
guanosine triphosphate-binding protein (G  
protein)-coupled receptors. Because the 
equivalent of the histidine residue investi- 
gated in the present study is strictly con- 
served in all members of this receptor family 
(27), it may be of general f~~nct iona l  impor- 
tance in these G protein-coupled receptors. 
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Ras-Dependent Induction of Cellular Responses 
by Constitutively Active 

Phosphatidylinosi tol-3 Kinase 
Qianjin Hu,* Anke Klippel,*? Anthony J. Muslin,# 

Wendy J. Fantl,? Lewis T. Williams?§ 

Phosphatidylinositol (PI)-3 kinase is one of many enzymes stimulated by growth factors. 
A constitutively activated mutant, p1 lo*,  that functions independently of growth factor 
stimulation was constructed to determine the specific responses regulated by PI-3 kinase. 
The p11 O* protein exhibited high specific activity as a PI-3 kinase and as a protein kinase. 
Expression of p1 l o *  in NIH 3T3 cells induced transcription from the fos promoter. Co- 
expression of dominant negative Ras blocked this response. When expressed in Xenopus 
laevis oocytes, p l 1  O* increased the amount of guanosine 5'-triphosphate-bound Ras, 
caused activation of the Ras effector Raf-I, and induced Ras-dependent oocyte matu- 
ration. These findings show that PI-3 kinase can stimulate diverse Ras-dependent cellular 
processes, including oocyte maturation and fos transcription. 

P I - 3  kinase activity has been correlated 
with the, actions of growth factors and on- 
cogenes ( I  ). Studies with mutants of plate- 
let-derived growth factor (PDGF) receptor 
have shown that PI-3 kinase is required for 
PDGF-mediated mitogenic signaling (2). In 
fibroblast cell lines, a mutant PDGF re- 
ceptor that n o  longer associated with PI-3 
kinase did not activate c-Ras (3). Al- 
though this observation implies that PI-3 
kinase acts upstream of Ras in PDGF- 
stimulated signaling, the interpretation of 
this type of experiment is complicated by 
the possibil!ty that several signaling mol- 
ecules share the same binding site. T o  
investigate directly whether PI-3 kinase 
can transmit signals through a Ras-depen- 
dent pathway, we generated a form of PI-3 
kinase that is constitutively active and 

does not require receptor stimulation. 
The  catalytic subunit of PI-3 kinase, 

p110, exhibits enzymatic activity in mam- 
malian cells only when bound, through its 
NH2-terminal region, to  the p85 subunit 
or to a 102-amino acid fragment of the 
inter-Src homology region 2 (iSH2) re- 
gion of p85 (4-6). We  postulated that a 
mol-ecule composed only of elements of 
p85 and p l lO that are essential for enzy- 
matic activity might be constitutively ac- 
tive. To  generate an activated pl lO mutant, 
p110*, we covalently attached the iSH2 
region of p85 to the NH2-terminus of p110. 
A hinge region composed of a "glycine- 
kinker" was inserted between iSH2 and 
pl lO to allow the iSH2 domain to more 
easily interact with the pl lO NH2-terminal 
domain (Fig. 1 ). The p l  lo* protein exhib- 

Fig. 1. Schematic representation of the p85 and 1 Kinase 1068 
pi 10 derivatives used in this study (16). The pl 10 c I p i l o  
constructs were tagged at the COOH-terminus 
with the Myc epitope (oval); the iSH2 fragment of 0 I * Co pll0Akin 
p85 contained a COOH-terminal influenza virus 
hemagglutinin (HA) epitope tag (diamond). The mzo iSH2 

box labeled Kinase represents the pi 10 region 466 567 

with similarity to the catalytic domain of protein &-TW 1068 pi lo* kinases. The domain responsible for the interac- 
tion with the iSH2 domain of the p85 subunit is 
shown as a small box at the p110 NH,-terminus. * i--o pll0'Akin 

