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Structure of MyTH4-FERM Domains in
Myosin VIIa Tail Bound to Cargo
Lin Wu,* Lifeng Pan,* Zhiyi Wei, Mingjie Zhang†

The unconventional myosin VIIa (MYO7A) is one of the five proteins that form a network of
complexes involved in formation of stereocilia. Defects in these proteins cause syndromic
deaf-blindness in humans [Usher syndrome I (USH1)]. Many disease-causing mutations occur in myosin
tail homology 4–protein 4.1, ezrin, radixin, moesin (MyTH4-FERM) domains in the myosin tail that
binds to another USH1 protein, Sans. We report the crystal structure of MYO7A MyTH4-FERM domains
in complex with the central domain (CEN) of Sans at 2.8 angstrom resolution. The MyTH4 and FERM
domains form an integral structural and functional supramodule binding to two highly conserved
segments (CEN1 and 2) of Sans. The MyTH4-FERM/CEN complex structure provides mechanistic
explanations for known deafness-causing mutations in MYO7A MyTH4-FERM. The structure will also
facilitate mechanistic and functional studies of MyTH4-FERM domains in other myosins.

Mutations inMyo7a (alsoknownasUSH1B),
which encodes the unconventional myo-
sinVIIa (MYO7A), causeboth syndromic

[Usher syndrome I (USH1)] and nonsyndromic
(DFNB2 and DFNA11) deafness in humans (1, 2).
Although five genes have been associated with
USH1 (3–5), mutations ofMyo7a account for ~40
to 50% of all USH1 cases (2, 6). In vitro studies
have shown that the five USH1 proteins (MYO7A,
harmonin, cadherin 23, protocadherin 15, and Sans)
can form an integrated network of complexes
(4, 7–9).Mice containingmutations of any one of
the USH1 proteins share commonmorphological
defects in the stereocilia of hair cells (10, 11).

The MYO7A tail contains a pair of myosin
tail homology 4–protein 4.1, ezrin, radixin,moesin
(MyTH4-FERM) tandems separated by a SH3 do-
main (a MyTH4-FERM tandem is defined as a
MyTH4 domain and a FERM domain arranged
right next to each other) (Fig. 1A). Two other un-
conventional myosins, myosin X and XV, also
containMyTH4-FERM tandem(s) in their tails and
play critical roles in the formation of filopodia/
stereocilia-like structures aswell (10, 12–15).More
than 40missense and 26 deletion/truncation disease-
causing mutations are found in the two MYO7A
MyTH4-FERM tandems (fig. S1). However, it is
not clearwhy thesemutations lead to disease pheno-
types, though a recent study has shown that a trun-

cationmutation in the secondMyTH4-FERMtandem
of MYO7A decreases the stability of the motor (16).

To elucidate MYO7A-mediated USH1 com-
plex formation, we characterized the interaction
between the first MYO7A MyTH4-FERM tan-
dem and Sans, a scaffold protein known to bind
to MYO7A (7, 17, 18). Analytical ultracentrifuga-
tion shows that the MyTH4-FERM-SH3 region
of MYO7A (residues 965 to 1649, referred to as
“MFS”) is a stable monomer in solution (Fig. 1C).
We confirmed the previous finding by Adato et al.
(7) that the glutathione S-transferase (GST)–fused
central domain of Sans [residues 295 to 390, referred
to as “CEN” (fig. S2A)] strongly binds toMYO7A-
MFS (Fig. 1B). Analytical ultracentrifugation also
shows that untaggedMYO7A-MFS andSansCEN
form a 1:1 stoichiometric complex in solution (Fig.
1C).We determined the stability of the complex by
isothermal titration calorimetry, which gave a disso-
ciation constant (Kd) ~ 50 nM (fig. S2B). Further
extension of Sans to the C-terminal end does not
change its MYO7A binding affinity (fig. S2D), in-
dicating that Sans CEN encompasses the complete
MYO7A binding region.

Nuclear magnetic resonance (NMR) spectra
show that the isolated CEN is monomeric and un-
structured in solution (fig. S2, E and F). CEN con-
tains highly conserved stretches of residues at each
end, separated by a variable connection sequence
(fig. S2A). The binding affinities of the two fragments
for MYO7A-MFS were Kd ~ 2 mM for CEN1 (res-
idues 295 to 369) and ~270 mM for CEN2 (residues
369 to 390) (fig. S2D). Thus, bothCEN1 andCEN2
interact directlywithMFS, thoughCEN1contributes
to most of the binding energy. Both CEN1 and

CEN2 are required for the colocalization ofMYO7A-
MFS and Sans in heterologous cells (fig. S3).

