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Growth factors and hormones activate protein translation by phosphorylation and inactivation of the

translational repressors, the eIF4E-binding proteins (4E-BPs), through a wortmannin- and rapamycin-sensitive

signaling pathway. The mechanism by which signals emanating from extracellular signals lead to

phosphorylation of 4E-BPs is not well understood. Here we demonstrate that the activity of the

serine / threonine kinase Akt / PKB is required in a signaling cascade that leads to phosphorylation and

inactivation of 4E-BP1. PI 3-kinase elicits the phosphorylation of 4E-BP1 in a wortmannin- and

rapamycin-sensitive manner, whereas activated Akt-mediated phosphorylation of 4E-BP1 is wortmannin

resistant but rapamycin sensitive. A dominant negative mutant of Akt blocks insulin-mediated

phosphorylation of 4E-BP1, indicating that Akt is required for the in vivo phosphorylation of 4E-BP1.

Importantly, an activated Akt induces phosphorylation of 4E-BP1 on the same sites that are phosphorylated

upon serum stimulation. Similar to what has been observed with serum and growth factors, phosphorylation

of 4E-BP1 by Akt inhibits the interaction between 4E-BP1 and eIF-4E. Furthermore, phosphorylation of 4E-BP1

by Akt requires the activity of FRAP/ mTOR. FRAP/ mTOR may lie downstream of Akt in this signaling

cascade. These results demonstrate that the PI 3-kinase-Akt signaling pathway, in concert with FRAP/ mTOR,

induces the phosphorylation of 4E-BP1.
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N um erous cellu lar processes are cont rolled by ext racel-

lu lar st im uli that act ivate signaling cascades. Many

st im uli act ivate com m on pathways, such as the well-

described Ras and phosphoinosit ide 3-k inase pathways.

Phosphoinosit ide 3-k inase (PI 3-k inase) is act ivated by

growth factor receptors after growth factor st im ulat ion

and induces cell proliferat ion and cell survival (for re-

view, see Franke et al. 1997a; Vanhaesebroeck et al.

1997). Several downst ream targets of PI 3-k inase have

been ident ified, including p70 ribosom al protein S6 ki-

nase (p70S6k) (Chou and Blenis 1995; Proud 1996), the

GTPases Rac (Hawkins et al. 1995), certain protein k i-

nase C isoform s (N akanish i et al. 1993; Akim oto et al.

1996), and the serine / threonine kinase Akt (also known

as protein k inase B-PKB) (Burgering and Coffer 1995;

Franke et al. 1995). Upon act ivat ion by growth factors, PI

3-k inase phosphorylates the D3 posit ion of phosphat i-

dylinositols. These phospholipids act as second m essen-

gers that m ediate the diverse cellu lar funct ions of PI 3-

k inase, including act ivat ion of Akt (for review, see

Franke et al. 1997a; Hem m ings 1997). Wortm annin , a PI

3-k inase inhibitor, blocks act ivat ion of Akt after st im u-

lat ion with growth factors, indicat ing that the act ivity of

PI 3-k inase is an obligatory step in Akt act ivat ion by

growth factors (Burgering and Coffer 1995; Franke et al.

1997b; Kennedy et al. 1997). Translocat ion of Akt to the

plasm a m em brane through it s pleckst rin hom ology (PH)

dom ain is likely required for it s act ivity (Hem m ings

1997). Indeed, const itu t ive target ing of Akt to the plasm a

m em brane is sufficien t to prom ote it s act ivat ion (Bur-

gering and Coffer 1995; Franke et al. 1997b; Kennedy et

al. 1997). Full act ivat ion of Akt by growth factors re-

quires the phosphorylat ion of threonine and serine resi-

dues by upst ream kinases (Alessi et al. 1997; Stokoe et al.

1997). Both the upst ream act ivat ing kinases and the re-

cru itm ent of Akt to the plasm a m em brane are thought to

be dependent on the products of PI 3-k inase (Cohen et al.

1997). Akt m ediates som e of the PI 3-k inase cellu lar re-

sponses, including protect ion from apoptosis induced by

4These authors made an equal contribution to the work.
5Corresponding author. Present address: Department of Molecular Ge-
netics, University of Illinois at Chicago, Chicago, Illinois 60607.
E-MAIL nhay@ben-may.bsd.uchicago.edu; FAX (773) 702-6260.

502 GENES & DEVELOPMENT 12:502–513 © 1998 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/98 $5.00; www.genesdev.org

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


serum and growth factor deprivat ion (Kennedy et al.

1997).

The im m unosuppressive drug rapam ycin , an inhibitor

of G1 cell cycle progression , blocks the act ivat ion of

p70S6k by growth factors and Akt (Chung et al. 1992;

Price et al. 1992; Burgering and Coffer 1995). Rapam ycin

form s a com plex with the im m unophilin FKBP12 to gen-

erate a poten t inh ibitor of FRAP/ m TOR (also term ed

RAFT1 or RAPT1) (Brown and Schreiber 1996). FRAP/

m TOR act ivates p70S6k in vivo (Brown et al. 1995); it is

unclear, however, whether FRAP/ m TOR is a down-

st ream effector in the PI 3-k inase and Akt signaling path-

way. FRAP, which is the m am m alian hom olog of the

Saccharom yces cerev isiae t argets of rapam ycin TOR1

and TOR2 (Hall 1996), is a m em ber, together with ATM

and DN A–PK, of a recent ly characterized fam ily of phos-

phat idylinositol k inases-related (PIK-related) k inases.

PIK-related kinases act ivat ion and m echanism s of act ion

rem ain unclear (Hoekst ra 1997). FKBP rapam ycin-

associated protein / m am m alian target of rapam ycin

(FRAP/ m TOR) could provide a link between cell cycle

progression and the cont rol of m RN A translat ion , as

rapam ycin , which blocks the cell cycle in G1, also causes

a decrease in m RN A translat ion (Beret ta et al. 1996;

Brown and Schreiber 1996). Consisten t with th is finding,

the yeast TOR has been dem onst rated to regulate G 1

progression through a t ranslat ional m echanism (Barbet

et al. 1996).

Regulat ion of protein t ranslat ion is an im portan t as-

pect of the cont rol of cell growth . A rate-lim it ing step in

th is process is the binding of the m RN A to the sm all

ribosom al subunit , a step m ediated by the eIF4 group of

in it iat ion factors (for review, see Sonenberg 1996). eIF4F,

through it s sm aller subunit eIF4E, recognizes the cap

st ructure (m 7GpppX, where X is any nucleot ide) that is

presen t at the 58 end of all cellu lar, except organellar,

m RN As. eIF4F, in conjunct ion with eIF4B, is thought to

unwind the secondary st ructure in the m RN A 58-UTR to

facilit ate ribosom e binding (Sonenberg 1996). Overex-

pression of eIF4E in rodent cells leads to cellu lar t rans-

form at ion and eIF4E has been im plicated in cell cycle

cont rol (Lazaris-Karatzas et al. 1990; Sonenberg 1996). In

addit ion , a role for eIF4E in cell survival has been pro-

posed, as N IH 3T3 cells that express eIF4E ectopically

are refractory to apoptosis induced by serum deprivat ion

(Polunovsky et al. 1996). eIF4E is the target of a fam ily of

t ranslat ional repressors term ed the 4E-BPs (for eIF4E-

Binding Proteins; also known as PHAS). These repressors

bind to eIF4E and prevent it s associat ion with eIF4G and

incorporat ion in to the eIF4F com plex, which leads to

inhibit ion of cap-dependent , bu t not cap-independent ,

t ranslat ion (Sonenberg 1996). Overexpression of 4E-BP1

or 4E-BP2 in cells t ransform ed by eIF4E, Ha-v-ras or v-src

part ially revert s their t ransform ed phenotypes (Rousseau

et al. 1996).

