mechanism of ERM
proteins by PIP2 is proposed.

Keywords: CD44/cell adhesion/cytoskeleton/ICAM/
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Introduction

Radixin is a member of the ezrin/radixin/moesin (ERM)
family of proteins, which function as cross-linkers
between plasma membranes and actin filaments (Arpin
et al., 1994; Bretscher, 1999; Mangeat er al., 1999;
Tsukita and Yonemura, 1999). These proteins have been
found in eukaryotic cells in organisms ranging from
Caenorhabditis elegans to humans. Immunofluorescence
studies of cultured cells have revealed the localization of
ERM proteins in cell-surface structures such as microvilli,
ruffling membranes and cell-adhesion sites where actin
filaments associate with plasma membranes (Sato et al.,
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1991, 1992; Amieva and Furthmayr, 1995; Franck et al.,
1993; Serrador et al., 1997).

Radixin, which was originally isolated from rat liver as
a component of cell—cell adherens junctions (Tsukita et al.,
1989), is a 583 amino acid protein consisting of three
domains, an N-terminal FERM (4.1 and ERM) domain
(residues 1-297), a central helical domain (residues 310—
470) and a C-terminal domain (477-583) (Figure 1). The
radixin FERM domain displays high (>84%) sequence
homology to the corresponding domains of ezrin and
moesin. In all three ERM proteins, the FERM domain has
been shown to mediate binding to the cytosolic parts of
integral membrane proteins that play key roles in cell
adhesion and cell-cell communication. To date, three
membrane proteins, CD44, CD43 and ICAMs 1, 2 and 3,
have been characterized as possible membrane partners of
ERM proteins. CD44 is a cell-surface hyaluronate receptor
protein that precisely colocalizes with ERM proteins in
cultured fibroblasts (Tsukita et al., 1994). In some cell
types, a cell-surface glycoprotein of the sialomutin family,
CD43 (Yonemura et al., 1993), and a membrane protein of
the immunoglobulin superfamily, ICAM-2 (Helander
et al., 1996), are also colocalized with ERM proteins.
Recently, possible ERM-binding regions of these adhesion
proteins have been identified in their cytoplasmic domains
or tails (Yonemura et al., 1998). The C-terminal halves of
ERM proteins bind F-actin through their conserved actin-
binding sites, which consist of 34 residues (550-583 for
radixin) (Turunen et al., 1994; Pestonjamasp et al., 1995).
This domain organization resembles that of band 4.1
protein, which links membrane proteins such as glyco-
phorin C/D to actin cytoskeleton (Gould et al., 1989;
Algrain et al., 1993). In particular, their FERM domains
exhibit significant homology (~30%) (Chishti et al., 1998).

Several other proteins exhibit sequence similarity with
the FERM domain. These proteins contain merlin/
schwannomin, the neurofibromatosis type 2 (NF2)
tumor-suppressor gene product (Rouleau et al., 1993;
Trofatter et al., 1993), a subset of protein tyrosine
phosphatases such as PTP-D1 (Moller et al., 1994) and
membrane-associated unconventional myosins such as
myosins VIIa and X. Moreover, recent sequence analyses
suggest that FERM-like domains may exist in non-
receptor tyrosine kinases (JAKI1, JAK2, JAK3 and
TRK2) of the Janus kinase family (Girault et al., 1999)
as well as focal adhesion kinase (FAK) and the related
PYK2/CAKB/RAFTK (Schultz et al., 1998). Therefore,
the FERM domains have been thought to form a newly
discovered protein module that mediates protein—protein
or protein—-membrane (or both) interactions.

Full-length ERM proteins show a low level of binding
activity to both membrane and actin. These inactive states
are believed to be expressed by a masking mechanism in
which the FERM domain binds the C-terminal half to
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suppress the actin filament and membrane-binding activi-
ties (Andreoli et al., 1994; Gary and Bretcher, 1995;
Magendantz et al., 1995; Hirao et al., 1996). Recent
biochemical studies have shown that phospholipids such
as phosphatidylinositol 4,5-bisphosphate (PIP2) bind the
FERM domains and stimulate the binding of ERM
proteins to CD44 in the downstream Rho (Niggli et al.,
1995; Hirao et al., 1996). In fact, the Rho-induced
phosphorylation of radixin Thr564, which is located in
the C-terminal region, maintains radixin in the active state
by suppressing the intermolecular masking (Matsui et al.,
1998, 1999). Interestingly, the unmasked FERM domains
bind Rho-specific GDP-dissociation inhibitor (RhoGDI)
and accelerate its release of Rho to activate Rho-depend-
ent processes (Hirao et al., 1996; Takahashi et al., 1997).
ERM proteins also interact with the Rho-specific guanine
nucleotide exchange factor Dbl, although this interaction
does not affect the exchange reaction (Takahashi et al.,
1998). These findings suggest that the Rho signaling
pathway regulates ERM proteins both upstream and
downstream of Rho. Moreover, several experiments have
indicated that ERM proteins respond to extracellular
signals. For example, epidermal growth factor (EGF)
stimulation of parietal cells by gastric acid secretion, or
activation of platelets by thrombin rapidly recruits ERM
proteins to the cortical actin layer with concomitant
phosphorylation (Bretscher, 1989; Hanzel et al., 1989;
Krieg and Hunter, 1992; Takeda et al., 1995; Crepaldi
et al., 1997). Thus, it is conceivable that extracellular and
intracellular signaling pathways dynamically regulate
ERM proteins. Another ERM-binding partner is the
ERM-binding 50 kDa phosphoprotein (EBP50) that
binds the FERM domain (Reczek et al., 1997). EBP50 is
identical to the Na*/H* exchange regulator factor (NHE-
RF), a cofactor necessary for protein kinase A regulation
of the renal Na*/H* exchanger, a membrane ion channel
protein (Weinman et al., 1993). NHE-RF and its isoform,
E3KARP (Yun et al., 1997), bind the Na*/H* exchanger
through their PDZ domains.

