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vector (pSTC-tkCST) (7), and transfected by the calci- 
um phosphate method into 293 cells. In vitro kinase 
assays with immobilized proteins were done as de- 
scribed in (6). 

15. COS7 cells were cultured in Dulbecco's modified Eagle's 
medium supplemented with fetal calf serum (10%). 
Subconfluent cells were transfected by the DEAE meth- 
od with pcDNA3-based expression vectors (Invitrogen). 
The amount of plasmid DNA was kept constant by the 
addition of empty vector when necessary (2 pg per 
10-cm plate). After 24 hours, cells were deprived of 
serum for 24 hours and subsequently treated with 
inhibitors or stimulated before lysis [in 20 mM Hepes 
(pH 7.5), 10 mM ECTA, 1% NP-40, 2.5 mM MgCI,, 2 

mM Na,VO,, 1 mM dithiothreitol, and 40 mM P-glyc- 
erophosphate, supplemented with 1 mM phenylmeth- 
ylsulfonyl fluoride, aprotinin (20 yglml), and leupeptin]. 
Hemagglutinin (HA)-tagged Erk2, MEKI, and PKB were 
immunoprecipitated from the centrifuged lysates with 
mouse monoclonal antibodies to HA (anti-HA, 12CA5 
from Babco) for 1 to 2 hours at 4°C and immobilized on 
Camma-bind Sepharose (Pharmacia). Beads were 
washed twice with phosphate-buffered saline contain- 
ing 1% NP-40 and 2 mM Na,VO,, followed by washes 
with 100 mM tris (pH 7.5) with 0.5 M LiCl and MAPK 
reaction buffer [12.5 mM MOPS (pH 7.5), 12.5 mM 
P-glycerophosphate, 7.5 mM MgCI,, 0.5 mM ECTA, 0.5 
mM NaF, and 0.5 mM Na,VOJ. Myelin basic protein 
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Short RNA aptamers that specifically bind t o  a wide variety of ligands in vitro 
can be isolated from randomized pools of RNA. Here it is shown that small 
molecule aptamers also bound their ligand in vivo, enabling development of a 
method for controlling gene expression in living cells. Insertion of a small 
molecule aptamer into the 5' untranslated region of a messenger RNA allowed 
its translation t o  be repressible by ligand addition in vitro as well as in mam- 
malian cells. The ability of small molecules t o  control expression of specific 
genes could facilitate studies in many areas of biology and medicine. 

In vitro genetic selections ( I )  have been used to 
isolate nucleic acid sequences (aptamers) that 
bind small molecules with high affinity and 
specificity (2). The ability to control gene ex- 
pression by using cell-permeable small mole- 
cules offers several advantages: and small mol- 
ecule manipulation of gene expression at the 
levels of transcription (3) and signal transduc- 
tion (4) has been reported. 

Fig. 1. Selective inter- 
action between ami- 
noglycosides and ami- 
noglycoside aptamers 
in vivo. (A) Structures 
of aminoglycoside an- 
tibiotics and their 
aptamers. Consensus 
aptamers were identi- 
fied after 10 to 12 

We selected RNA aptamers that specifically 
bound to the related aminoglycoside antibiotics 
kanamycin A and tobramycin (Fig. 1A) (5). We 
analyzed the ability of these aptamers to func- 
tion in vivo by expressing them in Escherichia 
coli and testing for a drug-resistant phenotype 
(6). In the absence of dug: bacterial strains 
expressing no aptamer (bl-RSETA): the kana- 
mycin aptamer (bl-kanl), or the tobramycin 
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aptainer (bl-tobl) grew similarly (Fig. 1B). In 
the presence of 10 p M  kanamycin A: bl-kanl 
grew to saturation, whereas growth of bl- 
RSETA and bl-tobl was negligible (Fig. 1C). 
In the presence of 10 p M  tobramycin, bl-tobl 
grew to saturation, and bl-kanl grew to a sub- 
saturating concentration (Fig. 1C) (7). Increas- 
ing the number of aptamers in the expression 
vector from one to thee enhanced growth in the 
presence of antibiotic (Fig. ID). Thus, a specif- 
ic dsug-resistant phenotype was conferred by 
expression of an aminoglycoside aptamer (8), 
which demonstrates a small molecule-aptamer 
interaction in vivo. 

We next asked whether small molecule 
aptamers could be used to regulate gene expres- 
sion. Eukaryotic translation initiation typically 
involves 5'-to-3' scanning from the 5'-m7G cap 
to the start codon (9). Binding of a protein 
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between the cap and start codon can repress 
translation, presumably by  blocking either 
scanning or the ribosome-mRNA interac- 

Fig. 2. An aminoglycoside aptamer translation 
switch functions in vitro. RNA transcripts contain- 
ing zero (RSETA) or three copies of the tob 
aptamer cloned into the 5' UTR of RSETA (tob3- 
RSETA) were translated in a wheat germ extract 
in the presence of [35S]methionine and 0, 30, or 
60 FM tobramycin or kanamycin A. Protein prod- 
ucts were analyzed by SDS-polyacrylarnide gel 
electrophoresis (PAGE) (arrows) and quantitated 
by densitometry. For each transcript, translation 
in the absence of drug was set at 100%. 