The pl l0Akin protein is a kinase-deficient version 62 
of pl 10 In which the ATP-binding site was mutat- I t-= pi 1 O ' A ~ I  

ed (16), as indicated by an asterisk within the 124 
catalytic domain. The iSH2 domain of p85 that is WZH- + ~ p l i o ' ~ 1 2 3  

required for catalytic activity is represented by a 
A1 40-356 striped bar. The first and last amino acids of frag- 1- PIIO*AI 

ments are numbered with respect to their position 
in the wild-type p85 or pl10 sequence. The pl 1 O* A548-719 

protein is a constitutively active chimera that con- pllO'A1l 

tains the iSH2 domain of p85 fused to the NH,- ~ 8 1  3-1 034 

terminus of pl 10 by means of a flexible glycine- k p l l o * A 1 l l  

kinker (16). Plasmid pl lO*Akin is the kinase-defi- 
cient version of pi 1 O*. Plasmids pi 10*A61 and p110*A123 lack 61 or 123 amino acids, respectively, 
from the pl 10 NH,-terminus and can no longer associate with iSH2 (5). Plasmids pl 10*Al, pllO*AIl, and 
pl lO*Alll are mutants that have internal deletions within the pi 10 structure as indicated (16). 
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Fig. 2. Functional charac- A c z Z E  - 
3 

B 
terization of the constitutive- 

z g ~ ~ $ ~ ~ c c z  3 3 7 7  ly active p110' and its deriv- Myclagged - - 7 - . - C - - r C r -  , , , , , , , , , , - 
atives. All p110 derivatives -I I- 

' t 
were transiently expressed Coexpressed ? 2 I" 
in COS cells (1 7). Wild-type HA-tagged - - !C !C - - - - - ; C 
p110 and its kinase-defi- m- 1 

cient version, p l  lOAkin, 
served as controls and were 

97- 
expressed alone (-) or ex- a- 
pressed with the iSH2 frag- - - - i ~*.*..**@.@@@ 

32- 1 2  3 4 5 6 7 8 9 1 0 1 1 1 2  
ment of p85 as indicated. 20- 

14- 
Myc-tagged pl10 or p110' 

1 %b 
1 2  3 4 5 6 7 8 9  101112 C 

molecules were immuno- 2W- 
precipitated from cell lysates with mAb 9E10, which recognizes the Myc tag (5). (A) Half of the extensively 
washed immunocomplexes were subjected to an in vitro kinase reaction in 50 r l  of 30 mM tris-HCI (pH *- 
7.5), 10 mM MnCI,, and 10 KCi of [y-32P]ATPfor 20 rnin at 25"C, separated by SDS-polyacrylarnidegel 97- 

electrophoresis (7 to 12% gels), and transferred to nitrocellulose. The pl10 molecules or the HA-tagged 

-S 
iSH2 fragment were detected by immunoblotting with p110 mAb (78) or HA mAb (16), respectively. The $1 4- 

level of p110 or p110' expression was very similar in all the samples. Molecular sizes are indicated in 14- 

kilodaltons. (6) The remaining half of the immunocomplexes were analyzed for PI-3 kinase activity. The 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2  

production of PZP]PI-3 phosphate (PIP) was analyzed by thin-layer chromatography (19). The origin (0) of the chromatogram and the position of PIP are 
indicated. The numbers below the lanes correspond to those of the samples shown in (A). (C) The presence of phosphoproteins in the pl1O immune complexes 
was visualized by autoradiography of the gel shown in (A). The positions of phosphorylated pl10, iSH2, and pl10' are indicated by arrowheads. Weaker signals 
resulted from a nonspecific protein kinase that was present in the immunoprecipitates. 

ited reproducibly higher specific PI-3 kinase 
activity than did wild-type p110 coexpressed 
with iSH2 (Fig. 2, B and C), perhaps be- 
cause in p1 lo* an intramolecular interac- 
tion between iSH2 and pllO is kinetically 
favored. As with PI-3 kinase activity, the 
protein kinase activity of p110, measured in 
an autophosphorylation assay, was depen- 
dent on its association with iSH2 (Fig. 2C). 
Kinase-deficient versions of pllO that were 
mutated within the putative adenosine 
triphosphate (ATP)-binding site exhibited 
neither PI-3 kinase nor protein kinase activ- 
ity. Mutants of pllO that lacked the NH,- 
terminal binding site for iSH2 did not bind 
iSH2 and were not activated by iSH2 (5). 
Similarly, p110*A61 and p110*A123, in 
which iSH2 was fused to pllO molecules 
with deletions at the NH,-terminus, exhib- 
ited neither PI-3 kinase nor protein kinase 
activity (Fig. 2, B and C). This finding 
indicates that the NH,-terminus of pl10 not 
onlv functions to tether iSH2 to the remain- 
dei'of p110, but also has an intrinsic func- 
tion in regulating catalytic activity. 