Here, we report the crystal structures of the radixin
FERM domain and its complex with inositol-(1,4,5)-
trisphosphate (IP3), which is the headgroup of PIP2. The
structures reveal that the FERM domain consists of three
subdomains that form characteristic grooves and clefts.
Features of the grooves and clefts suggest possible
mechanisms for the interaction of the FERM domain
with its binding partners. The structural changes induced
by IP3 binding suggest a possible unmasking mechanism
of ERM proteins by PIP2.

Results and discussion

Structure determination and overall structure

The FERM domain of mouse radixin containing
residues 1-310 is sufficient for binding to phospholipids
and cell-adhesion proteins as described above. Crystals of
the radixin FERM domain (1-310) containing one mol-
ecule per asymmetrical unit were obtained. The structure
was determined by the multiple isomorphous replacement
method and refined to 2.8 A resolution. The current
structure includes 297 residues of the FERM domain. The
FERM domain contains three subdomains, A, B and C,
which interact with each other to fold into a compact
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Fig. 1. Diagram of radixin domains. The N-terminal FERM domain
(blue), helical domain (yellow), polyproline region (green) and

the C-terminal autoinhibitory domain (red) are indicated. Three
subdomains in the FERM domain found by this crystallographic
analysis are also indicated.

globular shape (Figure 2A). The radixin FERM domain
has a somewhat trigonal shape with overall dimensions of
~70 A by 70 A, with a thickness of 40 A. For convenience,
the secondary structure elements in each subdomain are
numbered with a subdomain identifier, A, B or C. The
complex crystals between the radixin FERM domain and
IP3 were obtained both by soaking and by co-crystalliz-
ation. All these crystals are isomorphous to the native
crystals of the free radixin FERM domain. The structures
of the complexes were determined by molecular replace-
ment using the unliganded radixin FERM domain. The
complex structure with IP3 was refined at 2.9 A resolution.

Subdomain structures

Subdomain A, consisting of the 82 N-terminal residues,
folds into an o+f structure with one long o-helix (helix
o1A) and a five-stranded mixed B-sheet (strands 1A-
B5A) (Figures 2 and 3). A structural comparison with the
DALI database (Holm and Sander, 1993) shows that
subdomain A has a typical ubiquitin fold, which is
commonly found in functionally unrelated proteins. This
fold superfamily contains the Ras-binding domains of
Rafl (Nassar et al., 1995) and RalGDS (Huang et al.,
1998), whereas no sequence similarity is detected among
these domains. Superimposition of ubiquitin (Ramage
et al., 1994) and subdomain A gives an average root mean
square (r.m.s.) deviation of 1.9 A over the superimposed
C, atoms (Figure 4A). Compared with the ubiquitin
structure, subdomain A lacks a short helix located in the
ubiquitin loop a1-[33.

Subdomain B (residues 96-195) is an all-a structure
with four longer a-helices (0.1B—04B) and one short helix
(02’B) and is tethered to subdomain A by a linker
(linker A-B) of 13 residues that contains a short helix
(0t1’B). Helices 2B and 04B interact intimately to form
an antiparallel bundle with an inter-helix angle of 17° and
also play a role as a subdomain core sandwiched by two
other helices, a.1B and a3B. This architecture, which is
composed of four helices, is classified as an acyl-
coenzyme A binding protein-like fold in the SCOP protein
structure database (Murzin et al., 1995). The Escherichia
coli acyl-coenzyme A binding protein (Kragelund et al.,
1993) can be superimposed on subdomain B with an r.m.s.
deviation of 2.0 A, but the total identity is poor (14%
identity) (Figure 4B).

The protein tyrosine kinase v-Src is known to
phosphorylate ERM proteins (Takeda et al., 1995). This
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Fig. 2. Overall structure of the radixin FERM domain. (A) View of

the radixin FERM domain by ribbon representation with secondary
structure elements: a-helices (blue) and B-strands (red). Two short
a-helices and one 3(-helix are colored in light blue. The linkers A-B
and B—C are colored in green and brown, respectively. (B) Topology
diagram of the radixin FERM domain. Helices are denoted by cylinders
and strands by arrows. Tyr146, which is phosphorylated by the protein
tyrosine kinase v-Src, is marked.

phosphorylation is also induced by EGF (Krieg and
Hunter, 1992) or hepatocyte growth factor stimulation
(Crepaldi et al., 1997). One of the phosphorylation sites,
Tyrl146, is conserved in the FERM domain. The amino
acids neighboring this tyrosine residue are also conserved
in ERM proteins and in two protein tyrosine phosphatases
having FERM-like domains, PTP-H1 and PTP-MEG, but
not in merlin, band 4.1 protein or talin (Figure 3). In our
structure, Tyr146 is located in the C-terminal flanking loop

Radixin FERM domain: X-ray crystallography

of helix o2B, with its side-chain phenol ring intruding
inside the loop (Figure 2B; also see Figure 6A). Therefore,
a local conformational change of the loop is necessary for
tyrosine phosphorylation.

