Chapter 4A

Effects of Tail Linkages on the Sequence-Specific
Recognition of DNA by Hairpin Polyamide Conjugates

This project was done in collaboration with James Puckett (Dervan group, Caltech).

James Puckett synthesized polyamides 6-10 and prepared plasmid pJWP6.
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Abstract

Hairpin pyrrole-imidazole polyamides are synthetic ligands that bind the minor
groove of DNA at subnanomolar concentrations with programmable sequence specificity.
While the empirically derived “pairing rules” have been well characterized for unlinked
polyamide cores, far less is known about the binding affinity and sequence specificity
of hairpin polyamide conjugates, which are now commonly used for improved nuclear
localization in biological experiments. To further our understanding of C-terminal tail
linkage effects on sequence specificity, the equilibrium association constants of five
hairpin polyamide conjugates ImImPyPy-(R)""y-ImPyPyPy-B-C.-R, (B = B-alanine, C,
= 1,3-diaminopropane linker) were measured by quantitative DNase I footprint titration
experiments on plasmids containing the eight possible 5’-ANTGGTCA-3" and 5’-
NATGGTCA-3’ binding sites (N =A, T, C, or G). In addition, the binding affinities of five
hairpin polyamide conjugates ImImPyPy-(R)"*y-ImPyPyPy-(+)-R, ((+) = 3,3’-diamino-
N-methyldipropylamine linker) were analyzed on the same two plasmids. For both types
of compounds, the linker moiety exhibited 3- to 8-fold specificity for A,T over G,C, and the
R group showed a similar 2- to 9-fold preference for A, T, with amide linkages conferring
greater specificity than thiourea linkages. These results indicate that linkers and functional
R groups on the tails of hairpin polyamide conjugates have recognition properties that

should be considered in the design of these molecules to target DNA binding sites.
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4.1. Introduction

Aberrant gene expression has been implicated as the cause of many diseases.'?
Small molecules that can predictably regulate gene transcription could hold promise in
human medicine.* Hairpin pyrrole-imidazole polyamides are synthetic ligands that target
predetermined DNA sequences with affinities comparable to those of naturally occurring
DNA-binding proteins in the nanomolar range.** These cell-permeable small molecules
have been shown to localize to the nucleus of living cells®!® and regulate endogenous gene
expression. !

Polyamides selectively bind in the minor groove of B-form DNA according to a set of
“pairing rules,” where each heterocyclic ring pair targets a specific Watson-Crick base pair.**
The antiparallel pairing of N-methylpyrrole (Py) and N-methylimidazole (Im) aromatic
rings targets the C+G base pair (bp), while Im/Py discriminates G*C.'>!* The Py/Py pair
recognizes A*T and T*A base pairs in the DNA minor groove."* N-methylhydroxypyrrole
(Hp) can be paired with Py to distinguish T*A from A*T.">!® Structural data from NMR and
X-ray crystallography studies have elucidated these binding preferences.'>!*!7:18

A covalent y-aminobutyric acid (y) linkage pre-organizes two polyamide subunits
in the DNA minor groove, prepaying the entropic cost of antiparallel binding.” Like the
degenerate Py/Py pair, the y residue at the hairpin “turn” is specific for A, T base pairs.?
The use of chiral (R)-2,4-diaminobutyric acid to replace y improves binding affinity
and enforces a 5°—3’ N—C binding orientation.?’ As with the hairpin turn, a variety of
different “tails” can be designed. When polyamides are synthesized on solid phase with
Boc--Ala-PAM resin and cleaved with 3-dimethylamino-1-propylamine (Dp), the final
compound contains a residual $-Dp tail at the C-terminus.** Quantitative DNase I footprint
titration experiments using the six-ring hairpin polyamide ImPyPy-(R)"™y-ImPyPy-
B-Dp have demonstrated that both the B-alanine residue and the Dp tail are W-specific
recognition elements, where W = A or T, at the N-1 position.** Oxime resin can be used to

synthesize hairpin polyamides that do not contain -alanine at the C-terminus and allow
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rational targeting of more sites.”® Interestingly, polyamide-fluorophore conjugates without
B-alanine tend to have better nuclear uptake properties than analogs with -alanine.’!°

