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The adenomatous polyposis coli (APC) tumor suppres-
sor protein plays a critical role in regulating cellular
levels of the oncogene product b-catenin. APC binds
to b-catenin through a series of homologous 15 and 20
amino acid repeats. We have determined the crystal
structure of a 15 amino acid b-catenin binding repeat
from APC bound to the armadillo repeat region of
b-catenin. Although it lacks signi®cant sequence
homology, the N-terminal half of the repeat binds in a
manner similar to portions of E-cadherin and XTcf3,
but the remaining interactions are unique to APC. We
discuss the implications of this new structure for the
design of therapeutics, and present evidence from
structural, biochemical and sequence data, which
suggest that the 20 amino acid repeats can adopt two
modes of binding to b-catenin.
Keywords: adenomatous polyposis coli/b-catenin/
crystal structure/Wnt signaling

Introduction

Mutations in the adenomatous polyposis coli (APC) tumor
suppressor gene are responsible for the inherited cancer
syndrome familial adenomatous polyposis (FAP) (Joslyn
et al., 1991; Kinzler et al., 1991), characterized by the
development of colorectal polyps at a very young age.
APC is also mutated in >85% of sporadic colorectal
tumors (Kinzler and Vogelstein, 1996). The role of the
APC protein in tumor suppression is believed to be related
to its ability to bind to and downregulate the protein
b-catenin (Rubinfeld et al., 1993; Su et al., 1993) as part of
the Wnt signaling pathway.

b-catenin exists in distinct populations that perform
different functions within the cell. Whereas a membrane-
associated pool is bound to cadherins and a-catenin in the
adherens junction (Yap et al., 1997), cytoplasmic and
nuclear b-catenin accumulates only in response to acti-
vation of the Wnt/Wingless growth-factor signaling path-
way. In the absence of a Wnt signal or pathway mutation,
any free b-catenin not in adherens junctions is targeted for
degradation by a large, multiprotein complex containing
b-catenin, glycogen synthase kinase-3b (GSK3b), APC
and another protein known as axin. GSK3b phosphoryl-
ation of b-catenin on N-terminal serine and threonine
residues targets it for recognition and degradation by the

ubiquitin±proteasome system (Aberle et al., 1997; Orford
et al., 1997). Mutations in and around these phosphoryl-
ated residues result in a stabilized form of b-catenin, and
are seen in a wide variety of cancers, including those of the
skin, brain, ovaries and uterus (Rubinfeld et al., 1997b;
Fukuchi et al., 1998; Palacios and Gamallo, 1998; Zurawel
et al., 1998). Axin appears to function as a scaffold for the
assembly of the degradation complex, as it contains
binding sites for all other complex members, and is the
only member of the complex which has been shown to
contain a GSK3b binding site (Behrens et al., 1998; Hart
et al., 1998).

The precise role of APC in b-catenin targeting and
degradation is poorly understood. Cancer cells containing
truncations in APC accumulate large quantities of nuclear
and cytoplasmic b-catenin, indicating that APC is critical
for b-catenin degradation in vivo (Munemitsu et al., 1995).
However, phosphorylation of b-catenin can occur in the
absence of APC in vitro (Ikeda et al., 1998), and over-
expression of axin can override the requirement for APC
and promote the down regulation of b-catenin in
APC-mutant cells (Hart et al., 1998). APC has been
proposed to play a number of roles in b-catenin degrad-
ation, including derepression of axin (Hart et al., 1998)
and a role in regulating the localization of b-catenin and its
degradation complex (Yu et al., 1999; Henderson, 2000;
Rosin-Arbesfeld et al., 2000).

In the presence of a Wnt signal, phosphorylation of
b-catenin by GSK3b is inhibited through a largely
unknown mechanism. This results in the accumulation of
free, cytoplasmic b-catenin, which can then bind to
proteins of the Lef/Tcf family and function as a transcrip-
tional co-activator (Behrens et al., 1996; Huber et al.,
1996; Molenaar et al., 1996). Targets of the b-catenin±Tcf
complex include developmentally important genes such as
segment polarity genes in Drosophila and axis induction
genes in Xenopus, as well as the known proto-oncogenes
c-MYC, cyclin D1 and WISP-1 in humans (Brannon et al.,
1997; Riese et al., 1997; van de Wetering et al., 1997; Fan
et al., 1998; He et al., 1998; Shtutman et al., 1999; Tetsu
and McCormick, 1999; Xu et al., 2000).

In order to perform its various roles within the cell,
b-catenin must bind to a large number of protein partners.
The majority of these ligands, including cadherin, APC,
axin and Lef/Tcf, bind to the central armadillo repeat
region of b-catenin (HuÈlsken et al., 1994; Rubinfeld et al.,
1995; Behrens et al., 1996, 1998; van de Wetering et al.,
1997; Ikeda et al., 1998), which consists of 12 imperfect
repeats of an ~42 amino acid sequence motif (Peifer et al.,
1994). The crystal structure of this region (Huber et al.,
1997) revealed that each of the repeats consists of three
a-helices, designated H1, H2 and H3. The 12 repeats form
a continuous superhelix of helices, with a long, positively
charged groove running along the H3 helices from repeats
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1±10. The crystal structures of this region of b-catenin in
complex with the catenin-binding regions of Xenopus Tcf3
(XTcf3) (Graham et al., 2000) and E-cadherin (Huber and
Weis, 2001) revealed that this groove constitutes the
binding site for both ligands. Although no sequence
similarity had been previously detected between the two
proteins, their interactions with b-catenin are surprisingly
similar. This homology is particularly striking in a nine
amino acid stretch designated the `extended region' for its
bound conformation.

