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Synthetic molecules capable of activating the expression of specific genes are of great interest as tools for
biological research and, potentially, as a novel class of pharmaceutical agents. It has been demonstrated
previously that such synthetic transcription factor mimics (STFMs) can be constructed by connecting a
sequence-specific DNA-binding module to a molecule capable of binding to the transcriptional machinery
via a suitable linker. These chimeras mimic the two basic properties of native transcription factors, which
are able to recognize a promoter sequence specifically and to recruit the transcriptional machinery to that
promoter. However, none of the compounds of this type reported to date have been shown to function in
living cells. We report here the first example of a cell-permeable STFM that activates the transcription of
a reporter gene in mammalian cells. The compound is composed of a cell-permeable coactivator-binding
peptoid fused to a DNA-binding hairpin polyamide. The peptoid was identified by screening a combinatorial
library of ~50,000 compounds for binding to the KIX domain of the CREB-binding protein (CBP), a
mammalian transcription coactivator. When incubated with cultured HelLa cells carrying a luciferase reporter
plasmid bearing several hairpin polyamide-binding sites, a 5-fold increase in luciferase expression was
observed. These experiments set the stage for the identification of hairpin polygrejot®id conjugates

that are targeted to native genes.

Introduction two activities allow transcriptional activators to recruit these

. . . complexes to specific promoters, thus triggering activation
Tightly regulated gene transcription and expression are b P P ggering

important for the physiological development of organisms of gene expression.

and deregulation of these processes often contributes to the Consistent with this view, stitching together heterologous
pathogenesis of a variety of human diseases including DNA-binding and activation domains has been shown to

cancef Therefore. much effort has been devoted to the Produce functional transcription activatdfsThe most recent
development of technologies to control the expression of €laboration of this biologically inspired approach to the
specific genes in living cells and animals to either study the creation of designer transcription factors has been to identify
function of the gene of interest or provide novel therapeutic ZN¢ finger-type DNA-binding domains that target a promoter
agents to those diseases caused by aberrant gene expressioq.]‘_lnterest and express these as fusion proteins with a potent
. . -11 i i i
There are two ways to control the specific gene expression, AP Such as VP18, These chimeric proteins have been
by up-regulation or down-regulation. For down-regulation shown to act as potent and selective activators of endogenous
of gene expression, the development of RNA interference 9€N€S in cultured cells. However, protein-based artificial
(RNAI) technology has provided a relatively general way to transcription activators have the inherent limitation that the
knock down the expression of any géi@n the other hand DNA that encodes them must be introduced into cells or
it is much more difficult to specifically up-regulate gene animals, requiring transfection or related procedures for use

expression, and general methods for this purpose are stillln cultured cells and gene therapy in the case of eventual
yet to be develope#s therapeutic applications. Therefore, the challenge of creating

Most efforts to develop reagents for gene-specific activa- synthetic molecules capable of gene-specific activation has

tion have focused on the construction of compounds that been tgken up by.several Iabo_ratorles. o o
reproduce the basic properties of native transcriptional The first generation of synthetic transcription fact(_)r mimics
activators. These proteins are minimally composed of two (STFMs) were composed of a sequence specific DNA-
domains, a sequence-specific DNA-binding domain and a Pinding hairpin polyamide, peptide nucleic acid (PNA), or
transcriptional-activation domain (AD) capable of binding triplex-forming oligonucleotide (TFO) molecule conjugated
various proteins in the transcription complex and the 0 @ peptide that was derived either from native AD
chromatin remodeling and modification complefeghese ~ Sequences or identified via in vitro library screening
procedure$? '’ These molecules were important in the
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Figure 1. Isolation and characterization of KIX-binding peptoids BHKA. (A) General structure of the hexameric peptoid library. (B)

The structure and code of the seven residues in the library. The codes are either the short abbreviations of the amines used in the synthesis
(piperonylamine, R)-(+)-a-methybenzybmine, allylamine, furfurylamine) or derived from the side chain similarity with natural amino

acids (ysine, leucine, homaseiine). (C) Left: A schematic presentation of the screening protocol using red-emitting streptavidin-modified
guantum dots. Right: A typical fluorescence micrograph of a bead scored as a hit (red halo) in the midst of large number of beads scored
as negatives (blue). (D) The sequences of the six hits as determined by on-bead Edman degradation analysis (see Figure S1 for chemical
structures). Similarities in the sequences are highlighted (see text for a discussion). (E) In vitro binding of carboxyfluorescein-substituted
BHKSs (see Figure S3 for structures) to GST-KIX monitored by fluorescence polarization. The observed polarizatioPyaleesdonverted

to percentage of fluorophore bindingP[(— Pmin)/(Pmax — Pmin) x 100%] using fluorophore only aB,, whereasPy.x was derived by

fitting the rawP data to a one-site binding model in Prism4.0 (GraphPad Software, San Diego, CA). The apagmtesented as mean

plus or minus SEM, were derived from the best fit of the data to the sigmoidat-desponse model in Prism4.0. Each data point, shown

as mean plus SD, represents an average of three independent measurements.

low cell permeability and stability of peptides rendered these resultant chimera is capable of activating transcription in
chimeras poor candidates for in vivo applications. More living cells*
recently, non-peptidic AD mimics have been descritfeéf.

