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ABSTRACT In eukaryotes, sequence-specific DNA-
binding proteins activate gene expression by recruiting the
transcriptional apparatus and chromatin remodeling pro-
teins to the promoter through protein-protein contacts. In
many instances, the connection between DNA-binding pro-
teins and the transcriptional apparatus is established through
the intermediacy of adapter proteins known as coactivators.
Here we describe synthetic molecules with low molecular
weight that act as transcriptional coactivators. We demon-
strate that a completely nonnatural activation domain in one
such molecule is capable of stimulating transcription in vitro
and in vivo. The present strategy provides a means of gaining
external control over gene activation through intervention
using small molecules.

Each of the roughly 100,000 genes encoded in the human
genome is subject to individual dosage control. The systems
that regulate gene expression respond to a wide variety of
developmental and environmental stimuli, thus allowing each
cell type to express a unique and characteristic subset of its
genes, and to adjust the dosage of particular gene products as
needed. The importance of dosage control is underscored by
the fact that targeted disruption of key regulatory molecules in
mice often results in drastic phenotypic abnormalities (1), just
as inherited or acquired defects in the function of genetic
regulatory mechanisms contribute broadly to human disease.
These findings have fueled efforts aimed at understanding
fundamental mechanisms of gene regulation, with a eye to-
ward discovering means of overriding endogenous regulatory
controls or of creating new signaling circuitry in cells (2-5). Of
particular interest in this regard are synthetic molecules de-
signed to modulate gene transcription in living cells (2-6). To
date, attention has been focused mostly on the discovery of
organic molecules that interact sequence-specifically with
DNA and thereby antagonize transcriptional stimulation by
activator proteins (6). Here we describe a strategy for condi-
tional activation of gene expression using organic molecules
that simultaneously target the transcriptional machinery and a
DNA-binding protein.

The regulatory mechanisms controlling the transcription of
protein-coding genes by RNA polymerase II have been exten-
sively studied. In the current model, RNA polymerase II and
its host of associated proteins are recruited to the core
promoter through noncovalent contacts with sequence-
specific DNA binding proteins (7, 8). An especially prevalent
and important subset of such proteins, known as transactiva-
tors, typically bind DNA at sites outside the core promoter and
activate transcription via through-space contacts with compo-
nents of the transcriptional machinery, including chromatin
remodeling proteins (7-10). The DNA-binding and activation
functions of transactivators generally reside on separate do-
mains whose operation is portable to heterologous fusion

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1997 by The National Academy of Sciences 0027-8424/97/9413402-5$2.00/0
PNAS is available online at http://www.pnas.org.

13402

proteins (11). Though activation domains must be physically
associated with a DNA-binding domain to attain proper
function, the linkage between the two need not be covalent
(2-4). In many instances, the activation domain does not
appear to contact the transcriptional machinery directly, but
rather through the intermediacy of adapter proteins known as
coactivators (12, 13). Our objective in the present work was to
design relatively small organic molecules (=4 kDa) that would
function as transcriptional coactivators in vitro and in vivo.

MATERIALS AND METHODS

Synthesis of the Nonnatural Coactivators L-1 and D-1. The
Boc-protected hexamethylenediamine carbamate derivative of
FK506 was deprotected and N-bromoacetylated in situ by
treatment with bromoacetic anhydride as described (14). The
product was purified by flash chromatography and its structure
was confirmed by fast atom bombardment-HRMS. The L and
D activator peptides CGSDALDDFDLDMLGSDALD-
DFDLDMLGS-NH,; were synthesized by standard standard
solid phase peptide synthesis (rink resin)/deprotection meth-
ods, purified by reversed-phase HPLC, and characterized by
amino acid analysis and HRMS. The bromoacetylated FK506
derivative and activator peptide were coupled using a proce-
dure reported for protein ligation (15). Briefly, the activator
peptide (650 ug, 0.21 wmol) was combined with bromoacety-
lated-FK506 (250 ug, 0.23 wmol) in 300 ul of 95% dimethyl-
formamide/5% 0.1 M sodium phosphate buffer (pH 7) and the
reaction was allowed to proceed overnight at room tempera-
ture. The product was purified by anion-exchange chromatog-
raphy on a Waters Gen-Pack FAX HPLC column (4.6 X 100
mm) using a gradient of 5-45% B over 40 min (eluent A: 25
mM Tris-HCL, pH 7.5/10% CH3CN; eluent B: eluent A + 1.0
M NacCl). After desalting on a C;3 Waters Sep-Pack Cartridge,
the product was eluted with 9:1 acetonitrile/water and lyoph-
ilized. L-1 and D-1 conjugates were quantified by amino acid
analysis and characterized by electrospray-ionization mass
spectroscopy (negative ion absorption mode).