Subdomain C (residues 204-297) is tethered to
subdomain B by a linker (linker B-C) consisting of eight
conserved residues, most of which are buried inside the
interdomain region. This subdomain exhibits a typical
phosphotyrosine-binding (PTB) or pleckstrin homology
(PH) domain with a standard seven-stranded B-sandwich
core (strands B1C—B7C) with one o-helix (at1C). A DALI
search indicates high structural alignment scores for the
PTB domains from severgl sources, with r.m.s. deviations
ranging from 1.7 to 2.1 A, as well as for the PH domains
with r.m.s. deviations of ~2.5 A. The highest scores have
been obtained for PTB domains from a human insulin
receptor substrate 1 (IRS-1) (Dhe-Paganon et al., 1999)
(Figure 4C) and a neuron-specific X11 protein (Zhang
et al., 1997), as well as for the PH domain of human
pleckstrin (Yoon et al., 1994) (Figure 4D). No significant
sequence homology has been detected with these PTB and
PH domains.

The overall structures of radixin subdomain C and the
IRS-1 PTB domain are quite similar, with closely corres-
ponding helices and strands (Figure 4C). In contrast,
subdomain C and the human PH domain display several
significant differences in their structures (Figure 4D). In
particular, the position of the radixin helix al1C is shifted
away from the B-sandwich fold. It has been well estab-
lished by several structural investigations that the PTB
domains bind peptides containing a phosphotyrosine in the
C-terminal region. In radixin subdomain C there is a
groove between strand B5C and helix alC that corres-
ponds to the phosphotyrosine-containing peptide-binding
site found in structures in which the IRS-1 PTB domain
bound to such peptides from the juxta-membrane region
of the insulin receptor (Eck et al., 1996) and from
interleukin-4 (Zhou et al., 1996). Two basic residues
interacting with phosphotyrosine in the IRS-1 PTB-
peptide complexes (Arg246 and Lys262) are also con-
served in subdomain C. The site corresponding to the
phosphotyrosine-binding pocket of IRS-1 PTB, however,
is occupied by a bulky hydrophobic residue (Ile260). At
present, no experimental evidence has been obtained to
demonstrate whether the FERM domain binds to a
phosphotyrosine-containing peptide. This possibility will
be investigated in further experiments.

Subdomain interfaces
Subdomain A forms intimate interdomain interactions
with two other subdomains. The major interactions at both
interdomain interfaces occur primarily at the side-chain
level and are a mixture of hydrophobic and polar contacts,
including hydrogen bonds and salt bridges. The inter-
domain interfaces between subdomains A and B include
helix o.1B and loop B1A—B2A, the C-terminus of helix
alA and its flanking loop. In addition, the linker A-B,
which interacts with strand B3A and its N-terminal
flanking loop region, folds on to helices o.1B and 04B to
make several contacts.

The interfaces between subdomains A and C are created
primarily by contacts between strand B4A and helix ol1C.
As in the interfaces between subdomains A and B, the
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Fig. 3. Secondary structure elements and sequence alignment of the FERM domains. The FERM domains of mouse radixin (mRAD) and the related
proteins are aligned with the secondary structure elements of the radixin FERM domain at the top: a-helices (blue rectangles) and B-strands (red
arrows). Conserved residues are highlighted in yellow. The aligned FERM domains are mouse moesin (nMOE), ezrin (mEZR), merlin (mMRL) and
human band 4.1 (hB41), talin (hnTAL), protein tyrosine phosphatase D1 (hPTD1) and FAP-1 (hFAP1). The mouse FERM domains exhibit 100%
identities with the human FERM domains and >99.7% identities with other mammalian homologs. Acidic residues of the acidic groove between
subdomains B and C are indicated by red circles. Basic residues of the basic cleft between subdomains A and C are indicated by blue circles.

linker A-B contributes to form the B-C interfaces by
interacting with strand B1C and helix ot1C. Notably, this
loop has phenylalanine (Phe85) at the center of the
hydrophobic core, surrounded by three subdomains. In
contrast to the wealth of interactions between sub-
domains A and B and between A and C, the direct
interactions between subdomains B and C are few. Again,
the linker A-B contacts the linker B—C to stabilize its
conformation. In conclusion, subdomain A and the
linker A-B play a key role in building up the overall
structure of the FERM domain studied here.

Molecular surface properties

The radixin FERM domain possesses pronounced grooves
formed by each pairing of the three subdomains
(Figure 5A). The first is a deep cleft created by the
interdomain region between subdomains A and C and is
positively charged by clustered basic residues (Figure 5B).
This deep basic cleft has a width of ~7 A. Other basic
residues are scattered around this basic cleft to form a
positively charged, rather flat molecular surface. The
second groove is negatively charged and is found between
subdomains B and C (Figure 5C). This acidic groove has
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hydrophobic residues at its base and is surrounded by
remote acidic residues; it is thus located in the midst of a
negatively charged molecular surface. These two positively
and negatively charged surfaces produce marked polar-
ized electrostatic potentials around the FERM domain.
Interestingly, surface residues located at the basic cleft, the
acidic groove and their vicinities are largely conserved in
ERM proteins (Figure 5E), implying that these residues
may have possible molecular functions such as interactions
with binding partners as described below.