To gain further insight into the MYO7A/Sans
interaction, we determined the crystal structure
of the MFS/CEN complex at 2.8 Å resolution
using aMYO7A isoform containing a 30-residue
deletion in its MyTH4 domain (fig. S4 and table
S1). This MYO7A-MFS isoform binds to Sans
CEN with an affinity indistinguishable from that
of MFS containing the 30-residue fragment
(fig. S2C). The MYO7A-MFS adopts an overall
Y-shaped architecture made up of three domains:
(i) the N-terminal MyTH4 domain, (ii) the mid-
dle FERM domain, and (iii) the C-terminal SH3
domain (Fig. 1, D and E). The MyTH4 domain
directly packs with the FERM F1 lobe, covering
~928 Å2 in surface area. The interface is formed
by conserved residues that are predominantly polar
or charged (fig. S5, A and B).

As expected from its sequence similarity with
FERMdomains of known structures (19),MYO7A
FERM is composed of F1, F2, and F3 lobes, which
together form a cloverleaf configuration (Fig. 1D).
The SH3 domain is coupled to the F3 lobe by a
short a helix (fig. S5C). This hydrophobic a helix
packs with the bB/bA/bE sheet of the SH3 domain
and leaves SH3’s canonical target-recognition
pocket open (fig. S5D).

Surprisingly,we could only trace the SansCEN1
region (residues 305 to 320) in the final complex
structure model (Fig. 2A and fig. S6A), though
SDS–polyacrylamide gel electrophoresis analysis
confirmed the integrity of bothMFS andCEN in the
complex crystals (fig. S7). The definedCEN1 in the
MFS/CEN complex contains 16 conserved residues
(Fig. 2). The N-terminal half of CEN1 (residues 305
to 315) adopts a short b hairpin, and the C-terminal
half (316 to 320) forms an extended structure (fig.
S6B). CEN1 occupies all three interfaces formed
between F1, F2, and F3 of the FERM domain and
buries a surface area of ~958Å2. The first b strand
of the CEN1 hairpin interacts with residues in the
F2/F3 interface, the second b strand of the hairpin
contacts the residues in the F1/F2 interface, and
the last part of CEN1 fills in the F1/F3 gap (Fig. 2).
TheMFS/CEN1 interaction is different fromknown
recognitionmodes of FERMdomains (fig. S8). The
interaction between CEN1 and FERM is mediated
by extensive hydrophobic contacts, charge-charge in-
teractions, and hydrogen bonding (Fig. 2B and fig.
S9). Supporting the above structural data, the re-
placementof theconservedPhe307CEN1 or Phe

317
CEN1

with Glu or the substitution of Phe1473FERM with
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Gln reduced the binding between CEN and MFS
(fig. S9B).

TheMyTH4 domain adopts a 10-helix bundle
architecture. The central six a helices (a2 and a5 to
a9), which are highly conserved among various
MyTH4 domains (figs. S10 and S11), assemble into
a right-handed superhelical core (fig. S12A). The

residues forming the short a1, a3, and a4 helices
of MyTH4 domains are more divergent (fig.
S11). The final helix (a10) and the a9/a10 loop
are extremely conserved among MyTH4 domains.
These two segments cap one end of the six-helix
MyTH4 core and make extensive contacts with the
FERMF1 lobe to formMyTH4-FERMsupramodule

(fig. S5B). The six-helix core of the MyTH4 domain
shares some degree of structural similarity with the
CIDdomain of Pcf11, the VHS domain of TOM1,
and the ENTH domain of epsinR (fig. S12).

MYO7A MyTH4 contains a prominent ex-
posed hydrophobic pocket comprising the con-
servedA1189,W1192, I1193, P1220, andY1223

Fig. 1. Interaction between MYO7A-
MFS and Sans and overall structure of
the MFS/CEN complex. (A) Schematic
diagrams showing the domain organi-
zations of MYO7A and Sans. The in-
teraction between MYO7A-MFS and
Sans-CEN in this study is indicated.
(B) GST pull-down assay showing that
the GST-fused CEN specifically binds to
MFS. The asterisk indicates the MYO7A
MFS band. (C) Sedimentation velocity
analysis showing that MYO7A-MFS and
Sans CEN, both without fusion tags,
form a 1:1 stoichiometric complex. Iso-
lated, Trx-tagged CEN-SAM-PBM is a
stable monomer in solution. A mixture
of MYO7A-MFS and Trx-CEN-SAM-PBM

at a 3:1 molar ratio gave rise to a complex peak with a molecular mass close to the theoretical value of 109.6 kD for a 1:1 MFS/Trx-CEN-SAM-PBM complex. C(S),
sedimentation coefficient distribution; S, Svedbergs. (D) Ribbon-diagram representation of the overall structure of the MFS/CEN1 complex. The C-terminal short a helix
that integrates the SH3 domain with the FERMdomain is shown in green. Two disorder regions in theMyTH4 domain and one in the SH3 domain are indicated by dotted
lines. (E) Surface representation showing the overall architecture of the MFS/CEN1 complex with the same coloring scheme as in (D).

