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sgRNA synthesis (Fig. 3, A and B). During 
the early phase of replication, in the absence 
of high levels of RNA-2, the replicase pro- 
duces full-length complementary strand cop- 
ies of RNA-1. Later, during production of 
progeny RNAs, FO-A-2 beco~nes abundant. 
The trans-activator element on RNA-2 binds 
to the 8-nt element on RNA-1, possibly me- 
diated by interactions with viral or host pro- 
teins (or both), to produce a structure that 
sterically prevents the replicase from com- 
pleting synthesis of full-length complementa- 
ry strands of RNA-l. Because the 5'-terminal 
sequences of the genomic RNA-1 and the 
sgRN4 are highly conserved (Fig. 3A), this 
truncaied coinplementary strand RNA may 
serve as a template for replication to produce 
the genoinic-sense sgRNA, which is the trans- 
lational template for CP. The presence of a 
double-stranded RNA species in RCNMlr-in- 
fected tissue, coiresponding in size to this rep- 
licative intermediate, supports this model (5, 
20). This mechanism for controlling the tempo- 
ral expression of CP may have evolved to en- 
sure that sufficient quantities of m-A-1 and 
RNA-2 are present before the commencement 
of virion assembly. This inodel for sgRNA 
synthesis differs from that proposed for most 
RNA plant vimses, as exemplified by brome 
mosaic virus (BMV). BMV sgRNA synthesis is 
initiated by binding of the viral polymerase 
coinplex to an internal sequence on the negative 
strand template followed by transcription of 
positive stranded n&VA for the CP (23). Our 
model is distinct because promoter specificity is 
not based solely on protein-RNA interactions 
but more on an 8-nt RNA-RNA interaction that 
occurs, probably with the aid of proteins, be- 
tween two genomic-sense RNAs. 
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Role of IQGAPI, a Target of the 
Small GTPases Cdc42 and Racl, 

in Regulation of E-Cadherin- 
Mediated Cell-Cell Adhesion 

Shinya Kuroda, Masaki Fukata, Masato Nakagawa, 
Katsuhiko Fujii, Tomoko Nakamura, Tadashi Ookubo, 

lchiro Izawa, Takahiro Nagase, Nobuo Nomura, Hideki Tani, 
lkuo Shoji, Yoshiharu Matsuura, Shin Yonehara, Kozo Kaibuchi* 

The small guanosine triphosphatases (GTPases) Cdc42 and Racl regulate 
E-cadherin-mediated cell-cell adhesion. IQGAPI, a target of Cdc42 and 
Racl, was localized with E-cadherin and p-catenin at sites of cell-cell contact 
in mouse L fibroblasts expressing E-cadherin (EL cells), and interacted with 
E-cadherin and p-catenin both in vivo and in vitro, IQGAPI induced the 
dissociation of a-catenin from a cadherin-catenin complex in vitro and in 
vivo. Overexpression of IQGAPI in EL cells, but not in L cells expressing an 
E-cadherin-a-catenin chimeric protein, resulted in a decrease in E-cadherin- 
mediated cell-cell adhesive activity. Thus, IQGAPI, acting downstream of 
Cdc42 and Racl, appears to  regulate cell-cell adhesion through the cadherin- 
catenin pathway. 

Dynamic rearrangement of cell-cell adhesion 
is a critical step for various cellular processes, 
including establishment of epithelial cell po- 
larity and developmental patterning (I). Cell- 
cell adhesion mediated by a cadherin-catenin 
complex participates in the initial stages of 
association of polarized cells (2, 3). Cad- 
herins are Ca2+-dependent adhesion mole- 
cules, and catenins such as a- and p-catenins 

are cadherin-associated cytoplasmic proteins 
that are required for cadherin-mediated cell-cell 
adhesion. The small GTPases Cdc42 and Racl 
regulate cellular properties such as cell shape, 
cell gowth, and cell polarity (4). Racl (5) and 
Cdc42 (6), together with their exchange factor 
Tiam-1 (3, also regulate cadherin-mediated 
cell-cell adhesion. We now present evidence 
that IQGAPl mediates these effects. 
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IQGAPl, a target of Cdc42 and Racl (8, 
9), is localized at sites of cell-cell contact in 
Madin-Darby canine kidney (MDCK) epithe- 
lial cells, where a-catenin is also localized 
(9). We therefore examined whether IQGAPI 
contributes to cadherin-mediated cell-cell ad- 
hesion. IQGAPl accumulated at sites of cell- 
cell contact in mouse L cells stably express- 
ing E-cadherin (EL cells) (3, 10) (Fig. lA), 
but it did not accumulate at such sites in L 
cells or in L cells stably expressing an E- 
cadherin mutant in which the cytoplasmic 
domain was deleted and replaced by the 
COOH-terminal domain of a-catenin 
(nEaCL cells). We confirmed that p-catenin 
did not accumulate at sites of cell-cell contact 
in nEaCL cells (3). These observations indi- 
cated that IQGAPl accumulates at sites of 
cell-cell contact in a manner dependent on 
E-cadherin, p-catenin, or the NH,-terminal 
domain of a-catenin. 

