
EGTA, 10 mlvi Pepes ans 1 1pi.1 tetrodotox n ITTX, 
P~pettes viere f led vi th 20 mlvi BaCl, 90 1ni.1 cho- 
n e  chlor rle 10 mi.1 t e t ~ ~ e t h ~ a l n l 7 o n l ~ l n  TEA] 10 
mbl Hepes, and 500 nbv4 B q  X 8 3 4  The liH vias 
7 3 for all solut~ons I f  necessary osmolar~t) Lvas 
adjusteel ;.<th sucrose to 300 niosi'A for the bath ans 
290 mosM for ;lie p~pette so l i~ t~sn '.We accom- 
p shed leak si~bt*act on 07 -ne  by aberagng 10 to 
15 recorses lea* currents of oppos te polarity (same 
magnltuse, and aaang them to the records L V I ~ ~  

channel open ngs. 
18 Amrage current n a patch is gven by ,' = >\In,!. 
19 R i o r n  B~oni;/s J 60, 4 3  (1 991 I; F. J S~g' i~orth 

and J. Zho i~ ,  In '$c:~;ocrs ~ ~ ~ O : z y ~ c : o g ~ . ~ ,  €2 Rmy  and 
L. E, verson, Eds IAcaaem~c Press, Ne;v "or* 
1992: pp 7 1 6 4 5 2  The method of max7Jm SI- 
multaneous open ngs vias ~ ~ s e d  to determine ,'v by 
rnclng the max m a  nstantaneous c~lrrent I: ,,,: n 
any of tlie 30 depoarzat ons to +I 0 lnV 1 5 0  17s; 
and d \ ,s~ng by the snge-channel a ~ ~ p l ~ t ~ l a e ,  at -1 0 
mVto g be N [('i = 1 ,  c , .  I I Ths methos appears ro be 
acc~rate  '!!hen n, s reat vely hgl i ,  In the present 
stusy D; for L-type chatines $$)as sgnfcant ly ee-  
vates by tlie presence or Say X 3 6 4  ancl the Llse or 
.raxlma1ly actlvatng votage :+ I0  11iV'. To ensure 
that ;;, ;vas s~lf f  c~enty  I igh  at tlie nstantaneoils 
peai,  ?,e analyzes tlie fract on of repet the t r a s  on 
L V ~  ch the r iax mul-I 5,aIte ?,as obser~,es rf,,,.,; If 
i, <, IS above 0 1 the I kel hood that the maxlmuni 
peak o~verap of clJrrent s an accurate estmate of iL 
's q-r~te I igh  In our patches the niean I SEI.1 for 
fr,,.. n each age group Lvas as follo?,s young arlut 
0 31 i 0 03, md-ages, 0 30 i 0 06, and aged 0 31 
I 0.03 Because a value of 1 at - 10 mil ;.'!as not 
a\,aIao e for each patch Lve Jses the mean b a ~ e  of 
at -10 mV f o ~  each group (Fly 3A1. The t!all~e of I 

d d  not offer at ally voltage as a ft~nction of agng 
IFg 3A; 

20 Patch area la1 s n\!erseIy correlated ?din p~pette 
resstance 1,4; accorsng to tne relaton a = 12 6 :I. ,4 
- 0 01 8; [5  Sa*~nann ana E Nel ie~ n S ~ - ~ i C h a ' i -  
,mi h'ero~oicgs, 7 Saknann ancl E. Nelier, Eas 
(Plenum, Ne;; York 1983;, pp 37-51]. 'We carefi~ly 
montored patches for \!sble membrane n the p -  
pette r p  and tor unusual sucton surat ons All patcli- 
es for v ihch extenss!e ~ n e l ~ b r a n e  (oilier rhan rne 
small omega-shaped aomel ;.'!as \!IS ble in :he PI- 
perte t p  or that requ red nordnately long s ~ c t  on for 
a sea ?<ere excludes from rhe stusy There ;.'!ere 
rear~vely re~v or rhese ?,rh a s m  a r  Incsence In 
eacli g1.0~11) ana nearly a ~vere excludecl. In ally 
case, by the crteron of a In n11iit117 sea resistance or 
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Binding of APC to the Human Homolog 
of the Drossphila Discs Large Tumor 