However, the only STFM reported to date that contained Results
one of these molecules and a DNA-binding hairpin poly-  Isolation of Core KIX Domain-Binding Peptoids from
amide failed to activate transcription in cultured céli$his a Combinatorial Library. The KIX domain of the mam-

was presumably the result of the poor cell permeability of malian transcription coactivator CBP has been validated as
this hairpin polyamide-“wrenchnolol” conjugate because it a target for the isolation of peptides that have activation-
did show activity in a cell-free systefh. domain-like activity?>?¢ Therefore, following protocols

In this article, we describe the isolation of six peptoids published previously’?® we screened a one-bead one-
(oligo-N-substituted glycinéd that bind the KIX domain compound library of~50 000 hexameric peptoids (Figure
of the mammalian transcription coactivator CREB-binding 1A and B; see Experimental Section) for molecules that bind
protein (CBPY® These peptoids are shown to be cell to a His-tagged derivative of murine CBP(586-672) (the core
permeable and to have activity as activation domain sur- KIX domain)?® After incubation of the beads with the
rogates. In particular, we show that when a derivative of biotinylated protein and thorough washing, Streptavidin-
one of these peptoids is fused to a hairpin polyamide, the modified red-emitting quantum dots were employed to
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(Figure 1C). Six putative hits, called BHK® (BHK =
binders of HigKlIX), were identified and their sequences

were determined by on-bead Edman degradation (Figures q$‘I:I D
1D and S1%7 o=
Ox-Dex-Peptoid @

Examination of the sequences of these peptoids revealed .
significant sequence similarity (Figure 1D). Specifically, all

six peptoids contain an Npip residue (see Figure 1B for

nomenclature convention) at the C-terminus and an aromatic
residue at the N-terminus. Furthermore, BHK2 and BHK5

are almost identical, differing only in the first position.

identify beads that had retained significant amounts of protein A .
Hsp90

Cytoplasm

BHK1, BHK3, BHK4, and BHK6 contain the sequence Nucleus
HYD-NIlys-Nlys-Nmba/Nall-HYD (where HYD represents
a hydrophobic residue) (Figure 1D). ( TC
To determine if these compounds indeed bind KIX in vitro
] = LUC
a fluorescence polarization experiment was performed to ﬁi
monitor the binding of fluorescein-labeled BHKs to a GST- UASg

KIX fusion protein (Figure 1E). Five out of the six peptoids
isolated show saturation binding to GST-KIX with apparent B
equilibrium dissociation constants in the low micromolar
range. The binding of fluoresceinated BHK4 to GST-KIX
could not be fit to a saturation binding curve (data not shown)
despite its high sequence similarity with BHK3 and BHK®6.
None of the peptoids exhibited detectable binding to GST,
showing that they recognize the KIX domain of CBP (Figure
S2).

Cellular Activities of the KIX-Binding Peptoids. We
then focused on whether these peptoids were capable of
acting as AD surrogates in mammalian cells. To do this, we 1079 105 107 105 10%¢ 10%°
employed an assay reported previously (Figure 2A)his concentration [M]
involves incubating a peptoitsteroid conjugate with cells C 400-
that contain a Gal4-responsive luciferase reporter gene and
express a Gal4 DNA-binding domain-glucocorticoid receptor
ligand-binding domain (Gal4 DBD-GR LBD) fusion protein,
which is trapped in the cytoplasm in the apo fothithe
steroid employed in these conjugates is a dexamethasone
derivative called OxDeX! which is a strict antagonist of
the GR3233 Thus, if the OxDex-peptoid conjugate is able
to diffuse through the cell membrane, binding of the steroid
to the GR LBD will result in translocation of the Gal4 DBD- 0
GR LBD complex into the nucleus, but expression of the 107 10 105 104
luciferase reporter will not be stimulated unless the linked concentration [M]
peptoid is capable of acting as an AD because the fusion
protein lacks this activity (see ref 34 for the first report of Figure 2. Cellular activities of OxDex BHK1—6 (see Figure S3
an assay of this type). To realize this scenario, it is critical for structures). (A) Cartoon of the assay employed to measure the
that linkage of the peptoid to OxDex does not compromise AD-like activity of the peptoid (see text for details). TE€

