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Pyrrole-imidazole (Py-Im) polyamides are a group of chemicals that are able to bind specifically to
DNA sequences in vitro and in mammalian cells. Using a cell based reporter assay, we investigated the
size and linker affects on the cellular permeability of polyamides. We found that the conventional
β-alanine-3,30-diamino-N-methyldipropylamine (βDa) linker strongly limited the cellular permeability.
We discovered that a short ethylene diamine (Et) linker displayed high cellular permeability. With the
improved Et linker, we found that the cellular permeability of polyamides was size-dependent.

On the basis of the general concept of the mechanisms of
natural transcription activators in eukaryotic cells,1 it was
proposed that a synthetic chemical containing a DNA-bind-
ing moiety and a protein-binding moiety that interacts with
transcriptional coactivators shouldmimic the biological func-
tions of natural transcription activators.2 Since then, signifi-
cant progress has been made toward validating this idea.3-5

For the DNA-binding moiety, pyrrole-imidazole (Py-Ima)
polyamides, a group of compounds developed byDervan and
colleagues,6 have shown considerable promise. Replacing
N-methylpyrrole rings in the natural products distamycin
and netropsin with N-methylimidazole rings by single atom
changes creates a group ofmolecules capable of bothA 3Tand
G 3C DNA base pair recognitions with 2:1 stoichiometry.7,8

Connecting two Py-Im polyamides via a 4-aminobutyric acid
generates “hairpin” Py-Im polyamides that exhibit high affi-
nity binding to duplex DNA in vitro.9 Remarkably, there
exists a simple “code” that relates the structures of Py-Im
polyamides and specificDNAsequences towhich they bind.10

The hairpin Py-Im polymides have been shown to be capable
of antagonizing specific protein-DNA interactions in living
cells as well, demonstrating the feasibility of using them to
deliver artificial activation domains to specific genetic loci in
cells.11 However, despite these impressive advances, more
information about the properties of these compounds in living
cells, such as cellular permeability, the ability to localize in
the nucleus, and the kinetics and dynamics of binding to
chromosomal DNA, will be critical if artificial activators
are to become reliable tools for biological research, let alone
drug candidates. For example, results from fluorescence

microscopy experiments indicate that the cellularpermeability
ofPy-Impolyamides varies considerablywith relativelyminor
changes in the molecules.12,13

Given the importance of cellular permeability in the design
of hairpin polyamide conjugates, we have focused on the
development of a more quantitative assay. The use of fluor-
escence microscopy provides only a qualitative estimate of
permeability and, because of the requirement for confocal
fluorescence microscopy, has relatively low throughput.14We
recently reported a more convenient and quantitative assay
that allows the relative permeability of a series of related
molecules to be examined.15 In this scheme, a dexamethasone
(dex) conjugate of the molecule of interest is incubated with
cells that express a fusion protein that includes the yeast Gal4
DNA-binding domain (Gal4DBD), human glucocorticoid
receptor ligand-binding domain (GRLBD), and the C-term-
inal activation domain of the herpes simplex virus (HSV)
transcriptional activator VP16 (VP16). In the apo form, this
fusion protein is trapped in the cytoplasm through interaction
with heat shock protein 90 (Hsp90).16When the dex conjugate
permeates the cell membrane, the fusion protein (Gal4DBD-
GRLBD-VP16) is released from Hsp90 because of dex-
GRLBD interaction, and the complex is allowed to translo-
cate into the nucleus where it activates the transcription of
activate a Gal4-reponsive luciferase (Luc) reporter gene. The
dose-dependent Luc activity readouts provide a measure of
the relative permeability of the test molecule relative to some
other dex conjugate that is employed as a standard. Here we
report a studyonPy-Impolyamide cellular permeability using
this assay. We find that, not surprisingly, the permeability of
Py-Im polyamides is size-dependent.Moreover, we show that
linkers used commonly to conjugate molecules to Py-Im
polyamides can severely retard the conjugate from entering
the cell. The implications of our results for design of synthetic
gene expression regulators are discussed.

Results

The dex Derivatives with Different Sensitivities in Functional

Cellular Permeability Assay. Two dex derivatives dex-17β-
carboxylic acid (Oxdex-COOH, 2)17 and dex-21-S(CH2)2NCS
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(Sdex-isothiocyanate, 3)18,19 were prepared as described pre-
viously (Figure 1). Py-Im polyamide amines were conjugated
to Oxdex-COOH via amide bond formation15 and to Sdex-
isothiocyanate via thiourea formation.20 The GR-binding affi-
nities of Oxdex and Sdex conjugates were evaluated by a GR
competitive binding assay,15 in which the dex conjugates
competed with a fluorescein-labeled dex derivative called
Fluormone (Invitrogen). The displacement ofFluormone from
GR was monitored by a decrease in fluorescence polarization.
It has been shown that Sdex conjugates (IC50=6-30 nM) are
better GR binders than Oxdex conjugates (IC50=1-5 μM).20

Because of the high GR-binding affinity of Sdex derivatives,
only low concentrations of Sdex conjugates inside living cells
were required to induce Luc activity (see Scheme 1). Therefore,
Sdex-containing conjugates serve as a high sensitivity tool for
permeability measurements with sparingly permeable mole-
cules. In contrast, a much higher concentration of Oxdex
conjugates is needed for significant Luc induction because of
the lower affinity of the Oxdex-GRLBD complex, making
these derivatives ideal for the comparison of more highly
permeable compounds.

