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Myosin X (MyoX), encoded by Myo10, is a representative member
of the MyTH4-FERM domain-containing myosins, and this family of
unconventional myosins shares common functions in promoting
formation of filopodia/stereocilia structures in many cell types
with unknown mechanisms. Here, we present the structure of
the MyoX MyTH4-FERM tandem in complex with the cytoplasmic
tail P3 domain of the netrin receptor DCC. The structure, together
with biochemical studies, reveals that the MyoX MyTH4 and FERM
domains interact with each other, forming a structural and func-
tional supramodule. Instead of forming an extended p-strand struc-
ture in other FERM binding targets, DCC_P3 forms a single a-helix
and binds to the af-groove formed by $5 and a1 of the MyoX FERM
F3 lobe. Structure-based amino acid sequence analysis reveals that
the key polar residues forming the inter-MyTH4/FERM interface
are absolutely conserved in all MyTH4-FERM tandem-containing
proteins, suggesting that the supramodular nature of the MyTH4-
FERM tandem is likely a general property for all MyTH4-FERM
proteins.

complex structure | tail domain

mong the unconventional myosin family members (with

respect to the conventional myosin for muscle contractions),
there is a subfamily, called MyTH4-FERM myosins, which
includes myosin VII, X, and XV (MyoVI], MyoX, and MyoXV).
These three myosins are so named because the tail of each motor
contains one or a pair of MyTH4-FERM domains. The MyTH4-
FERM domains in the tail regions of myosin VII, X, and XV are
believed to function as cargo binding domains of these myosins
(1-7), although the molecular basis of the motor—cargo interac-
tions are not known.

MyoX is perhaps the best studied MyTH4-FERM myosins (8).
Its tail MyTH4-FERM tandem is implicated in binding to cargo
proteins including B-integrins, microtubules, and axonal guidance
receptor DCC (1-3) (Fig. 14). MyoX is well known for its capa-
city in filopodial induction and elongation (9-12). The functional
roles of MyoX in diverse cellular processes such as cell adhesion,
cell or subcellular structure migrations, and angiogenesis (1, 3,
13-16) are likely to be related to the filopodial formation activity
of the motor, because filopodia are focal points that integrate var-
ious cell signals to regulate actin cytoskeletal structures (17).

A distinct structural feature of the MyoX tail is that it contains
a MyTH4 domain and a FERM domain connected with a short
linker. Even though FERM domains in many proteins are known
to function autonomously as a versatile protein and/or lipid mem-
brane binding modules (18), the FERM domain in MyoX seems
to require its N-terminal MyTH4 domain for its cellular func-
tions. For example, deletion of either the MyTH4 or the FERM
domain abolishes the MyoX’s capacity in inducing elongated
filopodia formation (9, 11, 12). The MyTH4-FERM tandem, but
not either of the isolated domains, of MyoX binds to microtu-
bules (2). Binding of MyoX to DCC or neogenin also requires the
covalent connection of the MyTH4 and FERM domains (3).

www.pnas.org/cgi/doi/10.1073/pnas.1016567108

These findings suggest that the integrity of the MyTH4-FERM
tandem is critical for MyoX’s diverse cellular activities. Moreover,
this integrity seems to be a conserved feature for other MyTH4-
FERM domain-containing proteins. Interaction between Myo-
VIla and shroom?2 requires the second MyTH4-FERM tandem
of the myosin motor (19). Formation of the MyoVII/Sans complex
requires the covalent connection of the MyTH4 and FERM
domains of the first MyTH4-FERM tandem of the motor (6).
In the case of MyoXYV, the interaction between the motor and
the adaptor protein whirlin involves both domains of the motor’s
second MyTH4-FERM tandem (4). However, the molecular
basis of MyTH4-FERM tandem-mediated cargo recognitions
for these myosins is unknown.

Here we report the 2.5-A crystal structure of MyoX MF in
complex with the DCC P3 motif, providing an atomic picture
of the MyTH4-FERM tandem-mediated cargo recognition for
the MyTH4-FERM subfamily of myosins. The structure of
MyoX MF shows that the MyTH4 and FERM domains form an
integral structural supramodule. The structure of the MyoX_ MF/
DCC _P3 complex also reveals a noncanonical FERM domain-
mediated target recognition mode. Structure-based amino acid
sequence analysis suggests that formation of the MyTH4-FERM
supramodule is a conserved feature of all MyTH4-FERM-
containing proteins.