It is noteworthy that the front molecular surface shown
in Figure 5A contains clusters of negatively and positively
charged residues from the acidic groove and the basic
cleft, respectively. In contrast, no such clusters are seen on
the surface at the back of the molecule (Figure 5D). A
similar contrast is found in the distribution of conserved
surface residues, which are distributed mainly on the front
of the molecule rather than on the back (Figure 5E and F).
One interesting feature of the surface on the back of the
molecule is that a deep hydrophobic pocket exists in the
center of the three subdomains (Figure SH). Subdomains A
and B form a large open concavity that has no character-
istic charge distribution (Figure 5D).
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Fig. 4. Subdomain structures of the radixin FERM domain. The color codes used are light green for radixin subdomains, light blue for ubiquitin,
yellow for acyl-coenzyme A binding protein, red for the PTB domain and orange for the PH domain. (A) Superimposition of radixin subdomain A
on ubiquitin (PDB code 1UBI, blue). (B) Superimposition of radixin subdomain B on E.coli acyl-coenzyme A binding protein (yellow, 1ACA).

(C) Superimposition of radixin subdomain C on the IRS-1 PTB domain (1QQG, red). (D) Superimposition of radixin subdomain C on the PH domain
(1PLS, orange). (E) Comparison of the IP3-binding sites found in the radixin FERM domain (left), the phospholipase C 81 PH domain (middle) and
the B-spectrin PH domain (right). Two loops forming the binding site of each PH domain are colored in blue. The binding site of the radixin FERM
domain is located at the basic cleft between subdomains A (a ubiquitin-like fold in light green) and C (a PTB-like fold in light blue) (see text). The
N-terminal half of helix :1C of subdomain C and the protruding loop between strands B3A and B5A of subdomain A form the IP3-binding site of the

radixin FERM domain and are colored in blue.

Binding site for IP3

In all the complex crystals obtained under the various
conditions, including both soaking and cocrystallization,
IP3 is located at the center of the basic cleft between
subdomains A and C (Figure 5A and B). This positively
charged cleft is formed by the C-terminal helix (a1C) of
subdomain C and the protruding loops flanking strands
B3A and P4A of subdomain A [Figure 4E (left) and
Figure 6A and B]. The positive charges are due to seven
lysines and four arginines in these regions. One lysine
protrudes from the C-terminal end of strand B5A.

The IP3 molecule binds a different site from those found
in PH domains (Figure 4E), although subdomain C is
folded similarly to the PH domain, as described. In
general, the IP3- and PIP2-binding sites of PH domains are
known to be primarily formed by two loops, p1-2 and

B3—P4, as has been reported for pleckstrin (Harlan et al.,
1994), the phospholipase C 81 PH domain (Ferguson e al.,
1995) and the dynamin PH domain (Salim et al., 1996)
(Figure 4E, middle). Another binding site has been
observed in the B-spectrin PH domain, whose site is
formed by two loops, B1-B2 and B5-B6 (Hyvonen er al.,
1995) (Figure 4E, right). Compared with these PH
domains, the short radixin loops, P1C—2C and B5C-
B6C, are projected towards the different molecular
surfaces. Moreover, the radixin loop B3C—B4C is acidic.
In addition to PH domains, the IP3-binding site of the
radixin FERM domain is also distinct from that of the
Vps27p FYVE domain for binding to phosphatidylinositol
3-monophosphate, PI3P (Misra et al., 1999).

In the complex studied here, three lysines (Lys60 and
Lys63 from subdomain A and Lys278 from subdomain C)
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and one asparagine (Asn62 from subdomain A) contact the
three phosphate groups of IP3. These contacts suggest
stereochemically cooperative interactions that enhance
specificity. The hydrophobic base of the cleft contains one
tryptophan from strand B4A but does not interact with
IP3. In the orientation of the bound IP3 molecule, the
1-phosphate group is exposed to solvent, which enables
PIP2 to reach the binding site from the membrane surface
(Figure 7A). The proposed orientation of the radixin
FERM domain associated with the membrane enables
the positively charged molecular surface between sub-
domains A and C to interact with the negatively charged
membrane surface. This relatively flat molecular surface
seems to maximize the interactions with the membrane
surface.

In the IP3 molecule bound to the radixin FERM domain,
the 4-phosphate group intrudes into the cleft, whereas the
5-phosphate group resides at the molecular surface. In the
IP3-PH domain complexes (Ferguson et al., 1995;
Hyvonen et al., 1995; Salim er al., 1996), both the
4- and 5-phosphate groups are anchored at the binding
pocket. Moreover, in the phospholipase C61 PH domain
complexed with IP3, the 5-phosphate group is completely
buried (Ferguson et al., 1995). These differences may have
possible biological significance. In the case of radixin, the
buried 4-phosphate group seems to be consistent with a
relatively strong binding of the radixin FERM domain to
phosphatidylinositol 4-monophosphate (PI4P; Hirao et al.,
1996).

Subdomain C has a small basic pocket containing two
lysines from loop B1C-B2C and one lysine from B4C
(Figure 6C). No electron density of IP3, however, was
observed in this pocket in the crystals of the complex
studied here. This small pocket, which is distinct from the
phospholipid binding sites in the PH domains reported
thus far, has its base ‘tiled’” with hydrophobic residues
from B-strands (B3C, B4C, B6C and B7C) and is adjacent
to a hydrophobic hole.