Py-Im Polyamide Permeability Is Affected by Different

Linkers and Sizes. Previously we made the Py-Im-dex
conjugate ImPy7γ-βDa-Sdex (6) in an effort to construct a
synthetic transcription activator.20 This conjugate recog-
nizes the DNA sequence 50-TGTTAT-30 with high affinity
(KD=5-50 nM). TheGR competitive binding assay showed
that ImPy7γ-βDa-Sdex (6) binds toGRwith an affinity (IC50=
14 nM) close to that of dex, demonstrating that the polyamide

does not inhibit steroid-GRLBD interactions.20 These in vitro
data suggested that ImPy7γ-βDa-Sdex (6) would be a good
starting compound to test the biological activity of synthetic
transcription activators in living mammalian cells. Note that
ImPy7γ-βDa was used successfully as the DNA-binding moi-
ety of the first synthetic transcription activator with activity in
vitro.21 In the cell-based functional assay (Scheme 1) the
ImPy7γ-βDa-SDex conjugate induced modest Luc activity, in
stark contrast to the control compound isobutyl-Sdex (IBA-
Sdex (5)).20 We concluded that, not unexpectedly, ImPy7γ-
βDa is far less cell permeable than the small isobutyl group.We
reasoned that the low permeability of ImPy7γ-βDa might
be due to both the relative large size of the Py-Im polyamide
(MW=1265) and the floppy βDa linker. The β-alanine-3,30-
diamino-N-methyldipropylamine (βDa) linker is convenient
for conjugation of chemical agents to Py-Im polyamides, since
it is produced efficiently by aminolytic cleavage of Py-Im
polyamide after solid-phase synthesis.21,22 To test our hypoth-
eses, we made a series of compounds by gradually reducing the
number of Py in ImPy7γ-βDa and conjugated the polyamides
to Sdex (6-13) (Figure 2). Another series of compounds were
made by substituting the βDa linker in the previous series with
a shorter ethylenediamine (Et) linker (16-23) (Figure 2).
All compounds were purified and tested for their binding to
GR using the Fluormone competitive binding assay and sub-
jected to the cell based functional assay. The GR competitive
binding assay showed that all compounds in both series have
similar affinities forGR(IC50=6-30nM,Table 2,Figure S1of

Figure 1. Structures of dexamethasone derivatives employed in this
study.

Scheme 1
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Supporting Information). Thus, the dose-dependent Luc activ-
ity readouts were taken as measures of the relative cellular
permeability of the Py-Im-Sdex conjugates.

As shown in Figure 3, no significant difference in Luc
induction by the βDa series (6-13) was found. Noticeably,
the smallest compounds ImPy-βDa-Sdex (13) and ImPy2-
βDa-Sdex (12) induced the similar low Luc activities as the
largest compound ImPy7-βDa-Sdex (6). These data, in
combination with the finding that all of the compounds
had similar GR-binding affinities in vitro, lead us to con-
clude that the cellular permeability of Py-Im polyamides
with the βDa linker was size-independent, and all of the βDa
series of Py-Im-Sdex conjugates had similarly limited cel-
lular permeability. This was unexpected and suggested that a
part of the molecule other than the polyamide was limiting
cellular permeability.

In stark contrast to ImPy-βDa-Sdex (13), ImPy-Et-Sdex
(23) induced robust Luc activity with a maximum induction
of 3700-fold and an EC50 value of 0.75 μM (Table 1,
Figure 3H). Both values were close to that of IBA-Sdex (5)
(EC50=0.35 μM). With a slightly increased size, ImPy2-Et-
Sdex still achieved a maximum Luc induction (3400-fold) at
6 μM and gave a slightly higher EC50 value (EC50=1.2 μM,
Table 1, Figure 3G), again, a drastic improvement relative to

its counterpart ImPy2-βDa-Sdex (12). These data show that
Et is a much more permeable linker than βDa.

When the length of the polyamide chain was increased,
reduced cell permeability was observed, as originally ex-
pected. ImPy3-Et-Sdex (21) and ImPy4-Et-Sdex (20) in-
duced lower Luc activity and did not achieve the maximum
induction at 6 μM (Figure 3E, F). ImPy4γ-Et-Sdex (19)
gave the lowest Luc activity among all Sdex conjugates
(Figure 3D). However, the larger molecules ImPy5γ-Et-
Sdex (18), ImPy6γ-Et-Sdex (17), and ImPy7γ-Et-Sdex (16)
induced Luc activities at higher levels compared to
ImPy4γ-Et-Sdex (19) (Figure 3C-A). The high cell perme-
ability engineered by the Et linker was also observed in
the longer polyamides. For example, ImPy7γ-Et-Sdex (16)
showed modestly improved Luc activity induction (1500-
fold at 6 μM) compared to ImPy7γ-βDa-Sdex (500-fold at
6 μM). However, the differential between the cell perme-
abilities of the longer polyamides containing the Et and
βDa linkers was far more modest than the large difference
between these pairs observed with the lower molecular
mass compounds (compare Figure 3A to Figure 3H, for
example). This suggests that as the size of the polyamide
increases, it begins to limit the cell permeability of the
chimera.