Fig. 2. Detail of the MFS/CEN1 interaction. (A) Surface representation showing the binding interface between the FERM domain of MFS and CEN1. The F1, F2, F3
lobes of FERM are in direct contact with CEN1 (shown in explicit atomic model). (B) Stereo view showing the detailed interactions between FERM and CEN1.
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residues (Fig. 3D and fig. S13A) (20). The rim of
this hydrophobic surface is decorated by four con-
served, positively charged residues (K1255, K1253,
R1190, and K1185) (Fig. 3D and fig. S13B). This
hydrophobic surface is fully accessible (that is,
not influenced by the crystal packing) (fig. S14).
Interestingly, some sparse electron densities that

do not belong to MYO7A-MFS can be observed
on this surface (fig. S13B). The Sans CEN2 is neg-
atively charged and contains several conserved
hydrophobic residues (fig. S2A), suggesting that
CEN2 may directly bind to the MyTH4 domain
of MYO7A. This analysis is supported by the ob-
servation that substitution of A1189 in the hy-

drophobic pocket of MyTH4 with Glu leads to a
~10-fold decrease of the binding affinity between
MFSandCEN (fig. S13C).Conversely, substitution
of W374 with Gln in CEN2 also weakens the
MFS/CEN interaction by ~10-fold (fig. S13D).
However, the poor-density map prevented us from
modeling the CEN2 structure in the complex.

Fig. 3. TheMyTH4/CEN2
interaction. (A) The aro-
matic and amide region
of the CEN2 peptide 1H-
NMR spectra with in-
creasing molar ratios of
MYO7A-MFS. ppm, parts
per million. (B) Stereo
view showing the back-
bonesof the superimposed
final 10 NMR structures
of the CEN2 peptide (res-
idues 370 to 380). (C)
The combined stickmodel
and the ribbon represen-
tation showing a repre-
sentative NMR structure
of the MFS-bound CEN2
peptide. (D) Surface rep-
resentation showing the
binding interface between
the CEN2 peptide and the
MyTH4 domain. In this
presentation, the hydro-
phobic amino acid resi-
dues in MyTH4 surface
model are shown in yel-
low, positively charged
residues in blue, nega-
tively charged residues
in red, and uncharged
polar residues in gray.
The sparse electron densities of the MyTH4 domain in the MFS/CEN complex are shown. The FO-FC density map is contoured at 2.5s.

Fig. 4. Missense mutations in MYO7A-MFS found in human patients. (A)
Combined stick-dot model and ribbon-diagram representations in stereo
view showing the distributions of the 17 missense mutation sites in MFS.
The residues in the mutation sites are labeled in red, orange, pink, and

black corresponding to the classes I to IV described in the text, respectively.
(B) Schematic cartoon summarizing the 17 missense mutations of MYO7-
MFS. The × marks denote mutations that may disrupt unknown target
binding.
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We used NMR spectroscopy to interrogate
binding between MyTH4 and CEN2. A 21-residue
synthetic peptide corresponding to CEN2 was con-
firmed to bind toMFS using the transferred nuclear
Overhauser effect (NOE) technique (Fig. 3A and
fig. S15). We determined the structure of the MFS-
bound CEN2 with the use of transferred NOE-
derived distance restraints (Fig. 3B and table S2). A
seven-residue fragment (372 to 378) of CEN2 adopts
a defined conformation, with the aromatic ring of
W374 sandwiched by P373, L372, and L377, form-
ing a hydrophobic cluster. The opposite face of this
hydrophobic cluster contains five negatively charged
residues (Fig. 3C). The CEN2 NMR structure was
docked to the MyTH4 domain using the program
HADDOCK (21). The final docked structure reveals
a good surface match between CEN2 and MyTH4,
and the CEN2 peptide fits reasonably well with the
unexplained electron densities observed inMyTH4
(Fig. 3D). Together with the cellular imaging data
(fig. S3), we conclude that CEN2 contributes to the
overall binding between MFS and CEN.