Suppressor Protein 
Akihiko Matsumine, Akiko Ogai, Takao Senda, 

Nobuaki Okumura, Kiyotoshi Satoh, Gyeong-Hun Baeg, 
Takeo Kawahara, Shigeru Kobayashi, Masato Okada, 

Kumao Toyoshima, Tetsu Akiyama* 

The adenomatous polyposis coli gene (APC) is mutated in familial adenomatous polyposis 
and in sporadic colorectal tumors, and its product binds to the adherens junction protein 
p-catenin. Overexpression of APC blocks cell cycle progression. The APC-p-catenin 
complex was shown to bind to DLG, the human homolog of the Drosophila discs large 
tumor suppressor protein. This interaction required the carboxyl-terminal region of APC 
and the DLG homology repeat region of DLG. APC colocalized with DLG at the lateral 
cytoplasm in rat colon epithelial cells and at the synapse in cultured hippocampal neurons. 
These results suggest that the APC-DLG complex may participate in regulation of both 
cell cycle progression and neuronal function. 

T l i e  tumor suppressor gene .~PC 1s mutat- 
ed 111 liiost cases of famlllal adenomatolls 
po17'pous (FAP), a iiom~nantly inherited 
d~sease c11aractrr1:eii by mr~ltiple ailenariia- 
tous p o l y p u ~ i  the colo~i  (1 ,  2). The .IPC 
gene is also somaticall\; mutated In tlie ma- 
jor~ty of sPuracl~c colorectal tumors (2 ) .  MLI- 
tatloli of .4PC is thought to he an early 
elrent 111 tumorigenesis (3) .  

Tlie l:roduct of .lPC is a 32Q-liD ho- 
liioii~nierlc protein localireii In the cyto- 
plasm (4 ,  5).  The APC protell1 interacts 
\vltli tile adlierens junctioli protein p-cate- 
nin, a-h~ch sliggests that APC may 1.e In- 
volved 111 cell adllesioli (6) .  APC also asso- 
clates ~vitli m~crotubules and 1~1th a prote~n 

of unkno~vn f ~ ~ ~ l c t i o n ,  EB1, In cells overex- 
presslng transfecteii .iPC (7). Overexpres- 
sion of XPC blocks progressloll fl-om the 
G,-G; to the S phase of the cell cycle (8). 

To  identify other proteins tliat associate 
nit11 APC, lve performed a tn.0-hybrid 
screen of a 1iuma11 hrauli cDN.& library using 

\-aslous reglolls of APC as "halt" (9) .  One 
clone that scored posit~ve for lnteractio~i 
1~1th the COOH-terriilnal region of .&PC 
ciintalned a portlo11 of tlie cDS.& elicodllig 
DLG (alnlno acids 199 to 5Q7), tlie liuman 
lio~llolog of the D~osoph~in kscs large t~iiiior 
suppressor protell1 ( 1  0,  1 1 ). To confirnl tliat 
APC and DLG associate directly, we eu- 
pressed each as a elutatll~one-S-tralisferase 
(GST) fusion protelli and eualn~ned its ahll- 

A bv4atsun> ne, A Oga, K Satoh G -H Saeg, T 
AItlyalna Department of Oncogene Researcli, n s t l t ~ t e  Lty to iliteract with the other F'rotel11, pro- 
for M crob a Diseases, Osaka Un vers ty, Su t a  Osaka duced by 111 vltro tralislatloli (Fig. 1 ) .  111 
535. Japan. vitro-translated f~~ll- lengt l~ DLG associated 
T. Senda, T. .<a?<aIiara, S. Kobayash~, Depa~tnent of 
Anato17y 1, Nagoya 1J:.15,erslt!, Scl:ool of i'Aealcne, specificall\. n.ith the COOH-termlnal do- 
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Fig. 1. Association of APC with DLG in vitro (79); 
N. NH,-terminal domain: R, DHR domain: GK. 
guanylate kinase domain. (A) Left: In vitro-trans- 
lated (IVT), 35S-labeled DLG and APC and their 
deletion derivatives containing the regions indicat- 
ed in (D) were resolved by 15 to 25% gradient 
SDS-PAGE and fluorography. Right: GST fusion 
proteins purified by glutathione-Sepharose were 
separated by SDS-PAGE and stained with Coo- 
massie blue. GST-APC-C369. -C369A72. and 
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DHR 

