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The Structure of the b-Catenin/E-Cadherin
Complex and the Molecular Basis of Diverse
Ligand Recognition by b-Catenin

tion of b-catenin. Under these conditions, b-catenin en-
ters the nucleus and forms complexes with transcription
factors of the LEF/Tcf family, resulting in transcriptional
activation.

The primary structure of b-catenin consists of an
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Stanford, California 94305 amino terminal domain of 149 amino acids, followed

by a central domain of 515 residues composed of 12
armadillo (arm) repeats, and a C-terminal 108 residue
domain. The arm repeat domain mediates the bindingSummary
of b-catenin to cadherins (Hülsken et al., 1994; Pai et
al., 1996), APC (Hülsken et al., 1994; Rubinfeld et al.,As a component of adherens junctions and the Wnt

signaling pathway, b-catenin binds cadherins, Tcf 1995), Axin (Behrens et al., 1998; Ikeda et al., 1998), and
Tcf family transcription factors (Behrens et al., 1996; vanfamily transcription factors, and the tumor suppressor

APC. We have determined the crystal structures of de Wetering et al., 1997). The crystal structure of the arm
repeat domain showed that each arm repeat consists ofboth unphosphorylated and phosphorylated E-cadh-

erin cytoplasmic domain complexed with the arm re- three helices, designated H1, H2, and H3 (Huber et al.,
1997). The repeats pack against one another to form apeat region of b-catenin. The interaction spans all 12

arm repeats, and features quasi-independent binding superhelix that features a positively charged groove.
The floor of the groove is composed of the H3 helices,regions that include helices which interact with both

ends of the arm repeat domain and an extended and the sides are formed by the flanking loop regions
(Figure 1a). The structure is very straight for the first 8stretch of 14 residues which closely resembles a por-

tion of XTcf-3. Phosphorylation of E-cadherin results repeats, and then kinks between repeats 8 and 9 to form
a pronounced cleft.in interactions with a hydrophobic patch of b-catenin

that mimics the binding of an amphipathic XTcf-3 helix. Despite a lack of significant sequence homology, the
cadherin cytoplasmic domain, APC, and LEF/Tcf bindAPC contains sequences homologous to the phos-

phorylated region of cadherin, and is likely to bind competitively to b-catenin (Hülsken et al., 1994; von
Kries et al., 2000). The crystal structure of the b-cateninsimilarly.
arm repeat domain complexed with a portion of Xenopus
Tcf-3 (XTcf-3) suggested similarities in the binding ofIntroduction
b-catenin to Tcf transcription factors and cadherins
(Graham et al., 2000). Here we present the three-dimen-The cytosolic protein b-catenin has essential roles in

cell adhesion and in signal transduction. b-catenin is sional structures of both the unphosphorylated and
phosphorylated E-cadherin cytoplasmic domains (Ecyto)a component of adherens junctions, sites of cell-cell

contact in which the actin cytoskeletons of adjacent complexed with b-catenin. These structures reveal how
b-catenin uses the same surface to bind its variouscells are linked through cadherin cell adhesion mole-

cules (Yap et al., 1997a). b-catenin binds to the cyto- partners, and provides insights into the modulation of
protein-protein interactions by phosphorylation.plasmic domain of classical cadherins and to a-catenin,

which in turn binds directly to F-actin and other actin-
associated proteins. A similar assembly exists in desmo- Results and Discussion
somes, where the cytoplasmic domain of desmosomal
cadherins binds to the b-catenin homolog plakoglobin. Overall Structure of the E-Cadherin/
Cell junctions are dynamic and regulated assemblies, b-Catenin Complex
and several mechanisms, including phosphorylation of Murine E-cadherin cytoplasmic domain, designated Ecyto

junction components, appear to control cadherin-based (residues 577–728 of the mature E-cadherin sequence),
adhesion (Gumbiner, 2000). Phosphorylation of E-cadh- and the proteolytically defined arm repeat domain of
erin enhances cell adhesiveness and the affinity of the murine b-catenin (residues 134–671, referred to as “b-cat-
E-cadherin/b-catenin complex (Lickert et al., 2000). enin” hereafter) (Huber et al., 1997) were prepared as

b-catenin is also a transcriptional coactivator in the described previously (Huber et al., 2001). The com-
Wnt growth factor signaling pathway that controls cell plex was crystallized using either unphosphorylated Ecyto

fate determination (Polakis, 2000). In the absence of or in vitro phosphorylated Ecyto (phos-Ecyto). The struc-
Wnt, phosphorylation by glycogen synthase kinase-3b tures of both Ecyto/b-catenin and phos-Ecyto/b-catenin
(GSK-3b) targets b-catenin for degradation (Aberle et complexes were determined (Table 1). In each case,
al., 1997; Orford et al., 1997). Phosphorylation of the crystals contain two copies in the asymmetric unit,
b-catenin by GSK-3b occurs in a multiprotein complex providing four crystallographically independent views
that includes the tumor suppressor Adenomatous of the complex. The structure of b-catenin in these com-
Polyposis Coli (APC) and Axin, both of which bind to plexes is essentially the same as reported previously
b-catenin. Wnt inhibits GSK-3b-mediated phosphoryla- (Graham et al., 2000; Huber et al., 1997). The structure

of b-catenin bound to either E-cadherin or XTcf-3 shows
two significant differences relative to the unliganded1Correspondence: bill.weis@stanford.edu
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Figure 1. Overall Structure of the Ecyto/b-Cat-
enin Complex