Inh ibit ion of t ranslat ion by 4E-BPs is reversible. After

t reatm ent of cells with serum , growth factors, or hor-

m ones, 4E-BP1 (the prototype m em ber of the fam ily), is

hyperphosphorylated in a wortm annin- and rapam ycin-

sensit ive m anner, and dissociates from eIF4E (Beret ta et

al. 1996; von Manteuffel et al. 1996, 1997). The rapid

increase in 4E-BP1 phosphorylat ion after serum or

growth factor st im ulat ion provides a very at t ract ive

m echanism for explain ing the increase in t ranslat ion

rates of several m RN As after st im ulat ion .

Because phosphorylat ion of 4E-BP1 is wortm annin

sensit ive, and m utants in the PDGF receptor that fail to

act ivate PI 3-k inase also fail to phosphorylate 4E-BP1

after PDGF treatm ent (Beret ta et al. 1996; von Man-

teuffel et al. 1996), it was suggested that phosphorylat ion

of 4E-BP1 by serum and growth factors is m ediated by PI

3-k inase. However, it is not clear whether PI 3-k inase

lies direct ly upst ream of 4E-BP1 in a phosphorylat ion

cascade. This is an im portan t quest ion , part icu larly in

ligh t of a recent report dem onst rat ing that wortm annin

can inhibit FRAP/ m TOR act ivity direct ly (Brunn et al.

1996). Here we provide direct evidence that PI 3-k inase

and it s downst ream effector Akt lie in a pathway leading

to the in vivo phosphorylat ion of 4E-BPs. This phos-

phorylat ion is sensit ive to rapam ycin . The rapam ycin

sensit ivity can be overridden by coexpression of a rapa-

m ycin-resistan t m utant of FRAP/ m TOR. Thus, FRAP/

m TOR m ay lie downst ream of Akt in the 4E-BP1 phos-

phorylat ion cascade.

Results

P110a, the cataly t ic subunit of PI 3-k inase,

and it s dow nstream effector A k t / PKB m ediate

the phosphory lat ion of 4E-BP1

To study the role of Akt in the phosphorylat ion of 4E-

BP1, a hem agglu t in in-tagged 4E-BP1 (HA–4E-BP1) was

generated. We first exam ined whether the t ransien t ly ex-

pressed HA–4E-BP1 exhibit s a change in elect rophoret ic

m obility after phosphorylat ion , as was observed for the

endogenous 4E-BP1. Hum an em bryonic k idney (HEK)

293 cells were t ransfected t ransien t ly with a HA–4E-BP1

expression vector. After t ransfect ion , the cells were de-

prived of serum for 36 hr and then st im ulated with in-

su lin for 30 m in . Im m unoblot analysis dem onst rated a

clear sh ift in m obility of HA–4E-BP1 with insu lin st im u-

lat ion (Fig. 1A, lanes 1,2). The m obility sh ift was not

observed when cells were preincubated with either wort -

m annin or rapam ycin (lanes 3,4), consisten t with what

has been observed previously for endogenous 4E-BP1

(von Manteuffel et al. 1996).

Previous studies have indicated a role for PI-3-k inase

in the phosphorylat ion of 4E-BP1 by serum and growth

factors (Beret ta et al. 1996; von Manteuffel et al. 1996).

However, it was also suggested that the effect s of ext ra-

cellu lar st im uli on 4E-BP1 phosphorylat ion could be ex-

plained by direct act ivat ion of FRAP, as the in vit ro au-

tok inase act ivity of FRAP is also inhibited by wortm an-

n in (Brunn et al. 1996). To exam ine whether PI 3-k inase

can affect the phosphorylat ion state of 4E-BP1, we t ran-

sien t ly cot ransfected HA-4E-BP1 and PI 3-k inase expres-

sion vectors in to serum -deprived 293 cells. Cot ransfec-

t ion of HA-4E-BP1 with the catalyt ic subunit of PI 3-

k inase p110a induced phosphorylat ion of 4E-BP1, as

m anifested by a shift in it s m obility (Fig. 1B, lane 2). This
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sh ift in m obility is sim ilar to that observed with insu lin

st im ulat ion (cf. Fig. 1A, lane 2, with Fig. 1B, lane 2). An

act ivated form of p110a, p110acaax (p110a*), which is

targeted to the plasm a m em brane by farnesylat ion

(Khwaja et al. 1997) (Fig. 1B, lane 3), also caused th is

m obility sh ift (in terest ingly, overexpression of the wild-

type p110a in 293 cells is sufficien t to induce 4E-BP1

m obility sh ift ). Thus, PI 3-k inase by it self affect s the

phosphorylat ion of 4E-BP1.

N ext , we exam ined whether 4E-BP1 phosphorylat ion

is m ediated by Akt . We used two form s of Akt : the wild

type c-Akt , and an act ivated form of Akt , MyrAkt .

MyrAkt is com prised of the ent ire coding sequence of

c-Akt fused in-fram e to the Src m yristoylat ion signal.

This fusion protein is const itu t ively act ive, is indepen-

dent of growth factors, and is wortm annin resistan t

(Ahm ed et al. 1997; Kennedy et al. 1997; see below). Co-

t ransfect ion of either WTAkt or MyrAkt and HA–4E-BP1

expression vectors caused a m obility sh ift of 4E-BP1 (Fig.

1C). These resu lt s suggest that both PI 3-k inase and it s

downst ream effector Akt are in term ediates in the signal-

ing pathway leading to 4E-BP1 phosphorylat ion . Tran-

sien t t ransfect ions of 293 cells produces a high level of

c-Akt expression that was sufficien t to elicit the 4E-BP1

m obility sh ift to the sam e exten t as MyrAkt (Fig. 1C, cf.

lanes 3 and 4).

To determ ine whether the endogenous PI 3-k inase /

Akt signaling pathway is involved in m ediat ing the

phosphorylat ion of 4E-BP1 by growth factors, we used a

kinase-deficien t m utant of Akt contain ing a poin t m u-

tat ion in the ATP-binding dom ain K179M [Akt(k in−)]

(Franke et al. 1995). When expressed at h igh levels, the

k inase dead m utant acted in a dom inant negat ive fash ion

to abolish the m obility sh ift of 4E-BP1 norm ally elicited

by insu lin t reatm ent (Fig. 1D). Insu lin t reatm ent induces

the m obility sh ift of 4E-BP1 (lanes 1,2). Coexpression of

Akt (k in−) sign ifican t ly reduced the insu lin-m ediated

m obility sh ift (lanes 3,4). These resu lt s dem onst rate that

endogenous Akt is required to t ransm it the signal lead-

ing to 4E-BP1 phosphorylat ion .

Recent resu lt s suggested the possibility that the wort -

m annin sensit ivity of 4E-BP1 phosphorylat ion is at t rib-

u table to direct inh ibit ion of FRAP/ m TOR act ivity by

wortm annin (Brunn et al. 1996). Therefore, we exam ined

the sensit ivity of PI 3-k inase and Akt-m ediated phos-

phorylat ion of 4B-BP1 to wortm annin and rapam ycin .