In Vitro Transcription. HeLa nuclear extracts were prepared
as described (16). GAL4(1-147)-VP16(413-490) was overex-
pressed and purified as described (17). The expression vectors
coding for GAL4(1-94), and GAL4(1-94)-FKBP12 were sub-
cloned into pLM1 (18) and the resulting fusion proteins were
overexpressed and purified to homogeneity essentially as
described for GAL4(1-147)-VP16(413-490). In vitro tran-
scription assays were performed as described (19). The mix-
tures contained 25 ul of HeLa nuclear extract (3.15 mg/ml) in
Dignam D buffer (20 mM Hepes, pH 7.9/100 mM KCl/20%
glycerol/0.2 mM EDTA/0.5 mM DTT/0.5 mM phenylmeth-
ylsulfonyl fluoride), 8 mM MgCl,, 10 mM ammonium sulfate,
1% PEG 8000, 0.1 mg/ml BSA, 8 units RNAguard (Pharma-
cia), 200 ng of pPGEM3 as carrier, 30 ng of template pGsE4T
and either no GAL4 protein or an amount sufficient to give
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>90% protein-DNA complex, as determined by independent
gel-shift assays (data not shown). The optimal amount of
compounds L-1 and D-1 was titrated by transcription in vitro
(data not shown). GAL4-FKBP was preincubated for 10 min
at room temperature with 10 molar equivalents of coactivator
L-1 or D-1 followed by a 10 min incubation time with the
reporter construct. After addition of the nuclear extract and
further preincubation for 15 min at room temperature, the
reaction was initiated by addition of 2 ul of 10 mM ribonu-
cleotide triphosphates. After 1 h at 30°C, the reaction was
terminated and the reaction products were purified and ana-
lyzed by primer extension as described (19). Each experiment
was repeated a minimum of three times.

In Vivo Transcription. Jurkat cells were maintained in
RPMI 1640 media containing 10% (vol/vol) calf serum,
L-glutamine and 1% (vol/vol) penicillin/streptomycin. Cells
plated in a six-well tissue culture plate (2 X 106 cells per well)
were transfected (6 ul DMRIE-C; GIBCO/BRL) with 2 pug
each of G5IL2SX and GF;. After 24 h incubation, the medium
was removed and the cells were resuspended in fresh Opti-
Mem I reduced serum medium and aliquoted into a 96-well
microtiter plate (2 X 10° cells per well). Various concentra-
tions of L-1 and D-1 in DMRIE-C were added to the cells.
After 24 h, aliquots were removed and assayed for secreted
alkaline phosphatase (SEAP) activity as described (2). In
competition experiments, 1 uM rapamycin was added at the
same time as D-1.

RESULTS

Experimental Design. A molecule designed to serve as an
intermediary between a DNA-binding protein and the tran-
scriptional apparatus should incorporate binding elements for
each of these two macromolecular targets. As the former, we
chose the immunosuppressive drug FK506, which binds with
high affinity (K4 = 0.4 nM) to the immunophilin FKBP12 (20).
FK506 and certain of its derivatives can be targeted to the
DNA binding domain of GAL4 by fusion of this domain to
FKBP (GAL4-FKBP) (2). Modification of the calcineurin-
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binding surface of FK506 yields derivatives that lack immu-
nosuppressive properties but retain the ability to bind FKBP
with high affinity (2, 21). We equipped one such nonimmu-
nosuppressive FK506 derivative, bearing a hydroxyethyl group
at C-21, with an activator element through the addition of a
linker, to which was attached a 29-amino acid L peptide
containing a tandemly repeated undecamer sequence derived
from the N-terminal portion of the VP16 activation domain
(Fig. 1 A4 and B). This L peptide, when directly fused to the
GAL4 DNA-binding domain, is a potent activator of tran-
scription in vivo (22), most likely through binding directly to
component(s) of the basal transcriptional apparatus (23).
Thus, the FK506-peptide conjugate L-1 could in principle be
capable of bridging GAL4-FKBP and the basal transcriptional
apparatus (Fig. 1C).

Synthetic Molecules That Coactivate Transcription of a
Mammalian Gene in HeLa Nuclear Extracts. To assess the
ability of L-1 to function as a transcriptional coactivator, we
carried out in vitro transcription assays using HeLa nuclear
extracts and a reporter construct pGsE4T containing 5 GAL4
sites upstream of an adenovirus E4 promoter (Fig. 24). As
shown in Fig. 2B (lane 5), L-1 stimulated transcription in the
presence of GAL4-FKBP, but was unable to stimulate in the
absence of GAL4-FKBP (lane 6). The activation potential of
L-1 was significantly reduced in the presence of added rapa-
mycin or FKBP, molecules that compete against the L-1/
GALA4-FKBP interaction (Fig. 3, lanes 2 and 3) (24). These
experiments demonstrate that L-1 functions as a coactivator
with GAL4-FKBP in vitro.

