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Mammalian TOR: A protein synthesis and cell growth are linked 
by ribosome biogenesis, which is indepen-

Homeostatic ATP Sensor dently controlled by amino acid and adeno-
sine triphosphate (ATP) availability (8). Be-
cause mTOR is sensitive to amino acids and 

Patrick B. ~ennis,'Anja ~aeschke,'Masao Saitohsl Brian Fowler: regulates ribosome biogenesis (1-3), we test-
Sara C. ~ozma,'George Thomas1* ed its activity for sensitivity to alterations in 

intracellular ATP concentrations. We used 
The bacterial macrolide rapamycin is an efficacious anticancer agent against insulin-induced S6K1 activation and 4E-BPI 
solid tumors. In a hypoxic environment, the increase in mass of solid tumors phosphorylation as reporters for mTOR func-
is dependent on the recruitment of mitogens and nutrients. When nutrient tion in the presence of glycolytic or mito-
concentrations change, particularly those of essential amino acids, the mam- chondrial inhibitors (9). The glycolytic inhib-
malian Target of Rapamycin (mTOR) functions in regulatory pathways that itor Zdeoxyglucose (2-DG).was more effec-
control ribosome biogenesis and cell growth. In bacteria, ribosome biogenesis tive in inhibiting S6K1 WS9phosphoryl-
is independently regulated by amino acids and adenosine triphosphate (ATP). ation and S6K1 activation than was the 
Here we demonstratethat the mTOR pathway is influenced by the intracellular mitochondria1 inhibitor rotenone (Fig. 1A). 
concentration of ATP, independent of the abundance of amino acids, and that Similar results were obtained when an 
mTOR itself is an ATP sensor. mTOR-mediated phosphorylation site in 4E-

BPI (Ser65) was measured (Fig. 1B) and 
The survival of organisms is dependent on cell carcinoma and non-small cell lung, pros- when iodoacetic acid and dinitrophenol were 
their ability to maintain cellular homeostasis. tate, and breast cancer (6). used as glycolytic and mitochondria1 inhibi-
Environmental cues are deciphered by cellu- Protein synthesis is the major energy-con- tors, respectively (10). The effectiveness of 
lar regulatory elements, which adjust an or- suming process in the cell (7). In bacteria, each agent in inhibiting S6K1 activation par-
ganism's metabolic state to reflect external 
conditions. The phosphatidylinositide kinas* Fig. ,.The effeds of A 
related family of protein kinases contains a metabolic inhibitors. =120 

number of critical effectors that sense envi- (A) Serum-starved 
ronmental factorsthat control the ability of an HEK293 cells were ex-
organism to survive. One member of the fam- tracted directly or 
ily is mTOR, which resides at the interface stimulated with m 

k '  60between nutrient sensing and the regulation ;;;:;I;$;: !-y; r Is6@4 P
of major metabolic responses (1-3). Depend- 20 pMrotenonefor 40- + + + Insulining on mitogen and amino acid availability, 30 ,in. ~ 6 ~ 1levels and - -

+ - 2-DG 
20mTOR positively regulates translation and Thr389phosphorylation - - - + Rotenone .E 

ribosome biogenesis while negatively con- were measured by 
trolling autophagy (I), suggesting that mTOR Western B - + + + Insul~n 
sets protein synthetic rates as a function of ('1. S6K1 was - - + - 2-DG 

assayed as described - - -
+ Rotenonethe availability of translational precursors (4, previously(22). (B)The 

5). In response to mitogens and amino acids, expression and phos-
mTOR phosphorylates and controls the activ- phorylation of tran-
ities of two key translational regulators, S6 siently transfected HA- - + + + Insulin 
kinase 1(S6K1) and initiationfactor4E bind- 4E-BP1 was measured - - + - 2-DG- - - + Rotenoneing protein (4E-BPI) (2). However, changes ~ ~ ~ l ( ~ ~ t ~ ~ ~ y a t ~ , ~
in mTOR activity in vitro, after either mito- and phosphospecific antibody against SeP5, respect~vely H2BQ 

gen or amino acid treatment, have been small (9).(C) ATP levels were measured from mock-transfected - + + + + hsulin 
and controversial (2, 3). The importance of HEK293 cells treated as in (A). with a luciferase-based - - + - - 2-DG 