Hairpin polyamide cores can be functionalized at the turn and the tail to form
polyamide conjugates suitable for a number of different applications. In particular,
polyamide-fluorophore conjugates have been used to assay cellular uptake and nuclear
localization in live cells using confocal microscopy.®!® In one notable instance, such a
compound has been shown to downregulate endogenous gene expression in cell culture.!
However, there is no systematic data comparing the binding affinities and specificities of
polyamide conjugates with their parent molecules at the N-2 and N-3 positions relative
to the Py/Im polyamide core recognition element. Increased understanding of the effects
on DNA binding would enable rational polyamide conjugate design in future biological
studies.

In this study, we examine the effects of substitution at the tail on DNA affinity,
specificity, and cellularuptake (Figure 4.1). The ImImPyPy-(R)"Ny-ImPyPyPy-R polyamide
core sequence was used in all ten compounds.'® In the first series, five molecules of the type
ImImPyPy-(R)""y-ImPyPyPy-B-C.-R, (B = B-alanine, C, = 1,3-diaminopropane linker)
were synthesized using Boc-B-Ala-PAM resin. Fluorescein and 3-carboxyphenyl were
conjugated to the polyamide using both thiourea and amide linkages. In the second series,
five analogous conjugates of the type ImImPyPy-(R)"*"y-ImPyPyPy-(+)-R, ((+) = 3,3’-
diamino-N-methyldipropylamine linker) were synthesized using oxime resin. The DNA
binding energetics of all ten compounds were assayed by DNase I footprinting experiments
on plasmids containing the eight possible 5’-ANTGGTCA-3" and 5’-NATGGTCA-3’
binding sites (N =A, T, C, or G).
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Ry Linkage Ry Linkage

fluorescein  thiourea fluorescein  thiourea

1 6
2 fluorescein amide 7  fluorescein amide
4 9

carboxyphenyl thiourea carboxyphenyl thiourea
carboxyphenyl  amide carboxyphenyl amide

Figure 4.1. Structures of polyamide conjugates 1-10. Imidazole and pyrrole are shown
as filled and non-filled circles, respectively; B-alanine is shown as a diamond; the 1,3-
diaminopropane linker is shown as “C,”; the 3,3’-diamino-N-methyldipropylamine linker
is shown as “(+)”; and the chiral diaminobutyric acid turn residue is shown as a semicircle
connecting the two subunits linked to a half-circle with a plus.

4.2. Materials and methods

4.2.1. Polyamide synthesis

Polyamides were synthesized with Boc-f-Ala-PAM resin (compounds 1-5,
Peptides International) or oxime resin (compounds 6-10, Novabiochem) according to
published manual solid-phase synthesis protocols.”>* The protected "™ "™y-turn amine
was deprotected with 20% piperidine in DMF and reprotected as the Boc derivative with a
solution of Boc,O (Fluka) and DIEA in DMF. The Boc-protected resin was cleaved with
I mL of the appropriate amine (1,3-diaminopropane, compounds 1-4; 3-dimethylamino-

I-propylamine, compound 5; 3,3’-diamino-N-methyldipropylamine, compounds 6-10) at
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37°C with agitation for 16 h. Products were purified by preparatory reverse-phase high-

performance liquid chromatography (HPLC) on a Beckman Gold system using either a
Waters Delta-Pak 25 x 100 mm, 15 um 300 A C ; PrepPak Cartridge reverse-phase column
or a Varian Dynamax 21.4 x 250 mm Microsorb 8 um 300 A C, reverse-phase column in
0.1% (w/v) TFA with acetonitrile as the eluent. The appropriate fractions were lyophilized
after characterization by analytical HPLC, UV-visible spectroscopy, and matrix-assisted
laser desorption ionization/time-of-flight mass spectrometry (MALDI-TOF-MS) and/or
electrospray ionization mass spectrometry (ESI-MS).

