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ABSTRACT: Cooperation between pairs of transcription factors
(TFs) has been widely demonstrated to play a pivotal role in the
spatiotemporal regulation of gene expression, but blocking coop-
erative TF pair—-DNA interactions synergistically has been chal-
lenging. To achieve this, we designed programmable DNA binder
pyrrole-imidazole polyamides conjugated to host—guest assem-
blies (Pip-HoGu) to mimic the cooperation between natural TF
pairs. By incorporating cyclodextrin (Cyd)—adamantane (Ada), we
synthesized Adal (PIP1-Ada) and Cyd1 (PIP2-Cyd), which were
evaluated using T;,, EMSA, competitive, and SPR assays and
molecular dynamics studies. The results consistently demonstrat-
ed that Pip-HoGu system formed stable noncovalent cooperative
complexes, thereby meeting key criteria for mimicking a TF pair.
The system also had a longer recognition sequence (two-PIP bind-
ing length plus gap distance), favorable sequence selectivity,
higher binding affinity, and in particular, a flexible gap distance
(0-5 bp). For example, Adal-Cyd1 showed thermal stability of
7.2 °C and a minimum free energy of interaction of —2.32
kcal'mol™ with a targeting length of 14 bp. Furthermore, cell-
based evaluation validated the capability of Pip-HoGu to exhibit
potent cooperative inhibitory effects on gene expression under
physiological conditions by disrupting TF pair—-DNA function. In
conclusion, the modular design of Pip-HoGu defines a general
framework for mimicking naturally occurring cooperative TF
pair—-DNA interactions that offers a promising strategy for appli-
cations in the precise manipulation of cell fate.

Manipulating spatiotemporally variable gene expression has
been the goal of generations of scientists™2. In mammals, there are
approximately 1000 transcription factors (TFs) that extensively
regulate gene expression patterns, and 55-70% of these TFs may
be functioning as cooperative TF pairs via homo-/heterodimers to
ensure high binding affinity and extended recognition sequence®*.
Programmable molecules, e.g., nucleic acid analogues and pyr-
role-imidazole polyamides (PIPs), can disrupt individual TF—
DNA interactions®, but cannot block interactions between col-
laborative TF pairs and DNA. More specifically, the gap sequenc-
es between the two binding motifs of the TF pair are not con-
served and the gap distances are relatively flexible, ranging from
—1-5 bp®. Most significantly, by switching cooperative partners,
TF pairs can exert divergent biological functions. For example,
Sox2/Oct4 instigates pluripotent gene activation, but Oct4/Sox17
functions as a HEX activator and Sox2/Pax6 plays a pivotal role
in ocular lens development>'®. Accordingly, disrupting the indi-
vidual binding sites of Sox2 or Oct4, rather than synergistically

disrupting those of both TFs will result in complex biological
outcomes. Therefore, novel strategies are needed to address these
challenges to the implementation of deliberate and precise manip-
ulation of gene expression patterns.

PIPs are the best characterized programmable DNA minor-
groove binders that can compete with TF binding, with the bind-
ing rules that Py/Im recognizes C/G, Im/Py recognizes G/C, and
Py/Py recognizes A/T and T/A'l. Despite substantial progress,
there is still a long way to go before these molecules can be ap-
plied clinically™2. The short recognition sequences of PIPs lead
to high off-target rates, but the extension of PIP length significant-
ly impairs its cell permeability'*'*, Critically, the fixed PIPs-
binding motif (4-8 bp) without elasticity, is unsuitable for block-
ing flexible TF binding, especially that of TF pairs®.
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Figure 1. Overview of cooperative interactions of a TF pair tar-
geting a sequence associated with two components of Pip-HoGu
assembly, Adal and Cydl. n = gap distance. (Bottom) Chemical
structures of Adal, Ada2, and Cydl1.

In this context, we envisaged the integration of PIPs with a co-
operative system to mimic the homo- or heterodimer binding sys-
tems of TF pairs. There are several classic noncovalent coopera-
tive systems, including nucleic acid analogues, metal ion—ligand,
and host—guest systems (e.g., cyclodextrin (Cyd), cucurbit[n]uril,
1621 Among these cooperative sys-
tems, Cyd—adamantane (Ada) has been extensively studied as an
exemplary host—guest system both in vitro and in cells®*%. By
replacing a leucine-zipper dimerization domain with Cyd/Ada,
Morii and colleagues designed an artificial system in which the
cooperative Cyd—Ada interaction highly stabilized the interaction
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of DNA with the DNA-binding domains of GCN4 homodimer?*2,
The work of Mascarenas and colleagues of Cyd—Ada assisted
DNA-binding peptide—distamycin derivatives represented a step
forward in the development of smaller, selective, and ligand-
responsive systems?. Accordingly, the design of programmable
DNA binder/host—guest scaffold for mimicking cooperative TF-
pair systems and especially their cell-based applications is highly
attractive.