P : transcription complex. (B) HeLa cell permeability of the OxBex
binding of the steroid to the GR LBD and that the OxBex peptoid conjugates: OXDEAEEA-CONH (x), OxDex-BHK1

peptoid conjugate is cell permeablg. The binding affinities (W), OxDex—BHK2 (a), OxDex-BHK3 (¥), OxDex-BHK4 (4),

of the OxDex-BHK molecules (see Figure S3 for structures) OxDex—BHK5 (@), or OxDex-BHK6(M). This assa$t is almost

to GR were assessed using a competition fluorescenceidentical to that shown in A, except that the Gal4 fusion protein
polarization assay where increasing amounts of the OxDex also contains a VP16 AD. The values shown are ratios of the level

; ; } of induction measured using dual-luciferase assay system (Promega;
peptoid conjugates were added to a GR-fluormone ComplexGal4-responsive/constitutive). Data points for OXB®&HK1 and

(Invitrogen) and the subsequent decrease in polarization ofgypey—BHK3 at 1004M could not be obtained because of the
the displaced fluormone ligand was monitofédAs pre- significant cytotoxicity at this concentration. (C) Activation domain-
sented in Table 1, all six OxDexpeptoid conjugates exhibit  like activity of OxDex-BHK1—6 in the assay shown schematically

similar binding affinities to GR with 1g, values ranging from  in (A). The symbol designations are the same as in (B). The data,

0.19 to 0.79M shown as the mean plus SD or mean minus SD, are representative
' ) o . of at least three independent experiments with each point measured
To test the relative cell permeability of all of the OxDex  in duplicate. The curves are the best fit of the data to the sigmoidal

peptoid conjugates, we employed the cellular assay describediose-response model in Prism4.0.
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Table 1. Summary of Cell Permeability, Transcriptional Activity and In Vitro Binding to GR of Various OxDex Conjuyates

Luc induction Luc induction in vitro
in cells with in cells with binding
Gal4dDBD-GRLBD-VP16 Gal4DBD-GRLBD affinity®
compound EG(uM) IND max (fold) ECso (uM) IND max (fold) ICsp (M)
OxDex—BHK1 NDe¢ >158 ND? >300 0.42+ 0.07
OxDex—BHK2 NDe¢ >223 ND? >230 0.23+ 0.07
OxDex—BHK3 NDd <20 NDA <6 0.23+0.08
OxDex—BHK4 NDe¢ >120 ND? >206 0.79+ 0.20
OxDex—BHK5 ND¢ >310 114+ 7.6 295+ 83 0.21+ 0.02
OxDex—BHK6 NDe¢ >250 78+ 56° 354+ 15C¢ 0.19+ 0.06
OxDex—TBHK1 NDe¢ >30 ND* >125 0.20+£ 0.09
OxDex—TBHK5 NDe¢ >428 ND? >508 0.23+£0.10
OxDex—TBHK6 10+ 3¢ 846+ 85 4.7+ 2.F 734+ 119 0.09+£ 0.03
OxDex—ImPy7—TBHK®6 ND¢ >12 NT NT' 0.71+ 0.4

aData are presented as mearSEM. ? In vitro binding affinity of OxDex-peptoids to GR as determined by competition fluorescence
polarization employing GR competitor assay kit (Invitrogeri)lot determined because the desesponse curve is not saturated at the
highest test concentratioANot determined because of the limited activity seen with this compdu@btained from the best fit of the
data to the sigmoidal dosgesponse model in Prism4.0Not tested in this system.