understanding the iile&lar mechanisms that 
control mTOR function is underscored by 
recent phase 1 clinical trials showing that 
rapamycin is efficacious in the treatment of 
solid tumors in patients with metastatic renal 
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assay (7  I ) ,  with the results expressed as a percentage of 
the insulin-stimulatedcontrol. (0)Transiently transfected, 
HA-tagged PKB activation was measured in vitro with HZB 
as substrate (22) after immunoprecipitation from serum-
starved cells extracted directly or after insulin stimulation 
with or without the addition of 100 mM 2-DC, 20 nM 
rapamycin, or 100nM wortmannin (9).HA-PKB expression 
and SeP73phosphotylation were measured as in (B) and 
(9),respectively. (E) HA-MAPK kinase activity toward my-
elin basic protein was measured from serum-starved cells 
extracted directly or after 100 nM 12-o-tetradecanoyl-
phorbol-13-acetate (TPA) stimulation in the presence or 
absence of 20 nM rapamycin or 100 mM 2-DC for 30 n 
representative of at [eastthree independent experiments. 

- - - + - Rapamycin- - - - + Wortmannin 
E 

MAPK 

MBPQ 

- + + + TPA 
- - + - Rapamycin 
- - - + 2-DG 

iin (22). All results and the SE in (C) are 
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alleled its ability to lower ATP concentra- 
tions, as measured in a luciferase reporter 
assay (Fig. 1C) (11). The glycolytic inhibitors 
may be more effective in reducing ATP con- 
centrations in transformed HEK293 .cells be- 
cause those cells predominately use anaero- 
bic respiration to produce ATP (12,13). The 
modest effect of rotenone in reducing ATP 
concentrations, as compared with its effects 
on S6K1 and 4E-BPI phosphorylation, sug- 
gested that the inhibitors were not generally 
toxic. To verify this, we tested the effect of 
2-DG on protein kinase B (PKB) and mito- 
gen-activated protein kinase (MAPK). Like 
rapamycin, 2-DG did not inhibit insulin-in- 
duced activation of PKB, which was sensitive 
to the phosphatidylinositide-3-OH kinase 
(PI3K) inhibitor wortrnannin, as judged by 
Ser"73 phosphorylation and in vitro phospho- 
rylation of histone 2B (H2B) CFig. ID): Also, 
2-DG had no effect on TPA-induced MAPK 
activation, with myelin basic protein (MBP) 
as substrate (Fig. 1E). Hence, the 2-DG- 
induced reduction in ATP concentrations ap- 
pears to selectively influence signaling to 
S6K1 and 4E-BPI. 

Fig. 2. Specific inhibition of 
mTOR-signaling by 2-DG. (A) 
S6K1-GST and GST-AC-S6K1 
from transiently transfected, se- 
rum-starved HEK293 cells were 
extracted directly or after insulin 
stimulation with or without the 
addition of 20 nM rapamycin or 
100 nM wortmannin (9). Kinase 
activities, expression levels, and 
T389 phosphorylation were as in 
Fig. 1A and (22). (B), Expression 
and activity of S6KlGST or 
GST-AC-S6K1 were measured 
after insulin stimulation alone or 

To assess whether the inhibitory effects of 
2-DG on S6K1 activation were mediated by 
mTOR, we used a rapamycin-resistant allele of 
S6K1. Rapamycin resistance was conferred by 
fbsing glutathione S-transferase (GST) to the 
q-terminus of S6K1 and truncating the 
COOH-terminus, creating a construct termed 
GST-AC-S6Kl (14). Both S6K1, having a 
COOH-terminal GST tag (S6K1-GST), and 
GST-AC-S6K1 were phosphorylated and acti- 
vated by insulin in a wortmannin-sensitive man- 
ner. However, only GST-AC-S6Kl was resis- 
tant to inhibition by rapamycin (Fig. 2A). 2-DG 
reduced insulin-induced activation of S6K1- 
GST (Fig. 2B) in a dose-dependent manner, 
paralleling its effect on intracellular ATP con- 
centrations (Fig. 2C). In contrast, insulin-in- 
duced activation of GST-AC-S6K1 was unaf- 
fected by 2-DG treatment (Fig. 2B). Thus, 2-DG 
appears to selectively inhibit signaling to mTOR 
effectors, supporting a model whereby mTOR is 
controlled by intracellular ATP concentrations. 