Full 
NiR123 
NIR12 

NlRlGLGF 

NlRI 
SHYGK 

R123 

RlZ 

Amino In vitro 
acids binding 
1-952 . 
1-576 . 
1-418 + 

1-342 . 
1-324 - 

551-927 . 
221-550 . 
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-C72 are GST-APC fragments containing amino 200 
b 0 

! - R23 31+550 - 
acids 2475 to 2843, 2475 to 2771, and 2772 to 97 

m r DLG i o j  ~2 316404 . 
i Y R3 418-550 - 2843, respectively. (B) Mapping of a region in DLG 66 I: 199-507 

required for binding to APC. Left: In vitro-trans- 46 
lated full-length DLG or truncated DLG was incu- 
bated with GST- or GST-APC-C369-Sepharose 30 
and the absorbed proteins were separated by 
SDS-PAGE. Right: Similar experiments were per- 
formed with in vitro-translated APC-C369, GST, and GST-DLG derivatives. APC-C15-Sepharose contains in vitro-translated DLG incubated with pep- 
(C) Mapping of a region in APC required for binding to DLG. In vitro-translated tide C15 that had been immobilized to Sepharose. (D) Schematic represen- 
full-length DLG was incubated with GST-APC derivatives. Addition of the tation of DLG deletion mutants and corresponding APC binding activities. +, 
peptide corresponding to the COOH-terminal 15 amino acids of APC (C15) detectable activity; -, no detectable activity: *. the portion of DLG found in the 
abrogated coprecipitation of DLG with GST-APC derivatives. The lane labeled initial two-hybrid screen. 

peat (DHR) domains [characterized by the 
conserved sequence Gly-Leu-Gly-Phe 
(GLGF)], a Src homology 3 (SH3) domain, 
and a domain homologous to guanylate ki- 
nases (GK) (Fig. ID) (1 0, 1 1 ). The clone 
isolated by the two-hybrid system encoded a 
region containing DHR-1, DHR-2, and a part 
of DHR-3. We next used various GST fusion 
and in vitro-translated proteins to delineate 
the regions of DLG and APC that interact. 
The NH2-terminal domain, the SH3 domain, 
and the COOH-terminal GK domain did not 
interact with APC, whereas a fragment con- 
taining DHR-1, -2, and -3 associated with 
GST-APC-869 (Fig. 1, B and D). A frag- 
ment containing DHR-2 alone and fragments 
containing DHR-1 and -2 or DHR-2 and -3 
interacted weakly with APC. However, nei- 
ther DHR-1 nor DHR-3 alone showed sub- 
stantial APC binding activity. 

An APC derivative lacking the COOH- 
terminal 72 amino acids (GST-APC- 
C369A72) did not associate with DLG, but 
a derivative containing these amino acids 
(GST-APC-C72) did associate. This inter- 
action was inhibited by a synthetic peptide 
corresponding to the COOH-terminal 15 
amino acids of APC (APC-C15) (Fig. 1C). 
Furthermore, this synthetic peptide itself 

exhibited DLG binding activity, suggesting 
that the COOH-terminal portion of APC is 
sufficient for DLG binding. 

