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Stable tissue integrity during embryonic development relies
on the function of the cadherin�catenin complex (CCC). The
Caenorhabditis elegans CCC is a useful paradigm for analyzing
in vivo requirements for specific interactions among the core
components of the CCC, and it provides a unique opportunity to
examine evolutionarily conserved mechanisms that govern the
interaction between �- and �-catenin. HMP-1, unlike its mam-
malian homolog �-catenin, is constitutively monomeric, and its
binding affinity for HMP-2/�-catenin is higher than that of
�-catenin for �-catenin. A crystal structure shows that the
HMP-1�HMP-2 complex forms a five-helical bundle structure
distinct from the structure of the mammalian �-catenin��-
catenin complex. Deletion analysis based on the crystal struc-
ture shows that the first helix of HMP-1 is necessary for binding
HMP-2 avidly in vitro and for efficient recruitment of HMP-1 to
adherens junctions in embryos. HMP-2 Ser-47 and Tyr-69 flank
its binding interface with HMP-1, and we show that phospho-
mimetic mutations at these two sites decrease binding affinity of
HMP-1 to HMP-2 by 40 –100-fold in vitro. In vivo experiments
using HMP-2 S47E and Y69E mutants showed that they are
unable to rescue hmp-2(zu364) mutants, suggesting that phos-
phorylation of HMP-2 on Ser-47 and Tyr-69 could be important
for regulating CCC formation in C. elegans. Our data provide
novel insights into how cadherin-dependent cell– cell adhesion

is modulated in metazoans by conserved elements as well as
features unique to specific organisms.

Stable intercellular adhesions that maintain tissue integrity
are critical for morphogenetic movements during metazoan
development (1). Maintaining such adhesions is also important
for adult organisms, in which defects can lead to tumorigenesis
and metastasis (2, 3). One crucial mediator of intercellular
adhesion is the adherens junction, which contains a highly con-
served cadherin�catenin complex (CCC).4 Intercellular adhe-
sions are mediated by the CCC through calcium-dependent
homophilic interactions of transmembrane cadherins (4); the
intracellular tail of cadherins binds to p120-catenin and
�-catenin (5). �-Catenin, which binds to �-catenin, acts as a
physical linker connecting the CCC at the membrane to the
F-actin cytoskeleton (6 – 8).

�-Catenin is an actin-binding and -bundling protein consist-
ing of a series of linked �-helical bundles (9 –12). The N-termi-
nal domain of mammalian �E- and �N-catenins contains over-
lapping �-catenin binding and homodimerization sites (7, 13).
The C-terminal domain of �-catenin binds to F-actin (the
actin-binding domain) (6, 14). The middle (M) domain of
�-catenin is composed of three four-helix bundles designated
M1, M2, and M3 (11). The central two helices of the M1 bundle
contain the vinculin-binding site (15, 16). These helices disso-
ciate or “unfurl” from the bundle to bind vinculin. This unfurl-
ing is inhibited by the M3 bundle, but mechanical tension alters
the relative positions of the M subdomains to enable vinculin
binding, which further strengthens the CCC–F-actin linkage
(11, 12, 15, 17, 18).

�-Catenin is recruited to the CCC by �-catenin. Via its cen-
tral armadillo (Arm) repeats, �-catenin binds the highly con-
served intracellular domain of E-cadherin, and the interaction
is strengthened by phosphorylation of a serine-rich region in
cadherin (19 –22). The region of �-catenin N-terminal to the
Arm repeats binds to the N-terminal domain of �-catenin (23,
24). In vitro reconstitution of the CCC demonstrates that these
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three proteins form a stable complex (25). Although binding to
�-catenin weakens the affinity of �E-catenin for F-actin in solu-
tion (26, 27), �E-catenin maintains association with both of
these binding partners when tension is applied to the complex
(8). Previous structural studies of �E- and �N-catenin indicate
that �-catenin interacts with �-catenin mainly via its N-termi-
nal four-helix bundle (N1 bundle), which is bridged to the sec-
ond four-helix bundle (N2 bundle) by one continuous � helix
(�4). The two four-helix bundles of �-catenin move with
respect to each other to accommodate insertion of an � helix
from �-catenin (13). Whether these N1 interactions and struc-
tural changes in the N domain are evolutionarily conserved has
not been established nor has the functional significance of these
interactions been examined in an in vivo setting.

Another feature of adherens junctions in vivo is their ability
to assemble, disassemble, and reassemble dynamically during
morphogenesis (28). Because post-translational modifications
to the cadherin�catenin complex are known to modulate the
ability of CCC components to bind one another (19, 20, 29 –34),
such modifications represent a potential mechanism for regu-
lating junctional stability. In particular, perturbing phosphory-
lation of key residues in E-cadherin and �-catenin has been
shown to alter adhesion in cultured cells (35–38) and to modify
junctional morphology during embryonic development (19, 39,
40).

Phosphoregulation of the �-catenin��-catenin association
has been less well-studied. Phosphorylation on Tyr-142 of ver-
tebrate �-catenin inhibits its ability to bind �-catenin (30, 32,
41). The �-catenin residue Tyr-142 is a target of multiple
kinases, including Fer and Fyn, that are recruited to adherens
junctions by p120-catenin (32). Accordingly, a phosphomi-
metic Y142E transgene added to cells that lack endogenous
�-catenin does not confer adhesion in cultured mouse cells
(42), and Tyr-142 phosphorylation by focal adhesion kinase
increases vascular permeability and the accompanying junc-
tional breakdown in vascular endothelial cells (43). Although
the effects on CCC-mediated adhesion play a role in both phe-
notypes, Tyr-142 phosphorylation of �-catenin also increases
its nuclear localization and ability to participate in transcrip-
tional coactivation (30, 41), which limits the interpretation of
these experiments. Moreover, the role of these residues in reg-
ulating the �-catenin/�-catenin interaction during embryonic
morphogenesis has not been assessed. Protein kinase D1
(PKD1) has been shown to phosphorylate �-catenin at Thr-120
in cultured cells, resulting in decreased nuclear �-catenin local-
ization and transcriptional function (44) and increased plasma
membrane and trans-Golgi network localization (45, 46). The
significance of phosphorylation of Thr-120 for association with
�-catenin and its role in an intact organism have not been
examined.

Caenorhabditis elegans provides a unique model to explore
evolutionary conservation of mechanisms that mediate the
�-catenin��-catenin– binding interface and to probe require-
ments for elements of that interface in vivo. C. elegans has con-
served homologs of each component of the CCC as follows:
HMR-1/cadherin, HMP-2/�-catenin, and HMP-1/�-catenin
(47, 48). Moreover, HMP-1 is the sole �-catenin homolog in
C. elegans, removing any issues of redundancy. In addition,

HMP-2 does not normally play a role in the nucleus, and its
functions are restricted to the CCC, simplifying interpretation
of experiments involving �-catenin.