Cylinders represent a helices. The arm repeat
region of b-catenin is shown in gray (H1, H2,
and intervening loops) and blue (H3).
(A) Ribbon diagram of the complex. The sin-
gle, kinked helix between b-catenin residues
134 and 161 is shown in cyan. The five regions
of E-cadherin are shown in magenta (I), green
(II), yellow (III), red (IV), and brown (V). The N
and C terminus of each protein is marked.
(B) A hinge in the a-catenin/b-catenin inter-
face. The ba-cat structure was superimposed
on the corresponding b-catenin residues in
the Ecyto (green) or XTcf-3 (olive green) com-
plex using residues 146–149 of b-catenin
(cyan). Residues 118–144 of b-catenin, as
seen in the ba-cat structure, are shown in
magenta. Residues 134–145 of b-catenin in
the Ecyto or XTcf-3 complexes have been omit-
ted. E-cadherin is shown in yellow. Note the
clash of a-catenin with the Ecyto region V cap
in the Ecyto complex.

structure. First, in some of the crystallographically inde- adopts a conformation that is apparently stabilized by
ligand binding.pendent copies, the previously disordered residues

134–149 of b-catenin are now visible as part of a continu- The Ecyto/b-catenin interaction surface is extensive,
spanning the entire length of the b-catenin arm repeatous helix that runs between 134 and 161. Second, in

both the E-cadherin and XTcf-3 complexes, the loop domain and involving the C-terminal 100 residues of the
cadherin cytoplasmic domain. To facilitate descriptionreplacing the H1 helix of repeat 7 (Huber et al., 1997)

Table 1. Crystallographic Data

Unphosphorylated Phosphorylated

Space group C2 C2
a (Å) 180.8 168.6
b (Å) 134.2 85.3
c (Å) 94.2 115.1
b (8) 94.3 107.9

Data Collection Statistics

Resolution range 30.–3.0 (3.11–3.0) 50.–2.0 (2.07–2.0)
No. measured reflections 109,516 287,321
No. unique reflections 44,525 101,570
% complete 98.5 (98.6) 96.7 (94.9)
% . 3s(I) 74.7 (38.7) 74.1 (35.2)
Rsym

a 0.079 (0.368) 0.040 (0.339)

Refinement Statistics

Rcryst
b 0.196 0.206

Rfree
b 0.242 0.245

No. protein atoms 8920 8515
No. solvent molecules 20 679
Bond length rmsd (Å) 0.007 0.007
Bond angle rmsd (8) 1.2 1.2
Ramachandran plot

% in most favorable regionsc 89.9 96.4
% in disallowed regionsc 0.0 0.0

Average B value (Å2)
Protein 58.3 46.8
Solvent 30.4 49.0

Values in parentheses are for the highest resolution shell.
a Rsym 5 ShSi|(Ii(h) 2 ,I(h).|/ShSI Ii(h), where Ii(h) is the Ith measurement of reflection h, and ,I(h). is the weighted mean of all measurements
of h.
b R 5 Sh||Fobs(h)| 2 |Fcalc(h)||/Sh|Fobs(h)|. Rcryst and Rfree were calculated using the Working and Test reflection sets, respectively. The Test set
comprises a randomly selected subset of the data (8.1% and 5.5% of unphosphorylated and phosphorylated data sets, respectively) that
was not included in the refinement of the model. The Working Set contains the remaining reflections from the data set.
c As defined in PROCHECK.
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of the complex, we divide the interactions into five re- conformation that features a cis-proline at position 672
and extensive hydrogen bonding interactions withgions, labeled I–V, ordered in the N- to C-terminal direc-

tion of the E-cadherin chain (Figure 1a). Region I (resi- b-catenin Arg474. The chain continues along the b-cat-
enin groove, with the extended region from Ecyto Asp674dues 628–638) starts as an extended polypeptide within

the b-catenin groove at arm repeats 7–9, running parallel through Ser684 forming part of a highly conserved
“core” region essential for the E-cadherin/b-catenin in-to the H3 helices and toward the b-catenin C terminus.

Region II (residues 639–666) starts by running roughly teraction (Stappert and Kemler, 1994). Ecyto Asp674
and Glu682 form salt bridges with b-catenin Lys435 andparallel to the b-catenin superhelical axis before dou-

bling back upon itself at the b-catenin C terminus, where Lys312, respectively, and Leu676, Leu677, Phe679, and
Tyr681 form nonpolar contacts with b-catenin (Figureit forms a helix that packs against arm repeats 12 and 11.

