
a mimic of the smaller f~~nctional epitope 
may suffice. Our findings suggest starting 
points for these design strategies. 
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Solution Structure of the Epithelial Cadherin 
Domain Responsible for Selective Cell Adhesion 
Michael Overduin, Timothy S. Harvey, Stefan Bagby, Kit I. Tong, 

Patrick Yau, Masatoshi Takeichi, Mitsuhiko Ikura* 

Cadherins are calcium-dependent cell adhesion molecules containing extracellular re- 
peats of approximately 11 0 amino acids. The three-dimensional structure of the amino- 
terminal repeat of mouse epithelial cadherin was determined by multidimensional het- 
eronuclear magnetic resonance spectroscopy. The calcium ion was bound by a short a 
helix and by loops at one end of the seven-stranded p-barrel structure. An exposed 
concave face is in a position to provide homophilic binding specificity and was also 
sensitive to calcium ligation. Unexpected structural similarities with the immunoglobulin 
fold suggest an evolutionary relation between calcium-dependent and calcium-indepen- 
dent cell adhesion molecules. 

Selective interactions between cells that 
lead to morphogenesis require the action of 
cell adhesion molecules (CAMS). The cad- 
herin and immunoglobulin (Ig) CAM super- 
families provide Ca2+-dependent and Ca2+- 
independent cell adhesion, respectively (1 ). 
Most vertebrate and some invertebrate cells 
express at least one cadherin and require 
Ca2+ to form solid tissues. Loss of epithelial 
cadherin (E-cadherin) expression is correlat- 
ed with the invasive potential of tumor cells 
(2).  The 30 known cadherins typically con- 
tain five extracellular reueats (here termed 
CAD repeats), a single membrane-spanning 
region, and a cytoplasmic region. The NH2- 
terminal CAD (CADI) repeat is essential 
for the homophilic binding specificity that 
directs "like" cadherins to associate (3). The 
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cytoplasmic region of E-cadherin (also called 
uvomorulin) is anchored to cytoskeletal ac- 
tin microfilaments through catenins (4). 
Here we present the solution structufi of the 
CAD1 domain of E-cadherin spanning ami- 
no acids 1 through 104 (referred to hereafter 
as E-CADI), determined in the presence of 
Ca2+ from 1793 nuclear magnetic resonance 
(NMR)-derived structural restraints (5). 

The structure of E-CAD1 contains seven 
p strands (PA through PG) and two short a 
helices (ctA and ctB) (Fig. 1A). All P strand 
pairings are antiparallel except for that be- 
tween PA' and PG, with a 6-barrel topology 
similar to that of the Ig constant (C) domain 
(6). Bulges in PB and PG contribute to the 
curling of the p sheet into a barrel shapi: 
(Fig. 1B). A proline-proline junction be- 
tween PA and PA' bridges the two ends of 
the sheet. Despite its helical appearance, the 
backbone dihedral angles in the CD loop are 
not compatible with a helix.,The DE and FG 
junctions are p hairpin turns. Conservation 
of the p-barrel fold of E-CAD1 among other 
CAD repeats is evident from the alignment 
of structurally critical proline, glycine, and 
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buried hydrophobic residues (Fig. 1C). The 
length and spacing of the secondary structure 
elements are also conserved, which indicates 
that additional P strands are unlikely to be 
inserted into the fi barrels of other CAD 
domains. 

The homophilic binding specificity of 
cadherins appears to be governed by their 
CADl domains through a surface that in- 
cludes the HAV (7) motif. Cell adhesion 
mediated by E-cadherin has been shown to 
be inhibited by peptides containing this mo- 
tif (8). Partial specificity for placental cad- 
herin (P-cadherin) can be conferred on E- 
cadherin by Ser78+Gly7a and Sera3+ Glua3 
mutations that border the HAV motif (3). 
The Hi~~~-Ala-Val sequence, Ser7a, and 
Sera3 are found in or following PF of the 
E-CAD1 structure (Fig. 1A). Additional el- 
ements must contribute to homophilic bind- 
ing specificity, because the conversion of 
specificity due to the two point mutations 
was only partial. We propose that the con- 