Fig. 3. Controlling transla- 
tion in vitro and in vivo 
with cell-permeable small 
molecules. (A) Structure 
of Hoechst dyes H33258 
and H33342. (B) Se- 
quences and predicted 
secondary structures of 
two H33258 aptarners, 
H I 0  and H19, based on 
the computer modeling 
program Mulfold. A 
Hoechst dye aptamer 
consensus sequence 
(UUAN,-,UCU) was 
identified after 10 rounds 
of selection. The fixed- 
primer binding regions 
are shown in normal 
print, selected bases are 
boldface, and the con- 

t ion (10). We thus asked whether the pres- 
ence o f  a small molecule-aptamer complex 
within the 5' untranslated region (UTR) 
would repress translation. 

We constructed an mRNA that contained 
three copies o f  the tob aptamer inserted in the 5' 
UTR o f  RSETA (tob3-RSETA). In vitro trans- 
lation (1 1) o f  the control RSETA mRNA was 
unaffected by  all concentrations o f  tobramycin 
or kanamycin tested, whereas addition o f  tobra- 
mycin inhibited in vitro translation o f  the tob3- 
RSETA mRNA in a dose-dependent fashion 
(Fig. 2) (12). In vitro translation o f  the tob3- 
RSETA mRNA was not inhibited by  compara- 
ble concentrations o f  kanamycin A, which is 
not recognized by  the tob aptamer. 

We next attempted to reconfigure the sys- 
tem for regulating gene expression in vivo. 
Because aminoglycosides are relatively im- 
permeable to the plasma membrane, can be 
cytotoxic, and have a general inhibitory ef- 
fect on translation at high concentrations 
(13), we used a cell-permeable small mole- 
cule as the translation regulator. 

Hoechst dye 33258 (H33258) and the close- 
l y  related drug H33342 (Fig. 3A) are relatively 
nontoxic and cell-permeable (14). We isolated 
R N A  aptamers that bound specifically to 

H33258 (19, two o f  w h i c L H 1 0  and H19- 
are shown (Fig. 3B). Both H10 and H I 9  bound 
to an H33258 a f h i t y  column and required a 
relatively high concentration (25 mM) o f  h e  
H33258 for elution (Fig. 3C) (16). 

To demonstrate that the H33258 aptamer 
could be used to regulate translation, we insert- 
ed one copy o f  Hl 0 and H19 in tandem into the 
5' UTR o f  RSETA. Addition o f  H33258 inhib- 
ited in vitro translation o f  H2-RSETA but not 
the control RSETA in a dose-dependent fashion 
(Fig. 3D). 

To test whether this small molecule- 
aptamer interaction could be used to control 
gene expression in vivo, we inserted one copy 
o f  H I 0  and H19 into the 5' UTR o f  a mamma- 
lian P-galactosidase expression plasmid, 
SVPGal (Promega), generating the construct 
SVH2Pgal. Chinese hamster ovary (CHO) cells 
were cotransfected with SVH2PGal or, as a 
control, the parental vector SVPGal and a lu- 
ciferase reporter gene to provide an internal 
control (17). After transfection, cells were 
grown for 24 hours in the presence o f  O,5, or 10 
pM H33342 and analyzed for P-galactosidase 
and luciferase activities (18). 

In the absence o f  drug, two H33258 aptam- 
ers in the 5' UTR had no effect on gene expres- 
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sion (co~npare SVPgal and SVH2Pgal) (Fig. 
3E), consistent with the in vitro translation data 
of Fig. 3D. Expression of the luciferase reporter 
was also not inhibited by H33342 (19). How- 
ever, H33342 reduced @-galactosidase activity 
from SVH2PGal by greater than 90% in a 
dose-dependent fashion (Fig. 3E). 

We have described how a small molecule 
and its RNA apta~ner can be used to design a 
translation switch for controlling gene expres- 
sion in living cells. The results also establish the 
possibility of using small molecules to regulate 
expression of endogenous genes. 
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Transition from Moderate to 
Excessive Drug Intake: Change 

in Hedonic Set Point 
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Differential access to cocaine self-administration produced two patterns of drug 
intake in rats. With 1 hour of access per session, drug intake remained low and 
stable. In contrast, with 6 hours of access, drug intake gradually escalated over days. 
After escalation, drug consumption was characterized by an increased early drug 
loading and an upward shift in the cocaine dose-response function, suggesting an 
increase in hedonic set point. After 1 month of abstinence, escalation of cocaine 
intake was reinstated to a higher level than before. These findings may provide an 
animal model for studying the development of excessive drug intake and the basis 
of addiction. 

A critical problem in drug addiction research 
is to understand the differences between con- 
trolled and uncontrolled drug use, the latter 
being an essential feature of drug addiction 
(I,  2). These two patterns of divg use may be 
observed si~nultaneously in different individ- 
uals or they may represent successive stages 
in the same individuals. The transition from 
drug use to addiction often involves a gradual 
process of escalated drug intake, whereby 
an individual's consumption becomes ex- 

aggerated with chronic exposure to a drug 
(2). Because escalation of drug use defines 
a common feature of drug addiction; the 
study of the factors that govern its devel- 
opment may help to explain the transition 
from drug use to drug addiction. 

In animal models of drug self-administra- 
tion, availability plays a role in determining the 
patteln of dlug intake, as suggested by different 
studies with different drug access conditions 
(3). Nu~nerous studies have restricted drug ac- 
cess to a few hours per day and produced a 
regular and stable pattern of consumption. In 
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