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Small-molecule-based strategies for controlling gene expression

Carilee Denison and Thomas Kodadek

A central goal in chemical biology is to gain control over
biological pathways using small molecules, and the mRNA-
synthesizing machinery is a particularly important target. New
advances in our understanding of transcriptional regulation
suggests strategies to manipulate these pathways using small
molecules.
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Introduction

Perhaps the most important regulatory networks  in
cukarvotic cells are those that control the activity of the
mRNA-svnthesizing machinery, which includes RNA
polymerase 1T and a host of general transcription factors.
This is because the expression of the vast majoriey of
cukarvotic genes is controlled at the level of transcription
by activators and repressors. Such proteins function in a
gene-specific fashion to up-regulate or down-regulute.
respectivelv, the ability of the transeriptional machmery to
svnthesize mRNA encoded by the targer gene, In turn,
the activites ot transeriptional activators and repressors
are usually regulated by signal transduction cascades that
transfer informacion from the cell membrane to the
nucleus. The ultimate goal of molecular medicine is to
gain control over these processes and turn particular genes
on or oft at will. Chemical biology represents one of the
two most promising approaches to achieve this goal. the
other being gene therapy.

The arca of small-molecule-regulated gene expression is
reviewed brietly in this article. First, the state of the art of
the field is discussed. tocusing on work carried out using
derivadves of naturally  occurring immunosuppressants.
Then, the complex protein machinery that mediates
mRNA svnthesis in cukarvotic cells 15 discussed. followed
by a brief review of the nature of the activators and repres-
sors that regulate the acuviey of the transeriptional machin-
erv. We then consider potential approaches to tinding
smull molecules that would allow one to munipulate the
interactions of native transcription factors and stgnal-trans-
duction proteins with one another and with nucleic acids,
[Finallv, we consider possibilities for the @ novo svnthesis
of smull molecules chat can regulate transcription directly
Dy acting d4s aCtvator or repressor mimics.

Natural products as regulators of gene
expression

All organisms contain a large number of gences whose levels
of expression are controlled by small molecules. For
example, many genes involved in biosvnthetie pathways
are feedback-regulated by a build up of the product of the
pathwav. Converselv, the expression of catabolic genes.
such as those that cencode proteins involved in sugar
metabolism, are stumulated remendously when the cell s
in a meduim rich in the corresponding sugar. Nature there-
fore uses small-molecule-controlled gene expression rou-
tinely. In most of such cases, binding of the small molecule
to a membrane-bound, or sometimes soluble, recepror that
is highly specific for recognizing that molecule triggers a
cascade that ultimately cither stimulates or inhibits the
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Schematic view of an activator. The DNA-
binding domain (DBD) allows the protein to
bind in the vicinity of the target gene. The
attached activation domain (AD) makes
contacts with chromatin remodeling and
modifying complexes as well as the
transcription complex, setving to ‘'open’ the
chromatin structure and assist association of
the transcription complex with the promoter.
The activities of the DBD and AD are, to a first
approximation, separable and there is not a
requirement for a distinct stereochemical
relationship between the two domains.

acuvity of the mRNA-synthesizing machinery at a particu-
far set of genes. In most cases, the ultimate recipients of
the signals are transcriptional activators andfor repressors.
Activators, which will be discussed in more detail below,
generally consist of quasi-separable [1,2] DNA-binding
and ‘activation’ domains (Figure 1). The DNA-binding
domain allows the protein to be localized in the vicinity of
the target gene, whereas the activation domain binds
directly to components of the transcriptional machinery or
to chromatin-remodelling complexes, contacts that result
in greatly increased transcription of the target genes.

Repressors can block the activity of activators directly, for
example by binding to the activation domain and seques-
tering it from the transcriptional machinery, or they can
function indirectly, for example by mediating changes in
chromatin structure that block access of transcription pro-
teins to the DNA.

The balance between activators and repressors can be
affected by small molecules in a number of ways. For
example, the yeast Gal4 protein (Gal4p), a potent activator
of genes involved in galactose metabolism [3], 1s normally
muzzled by a specific repressor, Gal80 protein (Gal80p),
that binds tightly to the Gal4 activation domain {4]. When
the galactose concentration in the medium is increased,
the sugar binds to the Gal3 signal-transduction protein,
which then acts upon the Gal4-Gal80 complex in an ATP-
dependent fashion to relieve the repressive effect of Gal80
and expose Galdp’s activation surface [5]. The result is a
huge induction in the expression of the GAL genes.

This theme of small-molecule-dependent release of an
activator from a repressive interaction is very common. For
example, the important activator NF-xB is sequestered in
an inactive complex in the cytoplasm by the protein IxB.

Exposure of cells to a variety of stimuli, including small
molecules such as phorbol esters, results in the phosphory-
Jation and subsequent proteasome-mediated degradation
of IkB. As a result, NF-xB is released and it moves into
the nucleus where it binds to DNA and, in concert with
other activators, drives the transcription of genes involved
in @ number of important processes [6], including inflam-
mation and limb devclopment.

Another example of this type of activation mechanism of
particular interest to chemical biologists is the action of
the clinically used immunosuppressants FK-506 and
cvelosporin A (CsA; Figure 2). Although the examples
given above were responses to natural stimuli, develop-
mental signals or celtular stress, FK-506 and CsA are pro-
duced by soil microorganisms and are not normally
present in human cells. These compounds were discov-
ered on the basis of their ability to suppress immune func-
tion. Their mechanism of action, which is now understood
in considerable detail [7,8], provides an excellent para-
digm for the kind of molecular tool for manipulating gene
expression that chemical biologists would like to have.

