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Three-Dimensional Structure of the
Armadillo Repeat Region of b-Catenin

Andrew H. Huber,* W. James Nelson,† cell fate choice in early embryogenesis. In the ab-
sence of Wnt/Wingless signal, a nonjunctional pool ofand William I. Weis*‡

b-catenin/armadillo is turned over rapidly (van Leeuwen*Department of Structural Biology and
et al., 1994) in a process that requires the serine/threo-†Department of Molecular and Cellular
nine kinase, glycogen synthase kinase-3b/Zeste-white3Physiology
(GSK-3). Wnt signaling appears to reduce the activity ofStanford University School of Medicine
GSK-3, which results in an increase in the cytoplasmicStanford, California 94305
pool of b-catenin (Peifer et al., 1994b; He et al., 1995;
Yost et al., 1996). Under these conditions, b-catenin
forms a complex with members of the Tcf/LEF-1 familySummary
of transcription factors that enters the nucleus (Behrens
et al., 1996; Huber et al., 1996; Molenaar et al., 1996),

b-catenin is essential for cadherin-based cell adhe-
binds to target DNA sites, and activates gene expressionsion and Wnt/Wingless growth factor signaling. In
(Brunner et al., 1997; Riese et al., 1997; van de Weteringthese roles, it binds to cadherins, Tcf-family transcrip-
et al., 1997). Tcfs are“architectural” transcription factorstion factors, and the tumor suppressor gene product
that introduce bends into DNA but are weak transcrip-

Adenomatous Polyposis Coli (APC). A core region of
tional activators by themselves (Werner and Burley,

b-catenin, composed of 12 copies of a 42 amino acid
1997). Significantly, binding to b-catenin changes the

sequence motif known as an armadillo repeat, medi- DNA bending properties of LEF-1 (Behrens et al., 1996).
ates these interactions. The three-dimensional struc- Moreover, the COOH-terminal domain of b-catenin can
ture of a protease-resistant fragment of b-catenin activate reporter genes when fused to DNA-binding do-
containing the armadillo repeat region has been deter- mains of transcription factors (van de Wetering et al.,
mined. The 12 repeats form a superhelix of helices that 1997). Thus, b-catenin appears to function as a tran-
features a long, positively charged groove. Although scriptional coactivator.
unrelated in sequence, the b-catenin binding regions In mammalian cells, b-catenin interacts with the tumor
of cadherins, Tcfs, and APC are acidic and are pro- suppressor gene product Adenomatous Polyposis Coli
posed to interact with this groove. (APC) (Rubinfeld et al.,1993; Suet al., 1993). Mutations in

APC are associated with familial and sporadic colorectal
Introduction cancer (Kinzler and Vogelstein, 1996). APC appears to

be critical for the rapid turnover of b-catenin (Munemitsu
The morphogenesis of solid tissues and the subsequent et al., 1995), and phosphorylation of APC by GSK-3
maintenance of tissue integrity are related processes, appears to enhance the interaction of APC and b-cate-
with cues that determine cell fate resulting in the forma- nin (Rubinfeld et al., 1996). Cells that lack APC, or which
tion of tissue-specific patterns and structures. The cyto- contain APC mutants lacking the complete b-catenin
solic protein b-catenin has essential roles in both of binding site, display elevated levels of cytosolic b-cate-
these processes. Assembly of cells into solid tissues nin (Munemitsu et al., 1995) and constitutive transcrip-
requires expression of cadherin cell adhesion molecules tional activation by the b-catenin–Tcf complex (Korinek
(Takeichi, 1991). The extracellular domain of cadherins et al., 1997; Morin et al., 1997; Rubinfeld et al., 1997).
provides specificity for homotypic cell–cell adhesion, These observations indicate that loss of regulation of
but stable adhesion requires linkage of cadherins to the b-catenin levels is an important step in oncogenic trans-
cytoskeleton (Nagafuchi and Takeichi, 1988; Ozawa et formation. Moreover, APC localizes to sites involved
al., 1990). In the adherens junction, cadherins are linked in active cell migration (Näthke et al., 1996), and the
to the actin cytoskeleton by cytosolic proteins, termed association of b-catenin with APC alters cell adhesive-
catenins (Ozawa et al., 1989). b-catenin binds to the ness (Barth et al., 1997), suggesting that b-catenin–APC
highly conserved cytoplasmic domain of cadherins and interactions are important in regulating migration and

adhesion.to a-catenin (Aberle et al., 1994), which binds to actin
The primary structure of b-catenin consists of an NH2-(Rimm et al., 1995). The cadherin–catenin complex is a