Both wortm annin and rapam ycin inhibited the ability of

an act ivated form of p110a to cause the m obility sh ift of

4E-BP1 (Fig. 2A). However, the m obility sh ift elicited by

the act ivated Akt was wortm annin resistan t but rapam y-

cin sensit ive (Fig. 2B). These resu lt s indicate that the

wortm annin sensit ivity of 4E-BP1 phosphorylat ion by

Figure 1. PI 3-k inase and Akt elicit phosphorylat ion

of 4E-BP1. (A ) Insu lin-m ediated phosphorylat ion of 4E-

BP1 is both rapam ycin and wortm annin sensit ive. Hu-

m an em bryonic k idney (HEK) 293 cells were t rans-

fected t ransien t ly with a hem aglu t in in (HA) epitope-

tagged 4E-BP1 expression vector. After t ransfect ion ,

cells were deprived of serum for 36 hr, and either m ock

t reated (lane 1) or st im ulated with insu lin (1 µg/ m l) for

30 m in (lanes 2–4) in the presence of either wortm an-

n in , [200 n M (Wort .)] (lane 3) or rapam ycin [20 ng/ m l

(Rap.)] (lane 4). Cell ext ract s were prepared as de-

scribed in Materials and Methods and HA–4E-BP1 was

detected by im m unoblot analysis with an ant i-HA an-

t ibody (12CA5). Molecular size m arkers (in kD) are

indicated. Arrows indicate the differen t phosphory-

lated isoform s of HA–4E-BP1. (B) The catalyt ic subunit

of PI 3-k inase p110a elicit s phosphorylat ion of HA–

4E-BP1. HEK 293 cells were cot ransfected with HA–

4E-BP1 expression vector along with one of the follow-

ing: cont rol vector (lane 1), p110a expression vector

(lane 2), or p110acaax (p110a*) expression vector (lane

3). After t ransfect ion , cells were deprived of serum for

36 hr. HA–4E-BP1 was detected as described in A .

Sm all arrows indicate the differen t phosphorylat ion

form s of 4E-BP1. p110a and p110acaax were detected

as described in Materials and Methods. (C ) Akt elicit s

phosphorylat ion of HA–4E-BP1. HEK 293 cells were m ock t ransfected (lane 1) or cot ransfected with HA–4E-BP1 expression vector and

one of the following: cont rol vector (lane 2), HA–c-Akt expression vector (lane 3), or HA–MyrAkt expression vector (lane 4). Cells were

deprived of serum for 36 hr. HA–4E-BP1 was detected as described above. Sm all arrows indicate the differen t phosphorylat ion form s

of 4E-BP1. (D ) A kinase-deficien t m utant of Akt inh ibit s phosphorylat ion of 4E-BP1 by insu lin . HEK 293 cells were cot ransfected with

a HA–4E-BPI expression vector (100 ng) and the following: cont rol vector (lanes 1,2) or HA–AktK179M expression vector [Akt (k in−)]

(lanes 3,4). After t ransfect ion , cells were serum -deprived for 36 hr and then st im ulated with 100 ng/ m l of insu lin for 45 m in (lanes 2,4).

HA–4E-BP1 was detected as described above. HA–AktK179M was detected on the sam e im m unoblot . Sm all arrows indicate the

differen t phosphorylated form s of 4E-BP1. The resu lt s shown are representat ive of three independent experim ents.
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growth factors is at t ribu table to inhibit ion of PI 3-k inase

and not inh ibit ion of FRAP act ivity.

Taken together these resu lt s suggest a linear pathway

from growth factor receptors to the act ivat ion of PI 3-

k inase, which in turn act ivates Akt and leads to phos-

phorylat ion of 4E-BP1.

A k t m ediates the phosphory lat ion of 4E-BP1

and 4E-BP2 in v ivo

To confirm that the gel m obility sh ift observed by co-

t ransfect ion of Akt with 4E-BP1 is at t ribu table to an in-

crease in 4E-BP1 phosphorylat ion , we first established a

stable 293-cell line overexpressing MyrAkt . 293–MyrAkt

or wild-type 293 cells were then labeled m etabolically

with [32P]orthophosphate, and 4E-BP1 and 4E-BP2 were

im m unoprecipitated and subjected to SDS-PAGE and au-

toradiography. In cont rol cells, two phosphorylated iso-

form s term ed b and g (the fastest m igrat ing isoform , a, is

unphosphorylated and hence not detected by 32P label-

ing) were detected (Fig. 3A, lane 1). After serum or insu-

lin st im ulat ion (lanes 2,3) a 2.5-fold increase in 32P in-

corporat ion was observed, and two isoform s of slower

m obility (d and e) appeared. Rapam ycin or wortm annin

t reatm ent abrogated the effect of serum and insu lin on

4E-BP1 phosphorylat ion (lanes 4,5). In 293–MyrAkt cells,

the four phosphorylated species (b, g, d, e) were present

in the absence of st im uli (lane 6, 2.5-fold m ore total 32P

incorporat ion than in starved 293 cells). The pat tern of

phosphorylat ion is very sim ilar to that of 293 cells

st im ulated with serum or insu lin (cf. lane 6 with lanes 2

and 3). In 293–MyrAkt cells, the phosphorylat ion of 4E-

BP1 was sensit ive to rapam ycin t reatm ent , bu t com -

pletely resistan t to wortm annin t reatm ent (lanes 7,8). A

sim ilar effect was observed for 4E-BP2. 4E-BP2 was im -

m unoprecipitated from the lysates as 4E-BP1. 4E-BP2 is

phosphorylated on fewer residues than 4E-BP1 (A.-C.

Gingras and N . Sonenberg, unpubl.), and only one iso-

form incorporat ing 32P is detected by SDS-PAGE (Fig.

3B). Total 32P incorporat ion in 4E-BP2 was increased ∼ 2-

to 2.5-fold in serum - and insu lin-st im ulated cells (Fig.

3B, cf. lanes 2 and 3 with lane 1). This increase was

dim inished (1.5-fold) by rapam ycin t reatm ent and abol-

ished by wortm annin t reatm ent (lanes 4,5). In MyrAkt-

expressing 293 cells, 4E-BP2 phosphorylat ion was in-

creased approxim ately twofold, as com pared to serum

deprived 293 cells (cf. lane 6 with lane 1). As with 4E-

BP1, the increase in 4E-BP2 phosphorylat ion in MyrAkt

cells was rapam ycin sensit ive, bu t wortm annin insensi-

t ive (lanes 7,8). Although the effect of rapam ycin on 4E-

BP2 phosphorylat ion was m odest (1.5-fold) in the experi-

m ent presen ted here, th is inh ibitory effect was repro-

duced several t im es in 293 cells, with an inhibit ion

varying from 1.5- to 3-fold. This is sim ilar to the inhibi-

t ion of 4E-BP1 phosphorylat ion by rapam ycin .

These resu lt s further confirm that the differences in

the m obility sh ift observed for 4E-BP1 in Figures 1 and 2

are at t ribu table to changes in the phosphorylat ion state

of 4E-BP1. To determ ine whether the effect s observed on

4E-BP1 phosphorylat ion are specific to 293 cells, the

sam e experim ent was repeated in Rat1a cells stably ex-

pressing MyrAkt (Kennedy et al. 1997). Sim ilar resu lt s to

that observed with 293 cells (two- to threefold increase

in phosphorylat ion) were obtained for both 4E-BP1 and

4E-BP2, and MyrAkt-induced phosphorylat ion was also

sensit ive to rapam ycin , bu t resistan t to wortm annin

(data not shown).