Our results show that the HMP-1�HMP-2 complex adopts a
five-helix bundle structure. Deleting the first � helix within the
HMP-1 N domain reduces its ability to bind HMP-2. We also
show that phosphomimetic substitutions at HMP-2 Ser-47 or
HMP-2 Tyr-69, which are homologous to �-catenin Thr-120
and Tyr-142, respectively, decrease its binding to HMP-1.
These studies test requirements for key elements within �- and
�-catenin in maintaining their strong association during mor-
phogenetic events in vivo. Our results highlight structurally
diverse yet biologically convergent evolutionary solutions that
metazoans have adopted to stabilize the �-catenin��-catenin
association, which is crucial in all multicellular organisms.

Results

HMP-1 N1 domain is required to suppress the latent ability of
HMP-1 to form homodimers

C. elegans HMP-1/�-catenin and HMP-2/�-catenin contain
key conserved features found in their vertebrate counterparts
(Fig. 1A and supplemental Figs. S1 and S2). Morphogenesis of
the C. elegans embryo requires adherens junctions to be capa-
ble of withstanding substantial tensile forces (48 –50), so we
compared the binding affinity of HMP-1 and HMP-2 to their
vertebrate counterparts to see whether there are features of
the worm complex that reflect adaptation to such physical
demands. HMP-1/�-catenin is homologous to mammalian
�-catenin, consisting of the N-terminal HMP-2/�-catenin-
binding domain, M domain, and the C-terminal actin-binding
domain (Fig. 1A). The N-terminal regions of �E-catenin and
�N-catenin are responsible for homodimerization as well as
�-catenin binding; they form either homodimers or het-
erodimers with �-catenin (7, 13, 51). Previously, native gel-shift
datashowedthatunlike�E-catenin,HMP-1ispresentasamono-
mer in solution even after a 1-h incubation at 25 °C (49). Here,
we confirmed that purified HMP-1 is homogeneously mono-
meric in solution by multiangle light scattering (MALS) (Fig.
1B), and we showed that HMP-1 remains monomeric even after
overnight incubation at 28 °C at a concentration of 80 �M (Fig.
1C). To test whether HMP-1 has latent potential to form a
dimer, we made a construct that deletes 70 amino acids at the N
terminus (HMP-1N�70), which corresponds to a dimeric
�E-catenin construct (�E-catN�81 (7)), and we identified the
oligomeric state of this mutant by gel-filtration chromatogra-
phy. Similar to �E-catN�81, HMP-1N�70 was predominantly
dimeric in solution even at 10 �M and at 4 °C (Fig. 1C), suggest-
ing that the third and fourth helices of HMP-1 N1 can form a
homodimer if the HMP-1 N1 bundle is disassembled. Because
wild-type HMP-1 is a monomer, these results imply that the
HMP-1 N1 forms a more stable four-helix bundle than that in
�N- and �E-catenins.

Monomeric forms of �N- and �E-catenins have similar affin-
ity toward �-catenin, with dissociation constants in the range of
15–25 nM (13). HMP-1 was recently shown to interact with the
�-catenin homolog, HMP-2, with Kd of �1 nM (52), but its
minimal binding site with full affinity has never been studied.
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We performed isothermal titration calorimetry (ITC) measure-
ments using several different constructs of HMP-1 and HMP-2
(Table 1 and supplemental Fig. S3). Full-length HMP-1 and the
isolated HMP-1 N domain (HMP-1N) show similar affinity to
HMP-2 (HMP-2(13– 678)), confirming that the N domain is
responsible for HMP-2 binding.

The first structural view of the �E-catenin/�-catenin inter-
action was obtained through a ��-catenin chimeric protein in
which amino acids 118 –151 of �-catenin were included (13).
However, recent biochemical and structural results indicate
that a more extended N-terminal fragment of �-catenin, up to
residue 78, is required for full binding affinity to �N-catenin,
with residues 85–99 of �-catenin forming an additional � helix
that interacts with the N-terminal region of �N-catenin (13).
Sequence alignment of HMP-2 and �-catenin shows that resi-
dues 89 –100 of �-catenin are conserved in HMP-2 (residues
19 –30) (supplemental Fig. S4). To test whether these residues
in HMP-2 are required for full affinity binding to HMP-1, we
performed affinity measurements using an HMP-2 construct
lacking the N-terminal 35 amino acids (HMP-2(36 – 678)). In
contrast to mammalian �-catenin, deletion of these residues
did not decrease affinity for HMP-1 (Table 1). To determine the
minimal HMP-1-binding region within HMP-2, we expressed
HMP-2 residues 36 –79 (HMP-2(36 –79)), which correspond to

�-catenin residues 106 –152, as a GST fusion protein and used
it for ITC experiments. HMP-2(36 –79) bound to HMP-1 with a
Kd of 3 nM, essentially the same as the affinity of full-length
HMP-2 for HMP-1. Interestingly, the 1 nM affinity of the inter-
action between HMP-1 and HMP-2(36 – 678) is 315-fold higher
than between the corresponding constructs from �- and
�-catenin (amino acids 96 –781) and 20-fold higher than the
affinity between full-length �- and �-catenins (13).

Helix �1 of HMP-1 is crucial for formation of the HMP-1�HMP-2
complex

To understand the high-affinity interaction between HMP-1
and HMP-2, we determined a crystal structure of the HMP-
1�HMP-2 complex. We purified the complex of HMP-1(2–274)
and HMP-2(36 –79), the minimal regions required for full bind-
ing affinity, crystallized it, and determined its structure at 1.6 Å
resolution. The structure reveals that the four helices of the
HMP-1 N1 subdomain rearrange to accommodate a single �
helix formed by HMP-2 residues 46 – 69, forming a five-helix
bundle (Fig. 2A). Structural alignment of HMP-1 with the
unbound �N-catenin monomer shows that the position of �1 is
almost identical in both structures but that helices �2 and �3
are located in different positions (Fig. 2B) and are repositioned
upon HMP-2 binding; the �1 helix, which makes direct con-