Figure 2. Structures of Py-Im polyamide-Sdex conjugates with βDa and Et linkers.
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The βDa Linker Has Much Lower Intrinsic Cell Perme-

ability than the Et Linker. The difference in cellular perme-
ability between the βDa and the Et series Py-Im polyamides
leads us to investigate the cellular permeability of the linkers
alone. Ac-βDa-Sdex andAc-Et-Sdex (Figure 4A) were made
with the terminal amines capped with acetyl groups. Both
conjugates had similar GR-binding affinities (Table 2, parts
Q and R of Figure S1 in Supporting Information), so the
Luc induction levels can be taken as a direct indication of
their relative cellular permeability. As shown in Figure 4B,
Ac-Et-Sdex induced robust Luc activity, with a maximum

induction of 3600-fold achieved at 0.6 μMand an EC50 value
of 0.29 μM (Table 1). These data suggested that Ac-Et
was highly permeable, similar to the isobutyl group (in
IBA-Sdex (5), Table 1). In contrast to Ac-Et-Sdex (15), Ac-
βDa-Sdex (14) induced very modest Luc induction (600-fold
at 6 μM), similar to ImPy-βDa-Sdex (13), ImPy2-βDa-Sdex
(12), and ImPy7γ-βDa-Sdex (6). These data show conclu-
sively that the βDa linker was the limiting factor for Py-Im
polyamide cellular permeability, at least for the lower mo-
lecularmass polyamides. To further probewhich component
in the βDa linker caused low cellular uptake, we prepared

Figure 3. Dose dependent Luc activities induced by Py-Im polyamide-βDa-Sdex conjugates (O) and Py-Im polyamide-Et-Sdex conju-
gates (b) inHeLa cells. HeLa cells were transfectedwith a plasmid encodingGal4DBD-GRLBD-VP16 protein and aGal4-reponsive luciferase
reporter.
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Ac-Da-Sdex (28, Figure 4A).Compound28 inducedbetterLuc
activity than Ac-βDa-Sdex (14), with a maximum induction

of 3000-fold achieved at 6 μM and an EC50 value of 0.8 μM
(Figure 4B). The EC50 value of Ac-Da-Sdex (28) was 2.5 times
higher than that of Ac-Et-Sdex, indicating that Ac-Da was less
permeable than Ac-Et.

Cellular Permeability of Py-Im Polyamides Using Oxdex

Conjugates.To confirm the conclusions drawn from the Sdex
conjugates, we repeated the experiments using Oxdex con-
jugates and Et as the linker. Oxdex is a modest affinity GR
ligand compared to Sdex, with an IC50 value about 40 times
higher than that of Sdex. Because of the low GR-binding
affinity, more steroid conjugate must permeate the cell
membrane in order to trigger a reporter gene response. We
focused on ImPy, ImPy2, ImPy3, and ImPy7 (Figure 5A).
All four polyamide-Et-Oxdex conjugates showed GRLBD-
binding affinities similar to that of the control compound
Oxdex-CONH2 (460-840 nM, Table 2, parts S-V of Figure
S1), so the permeability of polyamides could be compared
directly by their ability to induce Luc activity. As shown
in Figure 5B, ImPy-Et-Oxdex (27) and ImPy2-Et-Oxdex
(26) achieved maximum Luc induction at about a 20 μM,
with EC50 values of 4.2 and 8.1 μM, respectively (Table 1).
In comparison, the EC50 value of the control compound

Table 1. EC50 Values of Luc Induction inHeLaCells by Selected Py-Im
Polyamides Dexamethasone Conjugates and Dexamethasone Deriva-
tives

compd EC50 (μM)

ImPy-Et-Sdex (23) 0.75 ( 0.13

ImPy2-Et-Sdex (22) 1.2 ( 0.28

Ac-Et-Sdex (15) 0.29 ( 0.061

Ac-Da-Sdex (28) 0.80 ( 0.13

IBA-Sdex (5) 0.35 ( 0.02a

ImPy-Et-Oxdex (27) 4.2 ( 0.75

ImPy2-Et-Oxdex (26) 8.1 ( 1.7

Oxdex-CONH2 (4) 35 ( 3b

aReference 20. bReference 15.

Table 2. IC50 Values of Sdex and Oxdex Py-Im Polyamide Conjugates
from in Vitro GR Competition Binding Assays

compd IC50 (nM) compd IC50 (nM)

ImPy7γ-βDa-Sdex (6) 14 ( 0.87 ImPy7γ-Et-Sdex (16) 27 ( 2.1

ImPy6γ-βDa-Sdex (7) 20 ( 1.1 ImPy6γ-Et-Sdex (17) 21 ( 1.7

ImPy5γ-βDa-Sdex (8) 22 ( 2.9 ImPy5γ-Et-Sdex (18) 21 ( 2.3

ImPy4γ-βDa-Sdex (9) 16 ( 1.1 ImPy4γ-Et-Sdex (19) 23 ( 2.6

ImPy4-βDa-Sdex (10) 16 ( 2.0 ImPy4-Et-Sdex (20) 34 ( 2.5

ImPy3-βDa-Sdex (11) 20 ( 1.1 ImPy3-Et-Sdex (21) 26 ( 1.8

ImPy2-βDa-Sdex (12) 12 ( 0.82 ImPy2-Et-Sdex (22) 14 ( 0.80

ImPy-βDa-Sdex (13) 8.5 ( 0.43 ImPy-Et-Sdex (23) 5.7 ( 0.30

ImPy7γ-Et-Oxdex (24) 840 ( 130 Ac-Et-Sdex (15) 9.8 ( 0.88

ImPy3-Et-Oxdex (25) 550 ( 57 Ac-Da-Sdex (28) 8.3 ( 0.61

Impy2-Et-Oxdex (26) 480 ( 69 Ac-βDa-Sdex (14) 9.3 ( 0.48

ImPy-Et-Oxdex (27) 460 ( 42 dexamethasonea (1) 5 ( 1

Oxdex-CONH2
a (4) 600 ( 100 IBA-Sdexb (5) 15 ( 1.5

aReference 15. bReference 20.