Region III (residues 667–684) continues as an extended 3a). Mutation of either b-catenin Lys312 or Lys435 to
glutamate abolishes binding to cadherins (Graham etpolypeptide that runs along the b-catenin groove toward

its N terminus, passing underneath and interacting with al., 2000), implying that the region III interactions are
essential.region I. Region III contacts arm repeats 9–4. The chain

turns at region IV (residues 685–694), which runs antipar- The binding of the extended portion of region III is
reminiscent of the binding of similarly extended NLSallel to the H3 helices of repeats 4 and 3. The next three

residues are disordered, and then region V (residues peptides to karyopherin a (Conti et al., 1998). In each
case, asparagine side chains from the arm repeats are698–723) continues toward the N terminus of the

b-catenin groove and terminates in two short helices used to satisfy the hydrogen bonding potential of the
extended polypeptide backbone, supporting the hy-that cap exposed hydrophobic core residues at the N

terminus of b-catenin. Approximately 6100 Å2 of surface pothesis that these residues are conserved for this pur-
pose (Conti et al., 1998). b-catenin utilizes Asn387,area is buried in the complex, with 2900 Å2 contributed

by b-catenin and 3200 Å2 by Ecyto. Asn426, and His470 in the binding of E-cadherin and
XTcf-3 (Graham et al., 2000). These residues are locatedRegion I is observed in two of the four independent

copies of the structure. Regions II and III are observed in arm repeats 6, 7, and 8 and lie within the same turn
of helix 3, a position occupied by asparagine throughoutin all four copies. Region IV is present only when

E-cadherin is phosphorylated, and region V is observed most of the karyopherin a repeats (Conti et al., 1998;
Fontes et al., 2000) (Figure 3b). Asparagines are presentin three of the four copies. E-cadherin residues 577–627,

695–697, and 724–728 are not observed in any of the in this position of the p120ctn and APC arm repeats (Fig-
ure 3b), and it is likely that these proteins also use aspar-independent structures. Although some of the binding

regions appear to be more dynamic than others, data agines to recognize extended ligands.
from previous studies show that most, if not all of these
regions contribute to the affinity of the complex. Phosphorylation-Induced Structure in Region IV

The region between E-cadherin residues 684 and 699
contains several serine residues in consensus positionsRegions I–III

Ecyto region I sits in the cleft formed by a kink in the for casein kinase II (CKII)- and GSK-3b-mediated phos-
phorylation (Figure 4). Substituting these serine residuesb-catenin superhelix (Huber et al., 1997). Residues 631–

633 cross over and interact with region III residues 674– with alanine reduces b-catenin/E-cadherin complex for-
mation and diminishes cell-cell adhesion (Lickert et al.,676, forming a short pair of b strands. Region I also

packs against region III Tyr673 and forms specific inter- 2000; Stappert and Kemler, 1994). Ecyto residues 685–697
are not visible in the unphosphorylated complex struc-actions with b-catenin repeats 8 and 9 (Figure 2a). Re-

gion II starts as a poorly ordered stretch from residues tures, suggesting that phosphorylation is required for
their association with b-catenin. Ecyto was treated with639–652 that reverses direction at the C terminus of

the arm repeats. Ecyto residues 653–666 then form an CKII, or CKII and GSK-3b, under conditions that pro-
duced a heterogeneous pool of phosphorylated Ecyto withamphipathic helix that packs against repeats 12 and 11

(Figure 2b). b-catenin Tyr654 packs against the region 0–6 phosphates. A limiting amount of b-catenin was
added and Ecyto/b-catenin complex separated from un-II helix and forms a hydrogen bond with Ecyto Asp665.

Transfection of cells with pp60v-src leads to disassembly bound Ecyto. Analysis of the unbound Ecyto pool revealed
significant depletion of the 5- and 6-phospho species,of junctions and a gain-of-invasiveness phenotype as-

sociated with metastasizing cells (Behrens et al., 1993; whereas the bound Ecyto comprised the 4-, 5-, and
6-phospho species (Figure 5a).Hamaguchi et al., 1993; Matsuyoshi et al., 1992; Takeda

et al., 1995). Phosphorylation of Tyr654 by pp60c-src In the crystal structure of the phos-Ecyto/b-catenin
complex, E-cadherin residues 685–694 are visible, withcauses a 6-fold reduction in the affinity of b-catenin for

E-cadherin, suggesting that tyrosine phosphorylation of ordered phosphate groups present on Ser684, Ser686,
and Ser692 (Figure 5b). Ecyto Ser684 is visible in the un-b-catenin can modify junctional stability (Roura et al.,

1999). Phosphorylation of Tyr654 likely causes Ecyto re- phosphorylated complex, but does not interact with
b-catenin. When phosphorylated, it interacts with bothgion II to dissociate from b-catenin because the phos-

phate group is too large to be accommodated in the b-catenin and phos-Ecyto phosphoserine 686 (pSer686)
through water molecules. Phos-Ecyto pSer686 forms ainterface, and would electrostatically repel Ecyto Asp665.

Region III starts with a sequence highly conserved salt bridge with b-catenin Arg342 and water-mediated
contacts with b-catenin Trp338 and Asn380. pSer692,among classical cadherins (E-cadherin residues 667–

673) that binds within the b-catenin cleft (Figure 3a). The which lies within the invariant E-cadherin sequence
Ser690-Leu-Ser-Ser-Leu694, forms hydrogen bondspolypeptide backbone in this region adopts an unusual
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Figure 2. Interaction Regions I and II

b-catenin is represented as in Figure 1, and the arm repeats are marked “R.” Residues of b-catenin are labeled in bold italics, and residues
of E-cadherin in plain text. Oxygen, nitrogen, and sulfur are shown as red, blue, and green spheres, respectively. Individual side chains of
b-catenin are shown in purple (H3) or gray (others). In this and Figures 3, 5, and 6, only those b-catenin residues that form direct contacts
with E-cadherin are shown. E-cadherin is shown with yellow bonds. Hydrogen bonds and salt bridges are shown as thin pink lines. (A) Region I.
Nearby region III residues are shown in light yellow. (B) Region II.