A crucial step in the induction of an immune response 1s
the translocation of the nuclear factor of activated T cells
(NFAT) from the cytoplasm to the nucleus of T cells,
where it activates the transcription of several genes,
including that encoding interleukin-2. The event that
triggers nuclear translocation is calcineurin-mediated
dephosphorylation of cytoplasmic NFAT (Figure 2).
Both FK-506 and CsA interfere with this process by first
binding with high affinity to their respective target pro-
teins, FKBP [9] and cyclophilin {10]. Remarkably, the
composite surfaces of both the FKBP-FK-506 and
cyclophilin—CsA complexes bind calcineurin tightly [11]
and inhibit its ability to dephosphorylate NFAT [12,13],
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(a) Structures of the immunosuppressants FK-506 and cyclosporin A
(CsA). (b) Schematic model for the mechanism of action of FK-506
and CsA. Each binds an intracellular receptor (FKBP and cyclophilin,
respectively). The protein—small molecule complexes bind and inhibit
calcineurin, a phosphatase, which blocks dephosphorylation and
nuclear translocation of cytoplasmic nuclear factor for T-cell activation
(NFAT). NFAT, along with other gene-specific transcription factors
(unlabeled in the figure), is required for transcription of interleukin-2
(IL-2) and other genes involved in generating an immune response.

thereby blocking NFAT-activated interleukin-2 gene
expression. Thus, CsA and FK-506 can be seen as “mol-
ecular matchmakers® that bring about the association of
two proteins that normally do not interact and, in so
doing, indirectly down-regulate a particular pathway of
gene expression.

Small molecule-mediated control of gene
expression in engineered cells

Schreiber, Crabtree and coworkers [14] have used svn-
thetic versions of these remarkable natural products to
manipulate protein—protein interactions /# wivo (Iigure 3).
The crux of this work is that two proteins of interest are
fused to the protein receptors for FK-506 or CsA (FKBP
and cyclophilin, respectively) at the DNA level and then
expressed in the cell type of interest. The association of
the two engineered proteins can then be triggered by the
addition of cell-permeable, homodimeric or heterodimeric
constructs in which two immunosuppressant molecules
have been linked covalently ((FK-506),, CsA, or FK-CsA)
[15]. If mere proximity of the tagged proteins, as opposed
to specific interactions, s sufficient to chicit a biological
response, then this will occur. For example, an FK-306
homodimer (FK-1012) was introduced into cells engi-
neered to express two fusion proteins, one in which FKBP
was linked to the activation domain of a transcription
factor (NF3V1) and another in which FKBP was fused to
the DNA-binding domain of a transcription factor (GF3 or
HF3). As transcriptional activation requires  phvsical
linkage of DNA-binding and activation domains (see
above), but not any sort of specific interaction between
these domains, FK-1012-induced  association of these
fusion proteins resuleed in the transcription of the other-
wisc silent target genes [16]. Related chemically induced
dimerization experiments have been performed using
fusions of FKBP or cyclophilin with signal transduction
factors, such as the Fas and 'T'CR cell-surface receptors
Raf, Src or Sos. These experiments that manipulate signal
transduction factors also result in the control of gene
expression, but intervene at a point far upstream of the
actual transcription machinery.

T'hese experiments illustrate the exciting potential of
using small molecules to control gene expression in living
cells. They promisc to allow scientists and doctors to turn
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Figure 3

Manipulation of chimeric transcription factors
using a small molecule allows the expression
of a reporter gene to be regulated by a cell-
permeable small molecule. FK-1012 is a
synthetic homodimer containing two tethered
FK-506 molecules (see Figure 2a).
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specific genes on and off at will using cell-permeable mole-
cules. As the vast majority of regulation over biological
pathways occurs at the level of signal transduction/tran-
scription, such a technology would revolutionize molecular
biology and medicine. The limitation with current technol-
ogy is that immunosuppressant-derived dimerizers can
only allow the researcher to manipulate artificial proteins in
which an immunophilin or FKBP has been fused to the
protein(s) of interest. A key goal is therefore to find com-
pounds that can be used to manipulate the interactions of
wild-type macromolecules in nonengineered cells.

The transcription cycle: a complex symphony
or a Texas two-step?

"T'o tackle the problem of how to manipulate the transcrip-
tional apparatus using small molecules, it would obviously
be helpful to have a sophisticated understanding of how
the mRNA-synthesizing machinery in eukaryotic cells
works. The properties of eukaryotic transcription proteins
have been reviewed exhaustively elsewhere [17,18]. Only
a brief overview of the process will therefore be presented
here, with a focus on understanding what activators and
repressors do to modulate the efficiency of transcription.
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Figure 4