We next examined whether APC binds 
to DLG in vivo. We subjected a lysate from 
embryonic mouse brain to immunoprecipi- 
tation with antibodies against the NH2- 
terminal region of APC (anti-APC-NH2) 
and then immunoblotted the immunopre- 
cipitate with antibodies raised against the 
NH,-terminal region of DLG (anti-DLG- 
NH,). A 140-kD DLG doublet was detected 
(Fig. 2). Coprecipitation of APC and DLG 
was inhibited by preincubation with the 
APC fragment used for immunization. Im- 
munoprecipitation of the lysate with anti- 
DLG-NH, or anti-DLG antibodies against 
the DHR domains (anti-DLG-DHR), with 
subsequent immunoblotting with anti- 
APC-NH,, also revealed an association be- 
tween APC and DLG. In these experiments, 
preincubation of the antibodies to DLG 
with the antigenic DLG fragments prevent- 
ed coprecipitation of DLG and APC. In 
contrast, antibodies against the COOH-ter- 
minal region of APC coprecipitated negligi- 
ble amounts of DLG, presumably because 
the region recognized by the antibodies 
overlaps with that interacting with DLG. 

A+ - 
APC-COOH 

Anti- 
DLG-NH2 

Fig. 2. Association of APC with DLG and p-cate- 
nin in vivo. Lysates prepared from embryonic 
mouse brain were subjected to irnrnunoprecipita- 
tion with the indicated antibodies, fractionated by 
5% SDS-PAGE, and irnmunoblotted with the in- 
dicated antibodies (20). pep. + indicates that an- 
tibodies were preincubated with antigen before 
use in imrnunoprecipitation. Ippt, irnrnunoprecipi- 
tation; WB, immunoblotting. 

Immunoblot analysis of the DLG immuno- 
precipitates with antibodies to p-catenin re- 
vealed that p-catenin also coprecipitates 

- APC 

- 200 

- DLG 
- 116 
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with DLG and APC. Because DLG does not 
interact directly with p-catenin (12), these 
findings suggest that APC, p-catenin, and 
DLG are contained in the same complex in 
vivo. 

Both APC and DLG are highly ex- 
pressed in the central nervous system, in- 
cluding the hippocampus, olfactory bulb, 
and cerebellum (1 1, 13). When cultured rat 
hippocampal neurons were double-labeled 
with anti-APC-COOH and an antibody 
directed against synaptotagmin (14), a syn- 

aptic vesicle membrane protein, the two 
exhibited identical distribution patterns, 
concentrating at synaptic sites along den- 
drites in addition to the cell bodies (Fig. 3, 
A through C). Immunostaining patterns of 
DLG also showed extensive overlap with 
those of synaptotagmin (Fig. 3, D through 
F), which is consistent with the observation 
that DLG is localized in the presynaptic 
nerve terminals ( 1 1 ). Both APC and DLG 
were expressed in colon epithelial cells (Fig. 
4, A through C). Double-labeling immuno- 

Fig. 3. Colocalization of APC and DLG in cultured rat hippocampal neurons. Hippocampal neurons were 
double-labeled with anti-APC-COOH (A) and anti-synaptotagmin (6) or with anti-DLG-NH, (D) and 
anti-synaptotagmin (E) (21). AntiiDLG-NH, recognizes the region specific for DLG and does not cross- 
react with PSD-95. Control experiments were performed with anti-APC-COOH and anti-DLG-NH, that 
had been preabsorbed with antigen (Ag) (C and F, respectively). White arrowheads indicate representa- 
tive sites of double labeling. 

electron microscopy showed colocalization 
of APC and DLG along the lateral plasma 
membrane (Fig. 4, D through F). 