with Tyr333 and Lys335 when phosphorylated (Figure mann et al., 1997; Stappert and Kemler, 1994). In one
copy of the unphosphorylated Ecyto/b-catenin complex,5b). The leucines of this sequence pack against nonpolar

patches on the surface of b-catenin (Figure 5b). The the cap is not visible. This portion of b-catenin is in a
lattice contact, suggesting that the region V interactiondependence of binding on phosphorylation may reflect

the need to lock Lys335 in an extended conformation is somewhat dynamic, and that lattice formation can
compete for the cap binding site.that contributes to the formation of the hydrophobic

pocket.
Only E-cadherin Ser684 is a consensus CKII site,

whereas Ser686 and Ser692, which directly contact Sequestration of Cadherins from Degradation
Cadherins associate with b-catenin in the endoplasmicb-catenin, are consensus GSK-3b sites (Figure 4). Con-

sensus sites for phosphorylation are not strict, and CKII reticulum shortly after their synthesis, whereas uncom-
plexed cadherins are degraded (Hinck et al., 1994). Thepresumably also phosphorylates the GSK-3b sites, al-

beit with low efficiency. Thus, it is likely that only the cytoplasmic tails of many type I and type II cadherins
contain PEST sequences, which are motifs associatedmore heavily phosphorylated fractions (Figure 5a) con-

tain phosphoserines in the GSK-3b consensus posi- with rapid protein turnover (Rechsteiner and Rogers,
1996). These sequences overlap or encompass thetions, which would explain the preferential binding of

these species to b-catenin. Although the kinases re- b-catenin binding region of E-cadherin and were hypoth-
esized to be sequestered by b-catenin, thereby pro-sponsible for phosphorylating cadherins in vivo are not

known definitively, it is clear that phosphorylation of tecting bound cadherins from degradation (Huber et al.,
2001). In this way, cadherins that are not bound tothese serines leads to specific phosphoserine interac-

tions with b-catenin and the binding of otherwise disor- b-catenin would be turned over rapidly, while cadherins
bound to b-catenin could proceed to the cell surfacedered flanking cadherin sequences.
to participate in adherens junctions. Structurally, the
predicted cadherin PEST sequences start just beforeA Hydrophobic Cap in Region V
the beginning of region III and continue through to theThe C terminus of Ecyto forms two antiparallel helices
middle of the region V cap structure. The region IV se-that pack against otherwise exposed hydrophobic core
quence (Figure 4) is contained within every predictedresidues from the first arm repeat, forming a “cap” at
PEST sequence and was noted to feature two character-this end of the arm repeat domain (Figure 5c). The hy-
istics of synthetic signals that target proteins to thedrophobic surface presented by E-cadherin is formed
ubiquitin-proteasome pathway in S. cerevisiae: a highfrom Leu708, Phe715, and Leu718, which are flanked
content of serine and threonine residues and the se-by a number of aromatic residues and a methionine
quence motif, (bulky hydrophobic)-(Ser/Thr)-(Ser/Thr)-(Figure 5c). Removal of the N-terminal repeats from
(bulky hydrophobic) (Huber et al., 2001). Thus, phos-b-catenin substantially reduces the amount of E-cadh-
phorylation-dependent binding of the Leu-Ser-Ser-Leuerin coimmunoprecipitated with b-catenin (Hülsken et
sequence in region IV may be important in sequesteringal., 1994), and deletion of the E-cadherin cap residues

likewise reduces the interaction with b-catenin (Finne- cadherin from the degradation machinery.
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Figure 3. The Extended Region III

(A) Interactions of region III, colored as in figure 2. (B) Alignment of the H3 helices from murine b-catenin, murine p120ctn, yeast karyopherin
a, and murine APC arm repeat domains. The position of the conserved asparagines responsible for recognizing the backbone of extended
peptides is highlighted in black. Conserved hydrophobic positions (Conti et al., 1998; Huber et al., 1997) are boxed. The starting residue
number for each sequence is indicated.

Comparison with XTcf-3 Binding side-chain functionalities of the XTcf-3 hairpin (Graham
et al., 2000).Overall, the Ecyto/b-catenin and XTcf-3/b-catenin com-

plexes are remarkably similar, with the XTcf-3 interac- Based on the XTcf-3 complex structure, it was pro-
posed that XTcf-3 residues 16–24, which bind in antions essentially a subset of the Ecyto interactions (Figure

6a). Ecyto region I enters the b-catenin cleft along the wall extended conformation, were homologous to E-cadh-
erin residues 674–682, a region known to interact withformed by arm repeats 7–9. XTcf-3 residues 2–15 enter

the b-catenin cleft from the same direction, but run along b-catenin (Graham et al., 2000). Indeed, the structures
of these ligands are strikingly similar in this region (re-the opposite wall of the cleft. Ecyto then exits into region

II, which extends the interactions into arm repeats 11 gion III, Figure 6b). Interestingly, E-cadherin pSer684
and pSer686 are in structural register with XTcf-3 Glu26and 12 before entering the extended region III, whereas