previously3! This is quite similar to that depicted in Figure The C-terminal Npip residue was deleted in the most
2A, except that the Gal4 DBD-GR LBD fusion protein also potent compounds BHK1, BHK5, and BHK6 resulting in
contains a potent VP16 AB.Thus, entry of the OxDex TBHK1, TBHK5, and TBHKG6 (truncated BHK). As ex-
peptoid conjugate into cells results in concentration-depend-pected, the permeability of OxDeXBHK6 was signifi-
ent activation of the Gal4-responsive luciferase gene regard-cantly increased compared to OXDeBHKG6 (Figure 3A).
less of the AD-like activities of the peptoid. As shown in Surprisingly, however, the permeability of OxDeXBHK1
Figure 2B, all of the OxDexpeptoid conjugates except was reduced drastically relative to the parent compound,
OxDex—BHK3 entered cells to some extent, resulting in whereas OxDexTBHK5 was about as permeable as the
induction of luciferase expression. However, the results show parent compound (Figure 3A). These data indicate that the
clear differences in relative cell permeability. For example, prediction of the cell permeability of compounds based on
the level of luciferase induction by OxDeBHKL1 is simple concepts such as molecular mass may not be
comparable to that of the simple amide OXD&XEEA- straightforward.
CONH,,* indicating that the peptoid does not hinder uptake ~ The binding of fluorescein conjugates of the TBHKs to
of the steroid, but the other four conjugates show a reducedGST-KIX was assessed by fluorescence polarization spec-
induction level, indicating they are only modestly cell troscopy (Figure 3B). TBHK1 and TBHK6 bind GST-KIX
permeable. (Ko = 2.5 and 11.6(M, respectively) in vitro. On the other
Having established that five of the six BHKs bind KIX in  hand, TBHK5 did not show saturation binding to GST-KIX
vitro and that five of the six are cell permeable to some (data not shown). None of these three TBHK conjugates
extent, we then asked if these peptoids can function in cellsbound detectably to GST (Figure S2). The transcriptional
as AD surrogates using the Figure 2A assay. Consistent withactivation potency of these three truncated OxBp&ptoid
the permeability assay, OxDeBHK3 was not able to  conjugates was also measured using the Figure 2A assay.
activate the transcription of luciferase. The other five cell- Consistent with the permeability data, OXBEKBHK1 was
permeable OxDexBHKs displayed measurable AD activity — significantly less potent than the parent OxB&HK1,
(Figure 2C; also see Table 1). There was no obvious whereas both OxDexTBHK5 and OxDex-TBHK6 were
correlation between KIX binding affinity and transactivation more potent than their parent compounds (Figure 3C). Of
potency, which was also the case for the KIX-binding particular interest was the fact that OxDekBHKG6 dis-
peptides® It is also noteworthy that BHK4, which displayed played detectable activity (9-fold activation) at a concentra-
nonideal binding to the KIX domain, nonetheless exhibits tion as low as 0.LkM. On the basis of this finding, we chose
significant AD-like activity in cells. to evaluate TBHK6 as an AD surrogate in the context of a
Cellular and In Vitro Binding Activities of Truncated STFM.
BHKs. Only OxDex-BHK1 showed moderate AD-like Hairpin Polyamide —TBHK6 Conjugate Activates Gene
activity (25-fold activation of luciferase) at 1M. None Transcription in Living Cells. TBHK6 was conjugated via
of the peptoid conjugates displayed measurable activity ata flexible linker to a hairpin polyamide ImPy?#:3¢ which
0.1 uM. On the basis of the data shown in Figure 2B, it was designed to bind the DNA sequen¢eNBGWWWW-
seems likely that this is due to the limited cell permeability 3' (W = A or T%) to give ImPy7-TBHK®6 (Figure 4A; see
of the peptoids. The issue of cell permeability is likely to Scheme S1 for the synthesis). This particular polyamide was
become even more serious when a peptoid AD surrogate isemployed because it has been shown previously that it is
conjugated to a DNA-binding molecule to create an STFM. capable of recognizing its target sequence in living cglls.
Presumably, the simplest way to increase the cell perme- This full conjugate was shown to be able to bind both
ability of the peptoids is to make them smaller. Therefore, GST-KIX and DNA with ImPy7-binding sites in vitré$. To
we have begun to examine the activity of truncated deriva- test whether this ImPy7-TBHK6 conjugate can activate gene
tives of the BHKSs. expression in living cells, it was added to HelLa cells
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Figure 3. Hela cell permeability, transcriptional activities of
OxDex—TBHKs, and binding affinity of carboxyfluorescein sub-
stituted TBHKs to GST-KIX (see Figure S3 for structures). (A)
Hela cell permeability of OxDexTBHK1,5,6: OxDex-AEEA-
CONH, (x), OxDex—TBHK1 (M), OxDex-TBHK5 (@), or
OxDex—TBHK®6 (4). (B) In vitro binding of carboxyfluorescein-
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Figure 4. Structure and activity of ImPy7-TBHK®6. (A) Structure

of ImPy7-TBHKG6 (see Scheme S1 for its synthesis). (B) Tran-
scriptional activity of ImPy7-TBHK6 in HelLa cells. Reporter
plasmids pGL3-&HPB, pGL3-2<HPB, pGL3-E1b have six, two,
and zero ImPy7 binding sites upstream of luciferase gene, respec-
tively. The fold of induction represents the ratio of the inducible
luciferase activity normalized to the constitutively expredRedilla
luciferase activity. The activities were measured after incubating
the cells with the compound indicated for 40 h.

fold of induction

3.00

4B). This result was essentially identical to that obtained
using a reporter plasmid lacking ImPy7 binding sites (pGL3-

substituted TBHKs to GST-KIX monitored by fluorescence polar- E1b) in the promoter. These data demonstrate that activation
ization. Data processing is the same as that in Figure 1E. Eachgf the reporter gene requires both the presence of multiple

data point, shown as mean minus SD, represents an average of three . . .
independent measurements. (C) Activation-domain-like activity of Copies of the TBHKE AD surrogate and its delivery to the