A model for the transcription cycle in
eukaryotic cells. When a gene is first induced,
the chromatin structure must be ‘loosened’
{the nucleosome is shown as disappearing for
simplicity; this is probably not the case),
TFIID/TFIIA must associate with the core
promoter and an intact holoenzyme must bind
to the TFIID/TFIIA-DNA complex. This
provides the first complete preinitiation
complex. This species must then open the
double helix to expose the template strand,
then move away from the promoter and
initiate mRNA synthesis. Promoter escape
involves hyperphosphorylation of the carboxy-
terminal domain of the polli largest subunit.
TFID/TFIIA and the mediator fragment of the
holoenzyme are thought to remain at the
promoter after polll and associated factors
leave. To rebuild another transcription
complex, only the core fragment of the
holoenzyme must add. High-level transcription 'Reboot’
is the result of many reinitiation cycles. If
TFIID/TFIIA or the mediator is lost before a
new holoenzyme core fragment can
associate, the system must fall back to some
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RNA polymerase II (polll), the enzyme responsible for
the transcription of all mRNA-encoding genes, i1s com-
prised of 12 polypeptides and operates in concert with a
large number of general transcription factors (TFIIA,
TFIIB, TFIID, etc.). Perhaps the most important of these
is TFIID [19]), a complex of about 13 proteins that
includes the TATA-binding protein (TBP) {20,21] and
TBP-associated factors (TAFs) [22]. TBP is a sequence-
specific DNA-binding protein that recognizes the so-
called TATA boxes (consensus: 5-TATAAAA) present in

the promoters of many gencs [23.24]. One or more of the
TAFs might also have DNA-binding properties [25-27].
TFIID, all of the general transcription factors and polll
must assemble on the promoter to form a preinitiation
complex in order to begin a transcription cvele (Figure 4).
This is followed by an ATP-dependent melting of the
promoter region, allowing the polymerase to associate with
the template strand. Many of the protein—protein and
protcin—DNA interactions used to form the complex in
the first place must then be scvered to allow polll and



some fraction of the preinitiation complex to escape the
promoter and begin their march down the gene. In this
process, the elongation complex picks up a number of
specialized clongation accessory factors [28] and also
associates  with other multprotein  complexes, for
example the splicosome and the excision repair machin-
ery. The transition from a promoter-bound to an elongat-
ing polymerase complex involves covalent modifications,
in particular multiple phosphorylations of the carboxy-
terminal domain (C'TD) of the polll largest subunit [29].
Finally, whatever vestige of the preinitiation complex
remains at the promoter must accept a new, hypophos-
phorylated polymerase and its attendant factors to
rebuild a new preinitiation complex (Figure 4). This
cycle must occur many times, because a highly active
gene fires approximately every five scconds.

‘T'he complexity of the transcription machinery is daunting,
The fully formed preinitiation complex has a mass greater
than that of a ribosome, the network of protein—protein
interactions is only partially understood, and any or all of
the steps in the transcription cycle could be regulated by
activators or repressors. Fortunately, recent advances in
this field suggest that understanding the regulation of this
process (at least at a superficial level) may not be as diffi-
cult as was feared originally. Early biochemical experi-
ments using purified factors had suggested that formation
of a preinitiation complex required a host of sequential
general transcription-factor-binding events [30], leading to
an almost palpable depression in the field regarding the
prospects of understanding the regulation of such a compli-
cated pathway in detail. This view has now changed dra-
matically with the realization that the vast majority of
transcription factors travel as large, stable complexes. One
does not therefore have to think about dozens of individual
association steps to build a preinititation complex, as was
once thought. As mentioned above, TFIID is a complex of
about 13 proteins. It associates with TFIIA, comprised of
three polypeptides, which helps TFIID bind to DNA, pos-
sibly by competing repressors from TBP [31,32]. Most or
all of the rest of the general transcription factors, polll, and
a class of proteins known as coactivators (see below) then
associate in one step as parts of a huge complex known as
the RNA polymerase Il holoenzyme [33,34]. TFIIB, a
holoenzyme component, binds to TBP [35,36], locking the
components of the machine together into a single piece. [t
now seems likely that assembly of the preinitiation
complex may require only two steps: TFITD/TFITA-DNA
binding, followed by association of the holoenzyme with
this complex [37] (Figure 4).

How do activators and repressors work?

The holoenzyme is comprised of two parts. One 1s the so-
called ‘core’ that includes RNA polymerase and all of the
other proteins required for synthesizing mRNA. The other
is the mediator [38], a complex of ~20 proteins that is

required for the holoenzyme to respond to activators i
vitro and in vivo. The mediator is linked to the holoenzyme
through the CTD [39]. There is circumstantial evidence
that this association is lost after the first firing of the pro-
moter; polll and many associated factors move down the
gene, whereas the mediator and TFIID are thought to stay
behind [40,41]. This probably makes reinitiation (synthesis
of transcripts 2-n) much more facile than initiation,
because a stable base for formation of subsequent preinitia-
tion complexes is present and only a fragment of the
holoenzyme must reassociate. It is reasonable to assume
that for highly active genes the level of mRNA synthesis is
closely correlated with the number of reinitiation cvents
for each initiation event. Once the system drops out of the
reinitiation cycle as a result of loss of TFIID or mediator
from the promoter, it must ‘reboot’ completely (Figure 4),
which is probably slow. Activators clearly play an important
role in rcinitation [16] and it is therefore reasonable to
suggest that the major role of activators is to help to retain
the mediator at the promoter during reinitiation. Some
activators may also help to retain TFIID [42].

This mechanistic picture suggests that the level of tran-
scription can be modulated by the lifetimes of the
TFIID-DNA and activator-mediator complexes to give
greater or Iesser amounts of gene expression. The longer-
lived these complexes, the more rounds of reinitiation
that will occur prior to rebooting. This view is consistent
with the current literature. For example, activators, such
as Gal4p, that have very high affinities for mediator
(C.-]. Jeong, L. Sun, S.-H. Yang, T.K. and S.A. Johnston,
unpublished observations) are unusually potent activa-
tors, but only on promoters with high affinity TATA
boxes. Mutations in the TATA box (Y. Xic, S.-H. Yang,
I.. Sun and T.K., unpublished observations) or TBP [43]
that reduce the lifetime of the complex correlate directly
with reduced levels of activator-mediated gene expres-
ston 7z vive. This type of information is very important to
the chemical biologist. In addition to substantiating the
view of activator function presented above, the effect of
point mutations provides an excellent signpost indicating
which steps in a biological process should be able to be
manipulated using small molecules.