Figure 1. Domain structures of HMP-1/�-catenin and HMP-2/�-catenin and oligomeric state of HMP-1. A, comparison of the domain organization of HMP-1
and �-catenin and HMP-2 and �-catenin. In HMP-1 and �-catenin, red � HMP-2/�-catenin-binding domain; green � M domain; and yellow � F-actin-binding domain.
In HMP-2 and �-catenin, purple � HMP-1/�-catenin-binding domain and blue � armadillo repeats. Residue numbers of the termini of each domain are shown.
Phosphosites of HMP-2 and �-catenin are marked with a ball on stick symbol. The N-terminal phosphosites of �-catenin are colored black, and conserved phosphosites
within the HMP-1/�-catenin-binding site are colored red. B, monomeric state of HMP-1 confirmed by MALS. Elution profile and the calculated molecular mass are
shown. A.U., absorbance units. C, overlay of SEC profiles of HMP-1 at 10, 20, 40, and 80 �M concentrations after 1 h of incubation at 28 °C is shown on the left. On
the right, an overlay of SEC profiles of HMP-1N�70 and full-length HMP-1 is shown. M and D represent monomer and dimer, respectively.
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tacts with the N2 bundle and the �4 helix, remains stationary.
The 11-amino acid linker between the HMP-1 �1 and �2 heli-
ces is long enough to accommodate the structural rearrange-
ment from a four- to five-helix bundle upon HMP-2 binding.
The C-terminal region of the HMP-2 helix interacts with the
linker. Although this linker conformation is stabilized by crystal
contacts in our structure (supplemental Fig. S5), computational
analysis suggests that these interactions exist in the absence of
crystal contacts (supplemental Fig. S6).

The HMP-1�HMP-2 structure revealed similarities and dif-
ferences with the mammalian �N-catenin��-catenin structure.
The five-helix bundle formed by HMP-1 and HMP-2 contrasts
with the situation in the �N-catenin��-catenin complex, where
�-catenin forms a four-helix bundle with �N-catenin N1 heli-

ces 2– 4; the displaced �N-catenin �1 helix packs on the outside
of the new four helix bundle, against the �-catenin helix. The �1
helix also packs against a second �-catenin helix formed by
residues 85–96, which causes bending of N2 bundle to avoid
steric clashes (Fig. 2C) (13). In the HMP-1�HMP-2 five-helix
bundle, HMP-2 makes non-polar contacts predominantly with
HMP-1 helices �1, �2, and �4, and the interactions with �2 and
�4 are conserved in the mammalian structures (Fig. 3A). There
are also polar interactions mediated by residues in HMP-1 helix
�1 and HMP-2 that are not conserved in the mammalian ho-
mologs. Specifically, residues Gln-27 and Glu-31 of HMP-1,
which form hydrogen bonds with Gln-57 and Lys-60 of HMP-2,
correspond to residues Leu-31 and Val-35 of �N-catenin,
respectively (Fig. 3B). The HMP-1 mutant Q27L/E31V binds to

Table 1
ITC measurement of HMP-1 binding to HMP-2

Proteins KD �H T�S �G

nM kcal mol�1 kcal mol�1 kcal mol�1

HMP-1 HMP-2 (13–678) 1.0 � 0.4 �21.4 � 0.6 �9.1 �12.3
HMP-1N HMP-2 (13–678) 1.0 � 0.08 �17.7 � 0.3 �5.4 �12.3
HMP-1N HMP-2 (36–678) 1.0 � 0.02 �16.4 � 0.4 �4.1 �12.3
HMP-1N GST-HMP-2 (36–79) 2.9 � 0.3 �11.8 � 0.1 �0.2 �11.6
HMP-1N�44 HMP-2 (36–678) 2200 � 340 �5.4 � 0.2 2.3 �7.7
HMP-1N (Q27L/E31V) HMP-2 (13–678) 24 � 9 �12.7 � 0.3 �2.3 �10.4

Figure 2. Crystal structure of HMP-1�HMP-2 complex and structural comparison with �N-catenin��-catenin complex and �N-catenin. A, overall struc-
ture of the HMP-1N�HMP-2(37–79) complex. Helices �1–�7 of HMP-1 are colored green and labeled; the HMP-2 helix is colored magenta. Hydrophobic residues
forming a five-helix bundle are shown as sticks. B, monomeric �N-catenin (PDB code 4P9T) and HMP-1�HMP-2 complex compared by superposition of N2
bundles. HMP-1 and HMP-2 helices are colored as in A. �N-catenin is shown in gray. C, top and side views of the HMP-1�HMP-2 complex structure aligned with
the �N-catenin��-catenin complex structure (PDB code 4ONS). �N-catenin and �-catenin helices are colored blue and orange, respectively. D, vinculin�talin
complex (PDB code 1T01) and HMP-1�HMP-2 complex compared by superposition of N1 bundles. Vinculin and talin are colored gray and light pink, respectively.
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HMP-2 with an affinity of 24 nM (Table 1 and supplemental Fig.
S3), comparable with the affinity of mammalian �-catenin for
�-catenin. Thus, these additional polar interactions appear to
contribute to the higher affinity between HMP-1 and HMP-2
relative to �- and �-catenin.

Remarkably, the change from a four- to five-helix bundle is
very similar to that binding of talin to vertebrate vinculin, which
is a paralog of �-catenin (53, 54). Superposition of the HMP-
1�HMP-2 complex with those of vinculin�talin (e.g. PDB codes
1T01 and 1RKC) reveals very similar structures (Fig. 2D).

To test the importance of helix �1 to the affinity of HMP-1
for HMP-2, we made an �1 deletion mutant (HMP-1(N�44)).
We found that the solubility of HMP-1(N�44) was much lower
than wild-type HMP-1N, likely because hydrophobic residues
on helix �2 are exposed to solvent by dimerization. Indeed, the
gel-filtration profile of HMP-1N�44 suggested it dimerizes
(supplemental Fig. S7). Although HMP-1N�44 does bind to
HMP-2, the affinity was decreased dramatically by more than
2000-fold (Kd of 2.2 �M; Table 1), indicating that helix �1 is
essential for tight binding of HMP-1 to HMP-2.

We also evaluated the effects of HMP-2 binding on HMP-1
stability. First, we measured the melting temperature (Tm) of
the HMP-1 N domain in the absence and presence of HMP-2
using circular dichroism (CD) spectroscopy. Unexpectedly,
HMP-1 N showed two transitions, one at 42 °C and the other at
67 °C, implying separate melting of the two bundles (Fig. 4A). In
contrast, the HMP-1�HMP-2 complex has a single transition at
55 °C, with no obvious second transition, although the CD sig-
nal changes slightly around 98 °C. The shift of the initial tran-
sition to a higher temperature when bound to HMP-2 could
imply a more stable structure. This was tested by limited pro-
teolysis using endoproteinase GluC, which selectively cleaves
peptide bonds C-terminal to glutamic acid residues. When the
HMP-1 and the HMP-1�HMP-2 complex were incubated with
GluC under the same conditions, more digestion was observed
in HMP-1 alone (Fig. 4B), although only 2 of 14 possible cleav-
age sites are located close to HMP-2 in the complex. Interest-
ingly, one cleavage site is present at the linker between the �1
and �2 helices, and in the absence of HMP-2, this site could be
cleaved readily, which may reflect lower stability.