Superimposition of the IP3-binding form of the radixin
FERM domain with the free form gives a small r.m.s.
deviation of 0.28 A for all C,, atoms. Therefore, the overall
structures of the two states are essentially the same.
However, relatively small (0.6-1.2 A) but interesting
structural changes have been found in the N-terminal
region of helix a.1C and strand B5C of subdomain C. The
bound IP3 molecule pushes the N-terminal region of helix
a1C so as to widen the basic cleft for its accommodation.
This movement induces a shift of the C-terminal end of
strand B5C and its N-terminal flanking loop. These
structural changes are important for the unmasking of
the ERM domain, as described below.

Possible unmasking mechanism of ERM proteins
by PIP2

PIP2 binds the full-length ERM proteins in the masked
state by the C-terminal tail domain and markedly stimu-
lates the binding of ERM proteins to adhesion proteins.
For example, in the presence of PIP2, moesin binds CD44
with a dissociation constant value of 9.3 nM at a
physiological ionic strength, under which conditions, in
the absence of PIP2, moesin does not bind CD44. These
results indicate that phospholipid binding induces an
unmasking state in full-length ERM proteins. Recently,
the crystal structure of the moesin FERM domain masked
by the C-terminal tail domain has been determined
(Pearson et al., 2000) and the reported structure shows
that the negatively charged surface of the putative-binding
site to the adhesion proteins is completely masked by the
C-terminal tail domain. A structural comparison of the
current IP3-bound radixin FERM domain with the moesin
FERM domain shows essentially the same folding of the
three subdomains and their domain organization.
However, local but large structural changes are found
in subdomains B and C (Figure 7B). These contain
loop 02B-02’'B (residues 138-150) and helix «3B
(residues 160-178) in subdomain B and the [-sheet
formed by three strands, B5C/B6C/B7C (residues 243—
269), and the N-terminal portion (residues 272-280) of
helix at1C in subdomain C (Figure 7C). Excluding these
segments displaying large displacements, superimposition
of the IP3-bound radixin FERM domain with the moesin
FERM domain gives a small r.m.s. deviation of 0.5 A for
the selected C,, atoms. Using all C,, atoms, superimposi-
tion of these two domains gives an overall r.m.s. deviation
of 1.2 A.

The superimposed structures show that the bound IP3
molecule has no direct contact with the C-terminal tail
domain, although the IP3-binding site is close to the
binding site of strand 1 (moesin residues 488—493) of the
C-terminal tail domain (Figure 7B). The structural changes
in response to IP3 binding may be described as follows,
in light of the stimulatory effect of PIP2 binding on
the unmasking of ERM proteins. PIP2 binding induces
a displacement (1.6 A) of the N-terminal region
(residues 272-280) of helix alC, which directly partici-
pates in IP3 binding. This displacement widens the basic
cleft forming the IP3-binding site for the accommodation
of the IP3 molecule. The N-terminal region of helix a1C
moves towards the B-sheet B5SC/B6C/B7C and pushes up
one edge of this B-sheet so as to cause a tilting of
the B-sheet, with the largest displacement of 6.0 A being
located at Asp261. Consequently, this tilting of the -sheet
B5C/B6C/BTC results in a narrowing of the groove
between two [-sheets of the B-sandwich of subdomain C

Fig. 5. Molecular surface properties of the radixin FERM domain. (A) Surface electrostatic potentials of the radixin FERM domain viewed from the
same direction as in Figure 2A. Positive (blue) and negative (red) potentials are mapped on the van der Waals surfaces. The IP3 molecule found in
the complex crystal is shown in a stick model. (B) Surface electrostatic potentials viewed along the arrow b in (A) to show the basic cleft between
subdomains A and C. The IP3 molecule found in the complex crystal is shown in a stick model. (C) Surface electrostatic potentials viewed along
arrow c in (A) to show the acidic groove between subdomains B and C. (D) A backside view of surface electrostatic potentials seen in (A). The IP3
molecule found in the complex crystal is shown in a stick model. (E) Conserved residues of the radixin FERM domain mapped on the molecular
surfaces. A front view of the radixin FERM domain depicted as a colored molecular surface using a gradient; orange indicates conserved identical
residues and white non-conserved residues, while lighter shades of orange indicate semi-invariant residues. A view from the same direction as in (A)
and Figure 2A. (F) Back view of conserved residues of the radixin FERM domain. (G) Front view of hydrophobic residues of the radixin FERM
domain mapped on the molecular surfaces. (H) Back view of hydrophobic residues of the radixin FERM domain.
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to squeeze out the C-terminal helix D of the tail domain
from the groove of the B-sandwich.

Since residues located in the C-terminal helix D are
essential for the binding of the tail domain to the FERM
domain, the release of the C-terminal helix D from the
groove of subdomain C could trigger a dissociation of the
whole tail domain from the FERM domain. All ERM
proteins have hydrophobic residues such as methionine or
leucine at the C-terminal ends of their tail domain, i.e. in
C-terminal helix D. It has been shown that the removal of
two C-terminal residues (Ala and Leu) destroys the
masking state of ezrin (Gary and Bretscher, 1995). The
displacements of helix o.1C and the -sheet B5C/B6C/B7C
also result in a shallowing of the groove formed by helix
o.1C and strand B5C, where strand 1 of the tail domain is
located. This may destabilize the binding of strand 1 of the
tail domain to the FERM domain and contribute the
unmasking of the FERM domain.