OxDex-TBHK1,5,6. The symbol designations are the same as in Promoter of the reporter gene via sequence-specific ImPy7-
(A). The data, shown as mean plus SD, are representative of atDNA interactions.
least three independent experiments performed in duplicate. The Action of ImPy7-TBHK6 on Endogenous GenesTo
curves are the best fit of the data to the sigmoidal doseponse better understand the activities of the polyamigeptoid
model in Prism4.0. conjugate in Hela cells, an expression profiling experiment
was conducted. HelLa cells were treated with ImPy7Ac (3.0
transiently transfected with a plasmid-borne luciferase re- uM) or ImPy7-TBHKG6 (3.0uM) for 40 h. Total mMRNA was
porter gene containing six ImPy7 binding sites in its promoter isolated from the treated cells and the levels~af6 000
(pGL3-6 x HPB) 38 A dose-dependent increase in luciferase transcripts were compared to identify genes that were up-
expression was observed (Figure 4B), with the maximum regulated at least 3-fold in the cells treated with ImPy7-
effect being a 5-fold increase at an extracellular concentration TBHKG6 relative to those treated with the polyamide alghé
of 3.0uM. When acetylated ImPy7 (ImPy7Ac, Figure S4), This analysis identified 45 genes that were up-regulated
lacking a conjugated peptoid, was employed, no activation specifically by ImPy7-TBHK6 (Table S2). To determine if
was observed. Similar results were obtained with a conjugatethis activation likely reflected the binding of multiple
containing ImPy7 and a non-KIX-binding peptditiLike- polyamide-peptoid molecules to the promoters of these
wise, little effect was observed when these cells were genes, the DNA up to 1000 base paitreBthe transcriptional
incubated with OxDex-TBHKG6 lacking a hairpin polyamide start site was searched for sequences fitting the polyamide
moiety. Finally, activation required the presence of multiple target site (6WGWWWW-3). As shown in Table S2, all
tandem ImPy7 binding sites in the promoter of the reporter these up-regulated genes contain multiple copies of ImPy7
gene, as evidenced by the fact that incubation of ImPy7- binding sites in their putative promoter regions. This is
TBHK6 with cells transfected with a luciferase reporter consistent with the idea that the STFM is capable of
plasmid containing only two ImPy7 binding sites (pGt3 activating endogenous genes by binding to promoters with
x HPB)?* failed to induce reporter gene expression (Figure multiple target sites.
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2901 [ OxDex TBHKE of experiments to Characterize their prop_erti_es (Figures_Z_and
£ 190 o OxDex-imPy7-TBHK6 ] 3) revea_ded that v_vhHe most (_)f th_e peptoids |r_1deed exhlt_)l_ted
£ 90+ = the desired AD-like properties in cells, their permeability
‘3 2o was likely to be a limiting factor in their use as AD surrogates
5 201 in the context of STFMs. Therefore, some preliminary work
E :g was done on the development of derivatives with improved

5+ | | - i_ permeability and a truncated pentameric derivative of one
LE— 0.30 3.00 of the initial hits was chosen for evaluation in the context
uM of a hairpin polyamide conjugate. As shown in Figure 4A,

Figure 5. HelLa cell permeability of OxDexTBHK6, OxDex— such a conjugate (which we call ImPy7-TBHK6) was
ImPy7—-TBHKS6 (see Scheme S2 for its synthesis). The data, shown synthesized. When incubated with HeLa cells, this compound
as mean plus SD, are representative of three independent experisupported a 5-fold activation of the transcription of a reporter
ments performed in duplicate. gene carrying six ImPy7 binding sites in its promoter (Figure

Cell Permeability of the Hairpin Polyamide—Peptoid 4B).

Conjugate. To the best of our knowledge, the above results ~ Of €ven greater interest was the observation that the
represent the first report of a chimeric molecule composed €XPression of 45 endogenous genes was activated at least

of a DNA-binding and an activation-domain-like module 3-fold by the ImPy7-TBHKG6 chimera relati've to the result's
with activity in living cells and, as such, represents a observed when the cells were treated with the polyamide

significant milestone in the field. However, the 5-fold level alone. This modest number indicates that the compound does

of induction seems modest relative to that achieved in Figure N0t have widespread, nonspecific effects on the transcrip-
3C where the peptoid was delivered to the Gal4 DNA- tome. Indeed, the finding that all these up-regulated genes

binding domain via the steroid-GR LBD interaction. There P€ar multiple numbers of expected ImPy7 binding sites
are several possible explanations for this. One is that |mpy7_W|th|n 1000 base pairs of the transcriptional start site suggests

TBHKSG, being a relatively large molecule, is only slightly ~that the polyamidepeptoid conjugate is acting as a promoter-
cell permeable. To test this hypothesis, OxDex-ImPy7- specific activator. This result also suggests that significant