Helix �1 of HMP-1 is crucial for mediating HMP-1�HMP-2
association in vivo

The HMP-1�HMP-2 complex structure and ITC data showed
that HMP-1 helix �1 has a crucial role in the HMP-1/HMP-2
interaction. Our previous in vivo work showed that deleting the
entire �-catenin-binding domain at the HMP-1 N terminus
completely abolishes the ability of HMP-1 to bind to HMP-2
(49). However, the importance of the HMP-1 helix �1 to the
interaction with HMP-2 has never been examined in vivo.
HMP-1::GFP localizes predominantly at junctions in elongat-
ing wild-type embryos (Fig. 5A) and is able to fully rescue
hmp-1(zu278) mutants (Fig. 5B). In contrast, when expressed
in a wild-type background, much more HMP-1��1::GFP
(HMP-1�2– 44::GFP) is found in the cytoplasm compared with
full-length HMP-1::GFP (Fig. 5, C and E), suggesting that
HMP-1 helix �1 is important for mediating binding between
HMP-1 and HMP-2. Interestingly, HMP-1��1::GFP is still able
to rescue hmp-1(zu278) mutants (Fig. 5D), although rescue
efficiency is not as high as for full-length HMP-1::GFP, even
though both transgenes express at similar levels (supple-
mental Fig. S8): full-length HMP-1::GFP rescues hmp-
1(zu278) mutants with an efficiency of 100%, whereas
HMP-1��1::GFP rescues hmp-1(zu278) at 57.8% efficiency.
This suggests that the weak binding between HMP-1��1
and HMP-2 might still be sufficient for some in vivo func-
tions. Consistent with its weak junctional recruitment, the
half-life of recovery of HMP-1 in fluorescence recovery after
photobleaching (FRAP) analysis was greatly increased in
HMP-1��1::GFP (t1⁄2 � 18.16 � 3.57 s, n � 5) compared with
wild type (t1⁄2 � 7.34 � 2.18 s, n � 5; significantly different,
p � 0.03, Student’s t test; supplemental Fig. S9). These data
are consistent with a greatly diminished ability of HMP-1 to
bind to HMP-2 when it lacks helix �1.

Deleting any of the helices �2, �3, and �4 should affect the
overall structural stability of HMP-1, and it would be expected
to abolish its binding to HMP-2. Consistent with this predic-
tion, constructs carrying deletions of each of the remaining
�-helices (�2, �3, and �4) all failed to rescue hmp-1(zu278)
mutants (supplemental Fig. S10).

Figure 3. Key interactions of the �1 helix of HMP-1 with HMP-2. A, interacting residues of HMP-1 helix �1 with HMP-2 and HMP-1 helix �4 (within 3.6 Å) are shown
as sticks and labeled. B, comparison of the interactions between HMP-1 helix �1 and HMP-2 and those between the corresponding regions of �N-catenin and
�-catenin. Residues 100–103 of �-catenin, which form a 310 helix, are represented as a light orange helix. Polar interactions between HMP-1 helix �1 and HMP-2 are
shown as dashed lines. Each residue involved in the interaction is labeled, and the corresponding residue in �N-catenin and �-catenin is shown in parentheses.
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In summary, the detailed functional analysis we performed,
based on the HMP-1�HMP-2 complex structure, confirmed a
key role for helix �1 of an �-catenin for the first time in vivo.

Key phosphorylatable residues are required for the HMP-1/
HMP-2 interaction in vitro

HMP-2, unlike vertebrate �-catenin, only functions as a cell
adhesion molecule and is not involved in Wnt signaling under
normal conditions (55–57). HMP-2 retains internal, conserved
potential phosphosites, however, so we were curious as to
whether HMP-2 Ser-47 and Tyr-69, which correspond to Thr-
120 and Tyr-142 of �-catenin, respectively, and lie at the ter-
mini of the binding surface between HMP-1 and HMP-2 (Fig.
6A), could regulate the interaction of HMP-2 with HMP-1. To
test this possibility, we made four different HMP-2 mutants,
S47A and Y69F (non-phosphorylatable mutants) and S47E and
Y69E (phosphomimetic mutants), and measured their affinity
for HMP-1 by ITC (supplemental Fig. S11).

As shown in Table 2, the two non-phosphorylatable mutants
(S47 and Y69F) did not show any difference in binding affinity
for HMP-1, with a Kd of �1 nM. The phosphomimetic mutants
(S47E and Y69E), however, showed a dramatically decreased
binding affinity for HMP-1. The S47E mutant shows �40-fold
reduced affinity to HMP-1, which could be caused by charge
repulsion with Asp-141 of HMP-1 as well as Glu-50 of HMP-2
(Fig. 6B). The affinity of the HMP-2 Y69E mutant for HMP-1
was reduced by 100-fold, which is likely caused by introduction
of a charged residue at the hydrophobic core (Fig. 6C). Given
the solvent exposure of the Tyr-69 OH group, it is possible that
a Glu substitution has other consequences, such as effects on
packing interactions; nevertheless, these results are consistent

with a role for pSer-47 and pTyr-69 in negative regulation of the
binding of HMP-2 to HMP-1.

Conserved phosphorylation sites in HMP-2 are crucial in vivo

The role of putative phosphoresidues (Thr-120 and Tyr-142 in
vertebrate �-catenin) in regulating the binding of �-catenin to
�-catenin has not been tested in a living organism. To ascertain
whether the analogous residues in C. elegans (Ser-47 or Tyr-69 in
HMP-2) might regulate CCC function in vivo, phosphomimetic
and phospho-null mutants were made at each position. The pat-
tern of junctional localization of all phosphomutant proteins was
indistinguishable from wild-type HMP-2::GFP (Fig. 7, A and B).
Non-phosphorylatable constructs were able to rescue hmp-
2(zu364) mutants to viability and were maintained as homozygous
lines (Fig. 7A). Lethality in the HMP-2(S47A)::GFP and
HMP-2(Y69F)::GFP lines was 52.2% (n � 782 embryos) and 50.1%
(n � 305), respectively, similar to wild-type HMP-2::GFP (53.9%,
n � 178). In contrast, phosphomimetic HMP-2(S47E)::GFP and
HMP-2(Y69E)::GFP constructs completely failed to rescue hmp-
2(zu364); homozygous mutants expressing these transgenes
die with the Hmp phenotype and are indistinguishable from
homozygous mutants lacking the transgene (Fig. 7B).

