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longitudinal arch in the Hadar foot (35, 37). The
morphology of the AL 333-160 Hadar fourth
metatarsal eliminates that objection.

The4.4-million-year-old skeletonofArdipithecus
ramidus suggests that the transition to terrestrial
bipedality occurred in the earliest hominins, while
selection maintained adaptations in the foot for
arboreal climbing and grasping (25). By at least
3.2 million years ago, the fundamental attributes
of human pedal anatomy and function were in
place. This includes the transformation of the first
toe and associated musculature from a grasping
structure to one designed for propulsion and shock
absorption [review in (1)]. Evidence from theHadar
fourth metatarsal adds to this human-like portrait of
permanent longitudinal and transverse bony arches
in the sole of the foot. The evolutionary trajectory
suggested by these fossil remains makes it unlikely
that selection continued to favor substantial ar-
boreal behaviors by the time of A. afarensis.
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Embryological Evidence Identifies
Wing Digits in Birds as Digits
1, 2, and 3
Koji Tamura,*† Naoki Nomura,* Ryohei Seki, Sayuri Yonei-Tamura, Hitoshi Yokoyama

The identities of the digits of the avian forelimb are disputed. Whereas paleontological findings
support the position that the digits correspond to digits one, two, and three, embryological
evidence points to digit two, three, and four identities. By using transplantation and cell-labeling
experiments, we found that the posteriormost digit in the wing does not correspond to digit four
in the hindlimb; its progenitor segregates early from the zone of polarizing activity, placing it
in the domain of digit three specification. We suggest that an avian-specific shift uncouples the
digit anlagen from the molecular mechanisms that pattern them, resulting in the imposition of
digit one, two, and three identities on the second, third, and fourth anlagens.

Themorphology of the hand of tetrapods is
derived from a five-fingered plan, the penta-
dactyl limb. In many tetrapods, some of the

digits have been secondarily lost. Consequently,
knowing which digits are present is a characteristic
used to infer phylogenetic relationships between
lineages. Close relationship between theropod di-
nosaurs and birds is evident, but the identities of
avian hand digits remain controversial. Basal
ornithischian dinosaurs, such asHeterodontosaurs,

possessed a five-digit hand. In the process of the-
ropod evolution, the posterior two digits (digits D4
andD5) (1) were lost, such that later theropods like
the maniraptoranDeinonychus had only D1 to D3
(2–4). Given the known relationship between the-
ropods and early birds, such as Archaeopteryx,
paleontological evidence suggests that the digit
identity of the avian wing is D1, D2, and D3. In
contrast, embryological evidence based on con-
densation patterns of digits suggests that the
modern bird wing comprises the D2, D3, and D4
of the pentadactyl ground state (5–8). In general,
the fourth digit is the first visible digit (FVD) of
tetrapod embryo development and is part of what
has been termed the primary limb axis, which is
aligned with the extension of the posterior

zeugopod and the posterior basal autopod (6).
In the chick embryo, the FVD occupies the
posteriormost position in the three-digit chick
forelimb but is still spatially aligned with the
primary axis. Thus, the embryological view is that
the FVD in the chick forelimb bud is designated
as the fourth digit (6). To resolve the apparent dis-
agreement between paleontological and embryo-
logical views, we investigated the early development
of the posteriormost digit in the chick embryo (9).

Recent studies suggest that digit-specific de-
velopmental mechanisms determine digit identi-
ty. In the five-digit mouse limb bud, D4 and D5
and a posterior portion of D3 originate from
descendants of shh-expressing zone of polarizing
activity (ZPA) cells (10). Thus in the mouse, the
FVD is derived from descendants of shh-
expressing ZPA. In contrast, despite the ability of
the ZPA of the chicken forelimb to induce all sub-
sequent digits, it does not contribute to any digits
when implanted into the host limb bud (Fig. 1, D
and E) (11–13). This discrepancy may be attrib-
utable to the difference in digit numbers in mouse
and chick limbs and thus provides an opportunity
to further explore digit identity in the avian wing.

To examine the contribution of ZPA cells to
subsequent digits on ectopic implantation, we per-
formed a swapping transplantation of three-digit
forelimb and four-digit hindlimb ZPAs in chick
embryos (fig. S1) (13, 14).We used chick embryos
at stages 21/22 and 22 as donors for the ZPAgrafts,
because it is at these stages that autopod specifica-
tion begins in both forelimb and hindlimb (15–17).
Chick hindlimbs that received forelimb ZPA de-
veloped only hindlimb digits in a duplicated digit
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pattern (Fig. 1A and fig. S7). Together with the
result of chimera analysis (Fig. 1, D and E), these
data indicate that chick forelimb ZPA induces all
additional digits in the host. Implantation of hind-
limb ZPA frequently gave rise to a hindlimb digit
in the forelimb (Fig. 1B and fig. S7). Furthermore,
this additional hindlimb digit was generated from
donor cells (Fig. 1, F and G). These observations
suggest that the posteriormost digit in the forelimb
is induced by the ZPA at stages 21/22 and 22 and
that the descendants of the hindlimb ZPA at these
stages are capable of forming a digit. The transplant
of an older hindlimb ZPA at stage 25, in which shh
is expressed (18, 19), produced no hindlimb digits,
because digits primordial condensation of FVD is
located outside the ZPA at this stage (20) (Fig. 1C
and fig. S7).