TBHK6 (see Scheme S2 for structure and synthesis) wasactivation requires the d_elivery of gevgral copies Qf STFMs
prepared, and its cell permeability was compared with that 1© @ target promoter. This hypothesis is also consistent with
of OxDex-TBHK6 employing the assay shown in Figure 2B. the observation that only two ponam@e b|r_1d_|ng sites in the
As shown in Figure 5, OxDex-ImPy7-TBHK6 was appar- promoter of th.e reporter gene were msufﬂuent to support
ently less permeable than OxDex-TBHKG6 by approximately detéctable activation by ImPy7-TBHKG (Figure 4B).
20-fold (Figure 5). However, as explained above, it is  Of course, this demonstration that a polyamigeptoid
important to normalize these data to the relative affinity of can activate endogenous genes with appropriate binding sites
the two OxDex conjugates for the GR LBD. OxDex-ImPy7- in their promoters is merely the first step in a longer process
TBHK6 binds GR in vitro with an 1 of 0.71+ 0.4 uM to develop molecules with real utility as tools for biological
and OxDex-TBHK6 with an 16 of 0.09xM (Table 1), an studies or possible therapeutics. The activity of ImPy7-
approximately 8-fold difference. If these values represent the TBHK6 is modest compared to that of a protein-based
dissociation constants for these steroid conjugates with thetranscription factor. For example, the Gal4 DBD-GR LBD-
GR LBD in cells, the data suggest that the polyamide VP16 fusion protein is capable of stimulating the expression
peptoid Conjugate is indeed less permeab|e than the peptoid)f a similar reporter gene with five Gal4 binding sites in the
alone, but only modestly so~@.5-fold). However, this  Promoter by several hundred-fold in the presence of saturat-
estimate should be taken with a grain of salt because it ising steroid* The relatively low activity observed with
based on the assumption that the apparent affinities of thelmPy7-TBHK6 may be at least partially due to its limited
steroid conjugates for GR observed in vitro correspond to Cell permeability (Figure 5) and also may be limited by the
the affinity of these molecule for Gal4 DBD-GR-LBD-VP16 efficiency with which ImPy7 recognizes the promotér.
inside the cell, which seems reasonable but is difficult to Thus, the focus of future work will be to develop molecules
prove. Nonetheless, it is likely that other factors, perhaps With enhanced permeability and improved activity.
including the efficiency with which the polyamide binds in One route to improving permeability will be to minimize
the promoter in the cell, also contribute to the limited activity the size of these molecules. It may also be worthwhile to
observed with ImPy7-TBHK®6. identify peptoids with higher affinity for coactivators. Since
Wright and co-workers have published an NMR structure
of the KIX domain?® it may be possible to characterize the
As discussed in the introduction, there is considerable peptoid-KIX complex structurally and use this information
interest in the development of pharmacological methods for to design smaller and more effective derivatives. Efforts
the activation of specific genes. In this report, we describe directed toward this goal are in progress. In this vein, it is
the synthesis and characterization of a hairpin polyamide worthwhile mentioning that we had previously isolated a
peptoid conjugate that is capable of activating genes in living different peptoid that binds CBP and which also exhibits AD-
cells. Six hexameric peptoids were isolated by screening alike activity in the context of a steroid fusidfi.However,
library of ~50 000 compounds for binding to the core KIX we have shown recently that this peptoid binds a region
domain of the murine coactivator CBP (Figure 1). A series outside the KIX core domaif?, and thus it may be more