We then performed immunostaining to assess HMP-1
distribution in hmp-2(zu364) mutants expressing mutant
HMP-2::GFP constructs (Fig. 8A). HMP-1 localizes predomi-
nantly to junctions in hmp-2(zu364) embryos rescued by non-
phosphorylatable HMP-2(S47A)::GFP and HMP-2(Y69F)::
GFP, similar to those rescued by wild-type HMP-2::GFP. How-
ever, in the dead hmp-2(zu364) embryos expressing phosphomi-
metic HMP-2(S47E)::GFP and HMP-2(Y69E)::GFP, HMP-1 is
much more cytoplasmic compared with embryos expressing wild-

Figure 4. Increased structural stability of HMP-1N upon HMP-2 binding. A, melting curves of HMP-1N and the HMP-1N�HMP-2(36 –79) complex were
measured by circular dichroism spectrometry. B, proteolytic digestion of HMP-1N and the HMP-1N�HMP-2(36 –79) complex by endoGluC are shown. Amount
of endoGluC added in each reaction is shown above the gel; samples were taken from each reaction after 15 and 45 min.
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type HMP-2::GFP. These results are consistent with the ITC
results and indicate reduced recruitment of HMP-1 by the phos-
phomimetic mutant HMP-2:GFP proteins in vivo (Fig. 8B).

We next performed FRAP analysis on rescued embryos to
assess junctional HMP-2 dynamics. The half-life of recovery
was significantly increased for each of the HMP-2 phospho-null
constructs (HMP-2(S47A)::GFP and HMP-2(Y69F)::GFP)
(t1⁄2 � 22.22 � 2.38 s for S47A (n � 6) and 21.32 � 2.67 s for
Y69F (n � 8) compared with wild type (t1⁄2 � 9.68 � 1.01 s, n �
6); significantly different, p � 0.01, Student’s t test; supplemen-
tal Fig. S9). Lethality of hmp-2(zu364) mutants carrying phos-
phomimetic constructs precluded acquisition of FRAP data in
those lines. The increased half-life of recovery for HMP-2 phos-
pho-null mutants suggests that phosphorylation of HMP-2 Ser-47
and Tyr-69 could regulate its junctional dynamics in vivo.

Discussion

�-Catenin��-catenin– binding interface exhibits evolutionary
diversity but functional convergence

Structural, biochemical, and in vivo studies of HMP-1/�-
catenin in C. elegans provide a unique opportunity to assess
structural diversity yet functional conservation of the
�-catenin��-catenin– binding interface in metazoans. There is
a basic similarity of the �-catenin/�-catenin interaction across

the animal kingdom; HMP-2/�-catenin forms an amphipathic
helix that packs into the HMP-1/�-catenin N1 bundle. How-
ever, the overall architecture of the worm and mammalian
complex differs; the C. elegans complex involves converting the
NI four-helix bundle into a five-helix bundle, whereas the �1
helix in mammalian �-catenin is displaced from the bundle and
instead contributes to the interaction by binding along the out-
side of the bundle and forms additional contacts with another
�-catenin helix that is absent in HMP-2.

The similarity of the five-helix bundles in the HMP-1�HMP-2
and vertebrate vinculin�talin complexes is consistent with the
evolution of these two proteins from a common ancestor. The
differences in the architecture of these complexes with that of
the mammalian �-catenin��-catenin complex likely reflects
further divergence of �-catenin and vinculin functions during
the evolution of more complex tissue architectures.

The structural features of the HMP-2�HMP-1 complex may
also explain differences we recently noted in the binding affin-
ities of these two proteins compared with their vertebrate coun-
terparts. Whereas E-cadherin binding to �-catenin increases
the affinity of �-catenin for �-catenin, with Kd of �1 nM (13),
which is similar to the affinity between HMP-1 and HMP-2, we
recently found that binding of HMR-1, an E-cadherin homolog,
did not change the affinity of HMP-2 for HMP-1 (52). This

Figure 5. HMP-1 helix �1 is crucial for mediating the HMP-1/HMP-2 interaction in vivo. A, full-length HMP-1::GFP localizes predominantly at junctions in
wild-type embryos. B, full-length HMP-1::GFP fully rescues hmp-1(zu278) mutants. C, HMP-1��1::GFP exhibits more cytoplasmic expression compared with
full-length HMP-1::GFP, suggesting decreased binding affinity for HMP-2. D, HMP-1��1::GFP still retains ability in rescuing hmp-1(zu278) mutants. Scale bar, 10
�m. E, quantitative analysis of cytoplasmic/junctional localization of full-length HMP-1::GFP and HMP-1��1::GFP (indicated as a percentage). HMP-1��1::GFP
shows significantly greater cytoplasmic signal compared with HMP-1::GFP. **, p � 0.01; Student’s t test.
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difference may reflect the longer tail of E-cadherin versus
HMR-1 (Ref. 21 and discussed in Ref. 52). The structural fea-
tures of the HMP-2�HMP-1– binding interface, including the
polar interactions between HMP-2 and the HMP-1 �1 helix,
may enable constitutively strong binding in the presence or
absence of HMR-1. The result is that in both the nematode and
mammalian systems �-catenin binds to the cadherin��-catenin
complex with single nanomolar affinity, but the binding ener-
getics are encoded differently.

Latent ability of HMP-1 to homodimerize provides insights
into �-catenin evolution

The evolutionary origins of �-catenin functions beyond
binding to �-catenin are unclear, especially regarding the func-
tions of �-catenin homodimers (58). Our results shed light on
the diversification of �-catenins with regard to homodimeriza-
tion, which competes with �-catenin binding. Mammalian
�E-catenin has a strong propensity to homodimerize, and there
is evidence that homodimeric �E-catenin has roles away from
junctions, includingsuppressionofArp2/3-mediatedactinpoly-
merization (26, 59). Drosophila �-catenin likewise seems to
exist predominantly in a homodimeric form (60). In contrast,
�E-catenin from zebrafish is monomeric (61), as is Dictyoste-
lium �-catenin (62). �N-catenin seems to have its own charac-
teristic feature, temperature-dependent dimerization. At 37 °C,
�N-catenin readily forms a homodimer, although it can be
purified as a monomer at 4 °C (13). Our results shed light on the
structural requirements for constitutive homodimerization.
C. elegans HMP-1 is predominantly monomeric even after
overnight incubation at physiological temperature; however,
HMP-1N�44 or HMP-1N�70, in which the N-terminal four-
helix bundle is disrupted, shows a strong tendency to

homodimerize in solution. Unlike mammalian ��-catenin,
whose homodimeric form does not measurably bind to
�-catenin, HMP-1N�44 binds weakly to HMP-2, with Kd of �2
�M, and HMP-1�2– 44::GFP is still able to rescue hmp-
1(zu278), albeit weakly. Taken together, results across the ani-
mal kingdom suggest that �-catenins may have evolved inde-
pendently multiple times to acquire their homodimerization
abilities to fit specific demands in different organisms and that
the �1 helix is crucial for masking this latent capability.