Some activators may also play a role in recruiting TFIID
and/or holoenzyme to promoters through dircct contacts
with TBP during the first initiation event [44-46]. A
number of papers have also argued that activators play a
major role in recruiting TFIID to promoters or maintaining
it there during reinitiation through interactions with TAFs
[47-49]. Several recent studies indicate that this is not a
major pathway of activation 7# vizo [50-53]. Mutations that
affcct the rate of TFIID association with the promoter
during initiation could increase the lag time between the
time of induction and the onset of transcription, but would
not have corresponding effects on steady-state transcription
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levels. Of course, if initiation were very severely crippled,
transcription would be abolished. Thus, the transcription
process can be likened to a light controlled by a dimmer
switch, in which the circuit must be opened for any light to
be produced (initiation), but the overall output of light is
controlled by a knob that can be set to any desired level
(number of reinitiation events per initiation).

Of course, there are many exceptions to the above picture
and no single model will describe the mechanism of action
of all activators. For example, genes such as Drosophila
Hsp70 and HIV genes acuvated by Tat [54,55] are clearly
regulated at the level of promoter escape [56], possibly
through activator-mediated recruitment of a kinase that
phosphorylates the CTD and severs the association of
polll with promoter-bound  proteins.  Small-molecule
inhibitors of this kinasc have been identified [57].

Activators and repressors also function at the level of chro-
matin structure. Chromatin is a repressed template and the
first order of business in transcribing a gene must be to
‘loosen up’ the chromatin structure in order to promote
transcription-factor binding [58-60]. The loosening of chro-
matin structure occurs through activator-mediated recruit-
ment of two types of chromatin modification/remodeling
complexes. One class is the histone acetyl transferases
(HATS), which contain proteins that acetvlate key lysine
residues in the amino-terminal tails of certain histones [61].
In some way that is not yet understood, the covalent
modification renders the DNA in a nuclcosome far more
accessible to DNA-binding transcription factors. The
importance of HATs in gene activation is underscored by
the recent demonstration that certain gene-specific tran-
scriptional repressors act bv recruiting a histone deacety-
lase complex to the target promoter, thus shutting down
transcription [62,63]. This is a result that is particularly
satusfying to chemical biologists, because histone
deacetylase was first purified and characterized on the
basis of its binding to trapoxin, a small molecule that
blocks histone deacetylation 7z vive [64]. A different type
of complex that also functions at the level of chromatin is
typified by the SWI/SNF chromatin remodeller in yeast
[65-68] that somchow ‘jiggles’ core nucleosomes using
energy derived from ATP hvdrolysis to facilitate tran-
scription-factor binding.

Activators can recruit these complexes in two wavs. One is
through direct binding. For example, the activator VP16
has been shown to bind to a protein called ADA2 [69]
which 1s part of a multiprotein complex that also includes
GCNS5, a potent HAT [70]. Alternatively, there are indica-
tions that TFIID and the holoenzyme may have associ-
ated with them proteins that have HAT and/or
chromatin-remodelling activity [71,72], so binding of the
activation domain to one or both of these complexes may
automatically recruit these activities.

As an aside, understanding how chromatin structure influ-
ences transcription is an arca of tremendous opportunity
for chemical biologists. No one has cven the first clue
regarding the structural changes in chromatin structure
brought about by acetylation or ATP-dependent remodel-
ling. Also, there arc so many different HATs it scems
likely that different HA'Ts may alter chromatin structure in
different ways, so the situation is almost certainly far more
complicated than current models would suggest. "['his arca
of rescarch is crving out for new probes that will allow
investigators to ask and answer more detailed questions.

Finally, it is important to point out that the promoters of
most eukarvotic genes have binding sites for more than
one activator. These different proteins often intcract with
one another in synergistic fashion [73] and little or no gene
expression results unless all of the activators are bound.
Very often, this is because the proteins bind to the pro-
moter cooperatively [74=76]. "['hus, another tempting
target for manipulating transcription are the activator—acti-
vator complexes that support cooperative binding.

DNA-protein interactions as molecular targets
As the examples above should have made clear, there are a
number of potential strategies for manipulating the tran-
scription process using small molecules. Of course, com-
pounds that fundamentally alter the activity of the
transcriptional machinery itself, for example an inhibitor
of polll elongation, would be potent modulators of tran-
scription but would not be gene-specific. Most strategies
have therefore focused on compounds that tareget cither
the promoter of interest itself, or the activators and repres-
sors that bind to it. The most obvious approach is to
develop molecules that block activator—=DNA or repres-
sor—-DNA interactions and thereby turn genes off or on
artificially. Another strategy would be to find small mole-
cules that could promote or antagonize key nuclear
protein—protein interactions involved in regulation, for
example between cooperating activators, between repres-
sors and histone deacetvlases, berween repressors and
activation domains, and possibly cven between activation
domains and their targets in the transcription machinery.
Finally, for many genes (for example those activated by
NFATY) it would be advantageous to manipulate the activ-
1ty of kinases, phosphorvlases or proteases that modulace
the activity of an activator or repressor or control its
nuclear localization. In anv case, the development of pro-
tocols to design or discover small molccules that can
manipulate protein—protein or protein—DNA interactions
is a high priority for chemical biologists interested in
manipulating gene regulation. Some particularly interest-
ing recent advances in this area will be discussed below.