Results

The MyTH4-FERM tandem of MyoX Binds to the P3 Domain of DCC. We
first characterized biochemical properties of MyoX_MF. Numer-
ous trials with various combinations of domain boundaries and
protein expression conditions revealed that neither the isolated
MyTH4 domain nor the FERM domain of MyoX could be ex-
pressed as soluble proteins in bacteria. In contrast, MyoX MF
was expressed as a soluble monomeric protein.

We next characterized the interaction between MyoX MF
and netrin receptor DCC. Three DCC fragments (the P2-P3
domains, an extended P3 domain, and the P3 domain) displayed
essentially identical binding affinities to MyoX_MF (Fig. 1 C
and D). DCC_P1 was recently found to interact with ERK1/2
(20), and no interaction between DCC_P1 and MyoX_ MF could
be detected. The above biochemical data indicate that the P3 do-
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Fig. 1. Characterization of the MyoX_MF/DCC_P3 interaction. (A and B) The
domain organizations of MyoX and DCC. The boundary of MyoX_MF is indi-
cated. The MyoX_MF/DCC_P3 interaction is indicated by a two-way arrow.
The sequence alignment of the P3 motif of DCC and neogenin from different
species is included. The residues involved in the MyoX_MF/DCC_P3 interac-
tion are indicated by triangle ups. The residues substituted with Ala to test
their role in binding to MyoX_MF are labeled by arrows. (C) The ITC curves
show the interactions between MyoX_MF and the different DCC cytoplasmic
fragments. The MyoX_MF construct with 36-residue deletion in the FERM
domain is indicated as MyoX_MFA36. (D) The dissociation constants of the
binding reactions of various forms of MyoX_MF and DCC obtained from
ITC-based assays. The boundaries for the DCC fragments are residues
1321-1445 for P2-P3, 1370-1445 for the extended P3, and 1409-1445 for P3.

main of DCC (DCC_P3) is the minimal MyoX binding region,
and this is consistent with an earlier study (3). Neogenin, which
shares high sequence identity with DCC in the corresponding P3
domain (Fig. 1B), binds to MyoX_ MF with an affinity compar-
able to that of the DCC/MyoX_MF complex (Fig. S1). We further
showed by analytical ultracentrifugation that MyoX_MF and
DCC_P3 form a stable 1:1 complex in solution (Fig. S2).

The Overall Structure of the MyoX MF/DCC_P3 Complex. To under-
stand the molecular basis of the MyoX/DCC interaction and
the structural properties of the MyTH4-FERM tandem, we tried
to solve the MyoX MF/DCC_P3 complex structure by X-ray
crystallography. To prepare stable and stoichiometric complex
samples, we fused the DCC_P3 peptide (residues 1409-1445)
to either the N- or C-terminal end of MyoX MEF. After extensive
trials, we found that deletion of a 36-residue unstructured frag-
ment (residues 1871-1906, Fig. S3) in the FERM domain, which
had no impact on the binding between MyoX and DCC (Fig. 1D),
was necessary for the crystallization of the MyoX MF/DCC_P3
complex. We further discovered that fusion of DCC_P3 to the C-,
but not to the N-, terminal end of MyoX_MF yielded high-quality
crystals of the complex. We determined the 2.5 -A crystal structure
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Fig. 2. Ribbon representation of the MyoX_MF/DCC_P3 complex structure.
The color coding of the domains is used throughout the entire manuscript
except as otherwise indicated. The linker region contains the residues of
the N-terminal part of DCC_P3 (residues 1409-1421). A disordered loop in
the F3 lobe and a truncated region (marked by a red arrow) in the F2 lobe
are indicated by dashed lines.

of the MyoX MF/DCC_P3 complex by the single-wavelength
anomalous dispersion (SAD) method (Fig. 2 and Table S1).