APC binds to b-catenin using series of three 15 amino
acid repeat sequences, designated repeats A, B and C, and
seven 20 amino acid repeats, designated repeats 1±7
(Figure 1A). Fragments of APC containing as little as one
repeat have been shown to have b-catenin binding activity
(Rubinfeld et al., 1997a). The 15 and 20 amino acid
repeats share a conserved `core homology region' in their
N-terminal regions, but they diverge in their C-terminal
regions (Figure 1B).

Here we present the structure of 15mer repeat A from
APC (termed APC-rA) in complex with the armadillo
repeat region of b-catenin. We discuss the similarities and
differences of the b-catenin±APC-rA complex with the
two previously determined complexes, and the implic-
ations for binding of the APC 20mer repeats. An
examination of the structure in light of the existing
sequence, biochemical and mutagenesis data suggests that
the 20mers can bind in two modes to b-catenin, which may
be important in the function of the degradation complex. In
addition, we present evidence for a fourth, previously
unidenti®ed 15 amino acid repeat in mammalian APCs.

Results and discussion

The structure of the b-catenin±APC-rA complex
A complex between a 15mer peptide corresponding to
repeat A (Figures 1A and B) with blocked N- and
C-termini (APC-rA), and the arm repeat region of
b-catenin (henceforth referred to as `b-catenin') was
crystallized. The structure was determined by molecular
replacement, and the model re®ned to a maximum
resolution of 3.1 AÊ . Although the crystals diffract to only
moderate resolution, the asymmetric unit of the crystal

contains two independent copies of the complex, and the
maps were readily interpretable after re®nement imposing
non-crystallographic symmetry (NCS) restraints on the
two b-catenin molecules. NCS restraints were not applied
to the APC-rA peptide in the early rounds of re®nement
(see Materials and methods), but the peptide was found to
form the same contacts with b-catenin in both copies. In
copy 1, amino acids 151±546 and 561±663 of b-catenin
and 1021±1031 of APC are visible. In copy 2, amino acids
150±545 and 558±663 of b-catenin and 1021±1034 of
APC are visible. The only signi®cant difference between
the two b-catenin±APC-rA complexes is that residue 1021
of APC adopts different backbone and side chain con-
formations in the two copies. The following description of
the complex is based on copy 2, as more of the APC-rA
peptide is ordered.

Leu 1021 is seen in two distinct conformations and no
density is seen for the last residue (Gln 1035), making it
likely that residues 1022±1034 constitute the full binding
region of the APC 15mers. As the peptide was synthesized
with blocked N- and C-termini, no charges are present at
the ends of the peptide, and the ®rst and last residues
would be expected to bind essentially as they would in the
full-length protein.

The APC-rA peptide competes for binding with a
fragment of APC containing 15mer repeat A plus 25±30
residues of ¯anking sequence on each end of the repeat
(APC-fA) (Figure 1A and C). An ~30-fold excess of the
APC-rA peptide was required to reduce binding of the
longer fragment by half (Figure 1C). This corresponds to a
difference of ~2 kcal/mol in binding energy between the
two proteins. An energetic difference this small could
result from missing direct contacts with b-catenin on the
order of one to two hydrogen bonds. Alternatively, this
energy difference could be the result of non-speci®c
enthalpic (e.g. electrostatic) interactions missing in the
shorter peptide, or of a difference in the conformational
equilibria of the shorter and longer proteins, resulting in
somewhat different entropic penalties for binding of the
two constructs. In order to distinguish between these
possibilities, we tested the binding of the longer APC-rAL
peptide, corresponding to APC residues 1015±1040
(Figure 1A). This peptide, which extends far beyond the