terminal portion of approximately 130 amino acids, atarget of regulatory signals that govern cellular adhe-
central region of 550 amino acidsthat contains12 imper-siveness and mobility, including tyrosine phosphoryla-
fect sequence repeats of 42amino acids knownas arma-tion (Kinch et al., 1995) by growth factor receptors
dillo (arm) repeats (Peifer et al., 1994a), and a COOH-(Hoschuetzky et al., 1994). The cadherin–catenin com-
terminal region of 100 amino acids. These three regionsplex is also present in Drosophila (Peifer et al., 1993),
have distinct charge distributions: the calculated pI’s ofwith the product of the segment polarity gene armadillo
murine b-catenin are 4.4 for the NH2-terminal domainthe ortholog of b-catenin.
(residues 1–140), 8.3 for the arm repeats (residues 141–In addition to its structural role in cellular junctions,
664), and 4.3 for the COOH-terminal domain (residuesb-catenin/armadillo is a critical component of the Wnt/
665–781). Deletion mutagenesis studies have mappedWingless growth factor signaling pathway that governs
the binding of cadherins (Hülsken et al., 1994; Orsulic
and Peifer, 1996), APC (Hülsken et al., 1994; Rubinfeld
et al., 1995), Tcf-family transcription factors (Behrens et‡To whom correspondence should be addressed.
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al., 1996; Molenaar et al., 1996), and the EGF receptor
tyrosine kinase domain (Hoschuetzky et al., 1994) to the
arm repeat region. The binding site for a-catenin partly
overlaps the beginning of this region (Aberle et al., 1996;
Pai et al., 1996). The NH2-terminal region contains con-
sensus phosphorylation sites for GSK-3 (Yost et al.,
1996) and tyrosine kinases (A. Barth and W. J. N., unpub-
lished data) and is important for regulating cellular levels
of b-catenin (Munemitsu et al., 1996; Morin et al., 1997;
Rubinfeld et al., 1997). The acidic COOH-terminal region
appears to have the transactivator function required for
gene activation by the b-catenin–Tcf complex (van de
Wetering et al., 1997).

Here, we describe the three-dimensional structure of
the armadillo repeat region of murine b-catenin, desig-
nated b59, determined by X-ray crystallography in two
crystalline forms at 2.1 and 2.9 Å resolution. The arma-
dillo sequence motif encodes a structural unit that forms
an elongated superhelical molecule when tandemly re-
peated. Features of the superhelical surface suggest
possible mechanisms for the interaction of b-catenin
with its many binding partners.

Results and Discussion
Figure 1. Limited Proteolysis of b-Catenin

The Armadillo Repeat Region Is a Single (A) SDS–PAGE gel showing digestion of b-catenin with increasing
Structural Unit concentrations of trypsin. Positions of molecular weight markers

(kDa) are shown on the left, and the positions of tryptic fragmentsLimited proteolysis was used to assess whether the
with apparent molecular weights of 40 and 10 kDa are marked withdistinct regions present in the sequence of b-catenin
arrows on the right. Increasing trypsin concentration is denoted bycorrespond to compact, discrete elements of structure.
the wedge above the gel. Digest mixtures contained 2.0 mg/ml

Trypsin (Figure 1A) and subtilisin (data not shown) pro-
b-catenin in 90 mM Tris–HCl (pH 8.5), 2 mM CaCl2, and 4 mM DTT

duced similar patterns of digestion, with two fragments with 0 mg/ml (lane 1), 0.02 mg/ml (lane 2), 0.08 mg/ml (lane 3), 0.33
of apparent molecular weight 40 and 10 kDa accumulat- mg/ml (lane 4), 1.33 mg/ml (lane 5), 5.33 mg/ml (lane 6), or 21.33 mg/

ml trypsin (lane 7). Digests were incubated at 248C for 20 minutesing as limiting digest products. The two tryptic frag-
and stopped with TLCK.ments coelute from anion exchange and size exclusion
(B) Schematic of b-catenin primary structure showing the locationchromatography columns and also copurify on an
of the cleavage sites that produce the stable products shown in (A).

E-cadherin cytoplasmic domain/glutathione S-trans- The 12 armadillo repeats of b-catenin are represented with num-
ferase fusion protein affinity resin (data not shown). The bered boxes. Numbered arrows indicate the residues NH2-terminal
two fragments were separated from one another by re- to the trypsin cleavage sites.
versed-phase HPLC. Mass spectroscopy and NH2-ter-
minal sequence analysis showed that the 40 and 10 kDa

Bragg spacing limit of the l1 (high energy remote point)fragments consist of residues 134–550 and 551–671,
data set (Table 1). The refined Form A model was usedrespectively. As the fragments stay associated under
to solve the Form B crystal structure at 2.9 Å resolutionnative conditions and bind to the E-cadherin cyto-
by molecular replacement. The refined Form B modelplasmic domain, these data indicate that trypsinolysis
(Table 1) contains 45 additional residues, mostly at theproduces a portion of b-catenin spanning residues 134–
NH2 terminus of the molecule, that could not be placed671 that is nicked at Arg-550 (Figure 1B). Thus, residues
with confidence in the Form A structure due to the poor134–671 form a single, functional structural unit that
quality of the electron density in this region of the map.comprises the b-catenin armadillo repeat region as de-
Residues 134–149, 550–562, and 666–671 are not visiblefined by sequence analysis (Peifer et al., 1994a).
in either crystal form. Apart from small differences attrib-
utable to packing in the different lattices, the secondaryStructure Determination
and tertiary structures of b59 seen in the two crystalThe 59 kDa region of murine b-catenin spanning resi-
forms are the same, despite the presence of 2.4 M ureadues 134–671, designated b59, was cloned and ex-
in the Form A crystals.pressed in E. coli. Two crystal forms of b59 were ob-