Figure 5. Measurement of the cell permeability of Py-Im polya-
mide-Oxdex conjugates: (A) structures of Py-Im polyamide-Ox-
dex conjugates with the Et linker; (B) dose dependent Luc activities
induced by Py-Im polyamide-Et-Oxdex conjugates in HeLa cells
(b, ImPy-Et-Oxdex; 9, ImPy2-Et-Oxdex; 2, ImPy3-Et-Oxdex; 1,
ImPy7γ-Et-Oxdex).

Figure 4. Measurement of the cellular permeability of the linkers:
(A) structures of linker-Sdex conjugates; (B) dose-dependent
Luc activities induced by Ac-βDa-Sdex (O), Ac-Da-Sdex (9), and
Ac-Et-Sdex (b).
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Oxdex-CONH2 (4) was 35 μM. These results were consistent
with our conclusion that ImPy and ImPy2 are highly perme-
able. On the other hand, ImPy3-Et-Oxdex (25) and ImPy7γ-
Et-Oxdex (24) exhibited similar low Luc induction at 10 μM,
7 and 4 times lower than that of ImPy-Et-Oxdex and ImPy2-
Et-Oxdex. Unfortunately, both compounds were insoluble
at concentrations higher than 10 μM, so the maximum Luc
induction could not be detected.

Discussion

In conclusion, we have employed a novel system for the
quantitative comparison of the relative cell permeability of
steroid conjugates to probe the cell permeability of poly-
amides. The dose-dependent Luc activities directly reflect
the permeability of the polyamide-dex conjugates that are
explored as potential artificial transcriptional activators. The
limited cellular permeability of ImPy7-βDa-Sdex led us to
investigate the size and linker affects on the permeabilityof the
chimera. For a series of related molecules with a similar
dexamethasone derivative, the results of the functional assay
may also indicate the relative permeability of Py-Im poly-
amides alone.However, this newly developed functional assay
needs to be further validated as a general method for Py-Im
polyamide permeability evaluation.

An interesting finding was that the βDa linker, used in the
construction of artificial transcription activators for historical
reasons,21,22 has limited cellular permeability. Indeed, the
poor permeability of this linker largely restricts polyamides
of almost any size fromentering cells efficiently, explaining the
initially surprising finding that polyamide-Sdex conjugates of
different sizes containing this linker exhibit similar (and poor)
cell permeability. A further study showed that β-alanine
played an important role in affecting the permeability of Sdex
conjugates. By elimination of β-alanine, Ac-Da-Sdex dis-
played improved cellular uptake compared with Ac-βDa-
Sdex. Our results are consistent with the initial findings of
Dervan and colleagues.12,13 Through a systematic study,
Edelson et al. andBest et al. concluded that in general, hairpin
Py-Im polyamides with the Da linker conjugated to fluores-
cent dyes had better cellular uptake than that with the
βDa linker. Furthermore, hairpin Py-Im polyamides with a
C-terminal tail consisting of Da and 1,3-benzenedicarboxylic
acid showed improved efficacy in living mammalian cells.23

An important finding of this study is that the Et linker is
highly permeable. When fused to the steroid alone or to small
polyamides containing two or three units, a large difference
in the relative permeability of the molecules containing the
βDa and Et linkers was observed. This argues that polyamide
conjugates of the type being developed as artificial activa-
tors24,25 should employ the more permeable Et linker and
avoid the βDa linker. Recently Nickols et al. reported a
reporter assay that could be used to evaluate linker affect on
hairpin polyamide cellular permeability.26 Various linkers
were conjugated to the C-terminal end of a polyamide that
targeted the hypoxia response element (HRE). The inhibition
of HRE driven vascular endothelial growth factor (VEGF)
expression was taken as a biological readout for linker affect
on cellular uptake and nuclear localization.

The favorable permeability properties of the Et linker were
also observed in comparisons of larger polyamide-Sdex con-
jugates such as ImPy7-Et (or βDa)-Sdex, but the difference
was much more modest (∼3-fold), arguing that at this point,
the size of the polyamide itself begins to be responsible for the

limited permeability of the steroid conjugate. These results
are consistent with the previous findings that large hairpins
(10-ring) had poor cellular uptake while small compounds
(6-ring) had excellent cellular uptake.13Amolecule like ImPy7
is probably the smallest polyamide unit that would be of
interest for the design of bioactive molecules, since it recog-
nizes a DNA sequence of six base pairs. Thus, while cell
culture experiments are clearly feasible with conjugates of this
type ofmolecule, particularly using the Et linker, it remains to
be determined whether polyamide-based artificial activators
will be sufficiently bioavailable to be employed routinely in
animal models. Although small Py-Im-Sdex conjugates
ImPy-Et-Sdex and ImPy2-Et-Sdex showed excellent cellular
uptake, they could not be used as artificial transcription
activators because of lowDNA-binding affinities and specifi-
cities of ImPy and ImPy2.27 Dervan and colleagues have
shown that in 8-ring Py-Im hairpin polyamides, the sequences
of polyamides were important on cellular uptake and nuclear
localization.12,13 The sequence affect on permeability should
be considered in thedesignof artificial transcription activators
in the future.