The MyTH4 domain of MyoX adopts an all-helical structure
containing 10 a-helices (the blue ribbons in Fig. 2). The FERM
domain of MyoX is composed of three lobes: F1, F2, and F3 (the
green ribbons in Fig. 2). The three lobes of MyoX FERM form a
cloverleaf-like structure seen in other FERM domains (e.g., the
FERM domains in moesin, merlin, radixin, ezrin, talin, protein
4.1, and FAK) (18). In the complex, DCC_P3 binds to the F3 lobe
of the FERM domain forming an elongated a-helix (Fig. 2). The
MyTH4 and FERM domains physically contact each other via a
set of highly conserved polar and charged residues, suggesting
that the interdomain interaction is very specific (see below for
details).

Structure of the MyoX MyTH4 Domain. Because MyoX MyTH4 is the
first MyTH4 domain structure determined to date, we performed
a homologous structure search using DALI (21). The structures
with high similarity scores (Z score >7.0) all belong to the VHS
and ENTH domains, although these domains barely show any
sequence similarity to MyoX MyTH4 (<10% sequence identity).
MyoX MyTH4, VHS, and ENTH domains share a common six-
helix bundle structure, and this six-helix bundle in MyoX MyTH4
is formed by o4-a9 (Fig. 3.4 and B). However, MyoX MyTH4 has
additional unique features compared with VHS and ENTH
domains. First, MyoX MyTH4 contains an N-terminal helix hair-
pin formed by al and a2 and a short a3 helix (Fig. 34). Second,
although MyoX MyTH4, VHS, and ENTH domains all contains
an additional helix («10 in MyoX MyTH4) C-terminal to the six-
helix bundle core, the orientation of this last helix in MyoX
MyTH4 is distinct from those of VHS and ENTH domains (Fig. 3
A and B). The N-terminal helix hairpin and «10 of MyoX MyTH4
interact with the central six-helix bundle core through extensive
hydrophobic interactions as well as several salt bridges (Fig. S4),
suggesting that the three parts of MyoX MyTH4 together form an
integral structural unit. Additionally, a3 and its N-terminal hair-
pin loop are also involved in the hydrophobic interactions with
the six-helix bundle core (Fig. S44).

Analysis of the surface properties of MyoX MyTH4 reveals
that the domain contains a prominently charged surface, com-
posed of eight conserved positively charged residues in al, o8,
and a9 (Lys1514, Argl643, Lys1647, Lys1650, Lys1654, Argl1657,
Lys1677, and Lys1680; Fig. 3 C and D). This conserved charged
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Fig.3. The MyoX MyTH4 domain. (A) Ribbon diagram view of MyoX MyTH4.
In this drawing, the six-helix bundle core and peripheral regions of MyoX
MyTH4 are colored in gray and blue, respectively. (B) The VHS and ENTH
domains each contain a similar six-helix bundle (colored in gray) core as
MyoX MyTH4 does. (C) Surface analysis of MyoX MyTH4 reveals a highly
positively charged surface. The figure is drawn using electrostatistic surface
charge potential map. (D) Combined ribbon and stick models showing the
residues forming the negatively charged surface shown in C. The molecules
in C and D are drawn with the same orientation.

surface of MyoX MyTH4 may interact with MyoX’s target
proteins that contain complementary negatively charged surfaces
(e.g., the acidic tails of tubulins) (2).