Acyclic peptides having the natural L stereochemical con-
figuration are highly susceptible to proteolysis in vivo, espe-
cially when they possess unmodified amide bonds (25). For this
reason, it seemed unlikely that L-1 would function effectively
to activate transcription in cells. On the other hand, peptides
bearing the nonnatural D stereochemistry are often resistant
to proteolysis, even in linear form (26). However, it is unknown
whether a D configured peptide, or for that matter any
nonnatural ligand, can function as a transcriptional activator.
To test this issue directly, we synthesized D-1, an FK506
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FiG. 1. (A) Synthesis of the nonnatural coactivators L-1 and D-1. Abbreviations: TBS, tert-butyldimethylsilyl; Boc, z-butyloxycarbonyl. BrAc,0,
bromoacetic acid anhydride; DMF, dimethylformamide; Me, methyl. (B) The structural relationship between L-1 and D-1. Both artificial activators
contain an identical FK506 moiety (tubular structure) attached through an achiral linker (wavy line) to either of two enantiomeric 29-mer activator
peptides (twisted arrow); L-1 (red) possesses the natural L stereochemical configuration, whereas D-1 (blue) possesses the nonnatural, mirror-image
D configuration. (C) Schematic representation of the artificial coactivator serving as an intermediate between the DNA binding protein
GALA4-FKBP and the basal transcriptional apparatus. The actual construct used in these experiments encodes GAL4 fused to three tandemly
repeated FKBP domains (GAL4-FKBP3); only one FKBP domain is shown for graphical simplicity.
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F1G. 2. Transcriptional activation by the nonnatural coactivators
L-1and D-1. (4) The reporter construct pGsE4T contains five tandem
17-bp GAL4 binding sites (indicated by open boxes) positioned 23 bp
upstream to the TATA box of a E4 promoter gene. (B) The template
pGsEA4T was transcribed in a crude HeLa cell nuclear extract in the
presence of various added proteins and artificial coactivators (illus-
trated as in Fig. 1, except green sphere represents FK506). The primer
and the E4 extension products are indicated by arrows. (C) Quanti-
tation: The autoradiogram in B was scanned by PhosphorImager and
the transactivator’s activity were plotted relative to the activity of the
control nuclear extract.

conjugate bearing the enantiomeric, D configured version of
the VP16 activation peptide (Fig. 1 B and C). The results of in
vitro transcription assays revealed that D-1 reproducibly stim-
ulated transcription to a significant extent, though slightly less
than L-1 (Fig. 2, lane 7). D-1 exhibited no activation in the
absence of GAL4-FKBP (lane 8), and its activation potential
was significantly reduced in the presence of added rapamycin
or FKBP (Fig. 3, lanes 5 and 6). These results establish that the
nonnatural molecule D-1 functions effectively as a transcrip-
tional coactivator in vitro.

An Activation Domain Composed of All D Amino Acids
Stimulates Transcription in Vivo. The in vitro results of D-1
prompted us to examine whether D-1 can function as a
coactivator of transcription in living cells. To detect transcrip-
tional activation signals, Jurkat cells were transiently cotrans-
fected with (i) a reporter plasmid containing the SEAP cDNA
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FiG. 3. Competition Assay. The in vitro transcription was carried
out as described (19), except GAL4-FKBP was preincubated 10 min
at room temperature with 10 equivalents of compound L-1 or D-1 plus
100 equivalents of competitor, prior to the addition of the reporter
construct and the HeLa nuclear extract. FKBP12 was expressed in
Escherichia coli as a glutathione S-transferase fusion protein and
purified on glutathione agarose beads.

and interleukin 2 promoter with five upstream GAL4 DNA
binding sites, and (if) a constitutive expression plasmid encod-
ing the GAL4 DNA-binding domain fused to three tandemly
repeated FKBP12s modules (GAL4-FKBP3, Fig. 44). The
transfected cells were subsequently treated with various con-
centrations of L-1 and D-1 incorporated into liposomes to
enhance cell-permeability. When the cells were treated with
D-1, expression of the SEAP reporter gene was stimulated in
a dose-dependent manner (Fig. 4B). When the GAL4-FKBP3
expression plasmid was omitted during the transfection step,
the cells were unresponsive to D-1 (data not shown), indicating
that the activation stimulus was dependent upon a interaction
between GAL4-FKBP3 and D-1. Consistent with this, rapa-
mycin abolished the activation signal, presumably by compet-
ing with the FK506 portion of D-1 for the FKBP domain in
GALA4-FKBP3. By contrast, L-1 showed no detectable ability
to activate SEAP expression in transfected cells (Fig. 4B). As
the L activation peptide is known to stimulate transcription in
HeLa (22) and Jurkat cells (O.N. and G.L.V., unpublished
results) when fused to the GAL4 DNA binding domain, and as
FK506 derivatives are capable of saturating FKBP binding sites
under the conditions of these experiments (2, 3), the failure of
L-1 to activate transcription seems most likely to have resulted
from intracellular proteolysis. The nuclear extracts used in vitro
transcription assays almost certainly contain proteases as well;
however, these are presumably rendered inactive by the pro-
teases inhibitors included in the assays.