Fate-mapping the ZPA provided further
support for its differential contribution to digit
cartilage in fore- and hindlimb. By using the vital
dyes [lipophilic fluorescent dyes 1,1´-dioctadecyl-
3,3,3´,3´-tetramethylindocarbocyanine perchlorate
(DiI) and 3,3'-dioctadecyloxacarbocyanine per-
chlorate (DiO)], we found that a small mesenchy-
mal area of the distal margin outside the forelimb
ZPA at stage 22 contributed to the third digit in the
wing (Fig. 2, A to C). Label inside the ZPA [within
the shh-expression domain (fig. S1)] did not con-
tribute to digit cartilage (Fig. 2, D to F and M). In
the chick hindlimb bud at stage 22, label within the
ZPA did contribute to the fourth digit (Fig. 2, J to
L and N), whereas labeling mesenchymal cells
neighboring the ZPA showed progeny distributed
in the interdigital region between the third and
fourth digits (Fig. 2, G to I). Heterospecific and
homotopic implantation of the ZPA further con-
firmed the differential contributions of the ZPA to
digit cartilage (fig. S2).

The above results suggest that by stage 22,when
the digits are being specified, the progenitor of the
posteriormost digit in the chick forelimb is located
outside the ZPA, whereas that of the posteriormost
hindlimb digit is inside the ZPA. Studies performed
in the five-digitmouse have shown that the anterior-
most digit is formed independently of the function
of shh (10, 21, 22). It has also been suggested that
specification of the second and third digits depends
on the concentration of SHHprotein diffusing from
the ZPA and that the high levels of SHH protein
found adjacent to the ZPA specify this digit progen-
itor as D3. Therefore, the FVD in the chick fore-
limb isD3. In contrast, in the hindlimb, we find that
the FVD is formed by descendants of the ZPA at
the stages, assigning this digit a D4 identity. Thus,
the FVD in the three-digit chick forelimb is not
homologous to the FVD in the four-digit hindlimb.
When consideredwith the fact that the anteriormost
digit, D1, is independent of shh function and shares
molecular mechanisms in the mouse and chick
that include the expression of certain genes (Hoxd
and others) (10, 23–26), a simple explanation is
that the avianwing forms digitsD1,D2, andD3, as
in the ancestral theropods, whereas the avian leg
forms digits D1, D2, D3, and D4, in correspon-
dence with mouse digits D1, D2, D3, D4, and D5.

We next asked the location of digit progeni-
tors before autopod specification by constructing
a fate map of the posterior region of the stage 20
forelimbs and hindlimbs (Fig. 3 and fig. S3).
Before their specification, forelimb D3 progeni-
tor is found within the shh-expressing ZPA (Fig.
3B), whereas in the hindlimb, not D3 but D4
progenitor is found within the shh-expressing
ZPA (Fig. 3, A and D, and fig. S3). Cell-labeling
experiments further show that the forelimb D3
progenitor segregates from the shh-expressing do-
main between stage 20 and 22 but before spec-
ification (Fig. 3C and fig. S4). Thus, the forelimb
D3 progenitor is located inside the ZPA at stage 20
but outside it at stage 22. This segregation allows
the digit progenitor inside the early ZPA to access
to the juxta-ZPA signals later that specify digit D3

identity. In contrast, such segregation does not
occur in the hindlimb (Fig. 3F and fig. S4). This
change inside the early forelimb ZPA accounts for
what has been recognized as the “frame shift” that
was thought to occur in the primordial condensa-
tion of the FVD in the chick forelimb (2). Although
this change is not necessarily specific to the chick
forelimb, because all progenitors eventually segre-
gate from the ZPA (arrows in Fig. 4, bottom), what
is unique to the chick wing is the heterochronic,
premature separation of D3 progenitor from the
avian forelimb ZPA, which causes a heterotopic
frame shift of digit anlage. Importantly, this reveals
a derived transformation along the avian stem. This
idea is supported by our findings that the domain of
overlap between the apical ectodermal ridge (AER)
and the ZPA is correlated with digit numbers be-