To determ ine whether Akt -m ediated phosphorylat ion

of 4E-BP1 occurs on the in vivo phosphorylat ion sites,

phosphopept ide m aps were perform ed on 32P orthophos-

phate-labeled 4E-BP1. Ten phosphopept ides were de-

tected in serum -starved 293 cells (Fig. 4A, labeled 1–10

in the order of decreasing in tensity). When 293 cells were

st im ulated with serum , the in tensity of som e of the

spots great ly increased (Fig. 4B, spots 8 and 9), whereas

som e new spots (11–14) appeared. Pept ide 14 was not

reproducibly detected in other experim ents and will not

be discussed further. Rapam ycin t reatm ent caused the

decrease or disappearance of two serum -dependent spots

(11 and 12) and of spots 8 and 9 (Fig. 4C). The effect s of

Figure 2. Effect of wortm annin and rapa-

m ycin on 4E-BP1 phosphorylat ion by Akt

and PI 3-k inase. (A ) Phosphorylat ion of 4E-

BP1 by p110acaax is both wortm annin and

rapam ycin sensit ive. HEK 293 cells were

cot ransfected with HA–4E-BP1 expression

vector and one of the following: cont rol

vector (lane 1) or p110acaax (p110a*) ex-

pression vector (lanes 2–4). After t ransfec-

t ion , cells were deprived of serum for 36 hr

and t reated with either wortm annin [200

n M (Wort .); lane 3] or rapam ycin [20 ng/ m l

(Rap.); lane 4]. Cell ext ract s were prepared

and HA–4E–BP1 was detected as described

in Fig. 1. Arrows indicate differen t phosphorylat ion isoform s of 4E-BP1. (B) Phosphorylat ion of 4E-BP1 induced by an act ivated Akt is

wortm annin resistan t but rapam ycin sensit ive. HEK 293 cells were cot ransfected with HA–4E-BP1 expression vector and with cont rol

vector (lane 1), or with HA–MyrAkt expression vector (lanes 2–4). After t ransfect ion , cells were deprived of serum for 36 hr. Cells were

t reated and 4E-BP1 was detected as described in A . HA–MyrAkt was detected on the sam e im m unoblot . Sm all arrows indicate differen t

phosphorylat ion form s of 4E-BP1. The figure is represen tat ive of two independent experim ents.

Akt regulates 4E-BP1 phosphorylation

GENES & DEVELOPMENT 505

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


wortm annin were even m ore st rik ing, resu lt ing, for ex-

am ple, in the dim inut ion of spot 7 (Fig. 4D). Serum -

starved 293–MyrAkt cells exhibited a phosphopept ide

pat tern alm ost ident ical to that of 293 cells st im ulated

with serum . Phosphopept ides 11–13 were present in the

absence of serum , although the increase in spots 9 and 13

was not as m arked as in serum -t reated cells (cf. E with A

and B). As expected, rapam ycin t reatm ent caused a

m arked decrease in spots 11 and 12 (Fig. 4F). Wortm an-

n in t reatm ent had pract ically no effect on phosphopep-

t ides 8, 11, 12 (Fig. 4G). Taken together, these data indi-

cate that the increase in phosphorylat ion of 4E-BP1 in

293–MyrAkt cells occurs on physiologically relevant

sites and confirm our data that MyrAkt expression con-

fers resistance to wortm annin , bu t not to rapam ycin on

4E-BP1.

To determ ine whether the changes in 4E-BP1 phos-

phorylat ion correlate with 4E-BP1 act ivity, the in terac-

t ion of 4E-BP1 with eIF4E was exam ined, using cap-af-

fin ity chrom atography. 293 and other hum an cells con-

tain m ult iple 4E-BP1 isoform s (Gingras et al. 1996; von

Manteuffel et al. 1996). The isoform pat tern observed in

m ouse and rat cells is m uch sim pler, because of a sm aller

num ber and bet ter separat ion of the isoform s. Thus, we

perform ed the analysis in stably t ransfected Rat1a /

MyrAkt and wild-type Rat1a cells. In rodent cells, a total

of three 4E-BP1 form s can be detected: (1) a hyperphos-

phorylated slow m igrat ing isoform (g), which does not

in teract with eIF4E; (2) a m iddle form (b), which is phos-

phorylated and binds eIF4E with a low affin ity; and (3) an

unphosphorylated fast m igrat ing species (a), which in-

teract s very st rongly with eIF4E (Lin et al. 1995; Beret ta

et al. 1996; Gingras et al. 1996). Rat1a and Rat1a MyrAkt

cells were serum starved and then serum st im ulated

(Rat1a). A Western blot perform ed on total ext ract s in-

dicated that the three isoform s (a, b, and g) were present

in serum -starved cells (Fig. 5A, lane 1, the b form is

predom inant ), on ly the two slower m igrat ing form s (b

and g) were detected in serum -st im ulated Rat1a cells

(lane 2, the g form is predom inant ). Only the hyperphos-

phorylated form (g) was detected in Rat1a MyrAkt cells

(lane 3; sign ifican t ly less 4E-BP1 was present consis-

ten t ly in the MyrAkt cells, for reasons that are not im -

m ediately clear), indicat ing that 4E-BP1 is hyperphos-

phorylated. A cap-affin ity isolat ion of eIF4E was con-

ducted. In serum -starved Rat1a cells, there was a

sign ifican t am ount of 4E-BP1 (isoform s a and b) that

bound eIF4E (Fig. 5B, lane 1). Binding was abolished in

serum -st im ulated cells (lane 2), and in Rat1a (MyrAkt)

cells (lane 3). Taken together, these resu lt s suggest that

phosphorylat ion of 4E-BP1 in MyrAkt cells prevents it s

associat ion with eIF4E and that Akt plays a pivotal role

in regulat ing 4E-BP1 act ivity in cells.

A k t cannot d irect ly phosphory late 4E-BP1

To address the quest ion of whether Akt can phosphory-

late 4E-BP1 direct ly, in vit ro k inase assay was used. The

kinase react ion was perform ed using histone H2B (as a

cont rol subst rate) (Kennedy et al. 1997). Histone H2B

phosphorylat ion was increased gradually with t im e of

incubat ion with im m unoprecipitated HA–MyrAkt (Fig.

6, lanes 1–3). After a 45-m in incubat ion , background

phosphorylat ion of H2B was detected even with an im -

m unoprecipitate from m ock t ransfected cells (lane 7). In

cont rast , on ly background phosphorylat ion of GST–4E-

BP1 was observed upon incubat ion with im m unoprecipi-

tated HA–MyrAkt (lanes 4–6, and lane 8). Phosphoryla-

t ion of 4E-BP1 was not observed even after prolonged

exposure (data not shown). Therefore, we conclude that

Akt cannot phosphorylate 4E-BP1 in vit ro and is un-

likely to serve as the kinase that direct ly phosphorylates

4E-BP1 in vivo (see also below).