In subdomain B, helix A (moesin residues 516-530) of
the tail domain binds to the hydrophobic groove formed by
helices a2B, a3B and 04B of the FERM domain. This
binding accompanies a movement (~3 A) of helices a:3B
towards the tail domain, probably an induced fit to helix A.
This movement propagates a similar movement of loop
02B-02’B that contacts helix a3B. Since these regions are
far from the IP3-binding site, it is unlikely that these
structural changes are associated with the IP3 binding.

The principal structural changes in the FERM domains
described above are also seen in a comparison of the free
radixin FERM domain and the masked moesin FERM
domain. However, the structural changes in subdomain C
of the free FERM domain are smaller than those found in
the IP3-bound FERM domain. For example, the displace-
ment (0.7 A) of helix alC in the free radixin FERM
domain is less than half that occurring in the IP3-bound
radixin FERM domain. These differences in the degree of
structural change are due to the changes induced by IP3
binding, as described above. In conclusion, when the
C-terminal tail domain binds the free FERM domain,
induced fits occur in subdomains B and C to accommodate
helices A and D of the tail domain, respectively. The PIP2
binding to the cleft between subdomains A and B of the
masked FERM domain induces relatively subtle changes
in helix olC and strand B5C. These changes would
stimulate the release of the induced fits in subdomain C so
that subdomain C goes back to a state similar to the free
state, with extensive displacements of the P-sheet to
release the tail domain.

Potential binding site for adhesion proteins and
other binding partners

CD44 and CD43 have cytosolic domains consisting of 70
and 140 residues, respectively. In contrast, ICAM-1, -2
and -3 have short peptide tails as their cytoplasmic
portions. For example, the ICAM-2 tail consists of

28 residues. Although unrelated in their overall sequences
and different in size, all these cytoplasmic portions have
basic juxta-membrane regions that have been identified
as their ERM-binding sites (Yonemura et al., 1998).
Unfortunately, no obvious consensus sequence motif has
been found in these binding regions, which are all
characterized by repeated basic residues. Interestingly,
the binding of the FERM domains to these regions is
sensitive to ionic strength, suggesting that the polar
interactions between them predominate in binding.
Mutation experiments have suggested that a triplet of
basic residues, such as that of lysine or arginine, in the
cytoplasmic tails of adhesion proteins is important for
binding to the FERM domain. Therefore, the acidic groove
between subdomains B and C of the radixin FERM domain
is the first candidate for binding to the basic juxta-
membrane regions of adhesion proteins. This groove
contain >15 negatively charged glutamate/aspartate resi-
dues primarily from two linkers, A-B and
B-C, loop B3C—B4C and helix a4B (Figure 6D). A close
look at the basic juxta-membrane regions of the adhesion
proteins reveals glycines spread all over these regions,
implying that these regions are probably flexible. The
acidic groove spans ~40 A, which may be sufficient for the
accommodation of ~10 residues of an extended peptide.
The acidic groove of the proposed FERM domain
associated with membrane (Figure 7A) seems to be
accessible to the juxta-membrane basic regions of adhe-
sion proteins. Although unrelated in sequence, the ezrin-
binding site of EBP50 also contains several basic residues,
implying that it also binds the acidic groove.

Based on deletion experiments, the second actin-bind-
ing site has been mapped at residues 288-310 of ezrin, in
addition to the conserved C-terminal 33 residues of ERM
proteins (Roy et al., 1997). The N-terminal half of this
binding region is located on helix o.1C, which includes the
basic cleft, but the C-terminal half of this binding region is
unstructured in the present crystal. Deletion experiments
have suggested that the 30 N-terminal residues of the ezrin
FERM domain are required for actin binding to this site.
These N-terminal residues are essential for the ubiquitin
fold of subdomain A, implying that their deletion would
destroy the subdomain A structure and thus also destroy
the basic cleft between subdomains A and C.

Relationship with other related proteins

The FERM domain of band 4.1 protein exhibits ~30%
sequence identity to those of ERM proteins and binds the
basic regions of the band 3 cytosolic domain, which
contains a triplet of arginines (Jons and Drenckhahn,
1992). An arginine/histidine/lysine triplet is also found in
the juxta-membrane region of the glycophorin cytosolic
tail. Interestingly, in vitro experiments have shown that
band 4.1 binds the CD44 basic regions characterized by
two triplets of arginines/lysines (Nunomura et al., 1997).

Fig. 6. Close-up stereo views of the radixin FERM domain. (A) Main chains of subdomains A (light green), B (blue green) and C (blue) are
represented by ribbons. Arrows b, ¢ and d indicate views of the basic cleft, the small basic pocket and the acidic groove shown in (B), (C) and (D),
respectively. The IP3 molecule is shown in a space-filled model. In subdomain B, the side chain of Tyr146, which is phosphorylated by v-Src kinase,
is shown in a stick model. The inset shows the IP3 model in a 2F, — F. electron density map contoured at the 16 level. (B) The basic cleft between
subdomains A and C. The protein side chains are shown in ball-and-stick models with color codes of brown for carbon, blue for nitrogen, red for
oxygen and yellow for phosphorous atoms. The IP3 molecule is shown in a space-filled model. (C) The hydrophobic hole and the small basic pocket