Conserved phosphorylatable residues in �-catenin are
required for association with �-catenin

In addition to the important role of the �1 helix in mediating
the �-catenin��-catenin– binding interface, our work also dem-
onstrates the crucial role of two specific amino acids in
�-catenin in vivo. HMP-2 Ser-47 and Tyr-69 are homologous to
the vertebrate �-catenin Thr-120 and Tyr-142, respectively.
Phosphorylation at Tyr-142 of �-catenin has been shown to
inhibit its ability to bind �-catenin (30, 32), likely because the
introduction of a negatively charged phosphate group disrupts the
predominantly hydrophobic interface between the two molecules
(11, 12, 23). In contrast, the role of phosphorylation of Thr-120 has
not been examined. Our work shows that phosphorylation of
the amino acid homologous to Thr-120 of �-catenin could disrupt
the interaction with �-catenin. Ser-47 and Tyr-69 of HMP-2 are
located at the N- and the C-terminal ends, respectively, of the
HMP-2 helix in the HMP-1�HMP-2 complex, similar to the posi-
tions of Thr-120 and Tyr-142 in the �-catenin��-catenin complex
(7, 13). It is compelling to speculate that this positioning allows for
access by kinases to disrupt the HMP-2�HMP-1 association and
therefore modulate CCC function. It is interesting that phospho-
mimetic mutants (S47E or Y69E) of HMP-2 show more severe
defects in vivo than an HMP-1��1 deletion mutant, whose affinity
is �20–50-fold weaker than that between a phosphomimetic
mutant of HMP-2 and HMP-1 in vitro. This suggests that
phosphorylation of HMP-2 plays other important regulatory
roles besides the direct effects on HMP-1�HMP-2 binding
during embryogenesis.

Although endogenous phosphorylation has not yet been
observed at HMP-2 Ser-47 or Tyr-69 (63), it may be
extremely difficult to detect whether it is only required tran-
siently during dynamic junctional remodeling. The observa-
tion that HMP-2(S47A)::GFP and HMP-2(Y69F)::GFP con-
structs exhibit different junctional dynamics from wild-type
HMP-2::GFP is consistent with the possibility that HMP-2 is
endogenously phosphorylated at these sites. Although it is
possible that the S47A and Y69F mutations may subtly alter
HMP-2 protein folding in such a way as to reduce its junc-
tional mobility, the fact that both non-phosphorylatable con-
structs show full affinity for HMP-1 in vitro and rescue hmp-
2(zu364) to viability in vivo suggests that conformation of
the mutant protein is not severely altered.

In conclusion, our in vitro and in vivo functional studies have
definitively demonstrated the importance of �1 helix interac-
tions in stabilizing the �-catenin��-catenin– binding interface,
and how phosphorylation of �-catenin can regulate its binding
to �-catenin. Our results will enable future studies of the

Figure 6. Ser-47 and Tyr-69 of HMP-2 are positioned at the N- and C-ter-
minal ends of the HMP-2 helix in the HMP-1�HMP-2 complex. A, Ser-47 and
Tyr-69 of HMP-2 are represented as sticks on the surface model of the HMP-
1�HMP-2 complex. B, close contacts of HMP-2 Ser-47 with HMP-1 Asp-141 and
HMP-2 Glu-50 are shown. Hydrogen bonding interactions are shown as
dashed lines. C, non-polar packing interactions near Tyr-69 of HMP-2 are
shown. Dotted lines represent distances of �4 Å.
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detailed mechanisms by which cadherin-dependent cell– cell
adhesion is modulated in all metazoans.

Experimental procedures

Protein expression and purification

HMP-1N, HMP-1N�44, HMP-2(36 –79), HMP-2(13– 678),
HMP-2(36 – 678), and four mutants of HMP-2(13– 678) (S47A,
S47E, Y69E, and Y69F) were expressed in Escherichia coli
Rosetta (DE3) cells, and full-length HMP-1 was expressed in
E. coli BL21 (DE3) pLysS cells. Each cell was grown in Luria-
Bertani (LB) medium with 100 �g ml�1 ampicillin and 34 �g
ml�1 chloramphenicol until the A600 reached 0.6, and it was
induced with 0.5 mM isopropyl �-D-1-thiogalactopyranoside.
After overnight incubation at 20 °C, cells were harvested by
centrifugation at 4000 rpm for 15 min at 4 °C and were resus-
pended with PBS containing DNase I (Roche Applied Science)
and 1 mM PMSF. Resuspended cells were lysed with Emulsi-
Flex-C3 homogenizer (Avestin Inc.), and each cell lysate was
centrifuged at 18,000 rpm for 30 min at 4 °C. The supernatant
was collected and incubated for 1 h with glutathione-agarose
beads (Pierce), which was pre-equilibrated with PBS. The col-
umn was washed with 10 column volumes of PBSTR buffer (1	

PBS, 1 M NaCl, 5 mM DTT, 0.05% Tween 20) followed by 2
column volumes of cleavage buffer (30 mM Tris-HCl, pH 8.0,
100 mM NaCl, 2 mM DTT). To remove the GST tag, TEV pro-
tease was added into the column and incubated at 4 °C over-
night. After TEV protease treatment, each protein was obtained
in a flow-through fraction and loaded onto a HiTrap Q anion-
exchange column (GE Healthcare), which had been pre-equil-
ibrated with a buffer consisting of 20 mM Tris-HCl, pH 8.0, 20
mM NaCl, and 1 mM DTT. Protein was eluted by a linear gradi-
ent of 50 – 400 mM NaCl and further purified by Superdex 200
size-exclusion chromatography. To purify GST-HMP-2(36 –
79), instead of adding TEV protease, the elution buffer consist-
ing of 50 mM Tris-HCl, pH 8.0, 0.1 M NaCl, and 20 mM reduced
glutathione (GSH) was added into the G-agarose column, and
eluted GST fusion protein was further purified using HiTrap Q
anion-exchange column and Superdex 200 10/300 GL size-ex-
clusion column (GE Healthcare).