Figure 3. 4E-BP1 and 4E-BP2 32P incorporat ion is in-

creased in 293 MyrAkt cells and is resistan t to wort -

m annin t reatm ent . Cells were labeled with [32P]ortho-

phosphate as described in Materials and Methods and

4E-BP1 (A ) and 4E-BP2 (B) were im m unoprecipitated

successively with polyclonal an t ibodies, separated by

SDS-PAGE, t ransferred to Im m obilon-PSQ and sub-

jected to autoradiography. Differen t phosphorylated

isoform s are indicated for 4E-BP1.
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FRA P/ m TO R act iv ity is required for 4E-BP1

phosphory lat ion by A k t

Previous data and our resu lt s suggested that FRAP/

m TOR is required for 4E-BP1 phosphorylat ion . The

t ransfect ion of wild-type FRAP into serum -deprived

wild-type 293 cells did not resu lt in a m obility sh ift of

4E-BP1 (S.G. Kennedy and N . Hay, unpubl.). To evaluate

the role of FRAP/ m TOR in our system , we t ransfected

wild-type FRAP and a rapam ycin-resistan t m utant

(S2035T) form of FRAP (Brown et al. 1995) together with

HA–4E-BP1 in to 293 cells stably expressing MyrAkt .

The t ransien t ly t ransfected HA–4E-BP1 exhibited a m o-

bility sh ift even after 36 hr of serum deprivat ion (Fig. 7,

lane 1). These resu lt s are consisten t with the increased

phosphorylat ion of 4E-BP1 observed in serum -deprived

293–MyrAkt cells (see Fig. 3). Phosphorylat ion of 4E-BP1

in 293–MyrAkt cells was unchanged by t ransfect ion

with wild-type FRAP and FRAP(S2035T) (Fig. 7, lanes

2,5) and was resistan t to wortm annin t reatm ent (lanes

Figure 5. Phosphorylat ion of 4E-BP1 by Akt

inh ibit s in teract ion with eIF4E. Rat1a and

Rat1a / MyrAkt cells were incubated in 0.5%

FCS overn ight . Rat1a cells were then t reated

with 20% FCS for 40 m in . Cells were lysed by

freeze–thaw cycles and ext ract s were either

heat t reated (total ext ract ; 100 µg) or incu-

bated (750 µg) with m 7GDP–agarose resin , as

described in Materials and Methods. Sam ples

were separated by SDS-PAGE and 4E-BP1 pro-

tein was analyzed by Western blot t ing. (A ) To-

tal ext ract (100 µg). (B) Material bound to the

m 7GDP–agarose resin . Posit ions of the 4E-BP1

isoform s are indicated.

Figure 4. The phosphopept ide m ap of 4E-

BP1 in 293 MyrAkt cells is ident ical to that

of serum -st im ulated 293 cells. 32P-Labeled

4E-BP1 (Fig. 3) was excised from an Im m obi-

lon m em brane, digested with t rypsin–chy-

m otrypsin , and analyzed by two-dim ensional

phosphopept ide m apping, as described in

Materials and Methods. HEK 293 cells (A –D )

and HEK 293/ MyrAkt cells (E–G ) were de-

prived of serum for 36 hr. Cells were labeled

with 32P as described in Materials and Meth-

ods. (A ,E) Unt reated cells (B–D,F,G ) were

t reated as follows: with 15% FCS for 30 m in

(B); pret reated with rapam ycin (20 ng/m l) for

20 m in before addit ion of FCS (C ); pret reated

with wortm annin (100 n M) for 20 m in before

addit ion of FCS (D ); with rapam ycin (20 ng/

m l) for 20 m in (F); with wortm annin (100 n M)

for 20 m in (G ).
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3,6). However, phosphorylat ion of 4E-BP1 in 293–

MyrAkt cells t ransfected with wild-type FRAP was st ill

sensit ive to rapam ycin t reatm ent (lane 4), whereas t rans-

fect ion of FRAP(S2035T), conferred rapam ycin resis-

tance to 4E-BP1 phosphorylat ion (lane 7). Therefore, we

conclude that Akt -induced phosphorylat ion of 4E-BP1

requires FRAP/ m TOR.

Discussion

Translat ion rates are m odulated in response to growth

factors, horm ones, and m itogens. A m ajor target for ex-

t racellu lar st im uli is the t ranslat ion in it iat ion factor

eIF4E. It s act ivat ion correlates with the phosphorylat ion

and inact ivat ion of 4E-BPs, as well as with it s own phos-

phorylat ion on serine 209 (Whalen et al. 1996). In it ial

studies reported that 4E-BP1 is a direct downst ream tar-

get of m itogen-act ivated protein k inase (MAPK) (Lin et

al. 1994). Subsequent studies using pharm acological

agents such as wortm annin and LY294002, which in-

h ibit PI 3-k inase act ivity, and m utants of the PDGF re-

ceptor that cannot bind PI 3-k inase, have indicated that

PI 3-k inase is required for the phosphorylat ion and inac-

t ivat ion of 4E-BP1, and precluded MAPK as an upst ream

regulator of 4E-BP1 (Beret ta et al. 1996; von Manteuffel

et al. 1996). However, a recent report showing that wort -

m annin and LY294002 inhibit the k inase act ivity of

FRAP/ m TOR, which is required for 4E-BP1 phosphory-

lat ion , challenged the idea that PI 3-k inase is required for

4E-BP1 phosphorylat ion (Brunn et al. 1996). In the pre-

sen t study we have provided direct evidence that growth

factors m ediate phosphorylat ion of 4E-BP1 with PI 3-

k inase, which is the wortm annin-sensit ive com ponent

in th is signaling pathway (Figs. 1B and 2A). Moreover, we

have dem onst rated that the downst ream effector of PI

3-k inase, Akt , is a crit ical in term ediate in the signal

t ransduct ion pathway leading from growth factors to the

phosphorylat ion of 4E-BP1. Both the wild-type catalyt ic

subunit of PI 3-k inase and the wild-type c-Akt prom ote

the phosphorylat ion of 4E-BP1 when overexpressed t ran-

sien t ly in 293 cells. We found that a const itu t ively act ive

form of Akt prom otes phosphorylat ion of 4E-BP1 in the

absence of growth factors, in a wortm annin-resistan t

m anner, whereas a dom inant -in terfering m utant of Akt

blocks the ability of insu lin to induce phosphorylat ion of

4E-BP1 (Fig. 1D). An act ivated Akt can also m ediate the

in vivo phosphorylat ion of 4E-BP2 (Fig. 3B). The phos-

phorylat ion of 4E-BP1 by an act ivated Akt and in re-

sponse to growth factors occurred at apparen t ly ident ical

sites, as was dem onst rated by phosphopept ide m apping

(Fig. 4A,E). An act ivated Akt inh ibit s the binding of 4E-

BP1 to eIF4E, even in the absence of growth factors, and

therefore is presum ed to increase eIF4E-dependent t rans-

lat ion (Fig. 5).

The fact that ident ical phosphorylat ion sites on 4E-

BP1 are dim inished by rapam ycin in both serum -induced

and Akt-induced 4E-BP1 phosphorylat ion (Fig. 4) im plies

that the rapam ycin-sensit ive com ponent lies down-

st ream of Akt in th is signaling cascade. Indeed, a rapa-

m ycin-resistan t m utant of FRAP/ m TOR confers rapa-

m ycin resistance to 4E-BP1 phosphorylat ion induced by

an act ivated Akt (Fig. 7). Although these resu lt s st rongly

suggest a linear pathway from PI 3-k inase through Akt

and to FRAP/ m TOR, we cannot exclude a parallel sig-

naling pathway that includes FRAP/ m TOR and subse-

quent ly, that converges in to a com m on downst ream ef-

fector leading to phosphorylat ion of 4E-BP1 (see also Fig.