In Drosophila, DLG is localized to the 
septate junctions in imaginal disc epithelia, 
and its mutation causes epithelial cells to 
lose polarity and undergo neoplastic prolif- 
eration (1 0). Drosophila DLG is also local- 
ized at neuronal synaptic boutons and is 
required for normal synaptic structure. In 
mammalian cells, the postsynaptic density 
protein PSD-951SAP90 (15), which is very 
closely related to DLG, has been shown to 
interact with the COOH-terminal portion 
of the N-methyl-D-aspartate (NMDA) re- 
ceptor subunits through its DHR domain 
(16). Subunits of the voltage-gated K+ 
channel have also been demonstrated to 
associate with the DHR domains of PSD-95 
and DLG (17). The DHR-2 domain was 
shown to be important for the formation of 
these complexes, which is consistent with 
our present results. Furthermore, both the 
NMDA receptor and the K+ channel con- 
tain a COOH-terminal SJTXV motif ( S F ,  
serine or threonine; X, any amino acid; V, 
valine) that is essential for their interaction 
with PSD-95 and DLG. The COOH-termi- 
nus of APC also possesses a SJTXV motif, 
namely TEV (E, glutamic acid). It is there- 
fore possible that APC competes with the 
NMDA receptor or the K+ channel for bind- 
ing to DLG-PSD-95 or is contained within 
the same complex, and thus may play a role 
in neuronal cell function as well as in epi- 
thelial cell proliferation. Furthermore, be- 
cause the DHR domain is contained in a 
number of proteins, including the tight junc- 

1022 SCIENCE VOL. 272 17 MAY 1996 



tion proteins 2 0 - 1  and 2 0 - 2  and erythroid 
p55 (18), it is possible that APC plays vari- 
ous physiologic roles by forming colnplexes 
with these DHR proteins. 
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20 Ant~bodies to APC were prepared as in (8). An t -  
bodies to the NH,-terminus and the DHR regon of 
DLG were prepared by ~minun~zat~on o i  rabbis w t h  
peptdes contanng amino acds 6 to 205 and 203 
to 518 of DLG. respectively. Antbody to p-catenin 
was obtaned iroin Transducton Laboratores. Em- 
bryonc mouse bran (embryonc day 18) vdas ysed 
vdlth a dounce nomogenizer n buffer A (19) con- 
t a n n g  1 % Trton X-100, and the ysates were n -  
cubated with indicated antbodes for 1 hour at 
4% The immunocomplexes were adsorbed to 
protein A-Sepharose 4 5  and washed extensively 
vdth buffer A contanng 0 1 % Tr~ton X-100. Sam- 
ples vdere resolved by 5% SDS-poyacryam~de gel 
eectrophoiess (SDS-PAGE) and subjected to ,111- 
munoblott~ng. 

21. Cell cultures were prepared from the hppocampus 
of 18-day-old fetal rats [T L. Fletcher, P. Cameron. 
P. De Cam~ll~, G. Banker, J. i\/eurosci. 11,  1617 
(1991)l. Staining patterns obta~ned w~ th  anti-APC 
and ant-DLG were v~suazed with fuorescen so -  
thocyanate (FTC)-abeed secondan] antbodies to 
rabb~t ~ in inunoglob~~l~n G (IgG) (Cappel): those ob- 
taned with ant-synaptotagmn (Wako) vdere vsua-  
zed w~ th  Texas Redlabeled secondary antbodes 
to mouse IgG (Amersham). 

22. For iluorescence ~mmunoh~stochem~stv~, serial fro- 
zen sectlons of rat colon were stained w~ th  anti- 
APC-COOH or anti-DLG-NH, and then vdith FITC- 
conjugated goat antbody to rabb~t IgG (Seikagaku 
Kogyo) (5). 

23. For double-labeng mmunoelectron microscopy. 

Lowcr)/ utrathn sectons were Incubated with ant- 
DLG-NH, and then w~ th  5-nm collo~dal god-conju- 
gated goat antbody to rabbit IgG (Amersham). After 
bockng w~ th  a goat antibody to rabbt IgG, the sec- 
tons vdere stained vdth ant-APC-COOH and then 
wlth 10-nm collo~dal gold-conjugated goat antibody 
to rabbit IgG (Amersham) (5) [H J. Geuze, J 121. Slot, 
P. A. van der Ley, R C. Schefier. J. CellBiol. 89,653 
(1981)l. 