Conjugates were formed by reacting the isothiocyanate (compounds 1, 3, 6, and 8),
succinimidyl ester (compounds 2 and 7), or anhydride (compound 10) with the polyamide
in a solution of DIEA (20 equiv) and DMF for 1 h at room temperature. Conjugates 4
and 9 were formed by preactivating isophthalic acid (3.0 equiv) with PyBOP (2.9 equiv,
Novabiochem) in a solution of DIEA (20 equiv) and DMF at 37°C for 30 min, followed by
reaction of the activated solution with the polyamide for 1 h at room temperature. Conjugates
were deprotected with neat TFA (Halocarbon) and triethylsilane for 30 min at room
temperature before purification by preparatory reverse-phase HPLC. Lyophilization of the
appropriate fractions yielded the polyamide conjugates 1-10, which were characterized as
described above. Extinction coefficients were calculated according to standard protocols.?*
Chemicals not otherwise specified were from Aldrich.

ImImPyPy-(R)"y-ImPyPyPy-B-C,-FITC (1). Cleaved from B-Ala-PAM resin
with neat 1,3-diaminopropane and conjugated with fluorescein-5-isothiocyanate (FITC,
Invitrogen). UV-vis A = 312, 444 nm; ESI-MS m/z 1597.5 (C, H_ )N ,O S~ calculated
[M-H] 1597.57)

ImImPyPy-(R)"y-ImPyPyPy-B-C,-FAM (2). Cleaved from B-Ala-PAM resin
with neat 1,3-diaminopropane and conjugated with 5-carboxyfluorescein, succinimidyl
ester (5-FAM, SE, Invitrogen). UV-vis A =315, 444 nm; MALDI-TOF-MS m/z 1568.74
(C,;HN,,0 " calculated [M+H]" 1568.60)

767778 23
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ImImPyPy-(R)"y-ImPyPyPy-B-C,-CPITC (3). Cleaved from -Ala-PAM resin
with neat 1,3-diaminopropane and conjugated with 3-carboxyphenyl isothiocyanate (Trans
World Chemicals). UV-visA__ =316 nm; ESI-MS m/z 1387.6 (C__H, N, O, S calculated
[M-H] 1387.54)

ImImPyPy-(R)"y-ImPyPyPy-B-C,-IPA (4). Cleaved from B-Ala-PAM resin
with neat 1,3-diaminopropane and conjugated with isophthalic acid. UV-vis A = 315
nm; MALDI-TOF-MS m/z 1358.66 (C_H,,N..O " calculated [M+H]" 1358.57)

ImImPyPy-(R)"Ny-ImPyPyPy-B-Dp (5). Cleaved from B-Ala-PAM resin with
neat 3-dimethylamino-1-propylamine. UV-vis A = 315 nm; MALDI-TOF-MS m/z
1238.88 (C,,H,,N,.O, * calculated [M+H]" 1238.58)

ImImPyPy-(R)"2Ny-ImPyPyPy-(+)-FITC (6). Cleaved from oxime resin with neat
3,3’-diamino-N-methyldipropylamine and conjugated with fluorescein-5-isothiocyanate
(FITC, Invitrogen). UV-vis A_ = 316, 444 nm; ESI-MS m/z 1597.6 (C_H,N,O S
calculated [M-H] 1597.61)

ImImPyPy-(R)"2Ny-ImPyPyPy-(+)-FAM (7). Cleaved from oxime resin with
neat 3,3’-diamino-N-methyldipropylamine and conjugated with 5-carboxyfluorescein,
succinimidyl ester (5-FAM, SE, Invitrogen). UV-vis A = 316, 444 nm; MALDI-TOF-
MS m/z 1568.52 (C,_H,,N,.O " calculated [M+H]* 1568.64)