Fig. 1. The b-catenin-binding sites of APC. (A) Schematic of the APC primary structure. The conserved axin binding (SAMP1-3), oligomerization
(olig.), armadillo repeat (arm.), basic and discs large interaction (dlg) regions are indicated. The 15 amino acid b-catenin-binding repeats are labeled
A, B and C (white boxes). The 20 amino acid b-catenin-binding repeats are labeled 1±7 (black boxes). Truncations in the midpoint cluster region
(MCR), which eliminate all of the axin-binding and most of the b-catenin-binding repeats, account for >60% of oncogenic mutations in APC (Miyoshi
et al., 1992). The APC constructs used in binding experiments and crystallization are shown, with the beginning and end residue numbers in human
APC indicated. (B) Alignment of the APC 15 and 20 amino acid repeats with E-cadherin and XTcf3. The alignment of the 15mers with E-cadherin
and XTcf3 was performed based on the homologous regions of the E-cadherin±b-catenin, XTcf3±b-catenin and APC-rA±b-catenin structures (boxed).
The 20mers were aligned with the 15mers based on alignment of the core homology regions. For an alternative alignment using the SLSSL sequences
of E-cadherin and the 20mers, see Figure 4A, bottom panel. The residues that constitute the 15 and 20 amino acid repeat sequences are in bold. The
homologous residues of the 15 and 20mer `core homology region' are shaded gray; those conserved only in the 15mers are blue. The phosphorylation-
speci®c binding motif of E-cadherin and the homologous APC 20mer sequences are highlighted in yellow. Beginning residue numbers based on the
full-length proteins are indicated before the alignment. Residues from APC-rA that form contacts with b-catenin are indicated by asterisks (contacts by
side chain only or main chain and side chain atoms) or plus signs (contacts by mainchain atoms only) above the alignment. hAPC-A, hAPC-B,
hAPC-C: human APC 15mer repeats A, B and C. hAPC-D: hypothesized fourth human 15mer. dAPC-A, dAPC-B: Drosophila APC 15mers. eAPC-A,
eAPC-B: Drosophila APC2 15mers. hAPC-1, hAPC-2, etc.: human APC 20mers. (C) Competition experiments to test the relative af®nities of several
b-catenin-binding peptides. GST-pulldown assays were performed using GST±b-catenin (full length) in the presence of a 5-fold excess of APC-fA.
Increasing quantities of the APC-rA, APC-rAL, Tcf-ext or Cad-ext peptides were tested for their ability to compete with APC-fA for binding to
limiting b-catenin. Fold molar excess of peptide (as compared with APC-fA) is plotted on the x-axis, as a pseudo log base-4 plot. APC-fA band
intensities were quanti®ed using the NIH Image program and are shown on the y-axis as percent of binding relative to that with no peptide competitor.
Each point is plotted as mean 6 SD of three experiments, except for the 256-fold excess of APC-rA, for which only two data points were obtained.
APC-fA did not bind to GST alone (data not shown). See Materials and methods for details.
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region of 15 amino acid repeat homology, would be
expected to contain any contacts that may be missing in
the APC-rA peptide. However, the longer peptide com-
petes with APC-fA only slightly more ef®ciently than
APC-rA, requiring an ~10-fold excess of peptide to reduce
APC-fA binding by half (Figure 1C). These data support
the hypothesis that the observed binding differences are
not due to speci®c contacts with b-catenin that are missing
in the APC-rA peptide.

The APC-rA peptide binds within the groove formed by
the H3 helices of b-catenin, where XTcf3 and E-cadherin
were previously observed to bind (Figure 2A) (Graham
et al., 2000; Huber and Weis, 2001). The structure of
b-catenin is essentially the same as has been observed
previously (Huber et al., 1997; Graham et al., 2000; Huber
and Weis, 2001). A comparison with the b-catenin±XTcf3
and b-catenin±E-cadherin complexes reveals that the core
homology region of the APC-rA peptide binds to b-catenin
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in a similar manner to the extended regions of the other
two ligands (Figures 2B and 3A). In this region, each
residue of E-cadherin adopts the same backbone and side
chain conformations as its XTcf3 counterpart (Figure 2B),
and makes nearly identical contacts with b-catenin. At
either end of the extended region, lysine residues 435 and
312 of b-catenin form salt bridges, designated `charged
buttons', with acidic residues from E-cadherin or XTcf3
(Asp16 and Glu24 of XTcf3, Asp674 and Glu682 of
E-cadherin). Over its ®rst eight residues (Leu 1021±
Ser1028), APC-rA adopts nearly identical backbone and
side chain conformations as XTcf3 (Asn15±Lys22) and
E-cadherin (Tyr673±Asp680) (Figure 3A). Most of the
contacts observed in the corresponding region of the other
two ligands are preserved in the APC-rA complex. This
includes the ®rst charged button (between APC-rA
Asp1022 and b-catenin Lys435), hydrogen bonding
between b-catenin Asn residues 430 and 426 and the
APC-rA backbone, and hydrophobic contacts of several
residues with b-catenin Cys429 and Arg386 (Figure 3A).
Additionally, the side chain of Asn1026 forms a hydrogen
bond with b-catenin Asp390 that is not present in the
E-cadherin and XTcf3 complex structures (Figure 3A).

Beginning at Leu 1029, the APC-rA peptide adopts a
conformation strikingly different from that of XTcf3 or
E-cadherin (Figure 3B). The C-terminal half of the
peptide, from Leu1029 to Glu1034, bulges out of the
b-catenin groove, away from the paths of XTcf3 and

E-cadherin (Figures 2B and 3B). This difference in
conformation is probably due to the presence of a lysine
residue at amino acid 1030 of APC-rA. In XTcf3 and
E-cadherin this position is occupied by an acidic residue
(Glu24 of XTcf3, Glu682 of E-cadherin), which forms a
salt bridge with b-catenin Lys312 to form the second
charged button of the extended region (Figure 3B). The
lysine at this position in APC-rA probably causes charge
repulsion with b-catenin Lys312, leading to a deviation
from the conformations of the other two ligands. The
conformation of the backbone at Lys1030 suggests that the
side chain of this residue is in the vicinity of b-catenin
Glu462 and several other acidic residues. Although
APC-rA Lys1030 is disordered and thus does not form a
direct interaction with any of these residues, the bulge in
APC-rA is likely stabilized by an electrostatic attraction
between the basic lysine of APC-rA and an acidic patch on
b-catenin (Figure 3C). A positively charged residue is
present at the position equivalent to Lys1030 in all 15mer
repeats, suggesting that this feature is important for
b-catenin binding (Figure 1B). Several internal structural
features also appear to contribute to the stability of the
APC-rA bulge (Figure 3C). The side chain of Asn1026
forms hydrogen bonds with the side chain of Ser1028, and
the backbone of several other residues within this region
form hydrogen bonds with one another.