A total of 19 missense mutations involving 17
amino acidswithinMYO7A-MFShave beendocu-
mented in Usher syndrome patients (fig. S1). The
distribution of the 17 missense variants is mapped
onto the structure ofMFS (Fig. 4; truncation/deletion
mutations are not discussed here as these can be
interpreted as null mutations). Among the 17 mu-
tation sites, 7 are inMyTH4, 9 in FERM, and 1 in
SH3 (Fig. 4B). These 17 MYO7A-MFS variants
can be divided into four classes (fig. S16): The first
class of the mutations occurs in the folding core of
the MyTH4 domain [Ile1045→Thr1045 (I1045T),
R1168P/W, E1170K, P1183T, R1240Q/W, and
P1244R] or the FERMdomain (A1288P in F1 and
L1484F in F3) (Fig. 4 and fig. S16A). The disease-
causingmutations in this category are likely to have
a deleterious impact on the folding of the MyTH4-
FERM supramodule. The mutations in the second
class (G1218K in MyTH4; E1327K, A1340P, and
E1349K in F1; A1492V in F3) may not affect the
structure of the individual domains but instead are
likely to interfere with the interdomain interactions

or the interaction between MYO7A and Sans, as
these residues are situated in the interface between
the domains, as well as in the interface between
MFS and Sans CEN (Fig. 4 and fig. S16B). For
example, E1349 is intimately involved in binding to
Sans CEN1; the E1349K-MFS mutation weakens
its Sans binding by ~20-fold (fig. S2D). The third
class of mutants involves the conserved R1343 in
F1 and R1602 in F3. Both of these residues are
solvent-exposed and not expected to play obvious
structural roles in MFS folding or in Sans binding,
but they may affect interactions between MYO7A-
MFS and its other partners (Fig. 4 and fig. S16C).
The fourthclassofmutations (T1566MandA1628S)
cannot be interpreted by the MFS/CEN structure.

Structure-based sequence analysis indicates
that the supramodular nature is probably a general
property of otherMyTH4-FERMtandems (fig. S10).
In theMYO7A-MFS, a9, a10, and the a9/a10 loop
of MyTH4 form the MyTH4/FERM interface (fig.
S5B). The a9/a10 loop and a10 contain a con-
served R-X-X-X-P-X-(X)-X-E motif in all MyTH4
domains (fig. S11). TheArg andGlu residues in this
motif form a salt bridge to define the orientation of
a9 and a10, and the Pro residue (P1244) facilitates
the formation of the turn structure in the a9/a10
loop (Fig. 4A). Mutations of Arg or Pro residue in
this signaturemotif of either of theMYO7AMyTH4-
FERM tandems cause deaf-blindness in humans
(fig. S10). The supramodular structure of MYO7A-
MFS also correlates well with the observation that
MyTH4 domains invariably coexist with FERM
domains in MyTH4-containing proteins. Finally,
sequence-alignment analysis further predicts that
the majority of the disease-causing mutations in
the second MYO7AMyTH4-FERM tandem would
either disrupt the folding of the domains or crip-
ple the inter-MyTH4-FERM interface (fig. S10).
The MYO7A-MFS structure not only provides
mechanistic explanations to currently knowndisease-
causing mutations in the MYO7A MyTH4-FERM
tandems, but it will also be valuable in under-
standing functions of other MyTH4-FERM con-
taining myosins.
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HSPC117 Is the Essential Subunit of a
Human tRNA Splicing Ligase Complex
Johannes Popow,1* Markus Englert,2* Stefan Weitzer,1 Alexander Schleiffer,3 Beata Mierzwa,1

KarlMechtler,4 SimonTrowitzsch,5†Cindy L.Will,5Reinhard Lührmann,5Dieter Söll,2,6‡ JavierMartinez1‡

Splicing of mammalian precursor transfer RNA (tRNA) molecules involves two enzymatic steps. First, intron
removal by the tRNA splicing endonuclease generates separate 5′ and 3′ exons. In animals, the second step
predominantly entails direct exon ligation by an elusive RNA ligase. Using activity-guided purification of
tRNA ligase from HeLa cell extracts, we identified HSPC117, a member of the UPF0027 (RtcB) family, as the
essential subunit of a tRNA ligase complex. RNA interference–mediated depletion of HSPC117 inhibited
maturation of intron-containing pre-tRNA both in vitro and in living cells. The high sequence conservation of
HSPC117/RtcB proteins is suggestive of RNA ligase roles of this protein family in various organisms.

Transfer RNAs (tRNAs) are essential adap-
tormolecules in the translation of the genetic
transcript into proteins. During their post-

transcriptional maturation (1), intron-containing
tRNA precursor transcripts (pre-tRNAs) undergo
splicing, which is accomplished by a specialized

endonuclease that excises the intron (2, 3) and a
ligase that joins the resulting exon halves (fig.
S1A). Although introns within pre-tRNA tran-
scripts have been detected in all domains of life,
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