ITC

Isothermal titration calorimetry was done using Nano ITC
(TA Instruments, Inc.) at 25 °C in a buffer consisting of 20 mM

HEPES, pH 8.0, 150 mM NaCl, and 1 mM DTT. For each mea-

Table 2
ITC measurement of HMP-1 binding to HMP-2 mutants

Proteins KD �H T�S �G

nM kcal mol�1 kcal mol�1 kcal mol�1

HMP-1N HMP-2 (13–678) (S47A) 1.0 � 0.2 �16.2 � 0.3 �3.9 �12.3
HMP-1N HMP-2 (13–678) (S47E) 33 � 9 �22.0 � 0.5 �11.9 �10.1
HMP-1N HMP-2 (13–678) (Y69F) 1.0 � 0.05 �16.9 � 0.07 �4.6 �12.3
HMP-1N HMP-2 (13–678) (Y69E) 104 � 22 �8.6 � 0.2 0.9 �9.5

Figure 7. Regulation of HMP-2 function by Ser-47 and Tyr-69 in vivo. A, HMP-2(S47A)::GFP and HMP-2(Y69F)::GFP localize to junctions in a manner indistinguish-
able from wild-type HMP-2::GFP, and both are able to rescue the hmp-2(zu364) mutant allele. Scale bar, 10 �m. B, HMP-2(S47E)::GFP and HMP-2(Y69E)::GFP localize to
junctions in 
/hmp-2(zu364) embryos, but both of them fail to rescue hmp-2(zu364); embryos arrest during embryonic elongation.
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surement, 180 –200 �M HMP-2 (GST-HMP-2(36 –79), HMP-
2(13– 678), HMP-2(36 – 678), and HMP-2(13– 678) mutants)
was loaded onto the injector, and 10 – 40 �M HMP-1 (full-
length HMP-1, HMP-1N, and HMP-1N�44) was loaded into
the cell. Titration was carried out with 30 – 40 6 –7-�l injections
with 200-s intervals between injections. Data were analyzed by
NanoAnalyze software.

Size-exclusion chromatography-multiangle light scattering
(SEC-MALS)

SEC-MALS was performed with mini-DAWN TREOS detector
(Wyatt Technology, Co.) in line with size-exclusion chromatogra-

phy (GE Healthcare). 30 �M full-length HMP-1 was loaded on the
column equilibrated with 20 mM HEPES, pH 7.5, 150 mM NaCl,
and 0.1 mM tris(2-carboxyethyl)phosphine. Molecular weight was
analyzed by Astra 6 (Wyatt Technology, Co.).

Circular dichroism spectroscopy

CD spectra were measured using a J-815 CD spectrometer
(Jasco Analytical Instruments, Easton, MD). For thermal melt-
ing experiments, heat-induced changes were monitored at 222
nm for each of HMP-1 and HMP-1�HMP-2 complex samples in
PBS buffer at a concentration of 0.2 mg/ml. Data were mea-

Figure 8. Regulation of HMP-1 junctional accumulation by HMP-2(Ser-47) and HMP-2(Tyr-69). A, in hmp-2(zu364); hmp-2(S47E)::gfp and hmp-2(zu364);
hmp-2(Y69E)::gfp embryos, HMP-1 localizes more cytoplasmically compared with hmp-2(zu364); hmp-2(S47A)::gfp and hmp-2(zu364); hmp-2(Y69F)::gfp embryos, sug-
gesting that HMP-2(S47E) and HMP-2(Y69E) have decreased binding affinity to HMP-1 compared with their non-phosphorylatable mutants Scale bar, 10 �m. B, quantitative
results of HMP-1 localization in different strains from the images in A. Results are quantified as cytoplasmic/junctional HMP-1% (**, p � 0.01; Student’s t test).
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sured between 20 and 99 °C at a scan rate of 1 °C/min. All the
spectra were corrected for solvent contribution.

Limited proteolysis

HMP-1 (40 �M) and HMP-1�HMP-2 complex (40 �M) were
incubated with 0.02, 0.05, or 0.1 mg of endoprotease GluC (New
England Biolabs) in 50 mM Tris-Cl, pH 8.0, buffer supple-
mented with 0.5 mM Glu-Glu dipeptide. Reactions were
stopped at 15 and 45 min by adding SDS sample buffer. Samples
were analyzed by SDS-PAGE and visualized by Coomassie Blue
staining.

Crystallization, data collection, structure determination, and
refinement of the HMP-1N�HMP-2(36 –79) complex

The HMP-1N�HMP-2(36 –79) complex was purified and
crystallized as described earlier (64). Briefly, HMP-1N and
HMP-2(36 –79) were overexpressed separately as GST-fused
forms and co-lysed and co-purified using a glutathione-affinity
column, Mono Q ion-exchange column, and Superdex 200
size-exclusion column. Purified complex was concentrated to
11 mg ml�1 and crystallized in a hanging-drop plate with a
reservoir solution containing 0.1 M citrate, pH 5.6, 0.2 M lithium
sulfate, and 20% PEG 3350. Initial crystals were greatly
improved by streak seeding.

Crystals of the HMP-1N�HMP-2(36 –79) complex were cryo-
protected by perfluoropolyether oil. A 1.6 Å resolution diffrac-
tion data set was collected at the Stanford Synchrotron Radia-
tion Lightsource (SSRL) beamline 12-2 and processed using
XDS and SCALA as described earlier (64). The structure was
solved by molecular replacement using Phaser. The search
model was the mouse ��-catenin chimeric protein structure
(PDB code 1DOW), and a solution was obtained and refined to
give initial Rwork and Rfree values of 49 and 54%, respectively.
Several cycles of refinement and manual rebuilding were per-
formed using PHENIX and Coot, respectively. The refinement
statistics are shown in Table 3. The final model consists of
HMP-1 residues 13–260 and HMP-2 residues 46 –72. Coordi-
nates and structure factors have been deposited in the Protein
Data Bank under accession code 5XA5.

Computational modeling

The HMP-1�HMP-2 complex structure without neighboring
molecules that make crystal contacts was relaxed by iterative
short molecular dynamics simulations with subsequent side-
chain repacking steps. The energy function used for relaxation
comprised molecular mechanics energy terms and knowledge-
based terms (65, 66). Additional restraints were applied to avoid
drift away from the initial structure, as in typical relaxation
(65– 67). After relaxation, the lowest-energy structure among
the generated 48 models was selected.