To investigate the role of PI-3 kinase in 
growth factor-mediated induction of c-fos 
transcription, we coexpressed p1 lo* in 
NIH 3T3 cells with pfos-luc, a reporter 
vector in which the expression of lucif- 
erase is controlled by the fos promoter. 
Expression of p110* in the presence of 
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pfos-luc resulted in an increase in lucif- 
erase activity when compared to that in 
control reactions (Fig. 3A). This activity 
was potentiated by coexpression of c-Ras. 
With v-Ras there was no potentiation of 
the ability of p110* to activate the fos 
promoter (7). The activation of the fos 
promoter by p1 lo* was completely inhib- 
ited by coexpression of dominant negative 
(DN)-Ras (Fig. 3A); this observation im- 
plies that any p l  lo*-mediated increase in 
fos promoter activity is dependent on the 
Ras pathway. A dominant negative inhib- 
itor of Raf-1 function, NAF (8), also 
blocked pllO*-induced activation of the 
fos promoter (Fig. 3A), consistent with 
the action of Raf-1 as an immediate down- 
stream effector of Ras. The p1 lo* mutants 
that exhibited neither PI-3 kinase nor Dro- 
tein kinase activity (Fig. 2) also were se- 
verely impaired in activating the fos pro- 

moter (7). This result suggests that the 
kinase activities of pllO are necessary for 
fos induction. To test the effect of wild- 
type PI-3 kinase on the fos promoter, we 
cotransfected expression vectors encoding 
p85 and pllO with pfos-luc into NIH 3T3 
cells. In contrast to p110*, the wild-type 
p85-p110 complex did not activate the fos 
promoter unless it was coexpressed with 
c-Ras (Fig. 3B). 

To investigate whether PI-3 kinase could 
activate the Ras pathway in another system, 
Myc-tagged p1 lo* was transiently expressed 
in Xenopus oocytes by RNA injection. In 
oocytes expressing p110*, the amount of 
guanosine triphasphate (GTP)-bound Ras 
(Ras-GTP) was more than twice that in 
control oocytes (Fig. 4A). Ras activation 
was accom~anied bv activation of the 
downstream effectors Raf-1 and Erk, as 
indicated by the retarded gel electro- 

Fyl. 3. A c t i i  of C-fos 
promoter by p110". (A) 

- A  B 

NIH 3T3 cells were trans- 5 40,000- 
fected with reporter plas- 3 
mid pfos-luc and vectors 
expressing pl1 O*, c-Ras, g 
DN-Ras, or NAF (20). The $ m,om: 
amount of expression of 3 
p11 O* was not affected 
by mxpression of 40.000 

c-Ras, DN-Ras, or NAF 
(7). Luciferase a c t i i  Q ~ ~ ~ ~ ~ ~ f f l o ~  

was assayed in samples n x $ s s { < s  b 0  : I m w  3 Z + + ? i $ Z { $  from the cell ~ysates ob- n  2 +  o + o  
tained 48 hours after c ? b  % S + 

Z b ' o  - 
transfectii (21). Each 

n "= 
F 
a 2 

bar represents the mean a ,  
of triplicate samples + % 
SD. (6) NIH 3T3 cells were transfected with pfos-luc and with the indied combinations of expression 
vectors. 
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phoretic mobility of those proteins (Fig. examine PI-3 kinase function. For exam- Nature 369, 756 (1994); D. M. Sabatini, H. Erdju- 
ment-momage, M. Lui. P. Tempst, S. H. Snyder, 4B). Consistent with the known ability of ple, mammalian cells transfected with re- cdl 78, 35 (1994), 

activated forms of Ras to induce matura- ceptor molecules that do not bind PI-3 15. p. ~ o d r i ~ ~ ~ ~ - ~ ~ i ~ ~  et d., 370,527 (1994). 
tion (9), oocytes expressing p1 lo* ma- kinase are defective in growth factor-stim- 16. vectors directing the expression of  tagged 
tured, whereas oocytes expressing a cata- ulated mitogenesis, receptor intemaliza- iSH2 or Myc-tagged pl10 have been described (4, 

lytically inactive mutant of pl 10 did not tion, and cell migration (2, 1 2). Inhibitors ~ u f ~ ~ ~ ~ l ~ ' ~ ~ ~ & w ~ ~ ~ ~ ~ ~ e ~ & t ~ ~  
(Fig. 4C). This observation correlated of PI-3 kinase impair activation of pp70 rus HA 12CA5 [I. A. Wilson et a/., C~I 37. 767 
with the finding that only lysates of oo- S6 kinase (13). However, in any study (I 98411. Myc-tagged pl10 derivatives were detect- 