tained. Form A crystals, grown from a PEG/Urea/Tris
Structure of b59solution, diffract to 2.1 Å resolution. Form B crystals,
The 12 armadillo repeats of b59 form a highly elongatedgrown from a PEG/NaCl/Tris mixture, diffract weakly to
structure composed entirely of a helices and connecting2.6 Å resolution. A singleForm A crystal of selenomethio-
loops. The overall shape of the domain is approximatelynine-substituted b59 was used for Multiwavelength
cylindrical, with a length of 110 Å and an average diame-Anomalous Dispersion (MAD) phasing (Table 1). A mo-
ter of 35 Å. Each repeat interacts extensively with itslecular model was built into the 2.4 Å MAD phased elec-

tron density map (Figure 2) and refined to 2.1 Å, the neighbors, packing together to form a single domain
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Table 1. Crystallographic Data and Refinement Statistics

A. Data Collection Statisticsa

Crystal Wavelength (Å) Bragg Spacing Limits (Å) % Complete Rsym
b % . 3s (I) Average Redundancy

MAD Phasing Data
Form A l1 5 0.9252 (remote) 45–2.4 99.6 (96.1) 0.054 (0.174) 84.4 (63.7) 2.6 (2.4)

l2 5 0.9757 (peak) 45–2.4 99.6 (96.7) 0.050 (0.163) 85.6 (61.4) 2.5 (2.3)
l3 5 0.9800 (edge) 45–2.4 99.6 (97.0) 0.048 (0.140) 87.2 (68.2) 2.5 (2.3)
l4 5 1.0688 (remote) 45–2.4 99.5 (96.2) 0.043 (0.110) 89.8 (73.5) 2.6 (2.1)

Refinement Data
Form A 0.9252 10.0–2.1 99.5 (94.5) 0.070 (0.405) 70.5 (29.6) 2.5 (2.0)
Form B 1.5418 40.0–2.9 96.7 (93.4) 0.071 (0.257) 80.4 (57.1) 3.6 (3.4)

B. Phasing Statistics

Anomalous
Scattering

Anomalous Diffraction Ratiosc Factorsd (e) Phasing Powere

Wavelength l1 l2 l3 l4 Df9 Df99 1 Friedel Mate 2 Friedel Mate

l1 0.076 (0.050) 0.065 0.069 0.050 21.8 3.0 1.3 2.0
l2 0.089 (0.050) 0.043 0.059 28.0 4.5 0.8 1.7
l3 0.062 (0.047) 0.062 28.8 1.8 (reference) 1.2
l4 0.054 (0.045) 22.1 0.6 1.5 1.9

MADSYS Phasing
Statisticsf Figure-of-Merit (FOM) from Probabilistic Phasingg

Rsym(|8FT|) 0.041 Bragg Spacing Limits (Å) 45–4.8 4.8–3.8 3.8–3.3 3.3–3.0 3.0–2.8 2.8–2.6 2.6–2.5 2.5–2.4 Overall
Rsym(|8FA|) 0.463
,D(Dφ). 47.18 FOM 0.85 0.78 0.73 0.69 0.61 0.55 0.52 0.43 0.65
,s(Dφ). 20.08

C. Refinement Statistics

Extent of Models

RMSD from

(number of atoms)

Ideality Temperature Factors (Å2)
Number of
Reflectionsh Overall

Bragg Anisotropic Tensor
Spacing Working Set Amino Bonds Angles Bond/Angle

Crystal Limits (Å) (Test Set) Acids Solvent Rfree
i Rcryst

i (Å) (8) RMSD Average B11 B22 B33

Form A 10.0–2.1 59,157 457 256 H2O, 0.260 0.229 0.008 1.4 2.0/2.7 31.3 4.1 26.6 2.5
(6,388) (3473) 8 urea, 1 Cl2

(288)
Form B 40.0–2.9 10,202 502 none 0.288 0.211 0.010 1.5 3.7/5.6 26.4 3.5 4.1 27.5