At the end of the bulge, APC-rA Glu1034 points back
into the positively charged b-catenin groove (Figure 3C).
There it forms what may be regarded as an alternative
second charged button: a salt bridge with b-catenin
Lys345 (Figure 3B). In addition, the aliphatic portion of
the Glu1034 side chain forms non-polar contacts with
b-catenin Trp383. The only other bulge residue to make
direct interactions with b-catenin is APC-rA Tyr1031,
which makes several contacts with b-catenin Arg386
(Figure 3B).

The structure of the b-catenin±APC-rA complex is
consistent with site-directed mutagenesis data on the
interactions of the APC 15mers with b-catenin (von Kries
et al., 2000). Mutation of b-catenin Lys435 or Arg386 to
alanine was found to eliminate binding to the 15mers. In
the structure, Lys435 interacts with APC-rA Asp1022 to
form the ®rst charged button, and Arg386 forms numerous
contacts with Tyr1027 and Tyr1031 of APC-rA. Interest-
ingly, mutation of the alternative second charged button
lysine of b-catenin, Lys345, to Ala had almost no effect on
15mer binding (von Kries et al., 2000). These results,
together with the observation that the C-terminus of
APC-rA is disordered in one of the two independent copies
of the complex, suggest that the N-terminal core homology
region of APC-rA is more important for binding than the
C-terminal bulge.

The sequence conservation observed in APC 15 and
20mers (Figure 1B) can be rationalized from the structure.
Several residues that form speci®c side chain contacts with
b-catenin (Asp1022, Pro1024, Tyr1027, Tyr1031) are
highly conserved in 15mers or both 15 and 20mers.
Asn1026, Ser1028 and Lys1030 appear to contribute to the
stability of the C-terminal bulge, and are highly conserved
in 15mers. However, the reasons for conservation of some
residues are less obvious. The second `charged button' is
formed not by the conserved acid (Asp1033), but rather by
the residue that follows it (Glu1034). As the APC-rA

Fig. 2. Overall structure of the b-catenin±APC-rA complex.
(A) Overall view of the b-catenin±APC-rA complex. Cylinders
represent a-helices. b-catenin is gray, except for the H3 helices, which
are blue. The Ca backbone trace of APC-rA is shown in green. The
N- and C-terminus of each protein is labeled. (B) Comparison of the
Ca backbone positions of b-catenin-bound APC-rA (green, APC
residues 1021±1034), E-cadherin (blue, extended region residues
673±686) and XTcf3 (red, extended region residues 15±28). The
®gure was made by superimposing b-catenin in all three complexes
using the LSQ function in O (Jones et al., 1991), and observing the
relative positions of the three ligands. The N- and C-termini of APC-rA
are indicated; E-cadherin and XTcf-3 are parallel to APC-rA. The
®gure was generated using Molscript and Raster3D (Kraulis, 1991;
Merrit and Murphy, 1994).
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peptide makes no interaction with b-catenin between
Tyr1031 and Glu1034, there may be some ¯exibility as to
which of these acidic positions forms the second charged
button. Another residue for which the reason for conser-
vation is not immediately obvious is APC-rA Pro1024.
This residue makes hydrophobic contacts with b-catenin
Cys429, as does the leucine residue present at the
equivalent position in XTcf3 and E-cadherin. However,
a proline is invariant at this position in all APC 15 and
20mers. As proline residues are very restricted in their
allowed backbone conformations, this residue may be
responsible for reducing the entropic cost of binding of the
APC repeats.

E-cadherin and Tcf4 are unstructured in the absence of
b-catenin (Huber et al., 2001; Knapp et al., 2001). A
circular dichroism spectrum of the 15 amino acid repeat
region of APC shows no regular secondary structure,
suggesting that it too may be disordered (data not shown).
The XTcf3 and E-cadherin complexes bury 4820 and 6100
AÊ 2 of surface area, respectively (Graham et al., 2000;
Huber and Weis, 2001), as compared with 1220 AÊ 2 for the
APC-rA complex. Thus, in order to bind with reasonable
af®nity to b-catenin, it is likely that the APC 15mers bind
more ef®ciently within their limited interaction area.
Experiments comparing the binding af®nities of APC-rA
and the corresponding regions of XTcf3 (residues 15±25)