Because mTOR signaling is dependent on 
concentrations of aminoacylated tRNAs (5), 
the effects of ATP on S6K1 and 4E-BPI may 
be indirect, occurring through inhibition of 

I' - + + + - + + + Insulin 
- - + - - - + - Rapamycin - - - + - - - + Wortmannin 

Rapamycin-sensitive Rapamycin-resistant 
S6K1-GST GST-AC,,S6Kl 

with increasing amounts of 2-DG as B in .(A). (C) Mock-transfected 
HEK293 cells were treated as in (B) 
and extracted for ATP analysis as in 
Fig. 1C. Results and SE in (C) are 
typical of at least two independent 
experiments. 

I J 
0 20 40 100 2-DG (mM) 
+ + + + Insulin 
Rapamycin-resistant 
GST-AClo4S6K1 

+ + + + Insulin 

tRNA aminoacylation. To examine this pos- 
sibility, we analyzed total cellular tRNA on 
acid-urea polyacrylamide gels, which resolve 
aminoacylated from nonacylated tRNA (15). 
Neither insulin stimulation nor 2-DG treat- 
ment had an effect on total amounts of ami- 
noacylated tRNA (Fig. 3A). Unexpectedly, 
amino acid deprivation also had no effect 
(Fig. 3A), even though such treatment was 
sufficient to completely block phosphoryl- 
ation of S6K1 and 4E-BPI (Fig. 3B). To 
further test this finding, we examined select- 
ed tRNAs by Northern blot analysis. As with 
total tRNA, none of the three treatments had 
an effect on the aminoacylation status of 
leucyl, histidyl, or threonyl tRNA (Fig. 3A) 
(lo), indicating that amino acid pools, rather 
than amounts of aminoacylated tRNA, were 
important for mTOR signaling (16). Indeed, 
amino acid deprivation resulted in a decrease 
in the amounts of essential amino acids, par- 
ticularly the branched-chain amino acids, 
whereas 2-DG had little effect (Fig. 3C) (10). 
Furthermore, amino acid deprivation had no 
effect on concentrations of ATP (Fig. 3D). 
Thus, regulation of mTOR by ATP is inde- 
pendent of amino acids pools. 

Reducing ATP concentrations could lead 
to a stable change in mTOR activity, through 
a posttranslational modification, or ATP 
could directly affect mTOR activity. To test 
the first possibility, we transiently expressed 
hemaglutinin (HA) epitope-tagged mTOR in 
HEK293 and measured its activity after treat- 
ment of cells with 2-DG (1 7). Although such 
treatment blocked insulin-induced activation 
of S6K1 (Fig. lA), it had no effect on the 
kinase activity of mTOR in vitro toward 
T V S 9  of S6K1 (Fig. 4A). Indeed, neither 
amino acid deprivation, insulin stimulation, 
nor transient expression of an activated allele 
of PI3K affected mTOR kinase activity in 
vitro (Fig. 4, A and B), despite their ability in 
the intact cell to affect TVs9  phosphoryl- 
ation and S6K1 activation (Figs. 3B and 4C). 
Next, we measured mTOR activity in vitro at 
ATP concentrations that approached physio- 
logical levels of 1 to 5 mM in mammalian 
cells (18). Specific activity of mTOR in- 
creased up to -1 mM ATP, saturating at 
around 2 or 3 rnM ATP, whereas the catalyt- 
ically inactive mTOR mutant did not phos- 
phorylate T P s 9  (Fig. 4D). On the basis of 
these values, we calculated a K,  (Michaelis 
constant) for ATP of slightly greater than 1 
mM (17). Most protein kinases analyzed to 
date show an apparent K, for ATP of 10 to 
20 yM (19), one-hundredth to one-fiftieth of 
that observed for mTOR. Because mTOR 
also phosphorylates several sites in 4E-BPI, 
including Ser6' (2), we also assayed the ATP 
requirement of mTOR for Sep5 of 4E-BPI. 
Using the same assay conditions described 
for T P s 9  phosphorylation in S6K1, we ob- 
tained almost identical results for Ser6' phos- 
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R E P O R T S  

phorylation (Fig. 4D). These findings sustain 
the role o f  mTOR as an ATP effector and 
suggest that i t  is a direct sensor o f  ATP in the 
cell. 