cave PCFG surface of CADl domains pro- 
vides cadherins with homophilic specificity. 
Solvent-exposed amino acids on this surface 
include Lys33 preceding PC, Phe35 and Seg7 
in PC, His79 and Vala1 in PF, Sera3-Glya5 in 
GF, and G l ~ ~ ~ - P r o ~ ~  in PG. The analogous 
PCFG face of CD2, a T cell-specific CAM 
of the Ig superfamily (9) ,  interacts with 
CD58 (10). Although the binding partners 
of CADl domains have not yet been estab- 
lished, the monomeric state indicated by 
NMR and other studies of the cadherin 
polypeptide (5) suggests that E-CAD1 binds 
to an E-CAD domain other than itself 
through this PCFG surface. 

The Ca2+ binding site of E-CAD1 was 
inferred by identification of amino acid res- 
idues whose backbone 13C0, 15N, or 'HN 
chemical shifts differed between Ca2+- 
bound and Ca2+-free forms (Fig. 2A). 
Chemical shift changes indicate structural or 
dynamic perturbations expected from such 
interactions. The three elements in E-CAD1 

exhibiting the most chemical shift changes 
are Pro1'-Glu-Asn-Glu in the AB loop, 
Le~~~-As~-Arg-Glu in aB, and the Asp1O0- 
Gln-Asn-Asp sequence following PG. A 
negatively charged pocket is formed by these 
three elements with the side chains of the 
highly conserved Glu", Gld9, and Asp1O0 
well positioned to ligate Ca2+ (Fig. 2B). 

The proposed homophilic specificity sur- 
face is also sensitive to Ca2+ ligation. In 
particular, His79 and the juxtaposed Met92 
display large chemical shift changes on ad- 
dition of Ca2+ (Fig. 2A). These effects do 
not suggest a second Ca2+ binding site be- 
cause no negatively charged residues in this 
region were found to exhibit substantial 
Ca2+-induced chemical shift changes. 
Rather, they likely represent an indireq 
effect of Ca2+ ligation in a pocket 20 A 
away. This Ca2+-induced conformational 
effect on the homophilic specificity surface 
may reflect a mechanism by which Ca2+ 
levels regulate the adhesiveness of cad- 

Fig. 1. Structure of the A NH2-terminal CAD domain 
of E-cadherin (7). (A) 
Schematic drawing of the 
topology with the seven $ 
strands ($A through $G) 
depicted as arrows and 
the two a helices (aA and 
aB) as ribbons. Strands 
PC, $F, and $G are shown 
in yellow, the remaining $ 
strands in green, and a he- 
lices in magenta. Loops 
are referred to by the 
names of the secondary 
structure elements they 
join, so that AB refers to 
the loop between $A and 
$B. This strand nomencla- 
ture is consistent with that 
of the immunoglobin fold 
(9). The amino acid num- 
bers indicated at the C 
boundary of the second- 
ary structural elements are s 

SDRLmNL.. . 
derived from fully pro- :gi 
cessed E-cadherin (76). n-crrru 
Blue type indicates amino a-1 
acids implicated in Ca2+ li- "-' 
gation, red type indicates ~ g e r  