XTcf-3 enters a hairpin turn that begins the XTcf-3 ex- and Glu28 (Figure 6b), raising the possibility that XTcf-3
mimics the phosphorylated cadherin. However, in thetended binding region (Graham et al., 2000). At the start

of region III, Ecyto features a “crown” of backbone car- XTcf-3 complex structure, these residues are present in
a highly unusual backbone configuration and do notbonyl oxygens that interact with b-catenin Arg474 (Fig-

ure 3a); this arginine interacts with both main-chain and interact with b-catenin.
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Figure 4. Sequence Alignments

The cytoplasmic domains of representative cadherins from different classes (Nollet et al., 2000) are aligned with that of the classical/type-I
murine E- cadherin: M-cadherin, a classical/type-I cadherin; OB-cadherin, a type-II cadherin; Drosophila E-cadherin, a cadherin-related
molecule; desmocollin 1a and desmoglein 1, two desmosomal cadherins. Residue ranges are shown on the right. The portion of XTcf-3
corresponding to the structurally related region III of E-cadherin is shown, as well as the 20-mer repeats of APC. The five regions of the
E-cadherin cytoplasmic domain are indicated with colored bars corresponding to Figure 1A; the thickened rectangles correspond to helices.
Key conserved residues are boxed. The stars mark the three phosphoserines observed in the present structure. Consensus sites for GSK-3b

(SxxxS/T) and CKII (SxxD/E) phosphorylation are boxed in red and green, respectively, on the E-cadherin sequence.

Following the extended region, Ecyto and XTcf-3 inter- b-catenin binding domain of a-catenin by a polyglycine
linker, faithfully mimics the interaction of a- andact with essentially the same b-catenin residues, but do

so using different secondary structures. In a remarkable b-catenins (Pokutta and Weis, 2000). In the ba-cat struc-
ture, b-catenin residues 118–141 form an amphipathiccase of molecular mimicry, Leu41 and Leu48 on one

face of an amphipathic XTcf-3 helix occupy the same helix that completes a four helix bundle with a-catenin.
Residues 143–145 adopt an extended conformation,positions as Leu691 and Leu694 from the extended re-

gion IV of phosphorylated E-cadherin (Figure 6c). In ad- and residues 146–149 form an additional turn of helix
oriented in a different direction from that of 118–141.dition, the g carbons of XTcf-3 Val44, the third residue

on this face of the XTcf-3 helix, occupy similar positions The N terminus of the proteolytically defined b-catenin
arm repeat domain, comprising residues 134–149, wasas two water molecules in the E-cadherin complex (Fig-

ure 6c). Finally, although the positions of the side chains not visible in structures of the uncomplexed protein
(Huber et al., 1997), but is observed in the unphosphory-differ, the interaction of E-cadherin pSer692 with

b-catenin Lys335 is equivalent to the salt bridge be- lated Ecyto complexes and in one copy of the XTcf-3
complex (Graham et al., 2000). In each of these struc-tween this lysine and Asp40 at the start of the XTcf-3

helix (Figure 6c). tures, residues 134–160 form a kinked, but continuous,
helix (Figure 1a) that is part of a lattice contact. It is highly
unlikely that this extended helix reflects the structure ofa-Catenin Binding and Adherens

Junction Structure b-catenin in the b-catenin/a-catenin complex as re-
cently proposed (Graham et al., 2000). Inspection of theAmino acids 118–149 of b-catenin comprise the a-cat-

enin binding site (Aberle et al., 1996). We have pre- ba-cat structure reveals that the N-terminal b-catenin
helix cannot continue past residue 142 because doingviously shown that a chimeric protein (ba-cat), con-

sisting of b-catenin residues 118–149 fused to the so would introduce steric clashes between b-catenin
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Figure 5. Interaction Regions IV and V

(A) Anion-exchange column analysis of E-cadherin treated with CKII as described in Experimental Procedures, before binding to b-catenin
(“input”) and after elution from b-catenin (“bound”). Numbers under each peak denote the number of phosphates bound to E-cadherin, as
determined by mass spectrometry. (B) Structure of phosphorylated E-cadherin region IV bound to b-catenin. (C) Interaction of the region V
hydrophobic cap with the N-terminal arm repeats of b-catenin. Parts (B) and (C) are colored as in Figure 2; phosphorous is represented as a
black sphere.

Gln143 and a-catenin residues Phe111 and Arg121. This dle of a helix is associated with hinge motions (Gerstein
et al., 1994), and the difference observed here presum-implies that b-catenin residues 143–145 must be nonhe-

lical when bound to a-catenin. Thus, it is likely that in the ably reflects motion about a hinge created by b-catenin
Pro154. When ba-cat residues 146–149 are superim-b-catenin/E-cadherin and b-catenin/XTcf-3 complexes,

only residues 146–149 adopt the conformation and ori- posed onto the corresponding residues of the Ecyto or
XTcf-3 complexes, the different helix registers give riseentation with respect to the arm repeat domain that

exists in the complex with a-catenin. Superimposing to substantially different a-catenin positions (Figure 1b).
In the case of the Ecyto complex, superposition producesb-catenin 146–149 from the ba-cat structure onto the

corresponding residues of b-catenin in either of its com- a steric clash with the Ecyto region V cap (Figure 1b).
Thus, the presence of the Ecyto cap may restrict hingeplexes with Ecyto or XTcf-3, and using the b-catenin 118–