Structure of the MyoX FERM Domain. The overall folding of the in-
dividual lobes of MyoX FERM is similar to those of other FERM
domains (Fig. S5) (18). However, the interlobe orientations of
MyoX FERM domain are significantly different to those of other
FERM domains (Fig. 4 4 and B). The major interlobe orientation
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RADIXIN 235 TPKIGFPWSEIRNISF-NDKKFVIKPIDKKAPDFVFYAPRLRINKRILALCMGNHELYMRRRK
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Fig.4. Comparison of the structure of MyoX FERM with those of other FERM
domains. (A and B) MyoX FERM and other FERM domains, including radixin
(PDB ID code 1GC6), merlin (1H4R), protein 4.1 (2HE7), and FAK (2AEH) are
overlapped by superimposing their F1 lobes. The borders between each pair
of the three lobes are indicated with red lines. The MyoX FERM domain is
colored in green while other FERM domains are in gray. The af-groove in
the F3 lobe is indicated by red ovals. In B, the superimposed F1 lobes are
omitted for better appreciation of the conformational differences of the
F2 lobes in different FERM domains. The schematic diagram shows the
approximately 30° rotation of the MyoX F2 lobe. (C) Structural based
sequence alignment of the ap-grooves from MyoX, talin, and radixin. The
conserved residues are labeled with yellow boxes. The residues of which side
chains are involved in their respective target interactions are marked by
triangles. The two residues highlighted in Fig. 5 C and D are also circled.
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difference can be largely attributed to the positions of their F2
lobes. Using the F1 lobes as the reference, the orientations of
the F3 lobes of the FERM domains with known structures
(including MyoX FERM) are highly similar and can be superpo-
sitioned to each other well (Fig. 4 A and B). The orientation var-
iations of the F2 lobes in all of these FERM domains, except for
that of MyoX, are within a 15° range. In contrast, the F2 lobe of
MyoX FERM is rotated by approximately 30° clockwise from the
average position of the F2 lobes in the rest of the FERM domains
(Fig. 4 A and B), possibly due to the intimate interactions be-
tween the MyTH4 domain and the F1 lobe of MyoX FERM.
FERM domains are well known for their capacities in binding
to target proteins, and F3 lobes in FERM domains function as the
major target binding sites (18). Two target binding grooves are
known for F3 lobes. The first groove (af-groove) is mainly
formed by f55; and algs, the second groove (Bp-groove) locates
on the opposite side of the first one (22) (Fig. 4C and Fig. S5).
The af-groove is the better characterized binding site in FERM
domains including those of moesin (23), radixin (24-28), and talin
(29-31). The targets of both radixin and talin, though sharing lit-
tle sequence similarity, invariably bind to the af-groove in a
B-strand or P-strand like extended structures, and the bindings
are mediated by both hydrophobic interactions and H-bonds
(Fig. 4C). We aligned the sequence of the F3 lobes of MyoX
FERM with those of radixin and talin and found that the key hy-
drophobic residues in ap-grooves of radixin and talin responsible
for binding to their respective targets also exist in the af-grooves
of MyoX (Fig. 4C), suggesting that the F3 lobe of MyoX FERM
domain also uses this groove to bind to its targets such as DCC.

The Atypical MyoX/DCC Interaction. In the MyoX MF/DCC_P3
complex, DCC_P3 indeed binds to the af-groove of the FERM
F3 lobe (Fig. 2). To our surprise, MyoX FERM domains interact
with DCC_P3 using a recognition mode distinct from those

Fig. 5. The hydrophobic interaction between MyoX_MF and DCC_P3. The
interface residues in DCC_P3 (A) and the F3 lobe of MyoX (B) are presented
as in the stick mode. The DCC_P3 binding surface of the F3 lobe is illustrated
in A with the conserved hydrophobic residues colored in yellow. (Cand D) The
structural comparison of the ap-grooves between MyoX and radixin (C) and
between MyoX and talin (D). The F3 lobes of radixin and talin are colored in
gray. The hydrophobic residues (corresponding to the DCC-binding residues
in MyoX) in radixin and talin are drawn in the explicit atomic model for com-
parison. His288 in radixin and Trp359 in talin are highlighted by red circles.

PNAS Early Edition | 3 of 6

BIOCHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016567108/-/DCSupplemental/pnas.1016567108_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016567108/-/DCSupplemental/pnas.1016567108_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016567108/-/DCSupplemental/pnas.1016567108_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016567108/-/DCSupplemental/pnas.1016567108_SI.pdf?targetid=SF5

Bane

/

I\

=y

observed in other FERM domains, although both the conforma-
tions and the amino acid sequences of the ap-grooves in these
FERM domains are highly similar. In the MyoX_MF/DCC_P3
complex, DCC_P3 binds to the MyoX F3 lobe af-groove with
an elongated a-helix (Fig. 5). The residues responsible for binding
to DCC_P3 in the ap-groove of MyoX FERM F3 lobe are all
highly conserved hydrophobic residues (Fig. 5 A and B and
Fig. S3). Correspondingly, the six strictly conserved hydrophobic
residues in the DCC_P3 helix (Metl1427, Leul430, Leul433,
Met1434, Leul437, and Ile1440) are directly responsible for
DCC'’s binding to the F3 lobe of MyoX (Figs. 1B and 54 and
Fig. S6). Consistent with this structural analysis, substitutions
of either Leul433/Leul437 in DCC with Ala or I1e2037 in
MyoX with Glu abolished the binding of DCC_P3 to MyoX_MF
(Fig. 1 C and D).