of subdomain C. (D) The acidic groove between subdomains B and C.
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Fig. 7. Schematic representation of the radixin FERM domain bound to PIP2 in a membrane and its possible unmasking mechanism. (A) The radixin
FERM domain is shown in terms of surface electrostatic potentials, with a ribbon representation of the main-chain tracing. Positive (blue) and
negative (red) potentials are mapped on the van der Waals surfaces. PIP2 is shown bound to the FERM domain as seen in the current crystal structure.
Diacylglycerol (yellow) has been attached to the IP3 head and is shown in a highly schematized lipid layer. A cytoplasmic tail of an adhesion protein
such as ICAM-2 is shown in a tube representation with its basic juxta-membrane region in blue. Part of the transmembrane o-helix of the adhesion
protein is shown as a cylinder. A yellow arrow indicates a possible binding of the basic juxta-membrane region to the acidic groove of the FERM
domain. (B) Superimposition of the radixin FERM domain (light blue) on the moesin FERM domain (pale yellow) complexed with the C-terminal tail
domain (brown). Segments displaying large displacements (>1 A) are highlighted in blue (radixin) and yellow (moesin). (C) A histogram showing the
distances of the corresponding C,, atoms between the IP3-bound radixin FERM domain and the moesin FERM domain complexed with the C-terminal

tail domain. Large displacements are highlighted in blue.

The FERM domains of protein tyrosine phosphatases such
as PTP-D1 and FAP-1 also exhibit ~30% sequence identity
to those of the ERM proteins. Recently, a kinesin-like
protein, KIF1C, has been identified as a binding partner for
the PTP-D1 FERM domain, and its binding site has been
analyzed (Dorner et al., 1998). This FERM-binding site
also contains basic regions characterized by triplets of
arginines/lysines. In contrast, the talin FERM domain,
which exhibits ~24% sequence identity to those of ERM
proteins, binds the integrin-p cytoplasmic tail, which has
no basic residue cluster (Calderwood et al., 1999).
Recently, this talin domain has been found to bind the
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integrin-f juxta-membrane region containing one acidic
cluster with some basic residues (Patil er al., 1999). FAK
also binds the integrin-P tail (Lewis and Schwartz, 1995;
Schaller et al., 1995). Moreover, the FERM-like domain of
the JAK kinase Tyk2 binds the juxta-membrane region of
an o-interferon receptor 1 subunit, which is characterized
by a number of hydrophobic and acidic residues (Yan et al.,
1996; Richter et al., 1998). These findings suggest that
well-conserved FERM domains bind peptide regions
containing positively charged residues, whereas FERM-
like domains exhibiting poor sequence homology would
bind more diverse sequences. In the FERM-like domains
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Table 1. Crystallographic analysis

Phasing Native-1(PF) IP3 complex Native-2 K>Pt(CN),4 K,>PtClg SeMet?
Resolution (A) 2.80 2.90 3.00 3.50 3.60 3.50
Reflections
measured 161 048 88 728 52 320 33 602 22 284 37 209
unique 23 751 14 511 12 482 7885 6582 7840
Completeness (%)° 99.8/99.9 99.5/98.8 95.3/91.7 94.3/96.4 85.2/80.4 93.4/88.3
Ryym® (%)° 4.6/39.3 8.1/48.5 6.5/30.8 9.9/25.5 9.3/24.2 9.2/20.1
Mean I/c® 11.8/2.0 17.9/1.9 16.8/2.5 11.6/3.4 8.7/2.1 12.8/3.6
Rperi (%)°¢ - - 229 19.3 134
Phasing power® (centric/acentric) - - 0.64/0.93 0.57/0.80 0.56/0.80
Rcunis (%) (centric/acentric) - - 0.85/0.90 0.85/0.92 0.84/0.91
Mean figure of merit - 0.39
Refinement Native-1 IP3 complex
Resolution range 30.0-2.80 30.0-2.90
Number of residues 279 279
Atoms included 2482 for protein 2482 for protein, 24 for IP3
Rerysi/Riree (%0)° 21.5/25.5 22.9/28.3
Mean B-factor (A?%) 64.2 63.6
R.m.s. deviations
bond length (A) 0.007 0.011
bond angle (°) 1.442 1.478
improper (°) 0.863 1.205

aSelenomethionyl protein.

YEach pair of values is for overall/outer shell. The resolution ranges of their outer shells are 2.90-2.80 A for native-1, 3.00-2.90 A for IP3 complex,
3.11-3.00 A for native-2, 3.62-3.50 A for K,Pt(CN), and SeMet, and 3.73-3.60 A for K,PtCls.
‘Reym = Z I - < I >l/Zl, calculated for all data; Rper = ZllFpyl — |Fpll/ZIFpl. Phasing power = r.m.s. heavy atom structure factor/residual lack of

closure.
dRCullis = Z”FPH - Fpl - |FH (CalC)”/ZleH - Fpl

“Reryst and Ryee = ZIIF | — IFII/ZIF,|, where the free reflections (5% of the total used) were held aside for Ry throughout refinement.

of FAK and JAK, the acidic residues corresponding to
those forming the radixin acidic groove are poorly
conserved. In addition, several insertion and deletion
sites are found, in contrast with ERM proteins.