145 conformation seen in ba-cat structure, yields a motion in b-catenin. The dynamics of the region
V/b-catenin interaction would then have a role in de-model free of steric clashes between a- and b-catenin

(Figure 1b). termining the relative orientations of a- and b-catenin.
The higher-order structure of the adherens junctionComparison of the E-cadherin and XTcf-3 complexes

reveals that the helical regions of b-catenin preceding is not evident from the Ecyto/b-catenin complex and the
ba-cat (Pokutta and Weis, 2000) structure. The 51 mem-Thr150 are rotated with respect to one another by 1008

about the helix axis. The presence of proline in the mid- brane-proximal amino acids of Ecyto are not observed in
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Figure 6. Comparison of Ecyto and XTcf-3 Binding to b-Catenin

E-cadherin is shown in yellow and XTcf-3 in green. (A) Overall comparison of E-cadherin and XTcf-3 bound to b-catenin. (B) Overlay of the
extended region III of E-cadherin with the corresponding portion of XTcf-3. (C) Comparison of the phosphorylated region IV interaction. Figure
colored as in figures 2 and 4.

the Ecyto/b-catenin complexes, so no conclusions can erins. The Ser-Leu-Ser-Ser-Leu sequence characteristic
of region IV in classical cadherins is absent, although abe drawn regarding the relative disposition of b-catenin

and the cell membrane. Lateral dimerization of cadher- number of hydrophobic residues that might form similar
contacts are conserved among desmosomal cadherins.ins mediated by the extracellular domain is believed to

modulate adhesive strength (Brieher et al., 1996; Chitaev Plakoglobin arm repeats 11–12 are needed to bind des-
mocollins but not desmogleins (Witcher et al., 1996).and Troyanovsky, 1998; Takeda et al., 1999; Yap et al.,

1997b, 1998). The interfaces between neighboring b-catenin arm repeats 11–12 interact with the E-cadh-
erin region II amphipathic helix residues Ile657, Leu661,E-cadherin/b-catenin complexes differ in the two crystal

forms, and we see no evidence for dimerization medi- and Ala664. These positions are conservatively substi-
tuted in desmocollins but not desmogleins, possibly ex-ated by either the cadherin cytoplasmic domain or b-cat-

enin, consistent with the observation that the Ecyto/b-cat- plaining their differing dependencies on plakoglobin
arm repeats 11–12. The conservation of E-cadherin/enin complex is a 1:1 heterodimer in solution (Huber et

al., 2001). b–catenin contact residues in the desmosomal cadher-
ins may also explain why the b-catenin arm repeat domain,
which does not normally associate with desmosomalBinding of Plakoglobin to Classical

and Desmosomal Cadherins cadherins in vivo, is capable of binding to desmosomal
cadherins under some circumstances (Norvell and Green,Plakoglobin, a component of adherens junctions and

desmosomes, and b-catenin are closely related, sharing 1998; Ruiz et al., 1996; Wahl et al., 2000).
The region V cap structure appears to be more impor-80% sequence identity within their arm repeat domains.

Plakoglobin can bind the cytoplasmic domains of the tant in plakoglobin/desmosomal cadherin interactions
than in b-catenin/classical cadherin interactions. Dele-desmosomal cadherins, desmogleins, and desmocol-

lins, as well as classical cadherins. The b-catenin resi- tion of plakoglobin arm repeats 1–3 eliminates desmoso-
mal cadherin binding (Chitaev et al., 1998; Witcher etdues that interact with E-cadherin are conserved in pla-

koglobin, explaining the ability of the latter to bind to al., 1996), whereas a similar b-catenin deletion mutant
significantly compromises but fails to eliminate E-cadh-classical cadherins.

An alignment of desmoglein and desmocollin se- erin binding (Stappert and Kemler, 1994). The presence
of a desmosomal cadherin cap structure is supportedquences with E-cadherin shows that many of the ob-

served E-cadherin/b-catenin interactions are likely to be by the strong conservation of region V hydrophobic resi-
dues. The central E-cadherin cap residues, Leu708,conserved in plakoglobin/desmosomal cadherin com-

plexes (Figure 4). Region III and region V contacts ap- Phe715, and Leu718, are present in all desmosomal
cadherins. Several of the hydrophobic residues in thepear to be well conserved among all desmosomal cadh-
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outer rim of the cap structure are substituted with amino able homology to the extended region III sequence of
acids of increased hydrophobicity (Figure 4), which may E-cadherin and XTcf-3 (Figure 4). This raises the possi-
make it more energetically favorable to bury the desmo- bility that at least some of the APC 20-mer repeats can
somal cap residues in an interface with plakoglobin. mimic E-cadherin and XTcf-3 in this region. The 20-mer