Discussion
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difficult to optimize this peptoietcoactivator interaction in ~ The GST-KIX expression plasmid pGST-KIX was con-
a structure-based fashion. This was one of the reasons forstructed by amplification of the KIX coding region (586
conducting the new screening focused on the core KIX 672) from pET-21a containing KIX insert using forward
domain reported here. However, this earlier CBP-binding primer 3-GCTATCGGATCCGGTGTTCGAAAAGGCTGG-
peptoid might be useful in a synergy-based strategy to 3 and reverse primer & TCATCGAATTCTCATAAACGT-
improve activator efficacy. Most genes are regulated by more GACCTCCG-3. After digestion, the amplified DNA was
than one native activator and synergistic interactions betweenligated into EcoRI and BamHI-digested pGEX-2T (Amer-
these species are often observed. In some cases, this is causstiam Biosciences) using T4 DNA ligase. The expression and
by cooperative binding to the promoter but in others, the purification of HigKIX and GST-KIX fusions were carried
basis of synergy is thought to be caused by different out according to standard methods using affinity fast protein
activators recruiting different components of the transcrip- liquid chromatography (FPLC).
tional apparatu$®** Alternatively, two activators that bind Cell Culture, Transient Transfection, and Luciferase
the same coactivator, each with modest affinity, might recruit Assay.HeLa cells (2x 10%) were plated in 96-well plate 24
that protein more efficiently through cooperative interac- h before transfection at 3T under 5% CQin Dulbecco’s
tions’>4¢ Thus, a promising strategy to stimulate the level modified Eagle medium (Invitrogen) supplemented with 10%
of activation and perhaps achieve greater specificity would (v/v) fetal calf serum (Invitrogen), 12g mL~? penicillin,
be to deliver several different polyamidpeptoid conjugates  and 10ug mL! streptomycin (Invitrogen). Cells were then
to a target promoter that bind different sequences near thetransfected by Lipofectamine 2000 (Invitrogen) according
start site and which carry peptoids targeted to different to manufacturer’s protocol. After 3 h, the transfection mixture
transcription proteins or to different surfaces of the same was removed and replaced with fresh normal medium, and
coactivator. We are currently testing whether the peptoids then the peptoid derivatives were added to the tissue culture
described here might function synergistically with our medium, and the cells were then further incubated &t@7
original CBP-binding molecule. We are also initiating efforts under 5% CQ for 40 h. The luciferase assay was done
to identify peptoids targeted to other likely targets of native with the cell lysates using dual-luciferase assay systems
activators, such as chromatin remodeling and modification (Promega).
complexes. Fluorescence Polarization AssayThe fluoresceinated
BHKSs or TBHKs (5-10 nM) were incubated with indicated
concentrations of GST-KIX or GST in the presence of 1.0
Peptoid Library Synthesis. The hexameric peptoid library ~ #M BSA in PBS (1x, pH 7.4) in a final volume of 10QL
was synthesized by the split-and-pool method on TentaGelat room temperature f& h in thedark. The fluorescence
macrobeads (Rapp Polymere) using sub-monomer apgfoach polarization values were then measured on a Panvera Beacon
by a microwave-assisted protod®Briefly, TentaGel macro- 2000 instrument (Invitrogen). The competition fluorescence
beads (1.0 g, 0.51 mmol) were swollen in DMF for 60 min polarization to monitor the binding of OxDespeptoids to
and washed with DMF. The bromoacetylation step was glucocorticoid receptor (GR) was done as described previ-
carried out using 2.4 mL each of 2.0 M bromoacetic acid in ously3!
DMF and 3.2 M diisopropylcarbodiimide (DIC) in DMF. Biotinylation of His ¢KIX. The HigKIX fusion in 0.1 N
After the beads were washed thoroughly with DMF, the NaHCGQ; buffer (pH 8.3) and water-soluble biotin-NHS ester
beads were partitioned equally into seven portions. Each sulfo-NHS-LC-Biotin (8 equiv, Invitrogen) were mixed
portion of the beads was treated with one of the seven aminegogether at room temperature, and the mixture was incubated
(Figure 1B, 0.4 mlL.2 M in DMF), where the additional  with tumbling at room temperature for 1 h. The reaction was
amino group in 1,4-diaminobutane and hydroxyl group in quenched by the addition of 1.5 N hydroxylamine and was
ethanolamine was protected as Boc anrbutyl group, incubated at room temperature for another hour. The un-
respectively. The procedures were repeated until the hexa-reacted biotin derivative was removed by dialysis against a
meric peptoid library with two constant C-terminal Npip was buffer containing 50 mM Tris (pH 8.0), 100 mM KCI, 12.5
created. At the end of the synthesis, the protecting groupsmM MgCl,, 1 mM EDTA, and 0.05% Tween-20. The degree
were removed by treatment of the beaddweit5 mLsolution of labeling was determined by FluoReporter Biotin quanti-
of 95% trifluoroacetic acid (TFA), 2.5% water, and 2.5% tation assay kit (Invitrogen) and was found to be 3.
triisopropylsilane at room temperature for 1.5 h. The beads  Global Gene Expression AnalysisHeLa cells were either
were then washed thoroughly with dichloromethane, followed treated with 3.:M ImPy7-TBHK6 or ImPy7Ac for 40 h at
by DMF, neutralized with 20% diisopropylethylamine 37 °C under 5% C®in Dulbecco’s modified Eagle medium
(DIPEA) in DMF, and rinsed with dichloromethane again. (Invitrogen) supplemented with 10% (v/v) fetal calf serum
Plasmids and Protein Expression.pEGal4 DBD-GR (Invitrogen), 10 ug mL™* penicillin, and 10ug mL™?!
LBD, pEGal4 DBD-GR LBD-VP16, and pEG5B were streptomycin (Invitrogen). Total RNA was isolated and
described previousBL HisgKIX expression plasmid pHi&IX processed using the TotalPrep RNA amplification and
was constructed by ligation of the KIX coding region (586  labeling kit as suggested (lllumina, catalog no. IL1791). Each
672), digested from pET-21a containing KIX ingé(a gift sample was hybridized in duplicate to Sentrix Human-6

Experimental Section

from Peter Wright, Scripps Research Institute) with Ndel
and BamHI, with Ndel- and BamHI-digested pET-15b
(Novagen) using T4 DNA ligase (New England Biolabs).

expression beadchip for profiling over 46 000 RNA tran-
scripts, and the data were analyzed by Beadstudio (lllumina)
in UT Southwestern Microarray Core Facility.
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Screening of the Peptoid Library for Ligands to (9) Tan, S.Y.; Guschin, D.; Davalos, A.; Lee, Y. L.; Snowden,
HisgKIX. The hexameric peptoid library displayed on 2- \éV:il:]QUX?“STII Y.;Zggng, H. Sld HIE)YVI\GAS’ K.;I?\/I/Ic-l\:anllara,
TentaGel macrobeads~b0 000 beads) were swollen in - R LAL A UlIMan, L., REynoios, -, oore, M., 'salan,

; M.; Berg, L. P.; Campos, B.; Qi, H.; Spratt, S. K.; Case, C.
TBST (50 mM Tris, pH 8.0, 150 mM NacCl, 0.1% Tween- C.; Pabo, C. O.; Campisi, J.; Gregory, P.Moc. Natl. Acad.