ImImPyPy-(R)"2Ny-ImPyPyPy-(+)-CPITC (8). Cleaved from oxime resin
with neat 3,3’-diamino-N-methyldipropylamine and conjugated with 3-carboxyphenyl
isothiocyanate (Trans World Chemicals). UV-vis A_ = 316 nm; ESI-MS m/z 1387.4
(C, H, )N, O, S calculated [M-H] 1387.58)

ImImPyPy-(R)"2Ny-ImPyPyPy-(+)-1PA (9). Cleaved from oxime resin with neat
3,3’-diamino-N-methyldipropylamine and conjugated with isophthalic acid. UV-visA =
316 nm; MALDI-TOF-MS m/z 1358.31 (C_,H, N,.O . calculated [M+H]" 1358.60)

ImImPyPy-(R)"2Ny-ImPyPyPy-(+)-Ac (10). Cleaved from oxime resin with neat

3,3’-diamino-N-methyldipropylamine and conjugated with acetic anhydride. UV-vis A__
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=316 nm; MALDI-TOF-MS m/z 1252.55 (C_.H.N..O * calculated [M+H]* 1252.60)

58107423710
4.2.2. Plasmid construction
Plasmids pCFH6 and pJWP6  were constructed according to
standard  protocols for DNA  manipulation.” Plasmid pCFH6  was
constructed by annealing the two 87-mer DNA oligonucleotides 5°-
GATCGTGTAATCAATGGTCATAGCTGTGTAATCATTGGTCATAGCTGTGT
AATCACTGGTCATAGCTGTGTAATCAGTGGTCATAGC-3’ and 5’-
AGCTGCTATGACCACTGATTACACAGCTATGACCAGTGATTACACAGCTA
TGACCAATGATTACACAGCTATGACCATTGATTACAC-
3 (Integrated DNA Technologies). Plasmid pJWP6 was
constructed by annealing the two 91l-mer DNA oligonucleotides 5’-
GATCGTGTAATCAAATGGTCATAGCTGTGTAATCATATGGTCATAGCTGT
GTAATCACATGGTCATAGCTGTGTAATCAGATGGTCATAGC-3> and 5’-
AGCTGCTATGACCATCTGATTACACAGCTATGACCATGTGATTACACAGC
TATGACCATATGATTACACAGCTATGACCATTTGATTACAC-3’.  Annealed
oligonucleotides were ligated into the BamHI/HindIII (Roche) restriction fragment of
pUCI19 (Sigma). DNA sequencing of the constructed plasmids was performed at the

Sequence Analysis Facility at the California Institute of Technology.

4.2.3. Preparation of 5’-*P-end-labeled DNA

The forward primer 5’-AATTCGAGCTCGGTACCCGGG-3’ was *P-labeled at
the 5’-end. The reverse primer 5’-CTGGCACGACAGGTTTCCCGAC-3’ was used to
amplify plasmids pCFH6 and pJWP6 as previously described.”* PCR products (5’-*?P-
end-labeled, 291 bp for pCFH6, 295 bp for pJWP6) were isolated according to standard

protocols.?*
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4.2.4. Quantitative DNase | footprint titrations

Quantitative DNase I footprint titration experiments were performed on the 5’-
32P-end-labeled PCR products of plasmids pCFH6 and pJWP6 according to standard
protocols.”* Radiolabeled DNA was equilibrated with polyamide solutions for 14-16 h at
22°C in a buffer of 10 mM Tris-HCI, 10 mM KCl, 10 mM MgCl,, and 5 mM CaCl, at pH
7.0 prior to DNase I cleavage. Chemical sequencing reactions were performed according

to published methods.>**’

4.2.5. Cell cultures

Human cancer cell lines HeLa, MCF7, and PC3 were cultured in a 5% CO,
atmosphere at 37°C in supplemented DMEM (HeLa, GIBCO) or RPMI medium 1640
(MCEF7 and PC3, GIBCO).>!* All media were supplemented with 10% fetal bovine serum

(Omega Scientific) and 1% penicillin/streptomycin solution (Mediatech).