8). A recent study, which showed that FRAP/ m TOR im -

Figure 7. Akt requires FRAP act ivity for phosphorylat ion of

4E-BP1. HEK 293 MyrAkt cells were cot ransfected with HA–

4E-BP1 expression vector and with cont rol vector (lane 1) or

with wild-type epitope-tagged FLAG–FRAP expression vector

(lanes 2–4), or a rapam ycin-resistan t m utant FLAG–FRAP

S2035T expression vector (lane 5–7). After t ransfect ion , cells

were serum deprived of for 36 hr and were either left un t reated

(lanes 1,2,5) or t reated with wortm annin , [200 n M (Wort .); lanes

3,6] or rapam ycin [20 ng/ m l (Rap.); lanes 4,7]. Cell ext ract s were

prepared, and HA–4E-BP1 was detected as described in Fig. 1A.

Equal am ounts of ext ract from the sam e experim ent were used

for detect ion of FLAG–FRAP with ant i-Flag m onoclonal an t i-

bodies. FLAG–FRAP is indicated by the large arrow. Sm all ar-

rows indicate differen t phosphorylat ion states of 4E-BP1. The

resu lt s shown in th is figure are represen tat ive of three indepen-

dent experim ents.

Figure 6. Akt does not phosphorylate 4E-BP1 in vit ro. HEK 293

cells were t ransfected t ransien t ly with HA–MyrAkt expression

vector or with vector alone. Forty-eigh t hours after t ransfect ion ,

MyrAkt was im m unoprecipitated with an ant i-HA ant ibody

(HA.11). Im m unoprecipitates from m ock t ransfected (lanes 7,8)

or from HA–MyrAkt t ransfected cells (lanes 1–6) were used for

k inase react ions, as described in Materials and Methods. GST–

4E-BP1 (2 µg) and histone H2B (2 µg) were used as subst rates and

incubated with the im m unoprecipitates for the indicated t im es.

Sam ples were analyzed by SDS-PAGE. An equal am ount of im -

m unoprecipitate was used for each react ion . Equal protein load-

ing was visualized by Coom assie Blue stain ing. The resu lt s

shown are representat ive of two independent experim ents.
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m unoprecipitated from cells is able to phosphorylate 4E-

BP1 in vit ro (Brunn et al. 1997), is consisten t with a

linear signaling pathway leading from growth factor re-

ceptor to PI 3-k inase, Akt , and FRAP/ m TOR. However,

the observat ion that im m unoprecipitated FRAP/ m TOR

can phosphorylate 4E-BP1 does not preclude the possi-

bility that a downst ream effector of both FRAP/ m TOR

and Akt can be coim m unoprecipitated with FRAP/

m TOR and consequent ly, responsible for 4E-BP1 phos-

phorylat ion in vit ro.

Our studies delineate the signaling pathway leading

from growth factor receptor to the phosphorylat ion of

4E-BP1 and act ivat ion of eIF4E and provide direct evi-

dence that PI 3-k inase, Akt , and FRAP/ m TOR are key

regulators in th is pathway (Fig. 8). Akt has been reported

to be act ivated by the lipid products of PI 3-k inase

through it s PH dom ain (Franke et al. 1997b). More recent

studies showed that at least two upst ream kinases are

required for the fu ll act ivat ion of Akt . One kinase,

term ed PDK1, is act ivated direct ly by the lipid products

of PI 3-k inase and is responsible for the phosphorylat ion

of Thr-308 in Akt . The other k inase is required to phos-

phorylate Ser-473 in Akt (Alessi et al. 1997; Stokoe et al.

1997). We showed that Akt cannot phosphorylate 4E-BP1

direct ly. It is not clear, however, whether Akt act ivates

FRAP/ m TOR direct ly or m odulates the act ivity of an-

other in term ediate such as phosphatase or a k inase.

PI 3-k inase, Akt , and FRAP/ m TOR were also im pli-

cated in the act ivat ion of p70S6k (Brown et al. 1995;

Burgering and Coffer 1995; Reif et al. 1997; Fig. 8). Ex-

perim ents using three differen t varian ts of p70S6k

showed that overexpression of p70S6k inhibit s the phos-

phorylat ion of 4E-BP1 by insu lin probably by sequester-

ing a com m on upst ream act ivator. These resu lt s also

suggest that the 4E-BP1 phosphorylat ion pathway bifur-

cates im m ediately upst ream of p70S6k (von Manteuffel

et al. 1997). Because the phosphorylat ion of both p70S6k

and 4E-BP1 is inh ibited by rapam ycin , the com m on up-

st ream act ivator could be the target of rapam ycin FRAP/

m TOR. FRAP/ m TOR was shown to m ediate the in vivo

phosphorylat ion of both p70S6k and 4E-BP1 (th is work;

Brown et al. 1995; Brunn et al. 1997). It is un likely, how-

ever, that p70S6k and 4E-BP1 are phosphorylated by the

sam e kinase because the m ot ifs flanking possible 4E-BP1

phosphorylat ion sites differ from the rapam ycin-sensi-

t ive p70S6k sites (Moser et al. 1997). The large size of

FRAP/ m TOR (289 kD) raises the possibility (as depicted

in Fig. 8) that it m ay act as a scaffold protein , which can

in teract with m ult iple k inases having differen t inputs.

Thus, one of these kinases could be the p70S6k kinase

and another k inase could be the 4E-BP1 kinase.

A k t , apoptosis, cell proliferat ion , and protein synthesis

Akt appears to have m ult iple downst ream effectors

(Marte and Downward 1997). In th is study we dem on-

st rated that 4E-BP1 is a new downst ream target of Akt .

Akt can prom ote cell survival; it blocks apoptosis accel-

erated by c-Myc (Kauffm ann-Zeh et al. 1997; Kennedy et

al. 1997), by UV irradiat ion (Kulik et al. 1997), by growth

factor withdrawal in fibroblast s (Kennedy et al. 1997), in

cerebellum neurons (Dudek et al. 1997), and in hem apoi-

et ic cells (Ahm ed et al. 1997), and by a decrease in cell

m at rix adhesion (Khwaja et al. 1997). The ability of Akt

to prom ote survival is not dependent on changes in the

steady-state levels of Bcl-2 and BclxL (Kennedy et al.

1997). However, Akt inh ibit s the act ivity of caspase-3-

like proteases that execute the cell death pathway

(Kennedy et al. 1997). The ability of Akt to prom ote cell

survival m ight be dependent on the synergist ic effect s of

it s m ult iple downst ream effectors. In terest ingly, at least

two of it s downst ream targets, p70S6k and 4E-BP1, are

involved in the cont rol of t ranslat ion . In m any cases of

apoptosis where cells have already been program m ed to

die, inh ibit ion of protein synthesis either does not affect

the rate of cell death or augm ents cell death as in tum or

necrosis factor (TN F), Fas, or Myc-induced apoptosis

(Evan et al. 1992; Polunovsky et al. 1994; Wagner et al.

1994; N atoli et al. 1995; Foote et al. 1996; Karsan et al.