Fig. 3. Interactions in the b-catenin±APC-rA complex. (A) Comparison of b-catenin-bound APC-rA, XTcf3 and E-cadherin in the core homology
region of APC-rA. b-catenin residues are labeled in gray boxes. Other colors are as in Figure 2B. Contacts between APC-rA and b-catenin are drawn
as solid lines (non-polar interactions), dotted lines (hydrogen bonds) or dashed lines (salt bridges). APC-rA residue numbers are indicated in green.
(B) Comparison of b-catenin bound APC-rA, XTcf3 and E-cadherin in the region of the APC-rA bulge. Coloring and labeling is as in (A). Contacts of
b-catenin with APC-rA are drawn in gray, and those with XTcf3 and E-cadherin in red. (C) Stabilizing forces in the APC-rA C-terminal bulge.
b-catenin is drawn in a surface representation, colored blue for positive and red for negative electrostatic potential at the 10 kT/e level. The APC-rA
peptide is colored by atom type with carbon white, oxygen red and nitrogen blue. Although no density is seen for the APC-rA Lys1030 or Asp1033
side chains in the structure, they are modeled (gray side chains) to demonstrate their likely interactions with regions of electrostatic potential on the
surface of b-catenin. Hydrogen bonds between backbone and side chain atoms within the peptide are drawn as dotted lines. The Leu 1029 side chain
is not shown for clarity. (A) and (B) were generated using Molscript and Raster3D (Kraulis, 1991; Merrit and Murphy, 1994).
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and E-cadherin (residues 673±683) (Figure 1C) reveal that
APC-rA does in fact bind to the extended region binding
site of b-catenin with higher af®nity than the other two
ligands. This may be a result of more favorable contacts by
the bulge region of APC-rA as compared with the
C-terminal residues of the XTcf3 and E-cadherin extended
regions, or of the entropic advantage provided by the
conserved proline in the APC repeats.

A fourth 15mer in mammalian APCs
While studying the conservation of APC 15mer repeats,
we noticed a previously unreported fourth sequence in
human APC that is similar to the known 15mers. This
sequence (residues 1173±1187), which we refer to as
repeat D, lies just C-terminal to repeat C (residues
1156±1170). Similar fourth 15mer sequences are found
in the equivalent position in rat (residues 1171±1185) and
mouse (residues 1172±1186) APCs. Each of these
sequences scores as highly signi®cant in a MAST search
for 15mer related sequences in the non-redundant protein
database (Henikoff et al., 1995; Bailey and Gribskov,
1998) (see Materials and methods). All residues observed
to make contacts with b-catenin in APC-rA are conserved
in human, mouse and rat repeats D (Figure 1B).

Insights into binding of the APC 20mers
The homology between the N-terminal regions of the APC
15 and 20mer repeats (Figure 1B) suggests that the APC
20mers may bind to b-catenin by a mechanism similar to
that of APC-rA binding (Figure 4A, top panel). Alignment
of the core homology region of the 20mers with that of the
15mers results in a reasonable alignment with E-cadherin
and XTcf3, even outside of the core homology region.
Serines from the 20mer C-terminus (e.g. hAPC-1 Ser1276
and 1278) align with the ®rst two phosphoserines seen in
the E-cadherin structure (pSer684 and 686) and two
glutamic acid residues from XTcf3 (Glu26 and 28)
(Figure 1B). This alignment is consistent with data on
the binding of an APC 20mer construct to a series of
b-catenin point mutants (von Kries et al., 2000). The two
mutations that eliminate APC 20mer binding (Lys345Ala
and Trp383Ala) are in residues that interact with Glu1034
of APC-rA, at the C-terminus of the 15mer peptide
(Figure 4A).

In order to assess whether the 15 and 20mer repeats of
APC bind at the same site on b-catenin, we tested whether
the two classes of repeats could compete for binding to
b-catenin (Figure 4B). A construct containing 15mer
repeat A (APC-fA) could compete with binding of a
construct containing two 20mer repeats (APC-2,3). The
ef®ciency of the observed competition (with signi®cant
reduction of APC-2,3 binding even at a 1:1 ratio with
APC-fA), suggests an extensive overlap between the
binding sites of the two proteins. However, it remains
possible that the 15 and 20mer binding sites are distinct but
overlapping, or that presentation of the binding repeats
within the larger constructs may result in steric clashes,
even if their binding sites do not overlap.

The theory that the core homology regions of the 15 and
20mer repeats bind at the same site differs from a proposed
mechanism for 20mer binding derived from the b-catenin±
E-cadherin complex structure (Huber and Weis, 2001). In
that structure, a Ser-Leu-Ser-Ser-Leu (SLSSL) sequence

from E-cadherin bound to b-catenin in a phosphorylation-
dependent manner, with phosphoserines at consensus
GSK3b sites within and just N-terminal to the SLSSL
sequence interacting with b-catenin. An SLSSL sequence
is conserved in the C-terminal region of the 20 amino acid
b-catenin binding repeats of APC (Figures 1B and 4A,
bottom panel), suggesting that this region of the 20 amino
acid repeats can interact with the SLSSL binding region.
This hypothesis is consistent with mutagenesis experi-
ments (Graham et al., 2000), which show that the binding
of b-catenin to an APC construct containing both 15
and 20mer repeats was affected by mutations in the
SLSSL binding site of b-catenin (Phe253Asp/Phe293Asp,
Ala295Trp/Ile296Trp) (Figure 4A) (Graham et al., 2000;
Huber and Weis, 2001). As several hydrophobic residues
from the SLSSL region of E-cadherin make contacts with
b-catenin, binding at the SLSSL site need not be entirely
dependent upon phosphorylation. However, phosphoryl-
ation of the GSK3b consensus sites in E-cadherin
increases its af®nity for b-catenin 1000-fold (Huber and
Weis, 2001; A.H.Huber and W.I.Weis, in preparation).
Likewise, GSK3b phosphorylation of the 20 amino acid
repeat region of APC has been shown to increase its
af®nity for b-catenin (Rubinfeld et al., 1996).