DNA constructs and strains used

hmp-1::gfp deletion mutants and hmp-2 phosphomutants
were generated via site-directed PCR mutagenesis of pJS434
(Phmp-1:: hmp-1::gfp) and pTDL34(Phmp-2:: hmp-2::gfp). hmp-1
�2– 44::gfp primers are as follows: XS9-2, 5�-CAA ACT ACT
GAA GGA CTT GTC G-3� (forward), and XS10-2, 5�-CAT
TCT GAA AAT TAA TAA AAT TGA AAA TTC-3-� (reverse).

hmp-1�47–71::gfp primers are as follows: XS34, 5�-TGC CCA
ATT GCA AAC AGT GAT-3� (forward), and XS35, 5�-AGT
TTG TCC AGG TTT TAA CGG AAA C-3-� (reverse). The
hmp-1�79 –106::gfp primers are as follows: XS36, 5�-GTC
AGA GAT TCA ACT TCA ACA AAC AAA-3� (forward), and
XS37, 5�-ATC ACT GTT TGC AAT TGG GCA T-3� (reverse).
The hmp-1�113–141::gfp primers are as follows: XS39, 5�-GTA
AAA GTG ATA GTT GAT AAA GTA GAT GAA GTT-3-�
(forward), and XS40, 5�-TGA AGT TGA ATC TCT GAC AAA
ATC T-3-� (reverse). The hmp-2(S47) mutagenesis primers
are as follows: S47A F01, 5�-GCC ATC GTC GAA ATG ATG
CAA-3�, and S47EF01 5�-GAA ATC GTC GAA ATG ATG
CAA-3�. Both forward primers were paired with S47R 5�-TGT
AGT TGA ATT TGT GGC TTC TGC-3�. The Tyr-69
mutagenesis primers are as follows: Y69F F02, 5�-TTC GAA
GGA TCA AAC GAT ATG TCA-3�, and Y69E F02, 5�-GAG
GAA GGA TCA AAC GAT ATG TCA-3�. Both forward prim-
ers paired with Tyr-69 R2 5�-GGT TAG AAG ATC CAT AAC
TGA TTG-3�.

The following strains were used in this work: SU402 (hmp-
1(zu278) V; jcEx110[hmp-1::gfp]), SU370 (
/nT1(qIS51) IV;
hmp-1(zu278)/nT1(qIS51) V), SU814 (hmp-1(zu278) V;
jcEX271[HMP-1�2–44::gfp]); SU771 (N2; jcEx259[hmp-1�47-
71::gfp]); SU818( 
/hmp-1(zu278) V; jcEx275 [hmp-1�79-
106::gfp]); SU813 (
/hmp-1(zu278) V; jcEx275 [hmp-1�113-
141::gfp]), JJ1068 (hmp-2(zu364)/hIn1[unc-54(h1040)] I), SU570
(hmp-2(zu364) I; jcEx188[hmp-2(Y69F)::gfp]), SU574 (hmp-
2(zu364)/hIn1[unc-54(h1040)] I; jcEx189[hmp-2(Y69E)::gfp]),
SU593 (hmp-2(zu364)/hIn1[unc-54(h1040)] I; jcEx193[hmp-
2(S47E)::gfp]), SU594 (hmp-2(zu364) I; jcEx194[hmp-2(S47A)::
gfp]), SU569 (hmp-2(zu364) I; jcEx187 [hmp-2::gfp]).

All hmp-1::gfp constructs were injected at 1 ng/�l with 79
ng/�l pRF4[rol-6(su1006)] and 20 ng/�l F35D3. hmp-2::gfp con-
structs were injected at 20 ng/�l with 80 ng/�l pRF4[rol-
6(su1006)] and 20 ng/�l F35D3. All strains were maintained at
20 °C and fed OP50 bacteria on standard NGM plates (69).

Table 3
Data collection and refinement statistics
r.m.s.d. is root mean square deviation.

Data collection
Space group P3121
Unit cell parameters

a, b, c (Å) 57.1, 57.1, 155.4
Resolution (Å) (last shell) 40–1.6 (1.67–1.60)
Completeness (%) 99.7 (99.0)
Redundancy 5.3 (5.0)
�I/�(I)
 24.3 (3.7)
Rmerge

a 0.027 (0.36)
CC1⁄2

b 0.999 (0.886)
Refinement

No. of reflections working set (test set) 39,608 (3775)
Rcryst/Rfree

c 0.19/0.23
Bond length r.m.s.d. from ideal (Å) 0.003
Bond angle r.m.s.d. from ideal (°) 0.75

Ramachandran analysisd

% favored regions 95.8
% allowed regions 4.2
% outliers 0.0

a Rmerge � �h�I�Iih�Ih
��h�i(h), where I(h) is the ith measurement of reflection h,
and �I(h)
 is the weighted mean of all measurements of h.

b CC1⁄2 is Pearson correlation coefficient between random half-datasets (68).
c R � �h�Fobs(h)� � �Fcalc(h)�/�h�Fobs(h)�. Rcryst and Rfree were calculated using the

working and test reflection sets, respectively.
d Data are as defined in MolProbity.
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Immunostaining

Embryos were isolated from gravid hermaphrodites with
0.5% NaOCl in 250 mM NaOH for 5 min followed by three
washes in distilled deionized water. For antibody staining,
embryos were mounted on poly-L-lysine-coated ring slides and
covered with a coverslip. Slides were quick frozen for 10 min on
dry ice and then the coverslips were removed with a razor blade.
Slides were immediately transferred to methanol at �20 °C for
5 min, then acetone at �20 °C for 5 min, and PBST at room
temperature for 5 min, followed by two additional PBST
washes. Embryos were incubated with 1:4000 rabbit anti-
HMP-1 and 1:500 mouse anti-GFP in 5% milk/PBST in the dark
overnight at 4 °C. Slides were washed three times with PBST
and then incubated in the dark for 4 h at room temperature with
1:50 anti-rabbit Texas Red and 1:50 anti-mouse FITC in 5%
milk/PBST. Slides were washed three times with PBST before
being covered with antifade reagent and sealed with nail polish.

Imaging

Embryos were isolated from gravid hermaphrodites, mounted
on a 5% agarose slide, and aged at 20–25 °C until the onset of
morphogenesis. For four-dimensional differential interference
contrast microscopy, embryos were imaged using 1-�m slice spac-
ing at 3-min intervals using a Nikon Eclipse E600 microscope with
a 	60/1.45 NA oil objective at 20 °C with a Macintosh computer
running ImageJ using custom macros/plugins. For fluorescent
imaging, a PerkinElmer Life Sciences UltraView spinning disk
confocal microscope and Micromanager software, using a Nikon
Eclipse E600 microscope and Hamamatsu ORCA-ER camera,
were used to collect images of GFP-expressing embryos, using
0.5-�m slices at 3-min intervals with a 	60/1.45 NA oil objective at
20 °C. Antibody staining (0.6-�m slices) images were collected with
the same confocal microscope using a 	100/1.45 NA oil objective.

FRAP

Transgenic embryos were isolated from gravid hermaphro-
dites, mounted on 5% agarose slide, and aged at 20 °C for 4 h or
until the onset of elongation. The FRAP experiments were then
performed as described in our previous research (50).
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