Our data support the hypothesis that intra- 
cellular concentrations o f  ATP directly regulate 
mTOR, whereas mTOR regulation by  amino 
acids uses a separate mechanism (Fig. 4E). 
Likewise, in bacteria, amino acids and ATP are 

sensed by  different mechanisms. Amino acid 
deprivation in bacteria triggers the "stringent 
response," the production o f  the guanosine 
triphosphate derivative ppGpp, which blocks 
ribosome biogenesis by  directly binding to 
rRNA polymerase (8). In contrast, as ATP con- 
centrations begin to decrease in growing bacte- 
ria, the rate o f  initiation at rRNA promoters 
decreases because o f  the rapid decay o f  open 

tRNA"1S 
tRNA 

DA - + + + Insulin 
+ + - + A A  - - - + 2-DG 0 

6 Ala Glu Leu Ile Val 

Fig. 3. Effect of 2-DG on tRNA aminoacylation and amino acid 
levels. (A) Total RNA was extracted from serum-starved HEK293 
cells (75) directly or after insulin stimulation, with or without 2-DG 
or amino acid starvation (-AA). After resolution on an acid-urea gel 
(75), tRNA was visualized with ethidium bromide staining (top) or 
by Northern blot analysis with probes specific for tRNALeu (middle) 
and tRNAHiS (bottom). DA in vitro deacylated tRNA. (B) Expression 
levels and phosphowlation states of endogenous S6K1 (left) and 
4E-BP1 (right) Gere measured from serum-starved cells, stimdated + - AA 
with insulin in the presence or absence of amino acids in the media 
as in Fig. 1A and (9). (C) Levels of individual amino acids were measured in extracts prepared from 
insulin-stimulated HEK293 cells in the presence or absence of amino acids or with 100 mM 2-DC 
treatment (24) and expressed as a percentage of the insulin-stimulated control in the presence of 
amino acids. (D) Cells treated as in (B) were extracted for ATP analysis (77), and the results were 
expressed as a percentage of the insulin-stimulated control in the presence of amino acids. Results 
and SE derived in (C) and (D) are typical of at least two independent experiments. 

promoter complexes (20). Here we propose 
that, as ATP is used in eukaryotic cells, mTOR 
functions as a homeostatic sensor, adjusting the 
rate o f  ribosome biogenesis to reflect intracel- 
lular ATP concentrations (Fig. 4E). Increased 
ribosome biogenesis is a predictive indicator o f  
solid tumor progression (21), and in such tu- 
mors, metabolic flux is redirected to glycolysis, 
leading to the more rapid production o f  ATP 
(12, 13). If tumors gain an mTOR-specific 
growth advantage because o f  increased produc- 
tion o f  ATP, they may be more susceptible to 
the effects o f  raparnycin. 
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Human immunodeficiency virus-1 (HIV-1) Vpr expression halts the prolifera- 
t ion of human cells a t  or near the G, cell-cycle checkpoint. The transition from 
C, t o  mitosis is normally controlled by changes in  the state o f  phosphorylation 
and subcellular compartmentalization of key cell-cycle regulatory proteins. In 
studies of the intracellular trafficking of these regulators, we unexpectedly 
found that wild-type Vpr, but  no t  Vpr mutants impaired for C, arrest, induced 
transient, localized herniations in the nuclear envelope (NE). These herniations 
were associated with defects in  the nuclear lamina. Intermittently, these her- 
niations ruptured, resulting in  the mixing of nuclear and cytoplasmic compo- 
nents. These Vpr-induced NE changes probably contribute t o  the observed 
cell-cycle arrest. 

HIV-1 Vpr is a highly conserved, virion- 
associated (I), nucleocytoplasmic shuttling 
(2) protein that blocks proliferating CD4+ T 
cells at the G, cell-cycle checkpoint (3, 4). 
This property of Vpr enhances viral replica- 
tion because HIV-1 transcription is more ac- 
tive during G, (5). Vpr also increases HIV-1 
replication in nondividing macrophages, pos- 
sibly by facilitating, with other viral compo- 
nents (6-II), nuclear uptake of the large (56 
nm) viral preintegration complex (PIC) (12- 
14). Although Vpr has been shown to interact 
with various host proteins (15-19), the mo- 
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lecular mechanism underlying Vpr-induced 
cell-cycle arrest remains unknown. 