Fig. 1. Differential contributions of fore- and hindlimb ZPAs to duplicated digit cartilage. (A) Forelimb
ZPA at stage 22 implanted into the hindlimb bud formed no forelimb digits. (B) After implantation of
stage 22 hindlimb ZPA into the forelimb bud, the anteriormost digit (arrowhead) in the duplication
showed hindlimb digit identity. (C) No hindlimb digit was produced by hindlimb ZPA at stage 25. (D to G)
Distribution of ZPA cells in the duplicated forelimb. The boxes in (D) and (F) are magnified to show that
the implanted stage-22 forelimb ZPA contributed little to cartilage formation [asterisks in (E)], whereas
the anteriormost digit in the duplication was mainly composed of implanted stage-22 hindlimb ZPA-
originating cells [asterisks in (G)].
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Fig. 3. Fate mapping at stage 20. (A) In the stage-20
forelimb bud, the average positions for the second- and
third-digit progenitors and the posterior periphery were
at 32.6%, 17.7%, and 6.6% of the anterior-posterior
(AP) axis [100% (anterior end) to 0% (posterior end)],
respectively. (D) In the stage-20 hindlimb bud, the
average positions for the third- and fourth-digit pro-
genitors and the posterior periphery were at 36.2%,
18.9%, and 6.6% of the AP axis, respectively. Shh
expression in the stage-20 limb bud showed the
anterior edge of the expression domain at 21.4%
(forelimb bud) (B) and 23.1% (hindlimb bud) (E). The
average position for the posteriormost digit in both the
forelimb bud [17.7% in (A)] and hindlimb bud [18.9%
in (B)] was inside the anterior edge of the shh ex-
pression domain. (C and F) DiO-labeled cells at 12.0%
(the third-digit progenitor inside the ZPA) of the stage-
20 forelimb bud were located outside the ZPA after 18
hours (C), whereas DiO-labeled hindlimb cells at 12.3%
(the fourth-digit progenitor inside the ZPA) remained
inside the ZPA after 18 hours (F). Detailed data are also shown in figs. S3 and S4.

Fig. 2. DiI or DiO labeling of cells outside and
inside the ZPA at stage 22. (A to C) Labeled cells
outside the forelimb ZPA [estimated by the pos-
terior edge of the AER, arrowhead in (A)] con-
tributed to cartilage of the posteriormost digit
(n = 9). (D to F, and M) Labeled cells inside the
forelimb ZPA were not distributed to the poste-
riormost digit cartilage but were observed in the
periphery of the autopod (n = 11). (G to L, andN)
Labeled cells outside the hindlimb ZPA were dis-
tributed to the interdigital region between D3
and D4 [(H) and (I), n = 10], and cells inside the
hindlimb ZPA contributed to the formation of D4
[(K), (L), and (N), n = 8]. White dots [(B), (E), (H),
and (K)] outline cartilage of D3 and D4 [(C), (F),
(I), and (L)].
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tween species (fig. S5) and is reduced early in the
chick forelimb bud.

The posteriormost digit primordium, which
condenses to give rise to the FVD cartilage at the
later stages (Fig. 4, bottom), has already been
specified for digit identity (in Fig. 4, middle).
Thus, among tetrapods, even when the FVD is on
the primary axis, it need not show correspondence
of digit identity. Indeed, we show that in the
hindlimb it is the second digit condensation that
has been reallocated to the primary axis in the
absence of progenitors for the posterior two digits
(fig. S6). Cohn et al. further showed that proximal
limb elements are not required for digit develop-
ment and suggested that the digits are not
sequential to the branching and segmentation of
the precartilaginous proximal elements of the limb
(27). Moreover, recent findings show that the
order of digit condensation in the mouse does
not necessarily correlate with digit identity
(28). These arguments allow us to conclude
that the concept of FVD on the primary axis is
not developmentally coupled with a particular
digit identity. Furthermore, the primary axis-
digit D4 hypothesis is not supported in birds,
enabling us to reconcile embryonic patterns with
paleontological data.

Through analysis of the developmental pro-
cesses that precede condensation, we have iden-
tified the posteriormost digit in the chick forelimb
asD3, corresponding to the third digit in themouse.
Like the mouse, it is specified by SHH protein
signaling outside the ZPA (Fig. 4). However, be-

fore digit specification, this posteriormost-digit
progenitor in the chick forelimb bud, like that in
the hindlimb, is found in the region of the fourth
anlage (P4) (Fig. 4, top) on the basis of the
pentadactyl ground state for the chick limb (8, 29).
In the forelimb, P4 rapidly separates from the ZPA,
and this shift imposes the digit D3 identity onto
P4 during the specification of the autopod (Fig. 4,
middle). This supports a model in which the de-
velopmental mechanism for digit specification is
not only evolutionarily but also developmentally
uncoupled from the positional identities (P1 to
P5) within the pentadactyl ground state. This un-
coupling allows the mechanism of morphological
specification to shift along the digit progenitors
and as a result acquire a shifted developmental
code, as comparedwith the ancestral pattern, through
this ontogenetic frame shift as seen in axial mor-
phology (30). The frame shift can be viewed as a
secondary event that takes place early in the fore-
limb bud development, and, in this sense, the chick
forelimb bud before the shift can be viewed as its
ancestral state (Fig. 4, top). Thereafter, P4 of the
avianwing comes to lie outside the domain of ZPA
and is now brought into a developmental trajectory
of shifted morphological identity, as an apomor-
phic feature of avian morphogenesis. We conclude
that the avian wing has digits one, two, and three
from the developmental view point, as did the fore-
limbs of ancestral dinosaur, and the developmental
shift in chick wing bud mirrors the sequence of
evolutionary changes in forelimb morphologies of
theropods.
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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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