To further confirm our finding that the Et linker enhanced
the cellular uptake of Py-Im-Sdex conjugates compared to
the βDa linker, we conducted our assaywith breast cancer cell
line MCF7. The results are summarized in Figure S2
(Supporting Information). Ac-βDa-Sdex (14), ImPy-βDa-
Sdex (13), and ImPy7-βDa-Sdex (6) induced similar low Luc
activities. These results were consistent with the results in
HeLa cells that the βDa linker was the limiting factor of
cellular uptake. In stark contrast toAc-βDa-Sdex (14), Ac-Et-
Sdex (15) induced robust Luc activity in MCF7 cells with a
maximum induction of 1200-fold achieved at 1 μM and an
EC50 value of 0.25 μM. Similar to the Luc activities observed
in HeLa cells, ImPy-Et-Sdex (23) displayed improved cellular
permeability compared to ImPy-βDa-Sdex (13) with an EC50

value of 0.94 μM. ImPy7-Et-Sdex (16) showed modest im-
provement of cellular uptake compared to ImPy7-βDa-Sdex
(26), indicating that as the size of the polyamide increased, it
began to limit the cellular permeability of the chimera.

The better cellular uptake of Py-Im-Sdex conjugates with
the Et linker than those with the βDa linkermay be due to the
higher lipophilicity of the Et linker conjugates. To probe this
issue, we evaluated the n-octanol-water partition coefficient
logP values of both Et and βDa linker conjugates. On the
basis of a computational program from Molinspiration,28

compounds 15, 23, and 16 gave logP values of 1.66, 1.53,
and 1.42, respectively, while 14, 13, and 6 gave logP values of
1.60, 1.48, and 1.37, respectively. The Et linker conjugates
gave higher logP values than their βDa linker counterparts,
indicating that higher lipophilicity of the Et linker conjugates
might be responsible for the higher cellular uptake.

Experimental Section

General. 4-tert-Butoxycarbonylamino-1-methyl-1H-pyrrole-
2-carboxylic acid benzotriazol-1yl ester (t-Boc-Py-Obt) was
purchased from Oakwood Products, Inc. 1-Methyl-1H-imida-
zole-2-carboxylic acid (Im-COOH) was purchased from BA-
CHEM. 4-tert-Butoxycarbonylaminobutanoic acid (t-Boc-γ-
COOH) was purchased from NOVAbiochem. O-(7-Azabenzo-
triaol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HATU) was purchased from Applied Biosystems. Thiophenol
(PhSH) was purchased from ACROS Organics. 3,30-Diamino-
N-methyldipropylamine, triethylamine, ethylenediamine,
acetic anhydride, and anhydrous dichloromethane (CH2Cl2)
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were from Sigma. N-Acetylethylenediamine (technical grade),
N-hydroxysuccinimide (NHS), and anhydrous tetrahydrofuran
(THF)were fromSigma.N,N0-Dicyclohexylcarbodiimide (DCC)
was from Fluka. N-Acetyl-β-alanine (Ac-β-Ala-OH) was from
NOVAbiochem. Boc-β-alanine-(4-carbonylaminomethyl)benzyl
ester copoly(styrenedivinylbenzene) resin (Boc-β-Pam resin,
0.26 mmol/g) was from Peptide International. 4-Nitrobenzophe-
noneoxime copoly(styrenedivinylbenzene) resin (oxime resin LL,
0.85 mmol/g) was from NOVAbiochem. All chemical reagents
were of analytical grade unless were otherwise stated.

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), Dulbecco’s phosphate buffered saline, modified
Eagle’s medium (MEM) nonessential amino acids, penicillin-
streptomycin, reduced-serum medium (Opti-MEM 1), and
transfection reagent Lipofectamine Plus were from Invitrogen.
Dimethyl sulfoxide (DMSO, HYBRI-MAX) was from Sigma.
HeLa cells were from the American Type Culture Collection
(ATCC, CCL-2). Cell densities were determined on a Hausser
Scientific hemacytometer. Glucocorticoid receptor (GR) com-
petition assay kit was purchased from Invitrogen.