a-Catenin interacts with either b-catenin or plako- repeats 3 and 4 present the best match (Figure 4). It has
globin in adherens junctions, but it is excluded from been noted that the conserved Leu-Ser-Ser-Leu region
desmosomes, where plakoglobin is bound to desmoso- in these two repeats is part of a sequence (Leu-x-x-Leu-
mal cadherins and desmoplakin. Mutagenesis studies x-φ, φ 5 Leu, Ile, Met, or Val) needed for APC to export
suggest that the plakoglobin binding sites for a-catenin b-catenin from the nucleus, a property associated with
and desmosomal cadherins overlap (Troyanovsky et al., tumor suppression (Rosin-Arbesfeld et al., 2000). It is
1996; Witcher et al., 1996), providing a simple explana- interesting to speculate that binding of 20-mer repeats
tion for the absence of a-catenin in desmosomes. Mutat- 3 and 4 to b-catenin is determined by the extended and
ing hydrophobic residues in the a-catenin binding helix the core homology regions, leaving the Leu-x-x-Leu-x-φ
of plakoglobin eliminates a-catenin and desmoglein sequence unbound and available for the nuclear export
binding (Chitaev et al., 1998). These data indicate that function.
there are additional interactions in plakoglobin/desmo-
somal cadherin complexes beyond those observed in
the b-catenin/E-cadherin complex. We suggest that the Conclusions
more hydrophobic nature of the desmosomal cap resi- The cadherin cytoplasmic domain is not structured in
dues creates a surface that can interact with the amphi- the absence of b-catenin (Huber et al., 2001), and binds
pathic a-catenin binding helix, preventing plakoglobin in an extended conformation that forms a large interface
from binding to a-catenin. with b-catenin. This mode of binding may allow for de-

grees of regulation that would be impossible for an inter-
Implications for APC Binding action involving a well-structured ligand. The surface of
APC binds to b-catenin using one or more of its three such a ligand is presented on a relatively rigid scaffold,
15- and seven 20-amino acid repeats (Rubinfeld et al., and local changes can therefore affect the entire inter-
1993; Su et al., 1993). The 15- and 20-mer repeats share face between the two proteins. In contrast, the interface
significant sequence homology in their first 12 residues between a ligand that is unstructured in its unbound
(referred to here as the “core homology region”), and state and its partner can be altered locally without affect-
mutagenesis suggests that they have distinct but over- ing the rest of the interface. In this manner, posttransla-
lapping binding sites on b-catenin (von Kries et al., 2000). tional modifications like phosphorylation can modulate
The striking similarity in the interactions of Ecyto and the interaction in a graded fashion rather than serving
XTcf-3 with b-catenin raises the question of whether as a simple on/off switch.
APC binds in the same manner. The Leu691-Ser-Ser- The armadillo repeat domain architecture comple-
Leu694 motif of E-cadherin region IV, which only binds ments the binding of extended polypeptides by provid-
to b-catenin when Ser692 is phosphorylated (Figure 5b),

ing a large surface-to-volume ratio and elongated inter-
is conserved in the APC 20-mer repeats (Figure 4). Using

action surface. Multiple, quasi-independent interactions
this homology to set the register of the E-cadherin and

provide the possibility of having a minimal “core” bind-
APC sequences, E-cadherin pSer686, which binds di-

ing region while allowing other interactions to be morerectly to b-catenin, aligns with an invariant serine pres-
dynamic. Separate binding regions can be regulatedent in the APC 15- and 20-mer repeats as a conserved
independently, enabling combinatorial regulation of theconsensus GSK-3b phosphorylation site (Figure 4).
interaction and the integration of multiple input signals.Phosphorylation of APC by GSK-3b enhances APC/
In the case of E-cadherin, the extended region III ap-b-catenin complex formation (Rubinfeld et al., 1996).
pears to be absolutely required for the interaction withFurthermore, the first serine of the LSSL motif (Ser692 of
b-catenin, as destabilizing the interface by mutation ofE-cadherin) is a consensus GSK-3b site in APC repeats 1
either b-catenin Lys435 or Lys312 to glutamate destroysand 2. These observations suggest that phosphorylated
binding (Graham et al., 2000). In contrast, the enhancedAPC 20-mer repeats bind to b-catenin in a manner simi-
binding of phosphorylated E-cadherin (region IV) (Lickertlar to the phosphorylated E-cadherin region IV. This
et al., 2000) (Figure 5a) or the decreased binding ofstructural alignment places the core homology region,
E-cadherin upon phosphorylation of b-catenin Tyr654which precedes the 20-mer Leu-Ser-Ser-Leu motif (Fig-
(region II) (Roura et al., 1999) demonstrate that the over-ure 4), in the vicinity of b-catenin arm repeats 5 and 6.
all affinity can be modulated without completely elimi-This is consistent with the observation that mutations
nating the interaction of these two proteins. An extendedin this portion of b-catenin affect binding of the APC
interface may also make the system somewhat resistant15- and 20-mer repeats. A noteworthy difference be-
to mutations; for example, none of the 18 b-catenintween the APC and E-cadherin sequences is that a
alanine mutations reported by von Kries et al. (2000)glycine precedes the pSer686 position in cadherins,
eliminates binding to E-cadherin (J. von Kries and W.whereas an invariant aromatic residue occupies this po-
Birchmeier, personal communication). Combined, thesesition in the APC repeats. Modeling suggests that the
features create a robust interface subject to regulation,aromatic ring could be accommodated at this position
which is likely to be important in determining the me-by packing against Tyr306 of b-catenin.
chanical properties and dynamics of subcellular assem-In several of the APC 20-mer repeats, the sequence