By far the most work has been carried out on compounds
that bind DNA and that might serve as inhibitors of binding
of proteins to overlapping sites. In particular, two tyvpes of
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DNA-binding synthetic oligomers. (a) Structures of polyamides. Hp,
3-hydroxypyrrole; Im, imidazole; Py, pyrrole; B, B-alanine;

v, y-aminobutyric acid; Dp, dimethylaminopropylamide. (b) Binding
models for polyamides 1-3 in complex with 5-TGGTCA-3’ and
5”-TGGACA-3'. Filled and unfilled circles represent imidazole and

pyrrole rings respectively; circles containing an H represent 3-
hydroxypyrrole; the curved line represents y-aminobutyric acid; the
diamond represents B-alanine; + represents the positively charged
dimethyl-aminopropylamide tail group. (c) Basic structure of peptide
nucleic acid (PNA). Parts (a,b) reproduced with permission from [86].

compounds look very promising in this role. Nielsen [77]
has pioneered the development of protein nucleic acids
(PNAs), which are oligomers that contain the standard
purine and pyvrimidine bases of an oligonucleotide but in
which the sugar—phosphate backbone is replaced with a
simple amide-based chain (Figure 5) [77]. PNAs bind with

very high affinities to complementary single-scranded
nucleic acids (both DNAs and RNAs), in fact better than
standard oligonucleotides because of the lack of repulsive
phosphate—phosphate interactions. Indeed, a PNA comple-
mentary to one strand of a DNA duplex will invade the
double helix, pair with its complement and displace the
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‘like strand’, forming a ‘displacement loop’ [78], at least in
low ionic strength buffers. As might be expected, PNA
invasion of a DNA duplex can abolish binding of a protein
to an overlapping site and PNAs have also been employed
as potent antisense agents. [z virro, PNAs have proven to be
useful reagents for manipulating transcription and transla-
tion. Unfortunately, PNAs are not very cell-permeable,
which has greatly limited their use in living cells [79].
Recently, there have been many exciting advances in
moving cell-impermeable molecules through cell mem-
branes using special peptides, however [80]. It could be that
peptides conjugated to the appropriate PNA could be
potent agents for manipulating gene regulation.

The other class of molecules that shows great promise con-
sists of the remarkable oligomers of modified N-methylimi-
dazoles and pyrroles developed by Dervan and coworkers
(Figure 5) [81] (also see [82,83] for related work). These
compounds were inspired by distamycin, netropsin and
other minor-groove-binding natural products. It was hoped
that, through both rational and some irrational experimen-
tation, netropsin-like molecules could be made that would
have greater sequence discriminatory powers than the
natural products, which bind mainly A/T-rich regions. A
seminal advance was the realization from nuclear magnetic
resonance (NMR) experiments and other biophysical
studies that two distamycins were stacked in an ‘antiparal-
lel” fashion into the minor groove in these complexes [84].
"T'his insight led to the development of ‘hairpin’ oligomers
that mimicked this 2:1 binding mode, with very high
binding constants. Over several years, substituted imida-
zole and pyrrole compounds were developed that allowed
recognition of any the four natural Watson—Crick base pairs
in the context of this conserved structural motif [85,86]. In
other words, there is now a ‘code’ by which a given imida-
zole/pyrrole pair can be selected to bind a particular base
pair of DNA. An imidazole/pyrrole oligomer complemen-
tary to any sequence of double-stranded DNA can thus be
designed [87,88] with little more difficulty than one would
have in coming up with an oligonucleotide complementary
to a piece of single-stranded DNA. This work represents a
major advance in biomolecular recognition.

As one might expect, these compounds are potent
inhibitors of protein~DNA interactions when minor
groove contacts are critical for protein binding [89]. As
most proteins make predominantly major-groove contacts,
the imidazole/pyrrole oligomers will probably have to be
elaborated to serve as generally useful inhibitors of
sequence-specific  protein-DNA  interactions. There
would appear to be many straightforward ways to accom-
plish this. For example, a recent paper [90] describes the
inhibition of binding of a fragment of the yeast GCN4
protein to DNA /# vitro using a phosphate-interference
strategy. It has been known for some time that alkylation
of even a single key phosphate can prevent binding of

many DNA-binding proteins to their target sites, reflecting
the fact that interactions between cationic or polar
sidechains and the charged DNA backbone make critical
contributions to the negative free energy of protein
binding. With this in mind, an imidazole/pyrrole oligomer
designed to bind a sequence adjacent to the recognition
site of the GCN4 protein [91] was coupled to the tripeptide
Arg-Pro—-Arg (RPR). The hope was that the cationic argi-
nine sidechains would be brought by the oligomer into
close proximity with phosphate groups in the GCN4-recog-
nition site, allowing the formation of strong hydrogen bonds
that would occlude binding of GCN4 protein (Figure 6). In
fact, this approach worked nicely i vitro and should be
generally useful for competing the binding of many DNA-
binding proteins. Other strategies might have to be
explored for applications in the living cell, however,
because appending charged groups to the neutral oligomers
is likely to reduce their cell permeability. Indeed, the imi-
dazole/pyrrole oligomers are sufficiently new that they have
not vet really been subjected to a ‘shakedown cruise’ in
living cells, but initial experiments look very promising [89]
and they clearly hold tremendous promise as reagents for
the control of gene expression. In fact, it may not be neces-
sary to modify these compounds to manipulate the binding
of proteins in the major groove of DNA in order to regulate
transcription 7z vive. This is because stable binding of TBP
to TATA boxes is an important event in the transcription of
a great many genes, and TBP is a minor-groove-binding
protein [92]. Although it was stated above that targeting
general transcription factors is a poor strategy to achicve
gene-specific regulation, this is an exception because the
DNA is the true target. For example, although most
TATA boxes more or less resemble the consensus
5-“TATAAAA-3, an imidazole/pyrrole oligomer could be
made that recognizes only part of this site and also binds to
a flanking sequence that is unique to the target promoter.
As the affinity of TBP for the TATA box is very often cor-
related directly with transcriptional outpur (Y. Xie, S.-H.
Yang, L.. Sun and T.K., unpublished observations, also see
[43,93]), manipulation of the TBP-TATA interface using
the imidazole/pvrrole oligomers may allow one to modulate,
rather than completely abolish, mRNA production in a
highly gene-specific fashion.