Alignment of the SLSSL sequence of an APC
20mer (e.g. hAPC-1, residues 1278±82) with that from
E-cadherin (residues 690±694) results in the alignment of
a conserved 20mer serine (hAPC-1 Ser1272) with an
upstream GSK3b site in E-cadherin (pSer686) (Figure 4A,
bottom panel). This serine corresponds to the last residue
of the 20mer core homology region. However, E-cadherin
pSer686 binds to b-catenin >18 AÊ from the end of the
core homology region-binding site (APC-rA Ser1028)
(Figure 4A). Thus, it would be impossible for a single
20mer repeat to bind by both mechanisms simultaneously.
As the structural, sequence and mutagenesis data provide
evidence for each binding mechanism we suggest that the
20mers can adopt two distinct binding modes, and that
phosphorylation may act as a switch between these modes.

What might be the role of two binding modes in
b-catenin degradation? Although the role of APC in the
degradation complex is not fully understood, it is likely to
include sequestration of b-catenin from Lef/Tcf before
degradation and presentation of b-catenin for phosphoryl-
ation and degradation. The two binding modes could
simply increase the number of potential binding sites, and
hence the effective af®nity between APC and b-catenin.
Alternatively, the two binding modes could have distinct
roles; for example, the unphosphorylated 20mers, in
conjunction with the 15mers, may mediate the initial
binding and sequestering of b-catenin, whereas subsequent
phosphorylation of the 20mers and a switch in their mode
of binding to b-catenin could be important for ef®cient
presentation of b-catenin to GSK3b. The existence and
roles, if any, of these alternatives await further experi-
mentation.

Implications for drug design
A drug that could disrupt the Tcf±b-catenin complex
would be expected to halt the transcription of oncogenes
by this complex in many types of cancers. However,
any such compound must speci®cally disrupt the Tcf±
b-catenin complex without disrupting the interactions of
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Fig. 4. Implications for APC 20mer binding. (A) Two potential modes for APC 20mer binding. b-catenin is shown as a surface representation.
b-catenin residues whose mutation affected APC binding in previous experiments are colored. Those mutations that affected APC 20mer binding
(Lys345, Trp383) (von Kries et al., 2000) are shown in yellow. Residues whose mutation affected binding of a construct containing both 15 and
20mer repeats (Lys312, Phe253, Phe293, Ala295, Ile296) are magenta. (Top panel) The b-catenin±APC-rA structure is used as a model for core
homology region binding. The APC-rA Ca trace is drawn as a green tube. (Bottom panel) The SLSSL region of E-cadherin (residues 686±694) is
shown in its binding site, as a model for SLSSL-region binding. The E-cadherin Ca trace is drawn as a blue tube. The sequence alignment between the
panels shows human APC 20mer repeat 1 (hAPC-1) aligned with human APC 15mer repeat A (hAPC-A) and E-cadherin as would be predicted by
each of the models. The relative positions of hAPC-A and E-cadherin have been preserved as in Figure 1B, and the hAPC-1 sequence is moved to
align with each, demonstrating the two binding modes. Conserved core homology region residues are highlighted in gray, conserved SLSSL region
residues in yellow. Arrows indicate the predicted position of hAPC-1 Ser1274 in each structural model. The binding sites for this residue in the two
models are separated by more than 18 AÊ . (B) A construct containing a single 15mer repeat competes with a 20mer construct for binding to b-catenin.
See Figure 1A for identi®cation of the constructs used. Lane 1, 0.5 nmol APC-2,3; lane 2, 0.5 nmol APC-fA; lanes 3±8, GST-pulldown assays with
constant GST-b-catenin and APC-2,3 and increasing amounts of competing APC-fA. Note: the maximum level of competitor contains 33 times more
APC-fA than APC-2,3, or 16.5 times more 15mer repeats than 20mers. The antibody used for western blotting reacted poorly with the APC-fA
construct, as it was generated to a fragment of APC containing only a 2 amino acid overlap with APC-fA. See Materials and methods for details.
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b-catenin with cadherins or APC. Disruption of the
b-catenin±cadherin complex could lead to decreased cell
adhesion and an increased likelihood of metastasis
(Guilford et al., 1998; Perl et al., 1998); interfering with
the b-catenin±APC interaction would result in more free
b-catenin that is available for Tcf complex formation. The
structure of the APC-rA±b-catenin complex suggests the
C-terminal portion of the extended region, in the area of
the APC-rA bulge, as a potential target for such thera-
peutics. Although the interactions of XTcf3 in this
region are the same as for E-cadherin, the extensive
interaction interface (6100 AÊ 2 buried surface area)
observed in the E-cadherin complex suggests that this
complex may be refractory to localized interference. This
is supported by the observation that single alanine
mutations were unable to disrupt the b-catenin±
E-cadherin complex (W.Birchmeier, personal communi-
cation). Alternatively, regions of Tcf±b-catenin interaction
outside of the extended region may also present attractive
targets. However, interactions N-terminal to the extended
region have not been shown to be critical for Tcf binding,
and the C-terminal SLSSL-binding region is likely to be
important in 20mer binding (Graham et al., 2000; von
Kries et al., 2000). Thus, detailed structural information
about the interaction of the 20mers with b-catenin will be
required for rational design of any such therapeutic.