4.2.6. Confocal microscopy

Cell lines were trypsinized (Mediatech) for 5 min at 37°C, centrifuged for 10 min
at 4°C at 100 g, and resuspended in fresh medium to a concentration of 1.33 x 10° cells/
mL (HeLa) or 3.33 x 10° cells/mL (MCF7 and PC3).>!° Incubations were performed by
adding 150 pL of cells into culture dishes equipped with glass bottoms for direct imaging
(MatTek). Cells were grown in the glass-bottom culture dishes for 24 h. The medium was
then removed and replaced with 147 pL of fresh medium, followed by addition of 3 pL of
the 100 uM polyamide solution for a final polyamide concentration of 2 uM. Cells were
incubated in a 5% CO, atmosphere at 37°C for 12 h. Imaging was performed with a 40x
oil-immersion objective lens on a Zeiss LSM 5 Pascal inverted laser scanning microscope.
Polyamide-fluorescein conjugate fluorescence and visible light images were obtained using

standard filter sets for fluorescein.”!”
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4.3. Results

4.3.1. DNA binding affinity and sequence specificity of polyamide conjugates

Ten hairpin polyamide conjugates were synthesized by solid-phase methods (Figure
4.1). Compounds 1-5, synthesized on -Ala-PAM resin, were of the type ImImPyPy-(R)""y-
ImPyPyPy-B-C,-R, (B = B-alanine, C, = 1,3-diaminopropane linker). Compounds 6-10,
synthesized on oxime resin, were of the type ImImPyPy-(R)"y-ImPyPyPy-(+)-R, ((+) =
3,3’-diamino-N-methyldipropylamine linker). Each series of five compounds contained
thiourea-linked fluorescein, amide-linked fluorescein, thiourea-linked 3-carboxyphenyl,
amide-linked 3-carboxyphenyl, and control (Dp or Ac) conjugates.

Plasmid pCFH6 was designed to contain four binding sites of the form 5’-
ANTGGTCA-3’ (N=A, T, C, or G) (Figure 4.2). The four Watson-Crick base pairs were
permuted at the 5’-end of the 7-bp binding site to test sequence specificity at the N-2
position of the C-terminal tail. Following the results of footprinting experiments on plasmid
pCFH6 (Figure 4.3 and Table 4.1), plasmid pJWP6 was designed to contain four binding
sites of the form 5’-NATGGTCA-3’ with permutation at the 5’-end of the 8-bp binding site
to test sequence specificity at the N-3 position of the C-terminal tail (Figure 4.2).

Quantitative DNase I footprint titration experiments were performed on the 291
bp, 5’-¥*P-end-labeled PCR product of plasmid pCFH6 and the 295 bp, 5’-*P-end-labeled
PCR product of pJWP6.2* Each polyamide was assayed on a plasmid containing four
potential match sites in which a single Watson-Crick base pair was permuted. On plasmid
pCFH6, the thiourea-linked polyamide-fluorescein conjugate 1 bound the 7-bp binding
sites 5’-ATGGTCA-3’ and 5’-TTGGTCA-3’ with equilibrium association constants of
6.3x10° M and 5.1x10° M, respectively (Figure 4.3 and Table 4.1). Compound 1 bound
the other two designed sites (C*G and G+C) with K = 1.8x10° M"', indicating that this
molecule exhibits 4-fold specificity for AT and 3-fold specificity for T*A. The amide-
linked polyamide-fluorescein conjugate 2 showed decreased binding affinity but strong

sequence specificity, as its equilibrium association constant of 3.2x10° M displayed an



R e 00008

3"_TYACCAGT -5
5°-AXTGGTCA -3

R OO0

3°-TYACCAGT-5"
XeY = AT, TeA, CeG, G-C
Plasmid pCFH6

Rc 00008

3"_YTACCAGT -5
5°-XATGGTCA -3

R OOO8

3°-YTACCAGT-5"
XeY = AT, TeA, CG, G-C
Plasmid pJWP6

69

Figure 4.2. Designed binding sites on plasmids pCFH6 and pJWP6. Imidazole and pyrrole
are shown as filled and non-filled circles, respectively; B-alanine is shown as a diamond;
the 1,3-diaminopropane linker is shown as “C,”; the 3,3’-diamino-N-methyldipropylamine
linker is shown as “(+)”; and the chiral diaminobutyric acid turn residue is shown as a
semicircle connecting the two subunits linked to a half-circle with a plus.