There have been several other scattered reports of DNA-
targeted inhibitors of specific protein binding, for
example chimeras including carbohydrates and DNA-
reactive small molecules [94]. Some of these appear to be
quite promising and may emerge as important reagents in
the future [95]. But no other class of molecules currently
approaches the general utility of the PNAs and imidazole/
pvrrole oligomers.

Much less work has been done on the complementary strat-
egy for manipulating DNA-protein interactions: finding
molecules that have high affinity for the DNA-binding
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Figure 6

(a) A schematic model of Arg—Pro—Arg (RPR)
polyamides targeted to the major groove
transcription factor GCN4. (a) The o-helical
GCN4 dimer (yellow) is shown binding to
adjacent major grooves [91]. The
Arg—Pro—Arg—hairpin polyamide is shown as
red, blue and green balls which represent
imidazole, pyrrole and Arg—Pro-Arg amino
acids, respectively. The blue diamond
represents f-alanine. y-Aminobutyric acid is
designated as a curved line. (b) The contacts
between one GCN4 monomer and the major
groove of one half-site of 5-CTGACTAAT-3’
are depicted (adapted from [91]). Circles with
two dots represent the lone pairs of the N7 of
purines, the O4 of thymine and the O6 of
guanine. Circles containing an H represent the
N6 and N4 hydrogens of the exocyclic amines
of adenine and cytosine, respectively. The C5
methyl group of thymine is depicted as a circle
with CHj inside. Protein sidechains that make
hydrogen bonds or van der Waals contacts to
the bases are shown in purple and connected
to the DNA via a dotted line. Green and purple
plus signs represent protein residues that
electrostatically contact the phosphate
backbone. The residues that are predicted to
be disrupted by an Arg—Pro—Arg polyamide
are shown in green. (¢) The hydrogen-bonding
model of the eight-ring hairpin polyamide
ImPyPyPy-y-PyPyPyPy-B-RPR bound to the (d)
minor groove of 5-TGTTAT-3". Circles with
two dots represent the lone pairs of N3 of
purines and O2 of pyrimidines. Circles
containing an H represent the N2 hydrogens of
guanines. Putative hydrogen bonds are
illustrated by dotted lines. Py and Im rings are

5'-TTG'CTGACTAAT'TGTTATC C-3'

3'-AACGACTGAT AJACAATAG G-5"'
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represented as blue and red rings,
respectively. The Arg—Pro—Arg moiety is green.
(d) The model of the polyamide binding its
target site (bold) adjacent to the GCN4
binding site (brackets). Polyamide residues are
as in (a). Reproduced from [90].

domains of key activators or repressors and therefore block
their association with DNA. This is generally considered
to be an even harder task than DNA recognition.
Although broad structural families of DNA-binding
domains certainly exist, polypeptide targets lack a single,
well-defined architecture, which is a hallmark of the DNA
double helix. Nonetheless, we predict that this approach
will be a growth area in the future as chemical biologists
begin to learn how to make molecules that bind specific
peptide and protein sequences.

Targeting protein-protein interactions: better
ways to find a needle in a haystack

Finding new molecular matchmakers or disrupters of
protein—protein interactions is a very high priority for
chemical biologists. Unnatural molecules that have these
propertiecs have been very hard to come by. Part of the

reason for this is that pharmaceutical companies, where
most protein-binding synthetic molecules come from, have
traditionally concentrated on developing enzyme inhibitors
rather than manipulators of protein—protein interactions.
This will almost certainly change. Once these efforts are
brought up to speed it will be critical to already have
general assays by which libraries, combinatorial or other-
wise, can be screened for molecules that have the property
of interest, because rational design is unlikely to succeed in
most cases. Although it is increasingly common to screen
libraries for molecules that bind a given target protein,
finding a matchmaker or disrupter is a difficult process
because only a fraction of the molecules that bind a partic-
ular protein will influence its interaction with other factors.