Thin layer chromatography (TLC) was performed on Sigma-
Aldrich silica gel 60 F254 precoated plates. Compounds were
visualized under 254 nm ultraviolet lights. 1H and 13C NMR
spectra were recorded on a Varian Inova 400 or 500 spectro-
meter as noted. UV spectra were measured on a Beckman
Coulter DU640 spectrophotometer. High-resolution electro-
spray ionization mass spectrometry (HRESI-MS) was per-
formed at Resource for Biomedical and Bio-Organic Mass
Spectrometry atWashingtonUniversity, St Louis,MO.Matrix-
assisted laser desorption/ionization time-of-flight mass spectro-
metry (MALDI-TOF-MS) was carried out on a Voyager-DE
PRO mass spectrometer from PerSeptive Biosystems. High
performance liquid chromatograph (HPLC) was performed
on a Waters HPLC system. Preparatory HPLC was carried
out using a Vydac 22 mm� 250 mm, 300 Å, 10 μmC18 column
with a flow rate of 10 mL/min. Semipreparatory HPLC was
carried out using a Vydac 10 mm � 250 mm, 300 Å, 5 μm C18
column with a flow rate of 5 mL/min. Analytical HPLC
was carried out using a Vydac 4.6 mm � 250 mm, 300 Å, 5 μm
C18 column with a flow rate of 1 mL/min. The elution solu-
tions are H2O (0.1% trifluoroacetic acid (TFA), v/v) and
acetonitrile (0.1% TFA, v/v). HPLC was monitored at 254 nm
wavelength. Each product was analyzed by analytical HPLC.
The purity of products was evaluated as >95% by comparing
the integration of the product peak and the integrations of all
peaks in each chromatogram. Luciferase (Luc) activity was
measured on a Berthold Sirius single-tube luminometer. Fluor-
escence polarization was measured on a Panvera Beacon 2000
fluorometer.

Synthesis. Sdex-isothiocyanate (3, Dex-21-S(CH2)2NCS).
Synthesis was done as described previously.19,18 TLC (20%
ether in CHCl3) Rf = 0.2. Mp= 86-88 �C. 1H NMR (400
MHz, DMSO-d6): δ 7.27 (d, J=10.3 Hz, 1H), 6.20 (d, J=10.3
Hz, 1H), 5.98 (s, 1H), 5.28 (s, 1H), 5.09 (s, 1H), 4.11 (bs, 1H),
3.89 (d, J=16.8 Hz, 1H), 3.81-3.84 (m, 2H), 3.47 (d, J=16.8,
1H), 2.87-2.97 (m, 1H), 2.81-2.87 (m, 2H), 2.55-2.65 (m, 1H),
2.30-2.40 (m, 1H), 2.30 (d, J=11 Hz, 1H), 2.17 (d, J=11 Hz,
1H), 2.08 (dd, J=11, 6.5 Hz, 1H), 1.70-1.80 (m, 1H), 1.58 (dd,
J=11, 6.5 Hz, 1H), 1.47 (1H), 1.44 (s, 3H), 1.25-1.40 (m, 1H),
0.98-1.07 (m, 1H), 0.84 (s, 3H), 0.76 (d, J=6.9 Hz, 3H). 13C
NMR (125MHz, DMSO-d6): δ 15.2, 16.7, 22.8, 27.1, 30.1, 31.6,
31.8, 33.4, 34.5, 35.9, 43.0, 44.5, 47.3, 47.8, 70.3, 70.6, 90.8,
100.4, 101.8, 124.0, 128.9, 152.5, 167.1, 185.2, 207.1. HRESI-
MS: calcd for C25H32FNNaO4S2 (MNaþ) 516.1654, found
516.1656.

ImPy7γβDa-NH2, ImPy6γβDa-NH2, ImPy5γβDa-NH2, Im-

Py4γβDa-NH2, ImPy4-βDa-NH2, ImPy3-βDa-NH2, ImPy2-
βDa-NH2, and ImPy-βDa-NH2 were synthesized as described
before22 on Boc-β-Pam resin. ImPy7γβDa-NH2, ImPy6γβDa-
NH2, ImPy5γβDa-NH2, ImPy4γβDa-NH2, ImPy4-βDa-NH2,

ImPy3-βDa-NH2 were purified by reversed-phase HPLC on
a preparatory C18 column (start at 15% acetonitrile, 0.25%
acetonitrile/min). The elution gradient for ImPy2-βDa-NH2

and ImPy-βDa-NH2 HPLC purification was 0.5% acetoni-
trile/min, starting at 0% acetonitrile. The collected fractions
were lyophilized. The freeze-dried samples were dissolved in
H2O and purified again by reversed-phase HPLC (2% acetoni-
trile/min) and lyophilized. MALDI-TOF-MS (MHþ): calcd for
ImPy7γβDa-NH2 1264.62, found 1265.22; calcd for ImPy6γβ-
Da-NH2 1142.58, found 1142.89; calcd for ImPy5γβDa-NH2

1020.53, found 1020.88; calcd for ImPy4γβDa-NH2 898.48,
found 899.05; calcd for ImPy4βDa-NH2 813.43, found 813.58;
calcd for ImPy3-βDa-NH2 691.38, found 691.68; calcd for
ImPy2-βDa-NH2 569.33, found 569.85; calcd for ImPy-βDa-
NH2 447.28, found 447.70.