24. T. Senda etal . ,  unpubshed data. 
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Binding of GSK3P to the APC-P-Catenin 
Complex and Regulation of Complex Assembly 

Bonnee Rubinfeld, Iris Albert, Emilio Porfiri, Carol Fiol, 
Susan Munemitsu. Paul Polakis* 

The adenomatous polyposis coli gene (APC) is mutated in most colon cancers. The APC 
protein binds to the cellular adhesion molecule p-catenin, which is a mammalian homolog 
of ARMADILLO, a component of the WINGLESS signaling pathway in Drosophila devel- 
opment. Here it is shown that when p-catenin is present in excess, APC binds to another 
component of the WINGLESS pathway, glycogen synthase kinase 3p (GSK3p), a mam- 
malian homolog of Drosophila ZESTE WHITE 3. APC was a good substrate for GSK3p in 
vitro, and the phosphorylation sites were mapped to the central region of APC. Binding 
of p-catenin to this region was dependent on phosphorylation by GSK3p. 

T h e  APC tumor suppressor gene is mutated 
in most hulnan colon tumors and in the 
germ line of illdividuals with familial adeno- 
matous polyposis coli (1, 2).  How APC dys- 
function contributes to colon cancers is un- 
known but may involve its ability to interact 
with p-catenin. Both \vild-type (LVT) and 
trullcated mutant forms of APC associate 
with p-catenin (3, 4), but only W T  APC 
down-regulates p-catenin when expressed 
ectopically in colon cancer cells (5). p-Cate- 
nin was originally identified as a cell adhe- 
sion protein by virtue of its association with 
cadherills (6). In addition, in both Drosophiln 
and Xenopus p-catenins have been implicat- 
ed in cell fate determination through a 
ruechanisln that is apparently independent 
of their interaction with cadheril~s (7). In 
both of these systems, interference with the 
serine-threonine kinase GSK3P results in a 
cell fate determination identical to that re- 
sulting from overexpressiol~ of p-catenin (8, 
9) ,  which suggests that GSK3P is required 
for p-catenin down-regulation. These obser- 
vations prompted L I ~  to examine the relation 
between GSK3P, APC, and p-catenin in 
lnallllnalian cells. 

B Rubinfed. I Albert. E. Pori~ri. S Munemtsu P Polak~s. 

T o  investigate whether GSK3P and the 
APC-P-catenin complex interact, we 
overexpressed Myc-tagged GSK3P in SLV 
48Q cololl cancer cells, immunoprecipi- 
tated either Myc-GSK3P or p-catenin, 
and then analyzed the precipitates for the 
presence of APC,  p-catenin, and Myc- 
GSK3P. Both A P C  and p-catenin c o i n -  
mul~oprecipitated with antibody specific 
to the Myc epitope and, conversely, Myc- 
GSK3P was detected in the p-catenin im- 
munoprecipitates (Fig. 1). These associa- 
tions were observed with W T  but not with 
kinase-dead Myc-GSK3P (a  catalytically 
inactive mutant of GSK).  T o  examine this 
association in the absence of ectopic 
cDNA expression, we performed GSK as- 
says on  p-catenin immunoprecipitates 
from four different cell lines. Specific GSK 
activity was detected in the p-catenin im- 
mul~ocomplexes from COLO 205 and S W  
480 human cololl cancer cells, but not 
from 293 human embryonic kidney cells or 
AtT20 murine pituitary tumor cells (Fig. 
2A).  In addition, imlnunoprecipitates of 
endogenous GSK3P contained p-catenill 
and the truncated mutant A P C  (10) en- 
dogenous to S W  480 cells (Fig. 2B). Sim- 
ilar results were obtained with C O L O  205 

Onyx Pharmaceutcas. 3031 Research Drve. Rchmond, cells, also llILltant for A p C ;  but WT A p C  
CA 94806 USA 
C Flol, Debartment of Blochemlstp/ a d  Moecuar B o .  co"ld llot be coilnlnullo~reci~itated 
oqy, Indiana University School of Medcne, ndianapos, either 293 or AtT20 cell lysates by the 
1 ~ 4 6 2 0 2 ,  USA antibody to GSK3P ( 1  1 ). T o  verify that 
*To whom correspondence should be addressed GSK3P entered into a co~nplex with 
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