20) overnight. TBST was decanted, and the resulting beads Sci. U.S.A2003 100, 11997-12002.
were incubated with Qdot 655 Streptavidin (Invitrogen, 5 (10) Lund, C.V.; Blancafort, P.; Popkov, M.; Barbas, C.J.
nM) in the presence oE. coli lysate (6.5 mg mt?) and Mol. Biol. 2004 340 599-613.

N (11) Beerli, R. R.; Barbas, C. Nat. Biotechnol2002 20, 135—
BSA (10 mg mLY) in TBST at room temperature for 2 h. 141.
The buffer was removed and washed with TBSTx(& mL). (12) Mapp, A. K.; Ansari, A. Z.; Ptashne, M.; Dervan, P.fBoc.
The peptoids that bind the Streptavidin-coated quantum dots Natl. Acad. Sci. U.S.A200Q 97, 3930-3935.
directly were visualized by irradiation of the beads through (13) Ansari, A. Z.; Mapp, A. K.; Nguyen, D. H.; Dervan, P. B.;
a DAPI filter (360 nm), and the red-emitting beads were Ptashne, MChem. Biol 2001, 8, 583-592.

' ) 9 . ; (14) Arora, P. S.; Ansari, A. Z.; Best, T. P.; Ptashne, M.; Dervan,

removed under a fluorescence microscope using a micro- P. B.J. Am. Chem. So@002 124, 1306713071.
pipette. The remaining beads were then incubated with biotin- (15) Liu, B.; Han, Y.; Corey, D. R.; Kodadek, T. Am. Chem.
labeled HigKIX (500 nM) in the presence d. colilysates Soc.2002 124 1838-1839. _
(6.5 mg mLY) and BSA (10 mg mt?Y) in TBST at room (16) Liu, B.; Han, Y.; Ferdous, A.; Corey, D. R.; Kodadek, T.

Chem. Biol.2003 10, 909-916.
temperature for 1 h. The buffer was removed, and the beads (17) Stanojevic, D.; Young, R. ABiochemistry2002 41, 7209

were washed with TBST (&% 1 mL). Then the beads were 7216.
incubated with Qdot 655 Streptavidin (5 nM) in the presence (18) Minter, A. R.; Brennan, B. B.; Mapp, A. K. Am. Chem.
i 1 1y S0c.2004 126, 10504-10505.

of E. colilysate (6.5 mg mtf) a;‘:] BSfA (10 mg th)b'”ﬁ (19) Liu, B.; Alluri, P. G.; Yu, P.. Kodadek, TJ. Am. Chem,
TBST at room temperature. or . After removal of buffer, S0C.2005 127, 8254-8255.
the beads were washed with TBST (51 mL). The red- (20) Shimogawa, H.; Kwon, Y.; Mao, Q.; Kawazoe, Y.; Choi,
shining beads were again visualized and picked as described Y.; Asada, S.; Kigoshi, H.; Uesugi, M. Am. Chem. Soc.
above. The six beads scored as hits were heated 4t % 1) f(ooc‘}n,lz\? 33%13:7; Oian, M.: Choi, Y. Kawazoe, Y

; ; wonj, Y.; , H. D.; Qian, M.; i, Y.; Kawazoe, Y.;
1% SDS for 5 min. The beads were then washed successively Dervan, P. B.: Uesugi. MJ. Am. Chem. So@2004 126
with PBS (pH 7.4, %) and HO (3x). The washed beads 15940-15941.
were then subjected to automated single-bead Edman deg-(22) Simon, R. J.; Kania, R. S.; Zuckermann, R. N.; Huebner, V.
radation analysis to derive the peptoid sequence on each D.; Jewell, D. A;; Banville, S.; Ng, S.; Wang, L.; Rosenberg,

S.; Marlowe, C. K.; Spellmeyer, D. C.; Tan, R. Y.; Frankel,
A. D.; Santi, D. V.; Cohen, F. E.; Bartlett, P. Rroc. Natl.
Chemical Synthesis of Individual Compounds.The Acad. Sci. U.S.A1992 89, 9367-9371.

detailed structures and their syntheses are presented in(23) Chrivia, J. C.; Kwok, R. P. S.; Lamb, N.; Hagiwara, M.;
Supporting Information Montminy, M. R.; Goodman, R. HNature1993 365, 855

individual bead.

859.
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