N-terminal to the core homology region displays detect- blies such as the adherens junction.
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Experimental Procedures molecular replacement in CNS (Brünger et al., 1998), using the un-
complexed b-catenin structure (Huber et al., 1997) (Protein Data
Bank ID code 2bct) as a search model. The model was refined inPreparation of b-Catenin/E-Cadherin Complexes

and Ecyto Phosphorylation CNS using a maximum likelihood target and all data between 50
and 2.0 Å. Refinement statistics are shown in Table 1.Full-length murine b-catenin, the b-catenin arm repeat domain, and

the cytoplasmic domain of murine E-cadherin were expressed in E. Although region IV is present in both copies of the phosphorylated
complex crystallized in 1.1 M NaCl, phosphates were visible oncoli and purified as described previously (Huber et al., 2001). Initial

Ecyto phosphorylation reactions utilized recombinant human CKII serines 684, 686, and 692 in one copy, whereas phosphate was
seen only on Ser692 in the other. This suggested that the high(New England BioLabs) and rabbit GSK-3b (Sigma). Ecyto was treated

for 3 hr with recombinant CKII (New England BioLabs) using the concentration of NaCl present in the crystallization conditions might
interfere with binding of the phosphates, and that perhaps othermanufacturer’s suggested reaction conditions. GSK-3b was then

added and the reaction continued for 6 hr. Reactions were stopped regions did not bind under these conditions. Therefore, a crystal of
the phos-Ecyto/b-catenin complex was adapted into 150 mM NaClby flash-freezing in liquid nitrogen. Anion exchange chromatography

(MonoQ, Pharmacia) of the products yielded 7 peaks as measured by serial transfer into synthetic mother liquor containing 80% of the
previous step’s NaCl concentration. Data (not shown) were mea-by absorbance at 280 nm, which were analyzed by mass spectrome-

try. Similar phosphorylation profiles were produced with CKII alone. sured to 2.85 Å resolution on an RAXIS-IIc imaging plate detector
mounted on a rotating anode x-ray generator, and the model partiallyThe Ecyto mixture used to test the relative b-catenin binding affini-

ties of the various phosphorylated species was produced using CKII refined. Phosphates are visible on serines 684, 686, and 692 in both
copies of the low-salt complex, but there are no other differencesonly. Parallel reactions, one with limiting ATP and the other with

excess ATP, produced mixtures with low and high amounts of phos- in structure, so the interactions are described based on the 1.1 M
NaCl, 2.0 Å structure.phorylation, respectively. The reactions were stopped by adding

apyrase, and combined to produce a mixture containing roughly
equal amounts of Ecyto modified with different numbers of phos- Sequence Alignments
phates. This mixture was divided equally, with one aliquot added An initial alignment of three relatively divergent cadherin cyto-
to a limiting amount of full-length b-catenin and the other used as plasmic domain sequences, two type-I and one type-II (Nollet et al.,
a control. Gel filtration chromatography (S200, Pharmacia) was used 2000), was performed with ClustalW (http://dot.imgen.bcm.tmc.edu)
to separate free and bound Ecyto. The unbound fraction was sepa- (Jeanmougin et al., 1998), then edited by hand. XTcf-3 was aligned
rated into its component phosphorylated species by MonoQ chro- using the known structures. The APC 20-mer repeats were aligned
matography, and the resulting peaks integrated by weighing the by hand using the conserved LSSL sequence motif to set the se-
peaks cut out of the absorbance trace. The control mixture was quence register. Genbank accession numbers are: murine E-cadh-
also analyzed by this method. This analysis revealed approximately erin (Cad-1), X06115; human M-cadherin (Cad-15) D83542; human
30% depletion of the 5- and 6-phospho species from the input OB-cadherin (Cad-11) L34056; Drosophila DE-cadherin (D28749);
mixture. The bound Ecyto was dissociated from b-catenin by vacuum human desmocollin 1a (AF293358); human desmoglein 1
evaporation of the pooled complex fractions obtained from the S200 (AF097935); Xenopus Tcf-3 (X99308); human APC (NM_000038).
column to near dryness, followed by dilution of the concentrate into Putative armadillo repeat domain sequences from murine p120ctn

8 M urea, 400 mM glycine pH 2.5, incubation at 508C for 30 min, (GenBank accession number Z17804) and murine APC (M88127)
and injection onto an S200 column equilibrated with Tris-HCl, pH were submitted to the 3D-PSSM Web Server V 2.5.1 (http://
8.0, 8 M urea, and 150 mM NaCl. The resulting peak of dissociated www.bmm.icnet.uk/z3dpssm/) (Kelly et al., 2000). In each case, the
phospho-Ecyto was separated into its component species on a arm repeat domain structures from murine b-catenin (PDB code
MonoQ column and the peaks identified by mass spectrometry. 2bct) and S. cerevisiae karyopherin a (Protein Data Bank ID code

Preparative Ecyto phosphorylation reactions utilized CKII alone with 1bk5) were returned as two of the highest scoring templates. H1,
reaction conditions optimized to favor production of the more heav- H2, and H3 helices were assigned using the predicted secondary
ily phosphorylated species, which were purified by MonoQ chroma- structure of the query sequences as well as consistencies in the
tography. Unphosphorylated or phosphorylated Ecyto was added at alignments with the two known structures. H3 helices were aligned
10% molar excess to the arm repeat domain of b-catenin, and the according to structure-based consensus motifs (Conti et al., 1998;
complex concentrated without further purification to 5–10 mg/ml in Huber et al., 1997).
10 mM Tris-HCl, pH 8.5, 25 mM NaCl, and 2 mM dithiothreitol for
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