8-fold preference for AT over C,G. Both of the carboxyphenyl conjugates 3 and 4 bound
their match sites with a binding affinity of greater than 1x10'° M- and exhibited similar
4-fold specificity. As expected, the smaller carboxyphenyl conjugates bound more tightly
than fluorescein conjugates. The binding profiles of compounds 3 and 4 were very similar
even though these conjugates were created with different linkages. The control compound
5 had the highest equilibrium association constant in the series, as its K = 3.2x10° M"!
for the AT site was 5-fold higher than the K_for the C,G sites. The A, T preference seen
in 5 is consistent with the trend observed for the analogous six-ring polyamide ImImPy-
(R)*Ny-ImPyPy-B-Dp, which exhibited 23-fold and 11-fold specificity for AT and TeA,
respectively.” The binding energetics data for compounds 1-4 demonstrate that the 1,3-

diaminopropane linker also displays A, T specificity.
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Figure 4.3. Quantitative DNase I footprint titration experiments for polyamide conjugates
1, 2, and 5 on the 291 bp, 5’-**P-end-labeled PCR product of plasmid pCFH6: lane 1,
intact DNA; lane 2, G reaction; lane 3, A reaction; lane 4, DNase I standard; lanes 5-15,
1 pM, 3 pM, 10 pM, 30 pM, 100 pM, 300 pM, 1 nM, 3 nM, 10 nM, 30 nM, and 100 nM
polyamide, respectively. Binding isotherms for the four designed sites are shown below each
footprinting gel; 6 values were calculated according to published methods.** Imidazole
and pyrrole are shown as filled and non-filled circles, respectively; B-alanine is shown as a
diamond,; the 1,3-diaminopropane linker is shown as “C.”; the dimethylaminopropylamine
tail is shown as a half-circle with a plus; and the chiral diaminobutyric acid turn residue is
shown as a semicircle connecting the two subunits linked to a half-circle with a plus.
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pCFH6 R Linkage 5-AATGGTCA-3’ 5-ATTGGTCA-3" 5-ACTGGTCA-3’ 5’-AGTGGTCA-3’

1 fluorescein  thiourea 6.3 (£1.9)x10° 5.1 (£1.7)x10° 1.7 (£0.5)x10° 1.8 (£0.5)x10°
[4] [3] [1] [1]

2 fluorescein amide 3.2 (£1.1)x10° 2.1 (20.6)x10° 4.0 (x1.2)x10* 4.1 (x1.0)x10*
[8] [5] [1] [1]

3 carboxyphenyl thiourea 1.3 (£0.5)x10' 1.2 (£0.5)x10" 3.7 (£1.8)x10° 4.1 (£1.8)x10°
[4] [3] [1] [1]

4 carboxyphenyl  amide 1.5 (£0.4)x10" 1.2 (£0.4)x10" 4.1 (£1.4)x10° 4.8 (+£1.9)x10°
[4] [3] [1] [1]

5 - - 3.7 (£0.5)x10" 2.5 (£0.1)x10" 8.7 (£1.4)x10° 8.0 (£0.7)x10°
[5] [3] [1] [1]

6 fluorescein  thiourea 1.7 (£0.2)x10" 1.6 (£0.2)x10" 6.8 (£0.3)x10° 6.0 (£0.7)x10°
[3] [3] [1] [1]

7 fluorescein amide 6.5 (£1.0)x10’ 6.6 (£1.2)x10° 2.0 (£0.3)x10° 9.7 (£2.0)x10°
[7] [7] [2] [1]