We compared the structures and sequences of the af-grooves
of the MyoX, radixin, and talin FERM domains and found that
the target binding residues of MyoX af-groove are dominated by
hydrophobic amino acids, and such hydrophobic residues are
particularly concentrated in alp;. In contrast, the residues in
the ap-grooves of both radixin and talin are less hydrophobic,
and the target-interacting residues are concentrated in f5g;
instead of alp; (Fig. 4C). Further analysis of the surface residues
at the af-grooves of MyoX and radixin/talin showed that the
ap-grooves of radixin and talin do not fit for binding to DCC_P3.
In radixin, His288 in the middle of alg; (the corresponding
position in MyoX is Ile2037) reduces the hydrophobicity of the
ap-groove (Fig. 5C). Accordingly, the af-groove of radixin binds
to a more polar peptide fragment from ICAM-2 (24). In line with
this analysis, the Ile2037Glu mutation abolished the binding of
MyoX_MF to DCC_P3 (Fig. 1C). Although the af-groove of
Talin F3 is highly hydrophobic, the bulky Trp359 at the center of
al physically occludes targets like DCC_P3 from binding to Talin
F3 (Fig. 5D). Thus, although the F3 lobes in different FERM
domains share high degrees of structural similarity, the unique
amino acid residue distributions in their respective af-grooves
provide binding specificities for their respective targets. Nonethe-
less, we could not rule out the possibility that some other targets
may also bind to the MyoX af-groove using p-strand structures.
In fact, the F3 lobe of MyoX was reported to interact with the
NPXY-motif of integrin-B3 (1), which also binds to the af-groove
of talin with a p-strand structure (30, 31). Further structural study
is required to confirm/refute this issue.

In our 2.5-A crystal structure, several residues N-terminal to
the DCC_P3 o-helix (the linker region, Fig. 2) interact with a
crystallographic symmetry related MyoX_MF (Fig. S7A4). This in-
teraction is composed of two parts: The sidechain of Tyr1418pcc
inserts into a small hydrophobic pocket and Glul419pcc and
Aspl421pce form two salt bridges with Lys1514 and Lys1650
in the MyTH4 domain of the neighboring MyoX_MF molecule
(Fig. S7B). Because the MF/P3 complex forms a stable monomer
in solution (Fig. S2), the intermolecular interaction shown in
Fig. S7 is likely to be a crystal packing artifact. Consistent with
this conclusion, the substitution of Tyr1418pcc with Ala does
not appreciably weaken its binding to MyoX (Fig. 1D). In another
complex structure solved at the resolution of 2.7 A, no discern-
able electron densities for the linker could be traced (Fig. S7 C
and D) despite near identical structures solved at the two resolu-
tions (rmsd of 1.5 A for overall structure and of 0.5-0.7 A for the
individual domains), further confirming that the interaction
between the linker region and the MyoX MyTH4 domain is an
artifact introduced by the crystal packing. Nonetheless, this con-
served, positively charged surface, together with the neighboring
hydrophobic pocket, may be involved in binding to negatively
charged target proteins such as tubulin tails (1).