(1,178) (3820)

aValues in parentheses are for reflections in the highest resolution bin: 2.49–2.40 Å for the MAD phasing data sets, 2.16–2.10 Å and 3.03–2.90
Å for Form A and Form B refinement data sets, respectively.
bRsym 5 Sh Si |(Ii(h) 2 ,I(h).|/ Sh Si Ii(h), where Ii(h) is the i-th measurement of reflection h and ,I(h). is the weighted mean of all measurements
of h. Bijvoet mates were treated as independent reflections in all Form A data sets.
cAnomalous diffraction ratios 5 ,D|F|./,|F|., where ,D|F|. is the rms Bijvoet difference at a single wavelength (diagonal elements) or the
rms dispersive difference between two wavelengths (off-diagonal elements). Diagonal elements in parentheses are for centric reflections and
provide an estimate of the noise in the anomalous signal; these values would be 0.00 for perfect data.
dRefined with MADLSQ (Weis et al., 1991).
ePhasing Power 5 ,|FH|./E, where ,|FH|. is the rms structure factor amplitude for the anomalous scatterers and E is the estimated lack-
of-closure error defined in Burling et al. (1996). Phasing power is listed for each lack-of-closure expression between the reference data set
(1 Friedel mate at the edge wavelength) and the 1 or 2 Friedel set at each wavelength. Phasing power was calculated using all data between
45 and 2.4 Å.
fData from 45–2.7 Å. Rsym(|F|) 5 ShS i||Fi(h)| 2 |,F(h).||/ShSiFi(h), where Fi(h) represents the i-th least squares determination of |8FT| or |8FA|. |8FT|

and |8FA| are the structure factor amplitudes for normal scattering from all atoms (Total) and from the Anomalous scatterers, respectively.
Dφ 5 (8φT 2 8φA), where 8φT and 8φA are the phases of 8FT and 8FA. D(Dφ) is the mean pairwise difference between independent determinations
of Dφ(h).
gBurling et al., 1996.
hThe Test Set is a randomly selected subset of the data (10%) that was not used in the refinement of the model. The Working Set comprises
the remaining reflections.
iR 5 Sh||Fobs(h)| 2 |Fcalc(h)||/ShFobs(h)|. Rfree and Rcryst were calculated using the Test Set and Working Set reflections, respectively.

with a continuous hydrophobic core. The rotation and follows a straight course for the first 8 repeats, then
bends approximately 508 in the vicinity of repeats 9 andtranslation that relates adjacent repeats produces a

right-handed superhelix of helices. The superhelical axis 10 to form a kink in the molecule (Figures 3A and 3B).
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Figure 2. Stereo Views of Electron Density Maps

The region near Trp-338, which interacts with Arg residues in the groove of b59, is shown. The upper panel shows a portion of the refined
Form A model in the experimental 2.4 Å MAD-phased map. The lower panel shows the same region of the Form B model in the final 2.9 Å
Form B 2Fo 2 Fc map. Both maps are contoured at 1.0 s.

The arm repeats are structurally very similar, with resi- surface area, is buried in an isolated repeat; 80% of
this buried surface is contributed by H2 and H3. In thedues conserved among repeats participating in similar

intra- and inter-repeat interactions (Figures 3 and 4). presence of its neighboring repeats, a single repeat bur-
ies an additional 1700 Å2 of surface area, such that 60%The canonical arm repeat in b59 is 42 amino acids long

and contains three a helices: a short helix 1 (H1) of of the total helix surface area is buried in b59.
Each armadillo repeat shares extensive interactionsroughly two turns, followed by two larger helices of ap-

proximately 2–3 (H2) and 3–4 turns (H3) (Figures 3 and with other repeats adjacent in sequence (Figure 4B),
and it is unclear whether a single repeat would fold4). H2 and H3 interact most extensively, packing against

one another in an antiparallel orientation. H1 lies roughly stably in the absence of its neighbors. Hirschl et al.
(1996) determined the secondary structure of a putativeperpendicular to the H2–H3 hairpin, contacting the

NH2-terminal end of H2 and the COOH-terminal end of armadillo repeat peptide from APC. Alignment of the arm
repeat region of APC and b-catenin/armadillo (Peifer etH3. The loop connecting H1 to H2 contains a single

residue in a left-handed helical conformation, generally al., 1994a) indicates that the peptide starts in the middle
of H3 of one repeat and ends in the middle of H3 of theglycine, that reorients the polypeptide backbone by

about 908. The conformations of the loops connecting following repeat. Residues corresponding to H1 and a
portion of H2, or 38% of the peptide, adopt helical sec-H2 to H3, and H3 to H1 of the following repeat are also

remarkably similar among repeats. An average surface ondary structure, and the remainder of the peptide is
unstructured. Because the peptide contains portions ofarea of 1100 Å2, or approximately 25% of the total helix
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Figure 3. b59 Structure

(A) Stereo Ca trace of the Form B structure. Spheres denote every tenth a-carbon, and every twentieth residue is labeled.
(B) Topology (upper) and ribbon (lower) diagrams of b59. Circles and rectangles represent helices viewed end on and from the side, respectively.
The arrows indicate the NH2- to COOH-terminal direction of the polypeptide. Arrows terminate at the circle perimeter when connected to the
end of the helix farthest from the viewer and enter the circle when connected to the end of the helix nearest the viewer. Helices 1, 2, and 3
are colored blue, red, and green, respectively.
(C) Comparison of bundle topology found in b-catenin with those of two representative four-helix bundle proteins, as discussed in Raag et
al. (1988). The symbols are the same as in (B). The COOH-terminal end of each helix is shaded.
The Ca trace and the ribbon diagram were made with MOLSCRIPT (Kraulis, 1991).
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Figure 4. Sequence and Structural Similarities among Repeats