8 carboxyphenyl thiourea 8.8 (x1.3)x10° 8.8 (£1.0)x10° 3.5 (£1.1)x10° 2.6 (£0.5)x10°
[3] [3] [1] [1]

9 carboxyphenyl  amide 1.0 (£0.2)x10" 1.0 (£0.2)x10" 5.1 (£0.4)x10° 3.3 (£0.4)x10°
[3] [3] [1] [1]

10 acetyl amide 3.1 (20.5)x10" 2.9 (+0.3)x10" 1.5 (£0.1)x10" 1.1 (£0.1)x10"

(3]

(3]

(1]

(1]

*K_ (M) values reported are the mean values from at least three DNase I footprint titration
experiments. Assays were performed at 22°C in a buffer of 10 mM Tris-HCI, 10 mM
KCl, 10 mM MgCl,, and 5 mM CaCl, at pH 7.0. Specificity is indicated in brackets and
calculated as K _(site) / K (min).

Compounds 6-10 have an additional positive charge due to the protonation of the
3,3’-diamino-N-methyldipropylamine linker at physiological pH. The thiourea-linked
fluorescein conjugate 6 bound the A+T site with K = 1.7x10" M (3-fold specificity), and
the amide-linked fluorescein conjugate 7 bound the TeA site with K = 6.6x10° M (7-fold
specificity). When compared with 1 and 2, oxime compounds 6 and 7 bound DNA more
tightly but with comparable specificity. Compounds 8 and 9 bound A,T sites with K =
8.8x10° M and 1.0x10'° M, respectively. The acetylated control compound 10 displayed
an equilibrium association constant of 3.1x10'® M-!, and, for all three of these compounds
8-10, their 3-fold preference for A, T was slightly less than that shown by compounds 3-5.

These experiments indicate that the 3,3’-diamino-N-methyldipropylamine linker is A,T-

specific; however, the linker likely spans the two base pairs 5’-WT-3".
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Based on the conclusion that both linkers specify for A, T base pairs, plasmid pJWP6

was designed to test whether the conjugated R group can serve as a recognition element,
by placing an AT base pair at the N-2 position and varying the N-3 base pair across the
four Watson-Crick base pairs. Control polyamide 5 exhibited the lowest specificity for TeA
(4.5x10""M ") over GC (2.7x10" M) (Figure 4.4 and Table 4.2). The other nine conjugates
showed at least 2-fold specificity for A, T, and, as with the previous plasmid, amide-linked
conjugates displayed stronger specificity than thiourea-linked compounds. One highlight
was the amide-linked fluorescein compound 7, whose equilibrium association constant of
6.0x10° M for A*T was nearly an order of magnitude greater than the K_of 6.8x10° M
for GC. In general, rational design of the linker and R group leads to the recognition of an

eighth base pair at the N-3 position.

4.3.2. Nuclear localization of polyamide-fluorescein conjugates

Human cancer cell lines HeLa, MCF7, and PC3 were cultured for cell uptake
studies using confocal laser scanning microscopy. For compounds 1, 6, and 7, the nuclear
staining exceeded that of the medium in all cell lines (Table 4.3). For compound 2, there
was some nuclear staining in HeLa cells, although it was similar to that of the medium,
and little nuclear staining was observed in MCF7 and PC3 cells. The cellular uptake data
for compound 6 were previously reported.'” Because FITC and FAM were considered
to be interchangeable previously, the results for compound 7 were expected. However,
the positive nuclear localization data for the -alanine-linked fluorescein conjugate 1 was
a pleasant surprise, suggesting that 1,3-diaminopropane could be a viable linker for [3-
alanine-linked conjugates synthesized on PAM resin. The mixed results for compound
2 are a reminder that thiourea and amide linkages are often different in terms of cellular