The MyTH4/FERM Interaction Is Critical for MyoX's Function. In the
MyTH4-FERM tandem of MyoX, the MyTH4 and FERM
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domains physically contact each other to form a structural supra-
module instead of two separate units. A short (four residues) and
well-defined loop connects the last helix («10) of the MyTH4
domain and the first B-strand (Blr;) of the FERM domain
(Fig. S3). The MyTH4/FERM interaction is mediated by a group
of residues from o5, 10, and the a9/al0-loop of MyTH4, and
a2p and the f2p; /alp;-loop of the FERM F1 lobe. These resi-
dues bridge the two domains together through the H-bonding
interactions involving both side chains as well as main chains
(Fig. 64). The residues forming these inter-MyTH4/FERM inter-
actions are completely conserved in MyoX (Fig. S3), suggesting
that the interaction between the MyTH4 and FERM domains is
highly specific and conserved in MyoX. To investigate the roles of
the residues involved in the interdomain interactions, we created
two mutants (termed as “SH” and “SHDEK,” respectively) in
which Ser1718 and His1179 in the first mutant and Ser1718,
His1719, Asp1763, Glul1769, and Lys1770 in the second mutant
(Fig. 64) were replaced by Ala. The designed mutations are
expected to partially (the SH mutant) or entirely (the SHDEK
mutant) disrupt the interdomain interaction between the MyTH4
and FERM domains. Interestingly, although the binding region
for DCC_P3 is at the F3 lobe of MyoX FERM, both MyoX MF
mutants are not capable of binding to DCC (Fig. 6B), indicating
that the MyTH4/FERM interaction is critical for maintaining the
proper conformation of the F3 lobe. Likewise, neither the iso-
lated MyTH4 domain nor the FERM domain alone showed
any detectable binding to DCC (Fig. 6B). A trivial explanation
of the data in Fig. 6B is that the MyoX MF mutants were un-
folded and therefore these mutant proteins are not capable of
binding to DCC. Because we were not able to express any of the
mutant proteins in their soluble forms in bacteria, we took an
alternative approach to assess the qualities of these MyoX MF
mutants expressed in mammalian cells. Each of these mutants
was expressed in HEK293T cells, and soluble proteins in cell
lysates (without addition of any protease inhibitors other than
EDTA) were tested for their stabilities by incubating the mixtures
for certain periods of time, assuming that unfolded/misfolded
proteins would be degraded faster than the well-folded wild-type
counterpart (Fig. S8). The MyoX_ MF mutants displayed a simi-
lar stability profile when compared to the wild-type protein,
indicating that the overall folding of these mutants is not grossly
changed. Therefore, the loss of DCC binding of the MyoX_ MF
mutants shown in Fig. 6B is likely due to the compromise of the
intactness of the MyTH4-FERM supramodule induced by the
mutations.

Discussion

The MyTH4 domain appears in various proteins, such as several
unconventional myosins including MyoVII, MyoX, and MyoXYV,
plekhh (pleckstrin homology domain-containing family H, also
known as MAX-1) (32), as well as a plant kinesin (kinesin-like
calmodulin binding protein, KCBP) (33). A common feature
of these proteins is that the MyTH4 and FERM domains always
appear in tandem. We hypothesize that the MyTH4 and FERM
domains in each MyTH4-FERM may fold together to form
an integral structural supramodule. We performed a detailed
MyoX_MF structure-based sequence analysis of all identified
MyTH4-FERM-containing proteins, hoping to establish a corre-
lation for the above hypothesis. We first analyzed the sequences
of the FERM domains in all MyTH4-FERM proteins and found
that an Asp residue in the o2 of the F1 lobe (Asp1763 in MyoX
FERM F1 lobe) is strictly conserved (Fig. 6C). In the MyoX
MyTH4-FERM tandem, Aspl1763 is located in the MyTH4/
FERM interface and forms two strong H bonds with two main
chain nitrogen atoms in the «9/a10-loop of the MyTH4 domain
(Fig. 64), pointing to a possibility that corresponding inter-
MyTH4/FERM H bonds mediated by this strictly conserved
Asp also exist in all other MyTH4-FERM tandems. More inter-
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Fig. 6. The MyTH4/FERM interface of MyoX. (A) The stereo view of the MyTH4/F1 interface. The residues involved in the MyTH4/F1 interaction are displayed in
the explicit stick model. Hydrogen bonds are indicated by dashed lines. (B) The interactions between GFP-tagged MyoX_MF and its mutants with DCC_P3 were
assayed by GST pulldown assay. Note that weak background level interaction between GST and MyoX_MF could be detected. (C) Sequence alignment of MyTH4
domains from 24 MyTH4-FERM tandems showing the conserved residues in the MyTH4/FERM interface. As for the names of the MyTH4 domains, the first two
lowercase letters represents their species (“hs” for human, “dr” for Danio rerio, “dm" for Drosophila melanogaster, "dd"” for Dictyostelium discoideum, "ce"
for Caenorhabditis elegans, and "at” for Arabidopsis thaliana), and the following upper cases represent the protein names, including MYO (myosin), PKHH
(pleckstrin homology domain containing, family H), HUM (heavy chain of an unconventional myosin), and KCBP (kinesin-like calmodulin binding protein). For
proteins containing two MyTH4-FERM tandems, the first and second MyTH4 are discriminated by suffixes (_N and _C, respectively).