(A) Structure-based sequence alignment of the 12 armadillo repeats of murine b-catenin. Italicized residues are not visible in either crystal
form. The repeat numbers and the corresponding ranges of amino acids are shown on the left. The portions of the sequence that form helices
H1, H2, and H3 are boxed. Structural positions with strong preferences for a given amino acid or group of amino acids are shaded and listed
on the line marked “Consensus” with the following symbols: half-closed box 5 general hydrophobic (residues in 10 of 12 repeats 5 A, C, F,
I, L, M, P, T, V, or W); open box 5 small hydrophobic (general hydrophobic with 8 of 12 5 A, C, P, V, or T); closed box 5 large hydrophobic
(general hydrophobic with 8 of 12 5 F, I, L, M, or W); (1) 5 basic (8 of 12 5 H, K, or R). Consensus positions are assigned specific residue
identities if 8 of 12 repeats have the same amino acid, or if two amino acids are present in at least four repeats each.
(B) Stereo view of repeats 5 and 6, showing conserved hydrophobic packing interactions. A Ca trace is shown for residues 307–390. The
backbone, and side chains of amino acids in the consensus positions shown in (A), are displayed with blue, red, or green bonds, corresponding
to H1, H2, and H3, respectively. The two basic consensus positions ([1] in [A]) have been omitted for clarity. White, blue, red, and yellow
spheres represent carbon, nitrogen, oxygen, and sulfur atoms. Amino acids are labeled with single-letter code followed by the residue number.
The role of conserved hydrophobic residues in H1 is illustrated by A356, which is near the surface but packs laterally against P321 and other
residues from the previous repeat, and I357, which packs against hydrophobic residues of H2 and H3 from both repeats. Note that the exposed
hydrophobic residues seen in the figure are actually packed against hydrophobic residues of neighboring repeats. This stereo model was
made with MOLSCRIPT (Kraulis, 1991).

two repeats and does not contain a complete H3, no these “armadillo helix bundles” and the four helix bun-
dles found in other proteins. All directly adjacent helicesconclusions regarding the tertiary structure or stability

of a single repeat can be drawn from these data. in a four-helix bundle protein are antiparallel, with the
NH2 and COOH termini located on neighboring helicesThe packing of tandem repeats gives rise to a two-

sided spiraling ribbon with each side consisting of paral- (Figure 3C). In the armadillo helix bundle, adjacent H2
helices are parallel, as are adjacent H3 helices, whereaslel H2 or H3 helices (Figures 3A and 3B). The structure

resembles a series of four helix bundles with H1 lying H2 and H3 helices are antiparallel (Figures 3A and 3C).
This arrangment places the NH2 and COOH termini ondiagonally across one end of each bundle. However,

there are important topological differences between diagonally opposite sides of the bundle, which, when
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repeated, produces a structure with a continuously Molecular Flexibility
wound topology. Elongated molecules composed of tandemly repeated

Although the b-catenin arm repeats vary significantly structural units frequently display significant flexibility.
in sequence, the size of the repeat and the character of However, the extensive interactions observed betweeen
the hydrophobic core is largely conserved (Figure 4), each arm repeat and its neighbors contrasts sharply
leading to a surprisingly consistent packing of repeats. with “beads-on-a-string” structures characteristic of
The parameters describing the b59 superhelix reflect molecules composed of independent folding units such
the rotation/translation relationship produced by the in- as immunoglobulin domains. The resistance of b59 to
sertion of ridges formed by every third side chain of one proteolysis indicates that it is a compact molecule. The
helix into grooves created by every fourth side chain of observed structure would appear to allow only limited
another helix. In b59, this “3 in 4” packing produces an flexibility, as any large motions would disrupt the single,
average 308 rotation and 10 Å translation per repeat. continuous hydrophobic core. Nonetheless, compari-
Curiously, only two of the five phenylalanine and none son of b59 in its two crystal forms provides evidence
of the three tryptophan residues are buried in the hy- of limited internal motion. The a carbons from the 456
drophobic core (Figure 4A); the remainder are located residues ordered in both structures superimpose with
at the surface of the molecule and interact with surface an rms deviation of 1.38 Å, whereas superposition of
residues (e.g., Figure 2), but are not clustered in any the NH2- or COOH-terminal halves individually yields
one region. rms deviations of 0.52 and 0.48 Å, respectively. When