Immunoprecipitation of IQGAPl from 
EL cells resulted in the coprecipitation of 
p-catenin and E-cadherin (Fig. 1B) (11, 
12). The stoichiometries of p-catenin and 
E-cadherin associated with immunoprecipi- 
tated IQGAPl were -0.2 and 0.03, respec- 
tively. Exposure of EL cells to a cross- 
linker, dithiobis(succinimidy1 propionate) 
(DSP), before lysis resulted in an increase 
in the amounts of p-catenin and E-cadherin 
coprecipitated with IQGAPl, such that 
their stoichiometries relative to IQGAPl 
became 1.0 and 0.4, respectively. These 
results suggested that IQGAPl interacts si- 
multaneously with p-catenin and E-cad- 
herin. a-Catenin was not co-immunopre- 
cipitated with IQGAPl from EL cells that 
had been incubated in the absence or pres- 
ence of DSP. Neither the E-cadherin mutant 
nor p-catenin was immunoprecipitated with 
IQGAP from nEaCL cells (13), possibly 
because of the small amounts of p-catenin 
present in these cells (3). 

Maltose-binding protein (h4BP)-E-cad- 
herin (the cytoplasmic domain; amino acids 
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734 to 884), MBP-P-catenin, and MBP-cl- 
catenin fusion proteins were individually in- 
cubated with beads coated with either gluta- 
thione S-transferase (GST) or a GST- 
IQGAPl fusion protein (14). MBP-P-catenin 
and MBP-E-cadherin specifically interacted 
with GST-IQGAP1, whereas MBP-a-catenin 
did not (Fig. 2A). Binding of MBP-P-catenin 
and MBP-E-cadherin to GST-IQGAP1 was 
dose dependent and saturable; half-maximal 
binding was apparent at 20 and 400 nM, respec- 
tively. The stoichiometries of the p-catenin and 
E-cadherin bound to IQGAP 1 were each - 1 .O. 

B blot: 
4 IOGAP 

4 Eadherin 

IP: v\ &S .# "&S " 
I 1- 

(-1 (+) 
Cross-linker 

Fig. 1. Localization of IQCAP with E-cadherin 
at sites of cell-cell contact (A) and coimmu- 
noprecipitation of p-catenin and E-cadherin 
with IQCAPI (B). (A) Confluent L cells were 
fixed and doubly stained with antibodies to  
IQCAP1 (anti-IQCAPI) and anti-p-catenin, 
and confluent EL cells and nEaCL cells were 
fixed and doubly stained with anti-IQGAPI 
and anti-E-cadherin (70). (B) Confluent EL 
cells were incubated in  the absence or pres- 
ence of DSP, and cell lysates were then sub- 
jected t o  immunoprecipitation (IP) with no 
antibody (-), with anti-IQCAPI, or with con- 
trol  immunoglobulin C (IgC) (72). The immu- 
noprecipitates were separated by centrifuga- 
tion and subjected to  SDS-PACE and immu- 
noblot analysis with antibodies to  the indi- 
cated proteins (72). Data are representative 
of three independent experiments. 

IQGAPl interacted with p-catenin, but not with 
a-catenin, under conditions in which E-cad- 
herin interacted with both catenins (Fig. 2B) 
(15). IQGAPl also inhibited the binding of 
a-catenin to immobilized p-catenin (13). 