To achieve this, we designed PIPs conjugated to a host—guest
Cyd—-Ada scaffold, i.e., Pip-HoGu. We first evaluated them in
vitro using the DNA-binding sequences of the Tax/CREB hetero-
dimer, which functions by cooperative recruitment of p300 that is
essential for HLTV-1 virus amplification’”?® Adal (PIP1-Ada)
consists of a PIP moiety to target the Tax binding site (5'-
WWGGCW-3") conjugated to Ada via a mini-PEG linker (Figure
1)**. Host conjugate Cyd1 (PIP2-Cyd) contains a Cyd moiety and
a CREB-competitive-binding PIP (5'-WGWCGW-3'). We gener-
ated series of positive- and negative-binding sequences, and the
difference in binding originates from the relative positions of the
Adal and Cydl binding sites (Figure 2A). In positive-binding
sequences, Cyd—Ada covers only a short distance (equal to the
gap distance) (Figure S1). In contrast, in the negative-binding
mode, Ada must bridge two PIP-binding sites plus the gap dis-
tance, making it impossible for Ada to interact with Cyd.
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Figure 2. T, assay illustrating the cooperativity of Pip-HoGu. (A)
The DNA oligomers (ODNs) used in the 7}, assay, including posi-
tive (ODN1'’P-ODNG6P) and negative (ODN1'N-ODNG6N) bind-
ing sequences. The gap distance (green) is the number of bp be-
tween the binding sites of Adal (blue) and Cyd1 (red). The chart
only shows the forward DNA strand. (B) T}, profiles of positive
ODNs (Tp, light blue), negative ODNs (7,y, gray), positive
ODNs/Adal-Cydl (7,ps, blue), and negative ODNs/Adal—
Cyd1 (Tyna, black). (C) AAT,, profiles of cooperativity of Adal—
Cyd1 assemblies. ATy, = T,,, (ODNs/PIPs) — T}, (ODNs); AAT,, =
AT.p — AT n. Error bars indicate the standard deviation of three
replicates.

A thermal stabilization assay (7T, assay) was performed to
evaluate the cooperative binding potency and how it was influ-
enced by the gap distance”. In the positive-binding mode, the
overall thermal stability of Adal-Cyd1 had a AT,p value of 9-15
°C (ATwp = Tp — T in a gap-distance-dependent manner (Figure
2B, Table S1). In negative-binding mode, however, there were no
gap-distance-dependent effects on the thermal stability of Adal—
Cyd1 with AT,y values around 9—10 °C (Table S1). In the control
experiment with mixture of PIP1 and PIP2, there was no signifi-
cant difference of thermal stability between positive- and nega-
tive-binding sequences (Figure S2). Therefore, the discrepancy of
thermal stabilization effect between positive- and negative-
binding modes should mainly attributable to the cooperative inter-
action of the Cyd—Ada complexes?®2!. The results showed that

positive-binding ODNs with 0-5 bp gap distances displayed co-
operative binding function, and no cooperative effect was ob-
served with gap distances 26 bp (Figure 2C). These results high-
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light the gap-distance dependency of cooperative binding energies.

ODN2P with a 2-bp gap distance demonstrated the highest level
of cooperation (AAT,, = 7.2 °C). Of note, a 1-bp mismatch T},
assay showed that Pip-HoGu exhibited high sequence specificity
with a AAT,, of 8.3 °C (Table S2)®.
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Figure 3. EMSA illustrating the cooperativity of Pip-HoGu. (A)
The gel-shift behavior of all the positive-binding sequences with
Adal-Cyd1. Concentrations are shown in figure. (B) Quantitative
EMSA of ODN2P with Cyd1 at various concentrations (top) and
Cyd1 supplemented with saturated Adal (bottom). ODNs con-
centration: 0.1 uM. (C) Equilibrium association constants and free
energies for ODN2P with Adal-Cyd1.

Parallel to the T, assay, electrophoretic mobility shift assays
(EMSAs) were conducted to visualize band-shift behavior upon
formation of stable complexes®. The band upshifts for Adal,
Cydl1, and Adal-Cyd1 with ODN2P can be clearly distinguished
(Figure S3). Next, fixed concentrations of Adal-Cyd1 were al-
lowed to equilibrate with all ODNSs. In agreement with the results
of the T}, assay, the appearance of an upshifted band showed that
ODNs with positive-binding mode and 0—5 bp gap distances dis-
play cooperative binding (Figure 3A). Adal-Cydl shows sub-
stantially weaker band shift with ODNOP, for which steric hin-
drance might be partially responsible. In comparison, no com-
plexes were observed for DNA sequences of —1 bp and >6 bp.
Moreover, no negative-binding mode DNA sequences could form
upshifted band indicative of cooperative complexes, and there was
also no upshifted band of negative ODNs with Adal or Cydl
individually, suggesting cooperative complex mediated sequence
selectivity (Figure S4). In addition, competitive EMSA assays
showed that cooperation was weakened in the presence of a guest
competitor (Figure S5)*.