involvement in adhesion 
(3, 8), and bold type indi- 
cates buried side chains. The NH2- and COOH-termini are indicated by N and Lennard-Jones X-PLOR potential energies are 2487 2 48, 37.4 2 5.8, and 
C. The putative homophilic specificity surface and calcium binding pocket are - 158 ? 17 kcal mol-l, respectively (calculated with the use of a square-well 
enclosed in dashed lines. (6) Superposition of the backbone heavy atoms (N, potential for the NOE empirical energy term with a force constant of 50 kcal 
Ca, and C) of 20 structures of residues 1 to 104. The color coding is the same mol-l A-2). (C) Structure-based alignment of CAD domain sequences con- 
as in (A), except that nonregular structure is in blue and heavy atoms of buried serving the positions of amino acids that are buried or in tums in mouse 
side chains are shown in orange. The solvent-exposed side chains of His79, E-CADI . CAD1 domains of mouse neural cadherin (N-CADI), murine placen- 
Vala1, and S e P  are depicted with their heavy atoms in red. Average root tal cadherin (P-CADI), chicken retinal cadherin (R-CADI), chicken brain cad- 
mean square (rms) distributions for backbone and all heavy atoms of amino herin (B-CADI), and mouse E-CAD2, 3, 4, and 5 domains are compared. 
acids 1 to 100 from the mean structure are 0.66 and 1.09 A, respectively. The Secondary structural elements are shown by boxes colored as in (A), with their 
rms deviation from the distance restraints is 0.021 2 0.0003 A and from notation indicated above the boxes. Colored bars indicate junctions or bulges. 
dihedral restraints is 0.60" ? 0.05". Average rms deviations from idealized Calcium-binding sequences are in blue type, HAV motifs of CAD1 domains 
geometry used within the program X-PLOR 3.1 (7 7) for bonds, angles, and are red, buried positions are bold, and the four conserved cysteine residues in 
impropers are 0.009 A, 2.1°, and 1.l0, respectively. The total, NOE, and E-CAD5 are underlined. 
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herins. Indeed, conservative point muta- 
tions within the NHz-terminal Caz+-bind- 
ing pocket abolish adhesion (1 1 ). 

The DAD (7) sequence of E-cadherin has 
been shown to possess Caz+-binding activity 
through peptide studies (1 I ). Although this 
sequence is located in the structurally disor- 
dered COOH-terminal region of the cad- 
herin polypeptide used here (3, the DAD 
sequence does display substantial Caz+-de- 
pendent chemical shift changes (12). This 

DAD sequence connects $B and a A  of E- 
CAD2 (Fig. 1C). With the use of the crystal 
structure of the tandem fibronectin type I11 
domains of neuroglian bound to a metal (1 3) 
as a template, a single Caz+-binding pocket 
could be modeled by the PB-aA junction of 
E-CAD2, AB and a B  of CADI, and the 
linker between E-CAD1 and E-CAD2 (1 2). 
Each tandem pair of CAD domains contains 
these four Caz+-binding motifs that can 
form a shared Caz+-binding pocket (Fig. 3). 

A d n o  add rwktue number 

Four Caz+-binding pockets could be formed 
by the five CAD domains of an E-cadherin 
molecule. The CADl domains of various 
cadherins do not possess the DAD motif, and 
CADS domains have no PEN, LDRE, and 
DXND (7) motifs (Fig. 1C). This is consis- 
tent with the idea that CADl and CADS 
each lack one neighbor CAD domain to 
help coordinate CaZ+. The ligation of Ca2+ 
between tandem CAD domains explains the 
vulnerability of cadherins to proteolytic deg- 
radation when CaZ+ is depleted ( I  ). Remov- 
al of Ca2+ would alter the junction between 
tandem CAD domains and would likely ex- 
pose the linkers to proteases. The binding of 
CaZ+ at articulation points between CAD 
domains could provide the rigidity suggested 
by the Caz+-induced change of the entire 
extracellular region of E-cadherin from a 
globular to a rod-like structure that was ob- 
served by electron microscopy (1 4). 

The cadherin and Ig CAMs have been 
considered to constitute distinct superfami- 
lies because of the lack of obvious sequence 
homology (1 ). However, the E-CAD1 struc- 
ture reveals marked structural similarities be- 
tween the two superfamilies. E-CAD1 and 
probably other CAD domains share similar 
folding topologies with the extracellular do- 
mains of Ig CAMs such as CD2 and CD4 
(9) .  The NH2- and COOH-termini of the 
extracellular domains of both superfamilies 
project from opposite ends of the individual 
$-barrel folds, enabling multiple domains to 
be strung in tandem (Fig. 3). 