We next examined the interaction of frag- 
ments of IQGAPl with p-catenin or E-cad- 
herin (Id). MBP-P-catenin interacted with 
GST-IQGAP1 (amino acids 1 to 1657) and to 
a lesser extent with GST-IQGAP1 -N (amino 
acids 1 to 863) and GST-IQGAP1-C (amino 
acids 764 to 1657) (Fig. 3A). MBP-P-catenin 
did not interact with GST-IQGAPl -AC (ami- 
no acids 1 to 1504). MBP-E-cadherin also 
interacted with GST-IQGAP1 and to a less- 
er extent with GST-IQGAP1-N and GST- 
IQGAP1-C, but not with GST-IQGAPl-AC. 
The binding of IQGAP1-N or IQGAP1-C to 
p-catenin or E-cadherin was dose-dependent 
(13). These results suggest that the entire 
structure of IQGAPl is important for high- 
affinity binding to p-catenin and E-cad- 
herin. When expressed in amounts smaller 

MBP fusion protein (pM) 

Fig. 2. Direct interaction of IQCAPI with 
p-catenin and E-cadherin. (A) Saturable and 
stoichiometric interaction of MBP-P-catenin 
and MBP-E-cadherin with CST-IQCAPI. MBP- 
p-catenin (O), MBP-E-cadherin (O), or MBP-a- 
catenin (W) was incubated at the indicated 
concentrations with beads coated with CST- 
IQCAPl (40 pmol), and their interactions with 
CST-IQCAPI were examined (74). (B) Preferen- 
tial binding of CST-IQCAPI to  MBP-P-catenin 
in the presence of MBP-a-catenin. MBP-p- 
catenin and MBP-a-catenin were mixed and 
incubated for 1 hour at 4OC. The mixture was 
then incubated with beads coated with CST, 
CST-IQCAPI, or CST-E-cadherin (cytoplasmic 
domain). Proteins eluted from the beads by 
glutathione were subjected to SDS-PACE and 
immunoblot analysis with anti-p-catenin or 
anti-cu-catenin (75). Data are representative of 
three independent experiments. 
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than that of the endogenous protein in EL 
cells, recombinant full-length IQGAPl, but 
none of the IQGAPl mutants, accumulated 
at sites of cell-cell contact (Fig. 3B) (17), 
suggesting that the interaction of IQGAPl 
with p-catenin or E-cadherin (or both) may 
be essential for its localization at these 
sites. IQGAPI-N was localized in the nu- 
cleus. Wild-type IQGAPl and IQGAPI -C 
are able to interact with Cdc42 (9, 13). 

To obtain an enriched population of EL 
cells expressing recombinant IQGAPI , we 

transfected EL cells with plasmids encoding 
wild-type or mutant IQGAPl together with a 
plasmid encoding tAic2A, an interleukin-3f3 1 
receptor lacking its cytoplasmic domain. The 
IQGAP1-expressing cells were collected im- 
munologically with an antibody to Aic2 (18, 
19). The amount of recombinant IQGAPl 
expressed in these cells was two to three 
times that of endogenous IQGAPl (13). In 
cell dissociation assays (3, 19), the IQGAPl- 
expressing cells were largely dissociated, 

erties of EL cells (13). When these exper- 
iments were repeated with nEaCL cells, the 
IQGAP1-expressing cells showed an adhe- 
sive activity similar to that of control cells. 
Therefore, the effect of IQGAPl on cell 
adhesion appeared to be mediated by 
p-catenin or E-cadherin. 

When the dissociation assay was performed 
with EL cells expressing both IQGAPl and 
Cd~42"&~, a Cdc42 mutant that is defective in 
GTPase activity and is thought to exist consti- 
tutively in the GTP-bound form in cells, the 
cells did not dissociate, remaining as aggregates 
(Fig. 4B). Expression of IQGAPI with either 
Cdc42*""", a mutant that preferentially 
binds GDP rather than GTP and is thought to 
exist constitutively in the GDP-bound form in 
cells, or RhoAVa114 did not inhibit cell disso- 
ciation (13). Thus, Cdc42 inhibits IQGAPl 

with many single cells apparent, whereas 
control cells or IQGAP 1 -AC-expressing 
cells remained as aggregates (Fig. 4A). Thus, 
the adhesive activity of IQGAP1-expressing 
cells appeared reduced relative to that of 
control cells or of cells expressing IQGAPI- 
AC. Overexpression of neither IQGAPI-N 
nor IQGAP1-C altered the adhesive prop- 