Recently, there has been important progress in the design of
high-throughput screens or selections designed to identify
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Figure 7
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(a). Schematic representation of the two-hybrid system, a genetic
method used to detect protein—protein interactions. If the proteins
fused to a DNA-binding domain and an activation domain do not
interact, then transcription of a reporter gene will be very low. If these
proteins do interact, however, then a functional activator will be

reconstituted and the reporter gene will be expressed at high levels.
(b). The three-hybrid assay to detect proteins that bind a given small
molecule. The orange steroid-shaped symbol represents
dexamethasone. The red bullet represents FK-508. GR, glucocorticoid
receptor. See text for details.

those molecules with the desired matchmaker or disrupter
function. Much of this work was inspired by systems set up
by geneticists (who have been practising combinatorial
chemistry of a sort for much longer than chemists have) to
identify proteins that interact with one another. Generi-
cally known as two-hybrid assays [96], this family of
methods takes advantage of the fact that, in many pro-
moter contexts, the DNA-binding and activation domains
of an activator function more or less independently of one
another (see [97,98] for exceptions), but must be physically
connected. For example, if the Gal4-activation and DNA-
binding domains are severed and these fragments are
expressed in a yeast strain deleted for wild-type GAILL4, no
transcription of Galdp-targeted genes will occur. If the
genes encoding proteins X and Y are fused to the DNA
encoding the severed GALL4 domains, and X and Y bind to
one another, Galdp activity will be reconstituted and tran-
scription of the target genes will occur (Figure 7a). To
make this system more convenient, strains have been con-
structed 1n which activated transcription of a target gene is
essential for cell survival, making the process a straightfor-
ward selection for protein—protein interactions. Using this
approach, it is now routine to screen genomic cDNA
libraries fused to the activation domain for genes or gene

fragments that encode polypeptides which bind to a partic-
ular ‘bait’ protein fused to the DNA-binding domain [99].

Many variations of this basic strategy have been reported
for more specialized applications. Most relevant to this
discussion are the ‘three-hybrid’ system and the ‘reverse
two-hybrid’ system. The first, reported by Licitra and Liu
[100], is a clever method to identify the protein targets of
biologically active natural products. The technique

“employs the same strategy of reconsituting the activity of

a severed transcriptional activator, but is designed such
that a small molecule must bridge the interaction between
the proteins fused to the DNA-binding and activation
domains (Figure 7b). In a proof of principle experiment,
the rat glucocorticoid receptor (GR) hormone-binding
domain was fused to a sequence-specific DNA-binding
domain and a ¢cDNA library was fused to an activation
domain. The screen was then carried out in the presence
of a chimeric small molecule consisting of dexamethasone
(a GR ligand) linked to FK-506. As expected, a screen for
cells in which a reporter gene was activated resulted in
the isolation of the gene encoding FKBP. This demon-
strates the feasibility of using genetic screens for probing
small-molecule—protein interactions /7 vive. The reverse
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Figure 8
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two-hybrid system is a method to select for mutations that
abrogate protein—protein interactions [101,102]). In this
case, the ‘reporter’ gene targeted by the reconstituted
activator is chosen such that its expression is toxic and
therefore can be selected against.

Schreiber and coworkers [103] have recently combined ele-
ments of the two-hybrid, three-hybrid and reverse two-
hybrid systems to create a convenient system for
identifying small molecule disruptors of protein—protein
interactions. Their approach is shown in Figure 8. As in the
reverse two-hybrid system, yeast cells were engineered so
that a protein—protein interaction which reconstitutes acti-
vator function is conditionally toxic. This was accomplished
using a standard yeast genetics trick of placing the URA3
gene under the control of the severed activator and growing
the cells in the presence of 5-flucrcorotic acid (5-FOA).
When operated on by the URA3 gene product, 5-FOA is
transformed into a toxic substance but in the absence of
URA3 expression it is harmless. Alternatively, expression of
URA3 is nontoxic in the absence of 5-FOA, allowing clones
that contain interacting proteins to be grown and propa-
gated easily. The fusion proteins containing the DNA-
binding domain and activation domain were placed under
the control of the Gal4 protein. Gal4p-mediated expression
is essentially zero when the cells are grown in glucose, but
occurs at high levels in galactose-containing media. Thus,
both the expression of the interacting proteins and the con-
sequences of their interaction can be controlled by the
experimenter. The utility of this system was demonstrated

by taking advantage of the fact that FK-506 inhibits the
binding of FKBP to the transforming growth factor B type I
receptor R1 [103]. As expected, growth of yeast containing
R1 fused to a DNA-binding domain and FKBP fused to an
activation domain was sensitive to the presence of 5-FOA,
but this sensitivity was abrogated by FK-506.

Our laboratory has developed a different genetic assay
(based on a method originally devised by Hu and cowork-
ers [104]) in which two different fusion proteins, each con-
taining the A repressor DNA-binding domain, are
expressed in Escherichia coli equipped with a repressor-
controlled green fluorescent protein (GFP) gene. The
fusion proteins lack the normal dimerization domain of
the Repressor. If the proteins fused to the DNA-binding
domain interact and artificially dimerize the repressor
DNA-binding domain, GFP expression is therefore
blocked (C. Ackerson and T.K., unpublished observa-
tions). If the fusion proteins do not heterodimerize, or if a
molecule is present that blocks the interaction of the pro-
teins fused to the repressor fragment, however, then GFP
is expressed at high levels. These bright green cells are
easy to identify in a background of dark cells.