There are two significant deviations from the canoni- only one half is used for the superposition, the nonsuper-
cal repeat structure. A loop replaces H1 in repeat 7, but imposed halves of the two structures are related by an
it features the same interactions made by conserved 11.58 rotation about an axis that passes near the junction
hydrophobic residues present in the H1 helix of other between repeats 6 and 7 (Figure 5). Repeat 7 is the only
repeats (Figure 4): Gln-395 of the loop packs laterally repeat that lacks H1, raising the possibility that H1, when
against H1 and H2 of the previous repeat, and Met-398 present, adds rigidity to the superhelix. The observed
of the loop inserts into the hydrophobic core between rigid-body motion does not appear to be the result of
repeats 6 and 7 (c.f. packing of Ala-356 and Ile-357 in rotation about a single bond, but rather the product of
Figure 4B). The other deviation is a 22 amino acid inser- a number of small changes in the interface between
tion in repeat 10 (Figure 4A). In both crystal forms, the

repeats 6 and 7 that do not significantly alter the hy-
insertion is only partially ordered: the first 6 residues

drophobic core. Due to restrictions imposed by packing
extend H2, and the last 3 lead into H3. The intervening

in the crystal lattice, the full range of motion in solution
13 residues are disordered and presumably flexible in

may be greater than that observed in the crystal struc-
both crystal forms, consistent with the observation that

tures.
Arg-550 of this insert is a site of trypsin cleavage in
limited proteolysis experiments (Figure 1).

The repetitive natureof thearmadillo domain structure A Potential Binding Surface
makes it difficult to identify with certainty which struc-

The distribution of surface charge in b59 is highly asym-
tural element marks the “true” beginning of an armadillo

metric, with a large band of positive surface potential
repeat. The register presented in Figure 4A is consistent

extending over the first 10 repeats (Figure 6). Most of
with the extent of the arm repeat region as defined by

the positive charge lies within a shallow groove gener-the pattern of hydrophobic residues in the b-catenin
ated by the right-handed superhelical twist of the mole-sequence. Similar borders for the arm repeat domain
cule. The groove is about 95 Å long and 20 Å wide. H3,were defined by limited trypsin digestion, which cuts
the most regular and highly conserved of the three armb-catenin ten residues before the putative H1 of repeat
repeat helices, defines the groove. The exposed H3 sur-1 and nine residues past H3 of repeat 12 to yield b59
face of a given repeat defines the floor of the groove,(Figure 1b). However, the portion of b59 preceding resi-
and the NH2 and COOH termini of the H3s of the flankingdue 150 is not visible in either crystal form,so the present
repeats define the edges. A significant portion of thestructure provides no evidence that residues 141–149
positive charge is contributed by the conserved basiccorrespond to an H1 helix in full-length b-catenin.
position in H3, as well as by residues that reach into theA right-handed superhelix formed by two layers of
groove from the conserved basic position in H1 (Figureparallel helices, analogous to H2 and H3, has been ob-
4A). Most of the basic side chains are well ordered, withserved in portions of several other proteins: a bacterial
many held in position by extensive interactions withmuramidase (Thunnissen et al., 1994), lamprey yolk li-
other residues (e.g., Figure 2).povitellin-phosvitin (Raag et al., 1988), and the a-subunit

Deletion mutagenesis studies have mapped the bind-of farnesyl transferase (Park et al., 1997) contain 10, 8,
ing sites for cadherins (Hülsken et al., 1994; Orsulic andand 7 repeats of two antiparallel helices, respectively.
Peifer, 1996; Pai et al., 1996), APC (Hülsken et al., 1994;(A similar two-layer topology was predicted for another
Rubinfeld et al., 1995), and Tcf family members (Behrensarm family member, the regulatory A subunit of protein
et al., 1996; Molenaar et al., 1996) to the arm repeatphosphatase 2A [Ruediger et al., 1994].) There are two
domain of b-catenin. Attempts to define more closelyprincipal differences between those structures and that
the interaction sites by deletions within the arm repeatof the b-catenin armadillo repeat region. First, the H1
region are difficult to interpret because the assays em-helix seen in b-catenin is not present in these other
ployed are semiquantitative and binding affinities havestructures. Second, the superhelical path of the first
not beendetermined. Moreover,deletions within a singleeight repeats of b59 is very straight, whereas the other

structures display significant curvature. structural domain such as b59 may lead tounanticipated
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Figure 5. Stereo View Showing Relative Motion of the Two Halves of b59

The Cas from residues 193–390 from Form A (gray) and Form B (black) have been superimposed. The COOH-terminal portions of the two
structures are related by an 11.58 rotation about the axis shown as a straight vertical line. The asterisk marks the middle of the loop that
replaces H1 in repeat 7. This figure was made with MOLSCRIPT (Kraulis, 1991).

local changes in the structure that alter the behavior of that extended, acidic regions of cadherins, APC, and the
Tcf-family transcription factors interact with the basicthe mutated protein. Nonetheless, the available data

indicate that the different classes of binding partners groove of b-catenin. The 95 Å long groove could accom-
modate a 25–30 residue polypeptide in a fully extendedrecognize overlapping portions of b-catenin that span

the first 10 repeats. In all cases, a minimum of 6–7 re- conformation, or larger polypeptides containing bends
or local elements of secondary structure. The model ispeats is sufficient for detectable binding, but larger re-

gions give stronger binding. Significantly, E-cadherin consistent with several observations. First, the cyto-
plasmic domain of E-cadherin is not structured in solu-and APC form mutually exclusive complexes with

b-catenin and appear to compete directly for binding tion (A. H. H. et al., unpublished data) and could bind
as an extended polypeptide. Unfortunately, nothing is(Hülsken et al., 1994; Rubinfeld et al., 1995).