ImPy7γβDa-Sdex (6), ImPy6γβDa-Sdex (7), ImPy5γβDaS-
dex (8), ImPy4γβDa-Sdex (9), ImPy4-βDa-Sdex (10), ImPy3-

βDa-Sdex (11), ImPy2-βDa-Sdex (12), and ImPy-βDa-Sdex

(13). Individual Py-Im amine (1 mg), Sdex-isothiocyanate (2 mg),
and triethylamine (7.5 μL) were added in anhydrous CH2Cl2
(500 μL). The mixture was vortexed at room temperature for 2 h,
and CH2Cl2 was completely removed on a SpeedVac system. The
residue was suspended in 50% acetonitrile and subjected to HPLC
purification on a semipreparatory C18 column, gradient elution of
3.3% acetonitrile/min. The retention times of imidazole-pyrrole
amines, the products, andSdex-isothiocyanatewere 11-14, 17, and
21 min, respectively. The fractions of the products were collected,
freeze-dried, and stored in a desiccate chamber at room tempera-
ture. MALDI-TOF-MS (MHþ): calcd for ImPy7γβDa-Sdex
1757.80, found 1757.21; calcd for ImPy6γβDa-Sdex 1635.75, found
1635.28; calcd for ImPy5γβDaSdex 1513.70, found 1513.76; calcd
for ImPy4γβDa-Sdex 1391.66, found 1392.01; calcd for ImPy4-
βDa-Sdex 1306.60, found 1306.40; calcd for ImPy3-βDa-Sdex
1184.55, found 1184.10; calcd for ImPy2-βDa-Sdex 1062.51, found
1062.95; calcd for ImPy-βDa-Sdex 940.46, found 940.91.

Ac-βDa-Sdex (14). A mixture of Ac-β-Ala-OH (500 mg,
3.8 mmol), N-hydroxysuccinimide (434 mg, 3.8 mmol), and
DCC (824 mg, 4 mmol) in anhydrous THF (10 mL) was stirred
at 0 �C for 1 h and then at room temperature for 12 h. The
solutionwas clarified by filtration, andTHFwas removed under
reduced pressure. The white gooey residue (Ac-β-Ala-CO-NHS
ester) was used in the subsequent reaction without purification.
Sdex-isothiocyanate (2 mg, 4 μmol), 3,30-diamino-N-methyldi-
propylamine (15 μL, 93 μmol), and triethylamine (7.5 μL) were
added in anhydrousCH2Cl2 (500 μL). Themixturewas vortexed
at room temperature for 2 h. CH2Cl2 was completely removed
on a SpeedVac system. The residue was suspended in 50%
acetonitrile and subjected to HPLC purification on a semipre-
paratory C18 column. Lyophilization yielded a clear oil (NH2-
Da-Sdex). MALDI-TOF-MS (MHþ) calcd for NH2-Da-Sdex
639.34, found 639.52. All NH2-Da-Sdex was dissolved in anhy-
drous CH2Cl2 (500 μL). Triethylamine (7.5 μL) and Ac-β-Ala-
CO-NHS (10 mg) were added, and the mixture was vortexed at
room temperature for 2 h to yield Ac-βDa-Sdex. CH2Cl2 was
completely removed on a speedvac system. The residue was
suspended in 50% acetonitrile and purified by HPLC on a
semipreparatory C18 column. MALDI-TOF-MS (MHþ) calcd
for Ac-βDa-Sdex (14) 752.39, found 752.77.

Ac-Da-Sdex (28).NH2-Da-Sdex was synthesized as described
above and was dissolved in anhydrous CH2Cl2 (500 μL).
Triethylamine (5 μL) and acetic anhydride (10 μL) were added,
and the mixture was vortexed at room temperature for 2 h.
CH2Cl2 was completely removed on a SpeedVac system. The
residue was suspended in 50% acetonitrile and purified by
HPLC on a semipreparatory C18 column. MALDI-TOF-MS
(MHþ) calcd for Ac-Da-Sdex (28) 681.35, found 681.72.

Ac-Et-Sdex (15).Amixture ofN-acetylethylenediamine (15μL),
triethylamine (7.5 μL), and Sdex-isothiocyanate (2 mg) in anhy-
drous CH2Cl2 (500 μL) was vortexed at room temperature for 2 h.
Purification was done following the procedures described above.
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MALDI-TOF-MS (MHþ) calcd forAc-Et-Sdex (15) 596.26, found
596.46.

ImPy7γ-Et-NH2, ImPy6γ-Et-NH2, ImPy5γ-Et-NH2, ImPy4γ-
Et-NH2, ImPy4-Et-NH2, ImPy3-Et-NH2, ImPy2-Et-NH2, and
ImPy-Et-NH2 were synthesized according to published proce-
dures29 on oxime resin except that the Boc groups were removed
with 25% TFA/CH2Cl2/0.5 M PhSH instead of 80% TFA/
CH2Cl2/0.5 M PhSH. After synthesis, the resin was stirred in
ethylenediamine at 65 �C for 12 h to release the products. HPLC
purification was carried out on a C18 preparatory column as
described in the Im(Py)n(γ)nβ-Da-NH2 purification, 0.5%
acetonitrile/min, starting with 0% acetonitrile. MALDI-TOF-
MS (MHþ): calcd for ImPy7γ-Et-NH2 1108.50, found 1108.42;
calcd for ImPy6γ-Et-NH2 986.45, found 986.39; calcd for
ImPy5γ-Et-NH2 864.40, found 864.30; calcd for ImPy4γ-Et-
NH2 742.35, found 742.31; calcd for ImPy4-Et-NH2 657.30,
found 657.43; calcd for ImPy3-Et-NH2 541.30, found 541.90;
calcd for ImPy2-Et-NH2 413.21, found 413.59; calcd for ImPy-
Et-NH2 291.16, found 291.57.