1996; Reinartz et al. 1996). In th is regard, it is notewor-

thy that rapam ycin has a pronounced effect on the t rans-

lat ion of insu lin-like growth factor II (IGF–II) (N ielsen et

al. 1995), which acts as a survival factor (Christofori et

Figure 8. A m odel illust rat ing the signaling cascades leading to

an increase in protein synthesis. PI 3-k inase, Akt , and FRAP/

m TOR are downst ream effectors of growth factor receptors that

lead to phosphorylat ion of the 4E-BPs, and subsequent act iva-

t ion of eIF4E. For details see Discussion .
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al. 1994; Ueda and Ganem 1996). However, t reatm ent

with rapam ycin alone is not sufficien t to induce apopto-

sis (Yao and Cooper 1996; Kauffm ann-Zeh et al. 1997),

although it was reported that rapam ycin can accelerate

apoptosis under certain condit ions (Shi et al. 1995). It is

also in t rigu ing that ectopic expression of eIF4E can res-

cue cells from c-Myc and growth factor withdrawal-in-

duced apoptosis (Polunovsky et al. 1996), suggest ing that

at least in part , the pathway uncovered in these studies

could be relevant to the ability of Akt to prom ote sur-

vival.

Because both eIF4E and Akt were also shown to play a

role in cell proliferat ion (Lazaris-Karatzas et al. 1990;

Cheng et al. 1997), and 4E-BP1 is a negat ive regulator of

cell growth (Rousseau et al. 1996), it is possible that at

least in part Akt act ivity in cell proliferat ion is depen-

dent on the act ivat ion of eIF4E. As was shown for eIF4E,

Akt is overexpressed and am plified in certain tum ors

(Bellacosa et al. 1995; Kerekat te et al. 1995; Cheng et al.

1996; N athan et al. 1997). Recent studies in Caenorhab-

d it is elegans iden t ified the m am m alian equivalen ts of

insu lin receptor and PI 3-k inase as m odulators of longev-

ity, probably through regulat ion of m etabolism and pro-

tein synthesis (Morris et al. 1996; Kim ura et al. 1997).

Because Akt is conserved in C. elegans (Waterston et al.

1992), it is possible that Akt and it s downst ream effec-

tors, leading to protein synthesis, are also downst ream

com ponents of insu lin receptor / PI 3-k inase-m ediated

longevity. Because of it s pivotal role in cell survival and

proliferat ion , m odulat ion of Akt act ivity in vivo m ight

have an im pact on therapies of cancer and degenerat ive

diseases. 4E-BPs, the new downst ream targets of Akt

ident ified in these studies, can facilit ate research on the

act ivity of th is m ult ipoten t k inase because the m obility-

sh ift assay of 4E-BP1 can provide a sim ple and at t ract ive

read-out for Akt act ivity in vivo.

Materials and methods

Plasm ids and ant ibodies

The hum an 4E-BP1 coding sequence was am plified by PCR and

in t roduced in-fram e in to the cytom egalovirus (CMV)-based vec-

tor pACTAG-2 (a kind gift from A. Charest and M. Trem blay,

McGill University, Mont real, Canada) to express a fusion pro-

tein with three am ino-term inal HA tags. HA–c-Akt , HA–c-Akt

K179M (Franke et al. 1995), and HA–MyrAkt (Ahm ed et al.

1997) expression vectors were generously provided by Philip

Tsich lis and Alfonso Bellacosa (Fox Chase Cancer Center, Phila-

delphia, PA). The Bam HI/ BglII fragm ent of HA–c-Akt K179M

was in t roduced in to pCDN A3 (Invit rogen) to generate the c-Akt

(k in−) expression vector used in th is study. FRAP and

FRAP(S2035T) (Brown et al. 1995) expression vectors were gen-

erously provided by Stuart Schreiber and Eric Brown (Harvard

University, Cam bridge, MA). Myc–epitope-tagged p110a and

p110a* (Khwaja et al. 1997) expression vectors were generously

provided by Julian Downward [Im perial Cancer Research Fund

(ICRF), London, UK]. Ant ibody 11208 against hum an 4E-BP1

was described previously (Gingras et al. 1996). Ant ibody 11209

is a rabbit polyclonal an t ibody (Pocono Rabbit Farm , Canaden-

sis, PA) raised against hum an 4E-BP1 (expressed as a GST fusion

protein). N either an t ibody cross-reacts with 4E-BP2 in im m u-

noprecipitat ion studies. Ant i-4E-BP2 rabbit polyclonal an t ibody

was raised against a GST–HMK–4E-BP2 fusion protein (de-

scribed in Pause et al. 1994). The 4E-BP2 crude ant isera cross-

reacts (as indicated by Western blot t ing and by im m unoprecipi-

tat ion studies) with 4E-BP1 and, to a lesser exten t , with a novel

4E-BP fam ily m em ber, 4E-BP3. The ant i-HA ant ibody 12CA5

(m ouse m onoclonal) was concent rated from t issue culture su-

pernatan t using protein G–Sepharose beads (Pharm acia). The

ant i-HA m ouse m onoclonal an t ibody HA.11 was purchased

from BabCO and was used at a dilu t ion of 1:1000. The ant i-Flag

m ouse m onoclonal an t ibody M5 was purchased from Kodak and

was used at a dilu t ion of 1:400. The ant i-Myc–epitope m ouse

m onoclonal an t ibody 9E10 was used at a dilu t ion of 1:500 for

im m unoprecipitat ion and 1:1000 for Western blot t ing.

Cell cu lture and v iral in fect ion

Cell cu lture was perform ed as described previously (Wagner et

al. 1994; Kennedy et al. 1997). Ecot ropic MyrAkt ret rovirus was

m ade by t ransien t t ransfect ion of Bosc23 cells as described pre-

viously (Wagner et al. 1994). Virus was used to infect PA317

cells and a stable producer cell line was generated. The resu ltan t

am phot ropic virus was used to infect HEK 293 cells, and stable

clones were selected with G418 (500 µg/ m l, Wagner et al. 1994).

Clones were pooled and m ain tained as the stable cell line 293–

MyrAkt .

Transien t t ransfect ions

Transien t t ransfect ions were conducted using either Lipofect -

AMIN E (GIBCO BRL) or calcium phosphate, as indicated in the

figure legends. For LipofectAMIN E transfect ion , HEK 293 cells

were plated at 1 × 106 / 6-cm plate and grown overn ight in

DMEM / 10% FCS. Cells were rinsed once with PBS and placed

in 600 µl of DMEM. Four hundred nanogram s of HA 4E-BP1 and

2.5 µg of the p110a and Akt expression const ructs were added to

600 µl of DMEM contain ing 25 µl of LipofectAMIN E and incu-

bated at room tem perature for 30 m in . This react ion m ixture

was added to cells and incubated at 37°C for 4 hr. DMEM with

20% FCS (3 m l) was added for 2 hr, then cells were rinsed once

with PBS and incubated in DMEM overn ight . The m edium was

changed and cell ext ract s were prepared after 48 hr. Calcium

phosphate t ransfect ion was conducted according to (Sam brook

et al. 1989). The calcium phosphate / DN A precipitate was in-

cubated with cells overn ight in DMEM with 10% FCS. Cells

were rinsed once with PBS and placed in DMEM. The following

day cells were rinsed again with DMEM.