Materials and methods

Expression and puri®cation of proteins
The armadillo repeat region of b-catenin (residues 134±671 of murine
b-catenin) and glutathione S-transferase (GST)±b-catenin were produced
as described previously (Huber et al., 1997, 2001).

To produce APC-2,3, amino acids 1362±1539 of human APC were
over-expressed with a C-terminal His6 tag in Escherichia coli BL21-
CodonPlus-RIL cells (Stratagene), using the pET-29 vector (Novagen).
Cells were grown in Luria±Bertani medium at 37°C to an OD of 0.6±0.8,
induced with isopropyl-b-D-thiogalactopyranoside (IPTG) to a concen-
tration of 0.2 mM, and grown for another 3±4 h at 37°C. Cells were spun
down at 3500 g, and pellets were resuspended in a buffer containing
50 mM Tris pH 8.0, 300 mM NaCl, 10 mM imidazole, 0.1%
b-mercaptoethanol and 0.5 mM phenylmethylsulfonyl ¯uoride (PMSF).
Before lysis, protease inhibitors were added to a cell suspension to ®nal
concentrations of 1 mM PMSF, 2.1 mg/ml aprotinin, 2.5 mg/ml
pepstatin A, 1 mg/ml leupeptin and 0.5 mg/ml E64. Cells were lyzed
using an SLM-AMINCO French Press at a maximum pressure of
1200 p.s.i., and lyzates were spun at 300 000 g for 30 min at 4°C to
remove any insoluble material. Protein was batch-puri®ed by incubation
with 1.25 ml Ni-NTA±agarose (Qiagen) per 1 l cell culture. Beads were
washed in a buffer containing 50 mM Tris pH 8.0, 300 mM NaCl, 20 mM
imidazole, 0.05% Tween-20 and 0.1% b-mercaptoethanol plus the above-
mentioned protease inhibitors, and eluted in the same buffer with the
imidazole concentration increased to 250 mM. The protein was
concentrated and exchanged into Mono Q buffer [50 mM Tris pH 8.5,
2 mM dithiothreitol (DTT), and the above-mentioned protease inhibitors]
using an Amicon Centricon Plus 20 concentrator (PES membrane, 5000
MWCO), then puri®ed using anion-exchange chromatography (Mono Q;
Pharmacia), with elution by a NaCl gradient. The protein was then further
puri®ed using size-exclusion chromatography (Superdex 200 HR;
Pharmacia) in 50 mM Tris pH 8.5, 150 mM NaCl, 2 mM DTT plus the
above-mentioned protease inhibitors.

APC-fA (amino acids 1001±1069) was expressed as for APC-2,3,
except with an N-terminal GST tag using the pGEX-2T vector
(Pharmacia). Cells were resuspended in a buffer containing 13
phosphate-buffered saline (PBS), 1 M NaCl, 0.05% Tween-20, 2 mM
EDTA, 0.1% b-mercaptoethanol and 0.4 mM PMSF, and lysed and spun
as for APC-2,3. Protein was batch puri®ed using glutathione agarose (5 ml
beads/l of original culture), cleaved with thrombin to remove the GST tag
(6 U thrombin/1 ml beads, 90 min at 22°C) and puri®ed using the same
chromatographic steps as for APC 2,3.

The APC-rA (residues 1021±1035 of human APC), APC-rAL (residues
1015±1040), Tcf-ext (residues 15±25 of XTcf3) and Cad-ext (residues
673±683 of murine E-cadherin) peptides were produced by Fmoc
synthesis and puri®ed to >95% purity by HPLC (Biopeptide Co.).

Crystallization, data collection and processing
Crystals resembling clusters of plates were obtained using the hanging
drop vapor diffusion method at 20°C, with a well solution of 10% PEG
8000, 100 mM Na/K phosphate pH 6.2, 200 mM NaCl, 5 mM DTT and a
protein solution of 75 mM b-catenin and 92 mM APC-rA. A single plate of
~200 3 200 3 <5 mm was dissected from a cluster and soaked in well
solution plus 1.3 mM APC-rA for 1 week. Later examination of the
crystal packing indicated that the peptide was almost certainly co-
crystallized, as the crystal packing was too tight to allow the peptide to
have entered by diffusion. Additionally, the fact that this crystal form has
not been observed previously for the b-catenin arm-repeat domain
suggests that this form is unique to this peptide complex.

Data were measured from a single crystal at a wavelength of 0.97 AÊ at
the Stanford Synchrotron Research Laboratory (SSRL) beamline 11-1.
The crystal was adapted directly from the soak solution to a buffer
consisting of well solution plus 25% glycerol, and frozen in a 100 K liquid
nitrogen stream. A total of 180° of data were measured, using a 150 s
exposure and 0.5° oscillation frames on an ADSC Quantum4 CCD
detector. The crystal-to-detector distance was 225 mm. Radiation decay
prevented the collection of data from a single crystal at higher
redundancy, and scaling of data from multiple crystals failed due to
non-isomorphism. Diffraction data were processed and scaled using
DENZO and SCALEPACK (Otwinowski and Minor, 1997). The data
were highly anisotropic, resulting in a relatively high Rmerge (Table I).
There are two b-catenin±APC-rA complexes per asymmetric unit, with a
solvent content of 44%.