Conclusion

The present work reveals a novel structure of the FERM
domain as a protein—protein interaction module, although
its subdomains are folded into common domain architec-
tures. Subdomains A and C form a positively charged
molecular surface containing the basic cleft for binding to
PIP2. Subdomains B and C form a negatively charged
molecular surface containing the acidic groove for
possible binding to the positively charged cytoplasmic
tails of adhesion proteins. IP3 binding to the basic cleft
between domains A and C of the free FERM domain
induces relatively subtle changes in helix o.1C and strand
B5C. Compared with the masked FERM domain, these
changes associated with the IP3 binding are linked with
extensive displacements of the B-sheet B5C/B6C/B7C,
resulting in a release of the C-terminal tail domain from
the FERM domain. The structure reported here provides a
framework for further experiments designed to probe the
molecular basis of ligand recognition by ERM proteins
and other proteins containing the FERM domains.

Materials and methods

Expression, crystallization and data collection

The FERM domain (1-310 residues) of mouse radixin was expressed as a
fusion protein with glutathione S-transferase (GST) (Matsui et al., 1998).
Details of the purification and crystallization screening of the protein have

been described previously (Hamada ez al., 2000). In brief, the protein was
purified using a GST affinity column with glutathione—Sepharose 4B
(Pharmacia Biotech) and ion-exchange columns. To prepare the
selenomethionyl protein, host cells were exchanged with E.coli
B834(DE3) pLysS (Met auxotroph; parent of BL21; Novagen) and
grown with selenomethionine in LeMaster broth. Selenomethionyl
proteins were purified using the same method as that used for the native
protein. The purified radixin FERM domain was verified with matrix-
assisted laser desorption/ionization time-of-flight mass spectroscopy
(JMS Elite, PerSeptive Inc.) and N-terminal analysis (M492, Applied
Biosystems). The crystals of the domain were obtained from a solution
containing 10 mg/ml protein, 50 mM MES-Na pH 6.0, 2% polyethylene
glycol 6000, 150 mM NaCl and 0.5 mM dithiothreitol (DTT) using
hanging drop vapor-diffusion at 4°C. The crystals belong to space group
P4,2,2, which was determined by the following structure analysis with
unit-cell parameters a = b = 96.36 A and ¢ =133.16 A. X-ray diffraction
data of the crystals were collected by a Rigaku imaging-plate area-
detector (R-AXIS IV) using Cu-K,, radiation for native (native-2) and
heavy atom-derivative crystals at 15°C (Table I). After determining the
structure, a native data (native-1) set was collected using a charge-
coupled area detector (ADSC Quantum 4R) installed on the beam line
BL6A at the Photon Factory, Tsukuba, Japan. The wavelength was set to
1.00 A with a crystal-detector distance of 200 mm. The data were
collected at 15°C from three crystals with angular ranges of 30-60° with
step sizes of 1-2° for an exposure time of 20-30 s. Intensity data were
processed using the programs DENZO and SCALEPACK (Otwinowski
and Minor, 1997) or DPS-Mosfilm (Rossmann and van Beek, 1999).

As described in the Results and discussion, the crystals have huge
solvent channels with a large calculated fraction of solvent region (71%).
The radixin FERM domain has two possible binding sites for PIP2, a
basic cleft between subdomains A and C, and a loop region of domain C.
The molecular surfaces containing these sites are open to the solvent
channels. We therefore tried to soak IP3 into the crystals as well as to co-
crystallize the radixin FERM domain with IP3. Soaking of inositol
phosphates into the crystals was performed with 10-20 mM IP3 for 10-
48 h. A crystal soaked with IP3 had unit cell parameters (a = b = 96.84 A
and ¢ = 132.75 A) isomorphous to the native crystals of the free radixin
FERM domain. Cocrystals of the radixin FERM domain and IP3 were
also obtained under similar conditions to those used for the native crystals
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and were also found to be isomorphous to the native crystals. X-ray
diffraction data of these crystals were collected by R-AXIS IV using Cu—
K, radiation at a resolution range of 3.2-2.9 A. The crystal structures
were solved by the molecular replacement method using the program
AMoRe (Navaza, 1994).

Structure determination and refinement

Conventional multiple isomorphous replacement was used for phase
determination. Phases to 3.5 A were calculated using MLPHARE
(Collaborative Computational Project, 1994) and SHARP (de la Fortelle
and Bricogne, 1997). At this stage, the total mean figure of merit was
0.39. The phases were improved by solvent-flattening and histogram-
matching using Solomon (Abrahams and Leslie, 1996) and extended to
3.0 A. An initial model was built into the electron density map using the
graphic program O (Jones et al., 1991). This model was refined by the
method of simulated annealing using CNS (Brunger et al., 1998) to an
R factor of 29%. After several cycles of rebuilding and refinement, the
model was refined to an R value of 21.5% (free R value of 25.5%) for
intensity data, including 297 of 310 residues at 2.8 A resolution. The side
chains of Lys296 and Pro297 were poorly defined in the current structure
and replaced with alanines. No model was built for the 13 C-terminal
residues, which were poorly defined in the current map. At present, no
water molecules were included. As defined in PROCHECK (Laskowski
et al., 1993), there were no residues in the disallowed main-chain torsion
angle regions. Ribbon representations of the main-chain folding of the
molecule were drawn using the program Molscript (Kraulis, 1991), while
molecular surface representations were drawn using the program GRASP
(Nicholls et al., 1991). During the review process for this paper, the
crystal structure of the moesin FERM domain masked by the C-terminal
tail domain was published (Pearson et al., 2000). Structural comparison
between the radixin and moesin FERM domains was accomplished using
the coordinates (PDB code 1EF1) of the moesin FERM-tail complex.
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