The E-CAD1 structure differs from the Ig 

Fig. 3. Proposed modular architecture of E-cad- 
herin (7). A schematic drawing of E-cadherin mol- 
ecules presented by two cells is shown. CAD do- 
mains are depicted as brown barrels, cytoplasmic 
domains (CYT) as yellow-red ellipses, and mem- 
brane-spanning regions as pink cylinders. Cell 
membranes are shown in green. The HAV-con- 
taining surfaces on the CAD1 domains contribute 
to homophilic binding specificity between cad- 
herins, although their binding targets are not yet 
known. Calcium ions are represented by blue 
spheres that are sandwiched between tandem 
CAD domains by the four Ca2+-binding sequenc- 
es seen in the enlargement of E-CAD1 and E- 
CAD2 on the right side. 
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C fold in several ways. The seven P strands 
of E-CAD1 are all connected by interstrand 
hydrogen bonds to form an almost complete- 
ly cylindrical P barrel. The Ig C domain, on 
the other hand, consists of two distinct P 
sheets to which additional strands are added 
to form other variants of the Ig fold (9). The 
greater twist of the p sheets required to form 
a cylindrical P barrel results in a more obtuse 
angle between the directions of the packed P 
strands in the CAD domain. Thus, the struc- 
tures of the two domains are virtually non- 
superimposable. The metal binding pocket 
found in E-CAD1 is absent in the Ig C 
domain (9), whereas the conserved disulfide 
bond between PB and PF of the Ig C fold is 
not present in CAD domains. Membrane- 
proximal CAD5 domains contain four con- 
served cysteine residues (Fig. 1C) that may 
form a disulfide bond or bonds (15). In light 
of the structures of E-CAD1 and an Ig do- 
main in CDZ containing a disulfide bond 
(9), the first cysteine residue of CAD5 (Fig. 
1C) is able to form a disulfide bond with the 
second or third cysteine of CAD5, thus sta- 
bilizing the PA'-PG pairing. 

Topological similarities between indi- 
vidual extracellular domains of cadherins 
and Ig CAMS identified here can be ex- 
plained either by divergent or convergent 
evolution. A n  ancestral CAM domain may 
have diverged into Ca2+-dependent and 
Ca2+-independent forms while retaining 
modular features that are still shared by the 
cadherin and Ig superfamilies. Alternative- 
ly, the independent evolution of analogous 
extracellular domains by these two super- 
families would attest to the stability and 
particular suiability of this P-barrel fold for 
cell-cell adhesion. 
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Transcription Factor ATFP Regulation by the 
JNK Signal Transduction Pathway 

Shashi Gupta, Debra Campbell, Benoit Derijard, Roger J. Davis* 

Treatment of cells with pro-inflammatory cytokines or ultraviolet radiation causes acti- 
vation of the c-Jun NH2-terminal protein kinase (JNK). Activating transcription factor-2 
(ATF2) was found to be a target of the JNK signal transduction pathway. ATF2 was 
phosphorylated by JNK on two closely spaced threonine residues within the NH2-terminal 
activation domain. The replacement of these phosphorylation sites with alanine inhibited 
the transcriptional activity of ATF2. These mutations also inhibited ATF2-stimulated gene 
expression mediated by the retinoblastoma (Rb) tumor suppressor and the adenovirus 
early region 1A (EIA) oncoprotein. Furthermore, expression of dominant-negative JNK 
inhibited ATF2 transcriptional activity. Together, these data demonstrate a role for the JNK 
signal transduction pathway in transcriptional responses mediated by ATF2. 

Activating transcription factor-2 [ATFZ 
(also designated CRE-BPI)] is a member of 
a group of transcription factors that bind to 
a similar sequence located in the promoters 
of many genes (1 ). There has been consid- 
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erable interest in the role of ATF2 because 
this transcription factor binds to several 
viral proteins, including the oncoprotein 
E1A (2, 3), the hepatitis B virus X protein 
(4), and the human T cell leukemia virus-1 
Tax protein (5). ATFZ also interacts with 
the tumor suppressor gene product Rb ( 6 ) ,  
the high mobility group protein HMG I(Y) 
( 7 ) ,  and the transcription factors nuclear 
factor-KB (NF-KB) (7)  and c-Jun (8). 
These protein-protein interactions lead to 
increased transcriptional activity. The func- 
tion of ATFZ may therefore be determined 
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