cytes injected with p110* RNA exhibited that uses receptor mutants, it is possible td zmgi: , " y c B ~ ~ ~ ~ ~ [ ~ ~ ~ ~ ; ~ s ~ ~ d  
PI-3 kinase activity that could be precip- that signaling pathways other than those (1985)j. We obtained the plasmid pCG- 
itated by an antibody that recognized the mediated by PI-3 kinase may be affected p l  I  kin-myc from ~CG-PI I 0.rnyc (5) by deleting 

nucleotides coding for the ATP-binding motif within Myc tag (1 0). Coexpression of DN-Ras by the mutations. Moreover, the specific- 
the kinase domain with resMction endonucle- 

decreased the degree of pl lo*-induced oo- ity of PI-3 kinase inhibitors may be in ases Bsr FI and Mae 11. The expressed protein lacks 
cyte maturation (1 0). This set of experi- question, particularly because a number of amino acids 91 7 to 950 of wild-type pl10. Expres- 
ments showed that expression of p1 lo* in p l  10 homologs have been discovered re- sion vectors encoding chimeric p110'. p1 lO'A61, 

and p11VA123 molecules (Rg. 1) were derived 
Xenopus oocytes leads to an increase in the cently (14). from described constructs (5). A fragment encod- 
amount of RasGTP, which mediates acti- Until now it has not been possible to ing the p85 iSH2 domain was fused in-frame at its 
vation of Raf and Erk and maturation of examine the action of PI-3 kinase directly, COOH-terminus to the g~ycine-kinker region in vec- 

tor pGD(-KG [K. L. Guan and J. E. Dixon, Anal. the oocytes. Our results strongly suggest because the only way to activate PI-3 ki- BiOChem, 192, 262 (1991)1 and then ligated with 
that PI-3 kinase can act upstream of Ras in nase required the use of tyrosine kinases Xba I ends to the NH,-terminus of p110. The gly- 
this system. that bind, phosphorylate, and localize PI-3 cine-kinker contains seven glycine residues and 

The mechanism by which PI-3 kinase kinase. Here, we expressed in cells a PI-3 $ b ~ e $ ~ ~ ~ ~ ~ $ f l ~ ~ ~ ~ b ~ ~ ~ ~ ~ ~  
regulates mitogenesis is unknown. Yeast kinase that was constitutively active in a ment of the mouse p110 coding region; in PI IO'AII 
strains deficient in PI-3 kinase do not growth factor-independent manner and an ASP 700-Afl II fragment was deleted; and in 

pllVA111 a large portion of the presumed p110 grow normally (1 1 ). Mutant receptors or showed that PI-3 kinase can activate two kinase region @etween Hpa I and Hind was 
PI-3 kinase inhibitors have been used to pathways: one that is important for the deleted. The corresponding amino acid deletions in 

mitogenic response to most growth factors these mutant proteins are shown in Fig. 1. 

in mammalian cells and the other for Xe- 17. COS-7 were tr-ed with the DEAE-*x- 

nopus oocyte maturation. An elevated lev- method and lysed a~ described in 
B , 18. Murine pllO mAbs E2A, HIA, and IIA were used 
P - el of GTP-bound Ras in response to p1 lo* as a mixture.  hey were raised against a purified 
? + e expression in oocytes was direct evidence fragment of mouse PI 10 (amino acids 575 to 1068) 
Z Z Z ?  
. - . - - o  expressed in Escherichia d i .  The epitope recog- 
a a a u  that PI-3 kinase can activate the Ras path- nized by dl three mAbs is outside of the ATP-binding ---- way. The recent finding that PI-3 kinase site in the domain. 

and Ras form a complex ( 15) suggests an 19. D. R. Kaplan et a/.. Cell 50, 1021 (1987); M. Whit- 
Raf intimate relation between the functions of man, C. P. Dowries, M. Keeler, T. Kdler, L Cantby, 

these molecules. Our approach should be Nature 332,644 (1 988). 
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erase is wntrdled by the c-fos promoter, was ob- 

E" PI-3 kinase triggers this pathway and how tained by replacing the coding region for CAT of 
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Fig. 4. PI-3 kinase ex- c responses that are activated after growth Cd. encoding Bid. 7. 3490 (1 987)j with the DNA fragment 
from pGL2 (Promega). The pression in Xenopus factor exposure. 
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