‘Spray and pray’ and the ‘squeege’: combining
the power of combinatorial libraries and
genetic assays

The biological screens and selections described above are
ideal for high-throughput screening protocols in which cells
are introduced into the wells of 96 well (or denser)
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microtiter plates, each of which contains a different chemi-
cal. In this way, the entire suite of compounds possessed by
a pharmaceutical company could be screened for match-
maker or disrupter activity in a reasonable period of time.
Of potentially even greater use, however, would be to apply
these techniques to screening combinatorial libraries made
by the split and pool method [105] in which each bead is
derivatized with many copies of a unique compound. The
trick here would be to somehow expose the E. co/f or yeast
reporter strain to many, many different beads in a spatially
segregated manner so that ideally one veast cell sees one
bead in some kind of microincubator where the chemical
compound can be released from the bead. This knotty
problem has been solved clegantly in two ways. One, called
the ‘stochastic nanodroplet” method [106], employs the
simple idea of mixing veast cells and chemically modified
beads together then spraying them as a fine mist onto an
agar plate (Figure 9). If the flow and levels of yeast and
beads arc controlled appropriately, the ‘nanodroplets’
spraved onto the plate will contain from zero to a few beads
(or 0—1 if bead density 1s kept very low) per droplet as well
as onc to a few yeast cells. The nanodroplets are now spa-
ally segregated on the place. If yeast growth is unimpeded,
each nanodroplet will give rise to a yeast colony. Borchardt
et al. [106] used beads linked to rapamyein via a photocleayv-
able linker to demonstrate that when the plates were pho-
tolyzed enough toxic rapamyein was released from the bead
to diffuse into the veast cells and strongly inhibit growth. In
theory, the same approach could be emploved using combi-
natorial libraries of compounds attached to the beads by the
same photolabile linker and a yeast or E. co/i reporter strain
engincered to report on the state of a particular protein—
protein interaction.

The second approach [107] also employs spatially segre-
gated nanodroplets as mini-incubators. In  this case,
however, the bead/cell mixture is layered onto a plastic
plate with small wells that are extremely closely packed.
"These plates are produced by a photolithographic/imprint-
ing technique and precoated with a substance that makes
the bottom of the wells cell-adherent. Again, the amounts
of beads and cells are chosen so that after the excess liquid
1s ‘squeegeed’ off the plate, the nanodroplets that remain
have one to a few beads and a few cells in them. The
advantage of this technique is that the squecgee procedure
is much more gentle than the spraying technique and even
much more fragile mammalian cells can be used in this
format. "T'his combination of genetic selection and combina-
torial chemistry technologies promises to be an extremely
effective route to the discovery of small molecule disrupters
and matchmakers.

Synthetic mimics of activators and repressors

Although almost all of the above discussion has focused on
using small molecules to manipulate the interactions of
transcription  factors with each other and with DNA,
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Formation of nanodroplets by spraying. A mixture of beads evenly
dispersed in medium containing yeast is slowly injected into a stream
of air forming a fine mist. When layered on to a surface such as a Petri
dish this forms into nanodroplets. The average volume of the droplets
is controlled by the amount of liquid applied to the surface. For a
droplet volume of 50-200 nl it is possible to deposit 5000-8000
droplets in the area of a Petri dish (80 cm?). The fraction of droplets
containing beads depends on the density of beads in the medium prior
to spraying. When a mixture of 80 um Tentagel beads and medium are
sprayed at a density of 14,000 beads/ml, approximately 10% of the
droplets contain beads. This results in 1000 bead-containing droplets
per Petri dish. Of the bead-containing droplets we find that 88%
contain a single bead, 10% contain two beads, 1.3% contain three
beads, and 0.7% contain four beads. Reproduced from [1086].

perhaps the ulumate goal in this area is to make cell-perme-
able small molecules that directly mimic the activity of
repressors or activators. Such molecules would be extremely
valuable research tools and potentially revolutionary drugs.
For example, a large percentage of human cancers are
assocliated with a defective p53 gene that encodes a tran-
scriptional activator important in regulating cell-cycle pro-
gression [108]. If a nontoxic small molecule could be made
that would activate the transcription of the p53 target genes,
the impact on human health would be enormous. Although
this 1idea might have seemed to be pure fantasy a decade
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ago, some of the advances in our understanding of transcrip-
tional regulatory mechanisms suggest that the development
of such a mimic is now eminently feasible. Transcriptional
regulators appear mainly to be matchmakers between spe-
cific DNA sequences (promoters) and either the transcrip-
tional machinery itself or catalytic activities that condense
or decondense the chromatin structure. Making synthetic
mimics of transcriptional regulatory proteins should there-
fore be orders of magnitude simpler than making small
molecules with catalytic activities comparable to enzymes
(for an intriguing study directed towards the creation of an
artificial coactivator, see [109]).

As described above, the major role of many activators is
probably to recruit the polll holoenzyme to the promoter

and, perhaps more importantly, retain the mediator frag-
ment there through many rounds of transcription. In
theory, one could therefore make a synthetic activator by
linking a sequence-specific DNA-binding molecule, for
example the appropriate imidazole/pyrrole oligomer, with
a molecule selected to bind to a surface-exposed mediator
constituent (Figure 10). At least in veast, most of the
mediator components have been identified and the genes
cloned [110}, so this is quite feasible. Comparable informa-
tion on the human mediator will undoubtedly be available
in the near future.

Similarly, the recent discovery that many repressors func-
tion mainly to recruit a histone deacetylase complex to a
given gene suggests a straightforward method to make an
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artificial repressor. Again an imidazole/pyrrole oligomer
could be used to localize a covalently linked histone-
deacetylase-binding molecule isolated from a library. In
this case, the mammalian histone deacetylase is known
[64] (see discussion above), and it would not surprise us if
exactly this sort of experiment is underway is several labo-
ratories. In fact, we predict that, if the imidazole/pyrrole
oligonucleotides, or possibly PNAs, prove to be generally
useful 77 vivo (i.e., artificial DNA-binding domains are
readily available), within 5-10 years biological chemists
will have in hand an arsenal of small, cell-permeable mole-
cules with which they can artificially control the expres-
sion of a very significant fraction of genes in the human
genome. These are exciting times.
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