ImPy7γ-Et-Sdex (16), ImPy6γ-Et-Sdex (17), ImPy5γ-Et-
Sdex (18), ImPy4γ-Et-Sdex (19), ImPy4-Et-Sdex (20), ImPy3-

Et-Sdex (21), ImPy2-Et-Sdex (22), and ImPy-Et-Sdex (23).
Synthesis was done as described in Im(Py)n(γ)m-βDa-Sdex synth-
esis with Im(Py)n(γ)m-Et-NH2. MALDI-TOF-MS (MHþ): calcd
for ImPy7γ-Et-Sdex 1601.67, found 1601.43; calcd for ImPy6γ-Et-
Sdex 1479.63, found 1479.68; calcd for ImPy5γ-Et-Sdex 1357.58,
found 1357.63; calcd for ImPy4γ-Et-Sdex 1235.53, found 1235.19;
calcd for ImPy4-Et-Sdex 1150.48, found 1150.55; calcd for ImPy3-
Et-Sdex 1028.43, found 1028.45; calcd for ImPy2-Et-Sdex 906.38,
found 906.57; calcd for ImPy-Et-Sdex 784.33, found 784.76.

ImPy7γ-Et-Oxdex (24), ImPy3-Et-Oxdex (25), ImPy2-Et-Ox-

dex (26), and ImPy-Et-Oxdex (27). ImPy7γ-Et-NH2, ImPy3-Et-
NH2, ImPy2-Et-NH2, and ImPy-Et-NH2 were prepared as de-
scribed above. ImPy7γ-Et-Oxdex, ImPy3-Et-Oxdex, ImPy2-Et-
Oxdex, and ImPy-Et-Oxdex were synthesized as described in
Im(Py)n(γ)m-Et-Sdex synthesis except that Sdex-isothiocyanate
was substituted with Oxdex-CO-NHS ester (dex-17β-carboxylic
acid N-hydroxysuccinimide ester). MALDI-TOF-MS (MHþ):
calcd for ImPy7γ-Et-Oxdex 1468.67, found 1468.35; calcd for
ImPy3-Et-Oxdex 895.43, found 895.77; calcd for ImPy2-Et-Oxdex
773.38, found 773.51; calcd for ImPy-Et-Oxdex 651.33, found
651.60.

ConcentrationDetermination. Stock solutions of all chemicals
used in this study were prepared in DMSO. A DMSO stock
solution (1 μL)was diluted inH2O (1mL) for Sdex conjugates or
50% methanol in water (1 mL) for Oxdex conjugates. The
concentrations were determined by the distinct absorbance
of Py-Im polyamides or dexamethasone derivatives. Extinction
coefficients are as follows: ImPy7, ε310nm=6.9� 104M-1 cm-1;
ImPy6, ε310nm=6.0 � 104 M-1 cm-1; ImPy5, ε310nm=5.2 �
104 M-1 cm-1; ImPy4, ε310nm=4.3 � 104 M-1 cm-1; ImPy3,
ε304nm=3.5 � 104 M-1 cm-1; ImPy2, ε304nm=2.6 � 104 M-1

cm-1; ImPy, ε304nm = 1.7 � 104 M-1 cm-1; Ac-βDa-Sdex,
Ac-Da-Sdex, and Ac-Et-Sdex, ε242nm=1.2 � 104 M-1 cm-1.

Cell Culture, Transfection, and Luciferase Assay. HeLa cells
were grown in 100 mm tissue culture plates at 37 �C under
5% CO2 in Dulbecco’s modified Eagle’s medium supplemented
with 10% (v/v) fetal bovine serum, 10 μg/mL penicillin, and
10 μg/mL streptomycin. Cells were passed every 3 days and
never allowed to reach confluency. Cells (1.5� 104 cells per well)
were placed in 96-well plates and incubated in 100 μL of the
previously prepared tissue culture media for 24 h before trans-
fection by the Lipofectamine Plus method (Invitrogen). Cells in
each well were transfected with 50.5 ng of total DNA, including
25 ng of pG5B reporter plasmid (Kodadek lab stock), 25 ng of
pEGal4DBD-GRLBD-VP16 (Kodadek lab stock), and 0.5 ng
ofR. reniformis luciferase plasmid (pRL-SV40, Promega). After
transfection, the transfection buffer was thoroughly removed
and replaced by Dulbecco’s modified Eagle’s medium supple-
mented with 10% (v/v) fetal bovine serum. All chemicals were

prepared in DMSO and added directly in each well after
transfection with the final DMSO concentration under 1%.
Luciferase assays were conducted 40 h after transfection and the
addition of chemicals.

BindingCompetitionAssay.The binding affinities of Sdex and
Oxdex conjugates for glucocorticoid receptor (GR) ligand-
binding domain (GR LBD) were determined using GR Compe-
titor Assay Kit from Invitrogen. Sdex and Oxdex conjugates
with various concentrations in DMSO (0.5 μL) were mixed with
Fluormone (a fluorescein labeled dexamethasone derivative
provided by Invitrogen, 1 nM) and recombinant human GR
(4 nM) in 100 μL of the binding buffer (10 mM potassium
phosphate, pH 7.4, 10 mM Na2MoO4, 0.1 mM EDTA, 5 mM
dithiothreitol). Themixtures were incubated in the dark at 25 �C
for 2 h before measurement.
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