Extract preparat ion and W estern blot t ing

Cells were rinsed twice with cold buffer a [20 m M Tris-HCl (pH

7.5), 100 m M KCl, 20 m M b-glycerolphosphate, 1 m M DTT, 0.25

m M N a3VO 4, 10 m M N aF, 1 m M EDTA, 1 m M EGTA, 10 n M

okadaic acid, 1 m M phenylm ethylsu lfonyl fluoride] and scraped

in to a m inim al volum e of the sam e buffer. Lysis was perform ed

by three freeze–thaw cycles. Cell debris was pelleted by cen-

t rifugat ion , and the protein concent rat ion in the supernatan t

was m easured using the Bio-Rad assay. For analysis of endog-

enous 4E-BP1, 75 µg of total cell ext ract was incubated at 100°C

for 7 m in to enrich for 4E-BP1, which is heat -stable. Sam ples

were incubated on ice for 5 m in , and precipitated m aterial was

rem oved by cent rifugat ion (13,000 rpm , 5 m in). When neces-

sary, the ext ract was TCA precipitated (Pause et al. 1994).

Laem m li sam ple buffer was added to the supernatan t , which

was then subjected to SDS-15% PAGE. For analysis of t rans-

fected HA–4E-BP1, cells were lysed by three freeze–thaw cycles,

and 50 µg of protein was analyzed by SDS–10% PAGE. Western
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blot t ing, using chem ilum inescence detect ion , was perform ed as

described (Gingras et al. 1996) using either the ant i-4E-BP1

11208 ant ibody (1:1500) or the ant i-HA 12CA5 m onoclonal an-

t ibody (0.5 µg/ m l). For analysis of p110a, p110a and p110a*

expression vectors were t ransfected in to HEK 293 cells. After 36

hr cells were lysed in to 500 µl of RIPA buffer [50 m M Tris-HCl

(pH 7.5), 150 m M N aCl, 1% N onidet P-40, 0.5% sodium deoxy-

cholate, 0.1% SDS] contain ing 1 m M PMSF and subjected to

im m unoprecipitat ion for 3 hr with 1 µg of the m ouse m onoclo-

nal an t i-Myc ant ibody 9E10. Im m unoprecipitates were rinsed

three t im es with RIPA buffer and resuspended in Laem m li

buffer. Sam ples were boiled and subjected to SDS–8% PAGE.

p110a was detected by incubat ion with the 9E10 ant ibody.

Chrom atography on m 7GDP-agarose

Cell ext ract s prepared by three freeze–thaw cycles, in buffer

contain ing 20 m M HEPES–KOH (pH 7.5), 75 m M KCl and 1 m M

EDTA, were incubated for 1 hr with m 7GDP coupled to agarose

adipic resin [30 µl of packed beads per react ion ; beads were

prepared according to Edery et al. (1988)]. Beads were spun down

in a m icrofuge (3000 rpm , 30 sec), washed THREE t im es with 20

volum es of the sam e buffer, and resuspended in Laem m li

sam ple buffer. Sam ples were then analyzed by SDS-PAGE and

Western blot t ing as described above.

Metabolic labeling and im m unoprecipitat ion

HEK 293 cells starved for 30–36 hr or Rat1a cells starved for

16–24 hr were incubated at 37°C for 3 hr in serum -free DMEM

contain ing 0.5 m Ci / m l [32P]orthophosphate (DuPont N EN ;

3000 m Ci / m m ole). Rapam ycin (20 ng/ m l) or wortm annin (100

n M) were added for 20 m in , followed by the addit ion of dialyzed

FBS (15% ; GIBCO) for 30 m in . The m edium was rem oved and

the cells were rinsed twice in cold PBS. Cells were lysed in lysis

buffer [10% glycerol, 50 m M Tris (pH 7.5), 60 m M KCl, 2 m M

CDTA (t rans,-1,2-diam inocyclohexane-N ,N ,N 8,N 8-tet raacet ic

acid), 1% Triton X-100, 2 m M DTT, 20 m M b-glycerolphosphate,

10 n M okadaic acid] for 30 m in at 4°C. Lysate was harvested by

scraping and cell debris was rem oved by cent rifugat ion . Total

radioact ivity in the lysate was m onitored by spot t ing 1, 2, 5, and

10 µl of the ext ract onto a phosphocellu lose (P81) paper, which

was washed extensively with 75 m M phosphoric acid and dried.

Bound radioact ivity was m easured by scin t illat ion count ing

(Whalen et al. 1996). The ext ract (equivalen t quant it ies of ra-

dioact ivity) was precleared by incubat ion with protein A beads

(50 µl per m l of ext ract ) with end-over-end rotat ion at 4°C for 1

hr. The supernatan t was t ransferred to a fresh tube, together

with 30 µl of 11209 crude ant isera per m illilit er of ext ract , and

incubated for 3 hr at 4°C. Protein A beads (30 µl packed beads)

were added and incubat ion end-over-end was carried out for 2 hr

at 4°C. Beads were spun down (m icrofuge, 6000 rpm , 2 m in) and

washed two t im es in lysis buffer, 2 t im es in RIPA buffer, and 2

t im es in LiCl solu t ion (200 m M LiCl, 1 m M DTT). In som e

experim ents, the supernatan t (unbound fract ion) was further

incubated with 11211 ant i-4E-BP2 ant ibody as for 4E-BP1. Im -

m unoprecipitated m aterial was subjected to SDS–15% PAGE

and t ransferred to PVDF m em branes (Im m obilon-P or Im m obi-

lon-PSQ , Millipore), which were dried and autoradiographed. Ra-

dioact ive bands corresponding to 4E-BPs were excised and

Cerenkov counted.

Phosphopept ide m aps

Trypt ic–chym otrypt ic digest ion of 4E-BP1 im m obilized on the

PVDF m em branes was perform ed essent ially as described (van

der Geer and Hunter 1994), with the following m odificat ions.

The digest was perform ed using a 200:1 m ixture of TPCK-

t reated t rypsin and chym otrypsin (5 µg, Worth ington) for 10 hr,

followed by the addit ion of 5 µg enzym e for 3 hr. The sam ple

was then lyophilized (speed-vac, Savant ), resuspended in 200 µl

of water, lyophilized again , resuspended in 100 µl of water, ly-

ophilized a th ird t im e, resuspended in 100 µl (pH 1.9) buffer

(2.5% vol / vol form ic acid 88% and 7.8% vol / vol glacial acet ic

acid) and lyophilized a fourth t im e. For chrom atography, first

dim ension (elect rophoresis) was perform ed in pH 1.9 buffer us-

ing the HTLE 7000 apparatus (CBS Scien t ific); second dim en-

sion was perform ed in phosphochrom atography buffer (37.5%

vol / vol n -bu tanol, 25% vol / vol pyridine, 7.5% vol / vol glacial

acet ic acid). Plast ic-coated cellu lose th in-layer chrom atography

plates (Kodak; 20 cm × 20 cm ) were used.

A k t k inase assay

HEK 293 1 × 106 cells were t ransfected with 3 µg of HA–

MyrAkt DN A using LipofectAMIN E. Cells were grown

in 10% DMEM for 48 hr, then lysed in to Akt lysis buffer

(Kennedy et al. 1997). Ext ract s were incubated with 3 µg

of m onoclonal m ouse ant i-HA (BabCO, HA.11) for 3 hr.

Im m unoprecipitat ions and kinase react ions with histone

H2B (2 µg) and GST–4E-BP1 (2 µg) were conducted ac-

cording to (Franke et al. 1995).
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pathway inactivated by the Akt(PKB) signaling
4E-BP1, a repressor of mRNA translation, is phosphorylated and
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