Phasing, model building and re®nement
All phasing and re®nement was performed in CNS (BruÈnger et al., 1998).
Phases were determined by molecular replacement, using b-catenin
molecule A from the b-catenin±XTcf3 complex structure (Graham et al.,
2000) (Protein Data bank ID code 1G3J) as the search model. After
placement of both copies of b-catenin, rigid-body re®nement was
performed by breaking each copy of b-catenin into two halves (residues
134±390 and 391±664) to allow for the molecular ¯exibility previously
observed in this protein (Huber et al., 1997). The R and Rfree values were
45.7 and 46.4%, respectively, after rigid-body re®nement. The model was
re®ned using a maximum likelihood target and all data between 30 and
3.1 AÊ . Rounds of simulated annealing (®rst two rounds) or minimization
(all subsequent rounds) and group (®rst three rounds) or individual (all
subsequent rounds) temperature factor re®nement were interspersed with
model building in O (Jones et al., 1991). Overall anisotropic temperature
factor (Sheriff and Hendrickson, 1987) and bulk solvent corrections
(Jiang and BruÈnger, 1994) were applied throughout the re®nement. NCS
restraints were applied to b-catenin (with each molecule again broken in
two pieces) throughout re®nement, and to the peptide only in the last
round. The two copies of the complex were overlaid (using the lsq
function in O; Jones et al., 1991) before using NCS restraints, in order to
identify any regions of real difference in structure for which NCS
restraints should not be applied (residue 1021 of APC-rA). Use of NCS
restraints was validated at each round by comparison of Rfree values from
minimization and B-factor re®nement with and without NCS restraints,
and at varying degrees of stringency. Re®nement statistics are shown in
Table I.

The ®nal model contains 1026 amino acids of a possible 1106 (see
Results and Discussion for details), 72 water molecules and one glycerol
molecule. Coordinates and structure factors have been submitted to the
PDB, under the accession code 1JPP.

Binding assays
For the APC-fA peptide competitive binding experiments (Figure 1C),
1 nmol of GST±b-catenin was combined with 50 ml of glutathione
agarose, 5 nmol APC-fA and 5, 20, 80, 320 or 1280 nmol of peptide in a
total volume (including beads) of 200 ml. Additional experiments at twice
these protein concentrations yielded similar results, and are included in
the data presented in Figure 1C. Protein concentrations were determined
by absorbance at 280 nm, using extinction coef®cients calculated from
the protein sequence (Creighton, 1995). Proteins were incubated for 1 h at
4°C in the presence of 50 mM Tris pH 8.5, 150 mM NaCl, 0.05%
Tween-20, 1 mM DTT and 1 mM PMSF. Beads were washed twice in
1 ml of the above buffer, resuspended in SDS loading dye and run on
SDS±PAGE gels for analysis. The intensities of the APC-fA bands were
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quanti®ed using the NIH Image program (developed at the US National
Institutes of Health and available on the Internet at http://rsb.info.nih.gov/
nih-image/).

For the APC-fA/APC-2,3 competitive binding experiment (Figure 4B),
2 nmol of GST±b97 was combined with 50 ml of glutathione agarose,
2 nmol of APC 2,3, and 0, 0.66, 2, 6.6, 20 or 66 nmol of APC-fA in a total
volume (including beads) of 250 ml. Reactions were incubated, beads
were washed and run on SDS±PAGE gels as above. Proteins were then
transferred to nitrocellulose membranes. Blots were blocked with 5%
powdered milk in Tris-buffered saline containing 0.05% Tween-20, and
APC detection was performed using a 1:1000 dilution of a rabbit
polyclonal antibody to APC residues 1034±2130 (a gift from P.Polakis) in
the same solution. Blots were developed using a 1:80 000 dilution of a
horseradish peroxidase-linked anti-rabbit secondary antibody (Sigma)
and the ECL system (Amersham).

Sequence analysis
For the MAST search for 15mer repeats, repeats A to C of human APC, A
and B of Drosophila APC and A and B of Drosophila APC2 were aligned
using BLOCK MAKER (Henikoff et al., 1995). The resulting block was
used to search the non-redundant protein database using MAST (Bailey
and Gribskov, 1998). hAPC-D, rAPC-D and mAPC-D scored as highly
signi®cant matches, with E-values (expected number of random
sequences that would score that high, given the size of the database
searched) of 3.2 3 10±11, 5.8 3 10±11 and 5.8 3 10±11, respectively. The
sequences used to generate the block had E-values between 1.3 3 10±14

(eAPC-B) and 4.8 3 10±18 (eAPC-A) in the same search. hAPC-A had an
E-value of 8.6 3 10±10 in a similar search using a block generated from
the other six 15mers. A fourth sequence from Xenopus APC (residues
1883±1897) also scored as signi®cant, although with a signi®cantly lower
E-value (4.8 3 10±5). However, several residues involved in contacts in
the APC-rA structure were not conserved in this sequence.
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