The regions of cadherins, APC, and Tcf family proteins known about the structure of the b-catenin interaction
regions of APC or Tcf-family transcription factors. Sec-that interact with b-catenin have also been mapped by

deletion mutagenesis. A stretch of 30 amino acids in ond, as noted above, deletion mutagenesis studies
show a correlation between the number of arm repeatsthe cytoplasmic domain of E-cadherin is required for

binding to b-catenin (Stappert and Kemler, 1994), and removed and the strength of binding, as would be ex-
pected if the interaction surface runs along the groove.a similar region of Drosophila E-cadherin binds to arma-

dillo (Pai et al., 1996). Several repeats of 15 and 20 amino Third, phosphorylation of the b-catenin binding region
of APC by GSK-3, which would make this region evenacids present in APC are required for interaction with

b-catenin (Su et al., 1993; Munemitsu et al., 1995). The more acidic, enhances the APC–b-catenin interaction
(Rubinfeld et al., 1996). Finally, mutations in the Dro-first 56 amino acids of LEF-1 contain the b-catenin rec-

ognition site (Huber et al., 1996), a region highly con- sophila Tcf family member Pangolin-1 that diminish, but
do not completely abolish, binding to armadillo areserved among Tcf family members (Molenaar et al.,

1996; Brunner et al., 1997; van de Wetering et al., 1997). changes from glutamate to lysine (Brunner et al., 1997).
These results are also consistent with the importanceAlthough the b-catenin binding regions of cadherins,

APC, and Tcf family members show no significant se- of charge complementarity. Also, an extended region
of interaction dominated by electrostatics, rather thanquence homology, they are all acidic, with calculated

pI’s of 3.3, 4.1, and 4.0, respectively. The only other close steric complementarity over a more limited area,
would be expected to be somewhat tolerant of localcommon feature of these regions is a short sequence,

Ser-Ser-Leu, which may represent a b-catenin binding disruptions caused by single amino acid substitutions.
The internal rigid-body motion observed between themotif (Molenaar et al., 1996; Pai et al., 1996). We propose
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Figure 6. Electrostatic Surface Representa-
tion of b59

Blue represents regions of positive potential
and red regions of negative potential, at the
10 kT/e level. The three views are related by
successive 908 rotations about the vertical
axis. The NH2-terminal end of the molecule is
at the bottom of the figure. This figure was
made with GRASP (Nicholls, 1992).

Experimental Procedurestwo crystal forms of b59 produces a local change in the
width of the groove near repeat 7. The significance of

Purification and Characterization of b-Catenin
this motion cannot be assessed in the absence of a Tryptic Fragments
b-catenin–ligand complex structure. The two structures Full-length murine b-catenin and the murine E-cadherin cytoplasmic
may simply represent a “breathing” mode of the mole- domain (E-cyto) were expressed in E. coli as COOH-terminal fusions

to glutathione S-transferase (GST) and were purified from cell ly-cule. Alternatively, the motion may be evidence of an
sates by batch affinity purification on glutathione-agarose beads“induced-fit” type of binding in which b-catenin wraps
followed by thrombin cleavage, anion exchange, and size exclusionaround its partner. The insert between H2 and H3 of
chromatography (A. H. H. et al., unpublished data). A digest mixture

repeat 10 borders the groove and could have a role in containing 2.3 mg/ml b-catenin and either 4.2 mg/ml trypsin (TPCK
ligand binding, as the flexible 13 amino acid loop could treated, Worthington Biochemical Corporation) or 8.3 mg/ml subti-

lisin (Boehringer Mannheim GmbH) in 90 mM Tris–HCl (pH 8.5), 2reach the groove were it to adopt an extended confor-
mM CaCl2, and 4 mM DTT was incubated at 248C for 20 minutes.mation.
Trypsin was inhibited by adding TLCK to a final concentration of
1.4 mg/ml, and the subtilisin digest was stopped with PMSF at a
final concentration of 7.7 mM. Anion exchange chromatography

Relationship to Other Armadillo Family Members (Mono Q, Pharmacia) was performed by applying the digested sam-
Given the continuous packing of armadillo repeats in ple in 20 mM Tris–HCl (pH 8.5), 1 mM DTT and eluting with a NaCl

gradient. A Superdex 200 HR column (Pharmacia) equilibrated withb59, it isunlikely that a single repeat would form a stable,
50 mM Tris–HCl (pH 8.5), 150 mM NaCl, and 2 mM DTT was usedindependently folded structure. Interestingly, no pro-
for size exclusion chromatography experiments, and a C4 HPLCteins with fewer than six tandem armadillo repeats have
column (Macrosphere 300, 5 mm particle size, Alltech) was used

been described. As armadillo repeats are largely defined for reversed-phase protein purification. Anion exchange and size
by the conservation of hydrophobic core residues (Fig- exclusion chromatography steps were carried out at 48C, and the