DISCUSSION

Here we have shown that a ~4-kDa synthetic molecule con-
taining two linked binding elements—one that targets a
DNA-binding protein and another that targets the transcrip-
tional machinery—can coactivate transcription of a mamma-
lian promoter. Specifically, we have shown that a designed
coactivator containing a nonnatural completely D configured
peptide stimulates transcription in vitro with only slightly less
potency than the corresponding coactivator bearing the nat-
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F1G. 4. Effect of artificial coactivators on reporter gene expression
in vivo. (A) Schematic illustration of plasmids transfected into Jurkat
cells in these experiments. The reporter construct (7op) G5IL2SX
contains five tandem copies of the GAL4 response element upstream
of the interleukin 2 minimal promoter and SEAP reporter (gift of
G. R. Crabtree); the GAL4-FKBP3 (GF3) expression construct
contains the GAL4 DNA-binding domain fused to three tandemly
repeated FKBP domains (2) (gift of S.L.S.). (B) The artificial coac-
tivator D-1, which contains a nonnatural D configured peptide,
stimulates transcription in vivo; this effect is abolished by the addition
of 1 uM rapamycin. The artificial coactivator containing the naturally
configured L peptide fails to activate transcription. No activation was
observed when L-1 or D-1 were administrated to cells in the absence
of DMRIE-C. Highly acidic peptides such as the activator generally
possess poor cell permeability.

ural L configuration. Strikingly, the nonnatural molecule D-1
also stimulates transcription of a GAL4-driven promoter in
vivo, when present in conjunction with GAL4-FKBP. The
present experiments thus demonstrate both the feasibility of
using small molecules to coactivate gene expression in vitro and
in vivo, and the ability of completely nonnatural small mole-
cules to serve this function.

The ability of a D configured peptide to serve as an
activation domain raises a number of interesting mechanistic
issues, such as whether the L and D peptides contact the same
target. As the FK506 portion of either L-1 or D-1 almost
certainly interacts much more strongly with its target than does
the activator peptide portion, we envision that the synthetic
coactivators first form a stable complex with the GAL4-FKBP
fusion protein, and the resulting DNA-bound complex then
recruits the transcriptional machinery to the promoter through
direct peptide-protein contacts. The target of the L activator
peptide is likely to be TFIIB, if indeed it contacts the same
protein as the N-terminal portion of the VP16 activation
domain, from which the 29-mer is derived (22, 23). Regardless
whether the peptide is fused directly to a DNA-binding domain
or bound noncovalently through the aegis of FK506-FKBP
interactions, the target of the L peptide probably remains the
same. No high-resolution structural information is available
for any activation domain bound to its target. However, it has
recently been demonstrated that an activation peptide derived
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from the C-terminal domain of VP16 folds into an a-helix upon
interaction with its target, hTAF;31, with nonpolar contacts
being made by hydrophobic amino acid side-chains that lie
among one face of the helix, including one key contact made
by a phenylalanine residue that apparently represents a com-
mon feature of several acidic activation domains (27). We note
that the repeated sequence in the activation peptide not only
contains a Phe residue that is known to serve an important
functional role in the intact VP16 activation domain (28), but
also contains additional hydrophobic residues at the i — 3 and
i +4andi + 5 positions, which would all lie along one face of
a putative a-helix. If indeed the L peptide contacts its tran-
scriptional target using these residues, it is conceivable that the
D peptide could make similar contacts, (though in reversed
orientation with respect to the target), because the indicated
nonpolar residues would all lie along one face of a D helix, and
hydrophobic interactions can exhibit remarkable steric and geo-
metric plasticity. Consistent with this notion, L and D configured
calmodulin-binding peptides having the same amino acid se-
quence bind with similar strength to calmodulin (29). Of course,
it remains a real possibility that the L-1 and D-1 target different
components of the transcriptional apparatus.

The present demonstration that a nonnatural entity can
activate transcription, together with prior findings that acti-
vators arise at a small but significant frequency in libraries of
random fusion peptides (30), suggests it should also be possible
to identify activation domains with low molecular weight from
combinatorial libraries of organic molecules. A major limita-
tion to any such screening effort has been the requirement that
a prospective activator be physically associated with a DNA-
binding domain. The system described here provides a means
of overcoming this limitation by linking the activator to a
cell-permeable organic ligand, FK506.
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