BIOCHEMISTRY

estingly, sequence alignment analysis reveals that every MyTH4
domain contains three strictly conserved residues (Argl682,
Pro1686, and Glul690 in human MyoX and termed as the
RPE-motif) in 10 and the a9/a10-loop (Fig. 6C). A salt bridge
formed by the Arg and Glu residues together with the Pro in the
RPE-motif defines the conformation of the a9/a10-loop for its
interaction with the F1 lobe (e.g., the highly conserved H bonds
involving Asp1763 described above) (Fig. 64). This above struc-
ture-based sequence analysis strongly indicates that the strictly
conserved RPE-motif in MyTH4 domains and the Asp in a2
of FERM domains in the rest of the MyTH4-FERM tandems
are likely to form the same inter-MyTH4/FERM interaction net-
work observed in the MyoX MyTH4-FERM tandem. Supporting
this notion, mutations of the absolutely conserved Arg and Pro in
the RPE-motif of the MyoVII and MyoXV MyTH4 domains are
known to cause hereditary deafness in human patients (34-36).
Therefore, the supramodular nature of the MyTH4-FERM tan-
dem observed in MyoX is likely a general feature for other
MyTH4-FERM-containing proteins.

In conclusion, the MyoX MF/DCC P3 complex structure
reveals the structure of a MyTH4-FERM tandem, which occurs
in a number of unconventional myosins as well as several non-
myosin proteins. The complex structure uncovers a new target

Wei et al.

binding mechanism for its FERM domain. It is formally possible,
although unlikely, that the deletion of the 36 amino acids from
the FERM domain or the fusion of the DCC sequence could
potentially cause the MyTH4-FERM structure obtained here
to differ from that of the native MyTH4-FERM/DCC_P3 com-
plex. Structure-based amino acid sequence analysis indicates that
the formation of the MyTH4-FERM supramodule seen in MyoX
is likely a general property of all MyTH4-FERM tandems. Thus,
the structure of the MyoX MyTH4-FERM tandem described in
this study provides guidance for future studies of myosin motors
such as myosin VII&XYV of which mutations are frequently asso-
ciated with blindness and/or deafness in humans.

Materials and Methods

Protein expression, Purification, and Crystallization. The coding sequences of
MyoX_MF (residues 1503-2047) and neogenin_P3 (residues 1397-1477) were
PCR amplified from a human MyoX and mouse neogenin, respectively. For
MyoX_MF/DCC_P3 fusion constructs, DCC_P3 was fused to MyoX_MF at its
C terminus. Fusion proteins were expressed as Hisg-tagged proteins and pur-
ified using Ni?*-NTA affinity chromatography. Crystals of the MyoX_MF/
DCC_P3 fusion protein (10 mg/ml) were obtained by hanging drop vapor dif-
fusion at 16 °C in approximately 8% PEG8000 and 10% glycerol in 0.1 M
HEPES buffer (pH 7.5). An extended method describing protein preparation,
crystallization, and structural determination can be found in S/ Materials and
Methods. The PDB accession code of the MyoX_MF/DCC_P3 structure is 3PZD.

PNAS Early Edition | 5 of 6


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016567108/-/DCSupplemental/pnas.1016567108_SI.pdf?targetid=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016567108/-/DCSupplemental/pnas.1016567108_SI.pdf?targetid=STXT

!
e,

GST Pulldown Assay. Direct interactions between DCC_P3 and various MyoX
MyTH4-FERM mutants were assayed in phosphate-buffered saline (pH 7.4).
GST-DCC_P3 fragment (approximately 0.6 nmol each) loaded GSH-Sepharose
beads were incubated with GFP-tagged MyoX_MF and its various mutants
expressed in HEK293T cells. GST-DCC_P3-bound proteins were separated
by SDS/PAGE. The GFP-MyoX_MF proteins were visualized by immunodetec-
tion using anti-GFP antibody.
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