Quantitative EMSAs were performed to analyze the magnitude
of cooperativity and the equilibrium association constant was
determined by fitting to the Langmuir binding isotherm®>. The
increase in the upshifted band for ODN2P at various concentra-
tions of Cydl alone and in the presence of Adal at excess con-
centration demonstrates the cooperative effect (Figure 3B)*%. Spe-
cifically, the data generated an equilibrium association constant of
2.50 x 10° M (X)) for Cyd1 alone, and promisingly increased to
1.25 x 10’ M™" (K, ,) in the presence of Adal (Figure 3C). Using
the equation for the free energy of binding, the free energies of
binding for Cyd1 alone and in the presence of Adal were —7.36
and —9.68 kcal-mol ™', respectively, giving a minimum free energy
of interaction (G,.; — G,) of —2.32 kcal-mol™'3%. Therefore, Pip-
HoGu has superior cooperation-stabilization effects to the previ-
ously reported 8-bp DNA duplex (—2.2 kcal-mol™") and the natural
phage A repressor system (—2.0 kcal-mol™).2%38, Concomitantly, a
surface plasmon resonance (SPR) assay was further validated
quantitatively the cooperative effects of Pip-HoGu assembly
(Table S3, Figure S7)2.
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Figure 4. Mechanistic studies of cooperative binding. (A) Gel-
shift behavior Ada2—-Cydl1. (B) T, profiles of all positive-binding
sequences in the presence of Adal-Cydl (Tpa, blue, same as
Figure 2B) and Ada2—Cyd1 (T,,pg, red).

Continually, we studied the influence of linker length on coop-
erative binding since the underlying mechanisms of gap-distance-
dependent cooperativity (<5 bp) are not totally clear'. For this,
we used Ada2, which has a long, double mini-PEG linker (Figure
1). In the EMSA and T, assay, Ada2—Cyd1 showed similar coop-
erative patterns to Adal-Cydl, i.e., only those DNA sequences
with gap distances of 0—5 bp could form cooperative complexes
(Figure 4A, B). Specifically, Ada2—Cyd1 showed lower stability
for gap distances of 0—4 bp in the 7, assay. This demonstrated
that an extra-long linker might destabilize the binding affinity of
the complex over short gap distances. Interestingly, when the gap
distance was extended to 5-6 bp, Ada2—Cyd1 displayed slightly
higher stability than Adal-Cyd1 because the longer and more
flexible linker can reduce the tension of complex formation. In
conclusion, the cooperative energy of Pip-HoGu was highly dis-
tance dependent and that gap distances of >5 bp diminish the
cooperation, even when the linker region was long enough to
allow the encounter of host—guest moieties. This can be explained
by the hydrophobic and van der Waals interactions of Cyd-
Ada'®40,

AR P I
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\

\
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ERa homodimer and DNA sequence. (B) Schematic diagram of
ERE-driven luciferase in T47DK-BLuc cells. (C) The structural
design of Ada3 and Cyd2 targeting ERE sites (Figure S8). (D)
Luciferase activity assay after normalization to the total protein
concentration.

Because we had compellingly demonstrated its cooperativity in
several in vitro assay systems, we were encouraged to apply Pip-
HoGu to a cell-based assay. The estrogen response element (ERE)
is the specific target motif of the estrogen receptor o (ERa) ho-
modimer, which induces significant downstream gene activation
(Figure 5A)Y. In ERa-positive, 17p-estradiol-stimulated T47D-
KBIluc cells that highly express luciferase after binding of three
tandem ERa TF pairs, Ada3, Cyd2, and Ada3—Cyd2 that bound
to the ERE consensus half-site (5'-WGGWCW-3') were tested for
48 h together with the delivery reagent endoporter (Figure 5B,
C)*2. The effects of PIPs were measured by luciferase activity
normalized to total protein concentration®**!, Monotreatment with
Ada3 showed only moderate-to-weak inhibitory activity (ICsy > 2
uM) while very weak activity was observed for Cyd2 (<20%
inhibition) (Figure 5D). When cells were treated with a combina-

tion of Ada3 and Cyd2, 4-5-fold enhancement of the inhibitory
effect was observed, which strongly correlated with the coopera-
tive interactions of the host—guest system. The use of endoporter
ensured that Ada3 and Cyd2 reached homodimer-binding sites at
the same time, and it is plausible that Pip-HoGu could also work
well for heterodimer binding sites in the absence of endoporter™.
This cell-based assay system demonstrated for the first time that
the individual host—guest interactions of Pip-HoGu could effec-
tively stabilize the PIP pair-DNA cooperative interaction and
potently inhibit natural TF-pair binding in cells.

Cooperation between TF pairs is ubiquitous in cells®. Our pro-
totype Pip-HoGu defines a general framework for mimicking
cooperative TF pair-DNA interactions through the integration of
programmable DNA binders and a host-guest system. In vitro
assays showed that Adal-Cyd1 assemblies formed stable cooper-
ative binding complexes with target DNA sequences with 0—5 bp
gap distances. In essence, the cell-based assay demonstrated that
our artificial Ada3—Cyd2 assemblies formed highly stable coop-
erative complexes that competed with naturally occurring cooper-
ative TF pair-DNA systems. Therefore, Pip-HoGu could be ap-
plied to the regulation of spatiotemporally variable gene expres-
sion patterns.
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