reversed-phase purification was run at 248C. Matrix-assisted laserure 4), the repeats found in other proteins (Peifer et al.,
desorption ionization time of flight mass spectroscopy was carried1994a; Küssel and Frasch, 1995) are likely to form a
out at the Ericsson Mass Spectrometry Facility, Department of Bio-superhelix with a shallow groove like that observed in
chemistry, University of Washington at Seattle, USA, and at Ci-

b59. However, the nature of the ligand binding surface phergen Biosystems, Inc., Mountain View, California, USA.
is likely to vary greatly among distantly related family The ability of the digest product to bind to E-cadherin was as-

sessed by incubating a 25 ml volume of either trypsin or subtilisinmembers. For example, the armadillo repeat regions
digest mixture for 80 minutes at 48C with 1 ml of binding buffer (100of plakoglobin and p120cas, like b-catenin, bind the
mM Tris–HCl [pH 8.5], 200 mM NaCl, 20 mM EDTA, and 2 mME-cadherin cytoplasmic domain and are highly basic
DTT) containing a 25 ml bed volume of either E-cyto/GST beads or

(calculated pI $ 8.0), whereas the repeat regions of glutathione-agarose beads as a negative control. Bead pellets were
smgGDS, srp1, and pendulin are mildly acidic. washed four times with 1 ml of binding buffer and boiled in reducing

Ultimately, high resolution cocrystal structures will be SDS–PAGE loading buffer, and the proteins in the supernatant were
separated by SDS–PAGE (data not shown).required to understand how b-catenin can interact with

several classes of proteins and carry out its functions
Expression and Purification of b59as a structural component of cellular junctions and a
The cDNA sequence encoding residues 134–671 of murine b-cateninsignaling molecule. Nonetheless, the remarkable sur-
(b59) was amplified by polymerase chain reaction and the resultingface profile of b59 observed in the present structure
product subcloned and expressed in E. coli as a COOH-terminal

provides a framework for further experiments designed fusion to GST. The last two residues (Gly-Ser) of the thrombin cleav-
to probe the molecular basis of ligand recognition by age site linking GST and b59 remain at the NH2 terminus of b59

after digestion of the fusion protein with thrombin. The fusion proteinb-catenin and other arm repeat proteins.
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was purified from cell lysates on glutathione-agarose beads and independent translation function solutions were 8.2 s and 5.6 s

above the mean, respectively. Rigid-body refinement produced acleaved with bovine thrombin, and the soluble b59 was purified by
anion exchange chromatography (Mono Q, Pharmacia).For prepara- final molecular replacement solution with an R value of 49.9% for

all data with |F| . 2s(|F|) from 10.0–4.0 Å resolution. Manual rebuild-tion of selenomethionyl-b59, the E. coli methionine auxotroph DL-
41 (Hendrickson et al., 1990) was transformed with the expression ing of the molecular replacement solution was followed by simulated

annealing refinement to 2.9 Å and several subsequent rounds ofplasmid and grown in defined medium (Hendrickson et al., 1990)
containing the Kao and Michayluk vitamin solution (Sigma, 13 final conjugate gradient minimization. A maximum likelihood target func-

tion and an overall anisotropic temperature factor tensor were usedconcentration) and 125mM seleno-DL-methionine. Amino acid anal-
ysis was consistent with 100% substitution of the 16 methionines throughout. Refinement of individual atomic temperature factors

and the application of a bulk solvent correction (Jiang and Brünger,in b59 with selenomethionine.
1994) were carried out late in the refinement. The bulk solvent cor-
rection produced some improvements in ambiguous sections of theCrystallization
electron density map. (The correction was not applied in the FormTwo crystal forms of b59 were obtained using the hanging drop
A crystal structure refinement, as it did not improve map qualityvapor diffusion method and a 7 mg/ml solution of b59 in 10 mM
and gave a small increase in Rfree past 3 Å.) The final model isCAPS (pH 10.5), 50 mM NaCl,and 1 mM DTT. Form A crystals (C2221,
composed of amino acids 150–549 and 564–665; 90.0% of the resi-a 5 64.1 Å, b 5 102.0 Å, c 5 187.0 Å) were obtained from clear
dues are in the most favorable region of the Ramachandran plot,drops at 48C over a well solution of 0.5% (w/v) polyethylene glycol
and none are in outlying regions.8000 (PEG 8K), 200 mM Tris–HCl (pH 8.5), and 1.5–2.4 M urea. The

Coordinates and structure factors for both crystal forms of b59crystal of selenomethionyl b59 used for MAD data collection was
have been deposited in the Protein Data Bank, Brookhaven, NY,grown in 2.4 M urea. Form B crystals (P212121, a 5 51.1 Å, b 5 75.6
with accession codes 2bct (Form B) and 3bct (Form A).Å, c 5 134.4 Å) grew from precipitate at room temperature using a

well solution consisting of 10% (w/v) PEG 8K, 200 mM Tris–HCl (pH
8.5), and 875 mM NaCl.
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