EL cells pEF-BmMyc- 

- 
0.05 0.1 0 0.06 "'" I 2 

Fig. 4. Effects of IQCAP1 mutants on cell-cell ad- 
hesion. (A) Effect of recombinant IQCAPI on cell- 
cell adhesion. EL cells (upper panels) or nEaCL cells rp: +. o s 
(Lower panels) were transfeded with the indicated .do &q8 8 XQ an 
plasmids and with pME18-tAic2A. After incubation 8 pP x" 
for 20 hours, cells expressing the interleukin-3f3 P C*' ?C p 
receptor were collected with anti-Aic2 (18, 79). The 
collected cells (5 X l o5  cells per well) were seeded into 48-well plates and incubated for 24 hours. 
A dissociation assay was then performed after treatment of the cells with trypsin in the presence 
of either CaZ+ (TC treatment) or ECTA (TE treatment) as described (3, 79). The total particle 
numbers after TC or TE treatment were designated N,, and N,,, respectively. The cell 
dissociation index (N,,IN,,) was scored and is shown below the panels. (B) Effect of Cdc42 on 
cell-cell adhesion. EL cells were transfected with pEF-BOS-Myc-IQCAPI and pME18-tAic2A 
plasmids together with either pEF-BOS-HA or ~ E F - B O S - H A - C ~ C ~ ~ ~ ~ " ~ .  The cells were collected and 
subjected to the dissociation assay (3, 79). (C) Dissociation of a-catenin from a cadherin-catenin 
complex by IQCAP1 in vivo. EL cells were transfected with pEM18-tAic2A and either pEF-BOS-Myc, 
pEF-BOS-Myc-IQCAP1, or pEF-BOS-Myc-IQCAPI-AC (19, 20). The cells were isolated and transferred 
to new plates. After incubation for 24 hours, the cells were treated with DSP, lysed, and subjected to 
centrifugation (72, 20). The resulting supernatant was subjected to immunoprecipitation (IP) with either 
anti-E-cadherin or control IgC, and the immune complexes were isolated by centrifugation and 
subjected to SDS-PACE and immunoblot analysis with antibodies to the indicated proteins. Data are 
representative of three independent experiments. 

Fig. 3. Interaction of IQGAPI mutants with 
p-catenin and E-cadherin (A) and their localiza- 
tion in EL cells (B). (A) MBP-P-catenin (50 nM) 
or MBP-E-cadherin (250 nM) was mixed with 
beads coated with the indicated CST fusion 
proteins. Proteins eluted from the beads by 
glutathione were subjected to SDS-PACE and 
immunoblot analysis with anti-p-catenin or 
anti-E-cadherin, as indicated (76). (B) The indi- 
cated plasmids were microinjected into the nu- 
clei of EL cells. After 5 hours, the cells were 
fixed and doubly stained with the indicated 
antibodies (77). Data are representative of 
three independent experiments. 
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function, possibly through direct interaction 
withlQGAPl. 

The amount of a-catenin, but not that of 
p-catenin, associated with E-cadherin was re
duced when IQGAP1 (but not IQGAP1-AC) 
was overexpressed in EL cells (Fig. 4C) (20). 
Overexpression of IQGAP1 or IQGAP1-AC 
did not affect the amounts of E-cadherin, 
a-catenin, or p-catenin expressed in these cells, 
and the amounts of recombinant IQGAP1 and 
IQGAP1-AC were similar (13). Thus, overex
pression of IQGAP1 appeared to induce disso
ciation of a-catenin from the cadherin-catenin 
complex. The dissociation of a-catenin from 
p-catenin maybe responsible for the in vivo 
action of IQGAP1. 

Treatment of cells with pervanadate re
sults in the dissociation of a-catenin from the 
cadherin-catenin complex, and the dissocia
tion of a-catenin from the complex correlates 
with the decrease in cadherin activity (21). 
Dissociation of a-catenin from the cadherin-
catenin complex also occurs during the pas
sage of human breast epithelial cells (22). 
Our data suggest that IQGAP1 might partic
ipate in these processes. 
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amino acid motif in its connecting peptide 
domain (a-CPM) that is conserved in all 
a-chains from bony fish to humans (8). Al
though the a-CPM has been conserved over 
the last 500 million years (9), it is not found 
within the 78 TCR. ap TCRs containing a 
defective a-CPM are unresponsive to anti
gens and are aberrantly associated to the CD3 
complex (8). To test whether the a-CPM 
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The two lineages of T cells, a(3 and 78, differ in their developmental 
requirements: only ap T cells require major histocompatibility complex 
recognition, a process known as positive selection. The ap T cell receptor 
(TCR), but not its 78 counterpart, contains a motif within the a-chain 
connecting peptide domain (a-CPM) that has been conserved over the last 
500 million years. In transgenic mice expressing an a(3 TCR lacking the 
a-CPM, thymocytes were blocked in positive selection but could undergo 
negative selection. Thus, the a-CPM seems to participate in the generation 
of signals required for positive selection. 
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