The transition from G, to mitosis depends 
upon activation of the cyclin Bl-Cdc2 kinase 
complex and its entry into the nucleus during 
prophase (20). The activity of Cdc2 is regu- 
lated in an opposing manner by the Cdc25C 
phosphatase (21, 22) and the Wee1 and 
Myt-1 kinases (23, 24). The functions of 
Cdc25C and Wee1 are regulated not only by 
changes in their overall phosphorylation but 
also by changes in their subcellular localiza- 
tion. During S phase, Cdc25C predominantly 
resides in the cytoplasm, reflecting its assem- 
bly with a 14-3-3 protein (25), whereas Wee1 
is expressed in the nucleus. ~ u r i ~ ~  prophase, 
both of these proteins assume a 
pattern expression. Our initial aim was to 
explore whether HIV-1 Vpr alters the nucle- 
~cy to~lasmictrafficking of Weel, Cdc25C, 
and cyclin B1. We used video fluorescence 

oughly. The cells were then scraped into 500 ~1 of 
water and sonicated with four 10-s pulses. Cell debris 
was removed by centrifugation, and sulfosalicylic 
acid was added to the supernatant to a final concen- 
tration of 2%. The samples were then placed on ice 
for 30 min followed by centrifugation to remove 
precipitated proteins. The extracts were then ana- 
lyzed for amino acid content with a Biochrom 20 plus 
amino acid analyzer (Amersham-Pharmacia Biotech). 

25. We thank W. Filipowicz, W. Krek, and M. Hall for their 
critical reading of the manuscript. We are also in- 
debted to D. Cantrell for the CD2-P13K construct, 5. 
Schreiber for the human mTOR cDNA, and N. Pullen 
for the generation of a number of the S6K1 con- 
structs used. We also thank P. Cohen and T. Hunter 
for useful advice with regard to the K, of kinases for 
ATP. A.J. and M.S. were supported by fellowships 
from the Deutsche Forschungsgemeinschaft and Eu- 
ropen Molecular Biology Organization, and the Swiss 
Cancer League and the Novartis Research Foundation 
supported this project. 

10 August 2001; accepted 10 September 2001 

microscopy to monitor the movement of 
these proteins labeled by fusion to either 
green or red fluorescent protein (GFP, RFP) 
in synchronized HeLa cell cultures cotrans- 
fected with Vpr or control expression plas- 
mids. The dynamic changes are more readily 
apparent in the Web-based videos (26) than 

\	 , 

in-the still pictures presented in the figures. 
When expressed alone, Weel-GFP was ob- 
served in cell nuclei during the S and G, 
phases (Fig. 1A and Web fig. 1A). Coinci- 
dent with the entry of cells into mitosis and 
NE breakdown, Wee 1 -GFP displayed a 
whole-cell pattern of epifluorescence (Fig. 
1B and Web fig. 1A). During re-formation of 
the nuclear membrane in telophase, Weel- 
GFP rapidly entered the daughter cell nuclei 
(Fig. 1, C and D, and Web fig. 1A). In the 
presence of Vpr, the pattem of Weel-GFP 
epifluorescence was markedly different (Fig. 
1, E to L, and Web fig. 1B). Notably, prom- 
inent, transient herniations formed at the api- 
ces of the oblong nuclei (Fig. 1, E to H, and 
Web fig. 1B). Intermittently, these hemia- 
tions ruptured, releasing Weel-GFP into the 
cytoplasm (Fig. 1, I to L, and Web fig. 1B). 
However, within 3 to 4 hours, Weel-GFP 
was reimported into the nucleus (Fig. 1, K 
and L, and Web fig. 1B). Consistent with the 
cell cycle-arresting properties of Vpr, little or 
no mitosis was observed in these Vpr-ex- 
pressing cells. Conversely, nonarresting Vpr 
mutants, L64QQLL/A64QQAA (termed 
AQQAA) and R90K, failed to alter NE mor- 
phology, subcellular Weel-GFP distribution, 
or entry into mitosis (Web fig. 2). Thus Vpr, 
but not nonarresting mutants of Vpr, induced 
dynamic herniations in the NE that intermit- 
tently ruptured. 

Vpr-induced changes in intracellular traf- 
ficking of Cdc25C and cyclin B1 were also 
examined. Both GFP-Cdc25C and cyclin B1- 
GFP principally localized in the cytoplasm 
during the S and G, phases (Fig. 2, A and I, 
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