uptake as well as sequence specificity.
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Figure 4.4. Quantitative DNase I footprint titration experiments for polyamide conjugates
1, 2, and 5 on the 295 bp, 5’-*P-end-labeled PCR product of plasmid pJWP6: lane 1,
intact DNA; lane 2, G reaction; lane 3, A reaction; lane 4, DNase I standard; lanes 5-15,
1 pM, 3 pM, 10 pM, 30 pM, 100 pM, 300 pM, 1 nM, 3 nM, 10 nM, 30 nM, and 100 nM
polyamide, respectively. Binding isotherms for the four designed sites are shown below each
footprinting gel; 0 values were calculated according to published methods.** Imidazole
and pyrrole are shown as filled and non-filled circles, respectively; B-alanine is shown as a
diamond,; the 1,3-diaminopropane linker is shown as “C.”; the dimethylaminopropylamine
tail is shown as a half-circle with a plus; and the chiral diaminobutyric acid turn residue is
shown as a semicircle connecting the two subunits linked to a half-circle with a plus.
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pIWP6 R Linkage 5-AATGGTCA-3’ 5-TATGGTCA-3" 5°-CATGGTCA-3" 5°-GATGGTCA-3’

1 fluorescein  thiourea 5.1 (£0.8)x10’ 5.4 (£1.1)x10° 3.6 (£0.7)x10° 3.2 (£0.6)x10°
[2] [2] [1] [1]

2 fluorescein amide 3.7 (£1.0)x10° 3.5 (£1.4)x10° 1.2 (£0.2)x10° 8.8 (£1.1)x10°
[4] [4] [1] [1]

3 carboxyphenyl thiourea 1.4 (£0.6)x10" 1.5 (£0.6)x10" 8.3 (£2.3)x10° 7.1 (£2.3)x10°
[2] [2] [1] [1]

4 carboxyphenyl  amide 1.5 (£0.2)x10" 1.5 (£0.1)x10" 6.1 (£1.1)x10° 4.7 (£1.9)x10°
[3] [3] [1] [1]

5 - - 3.1 (£1.5)x10" 4.5 (+1.9)x10'"° 3.0 (£1.2)x10" 2.7 (£1.2)x10"
[1] (2] [1] [1]

6 fluorescein  thiourea 1.6 (£0.4)x10" 2.3 (£0.4)x10" 1.2 (0.2)x10" 8.9 (£1.1)x10°
(2] [3] [1] [1]

7 fluorescein amide 6.0 (£3.9)x10’ 4.9 (£3.1)x10° 2.1 (20.6)x10° 6.8 (£0.9)x10°
[9] [7] [3] [1]

8 carboxyphenyl thiourea 1.9 (£0.4)x10" 2.2 (£0.4)x10" 1.1 (£0.1)x10" 8.3 (£1.5)x10°
[2] [3] [1] [1]

9 carboxyphenyl  amide 3.2 (20.2)x10" 2.2 (£0.5)x10" 1.1 (20.1)x10" 5.1 (£1.2)x10°
[6] [4] (2] [1]

10 acetyl amide 3.6 (£0.5)x10"° 3.2 (£0.3)x10" 1.4 (£0.1)x10" 1.1 (£0.1)x10"

(3]

(3]

(1]

(1]

*K, (M) values reported are the mean values from at least three DNase I footprint titration
experiments. Assays were performed at 22°C in a buffer of 10 mM Tris-HCI, 10 mM
KCl, 10 mM MgCl,, and 5 mM CaCl, at pH 7.0. Specificity is indicated in brackets and
calculated as K _(site) / K (min).

4.4, Discussion

DNase I footprinting experiments indicate that hairpin polyamide conjugates 1-4 and
6-9 have decreased binding affinity relative to their parent polyamide compounds 5 and 10,
respectively. This trend becomes more severe as the steric bulk of the conjugated R group
increases, so fluorescein conjugates are impacted more than 3-carboxyphenyl conjugates.
Control polyamides 5 and 10 bind their preferred match sites with an equilibrium association
constant of 3x10!° M, while 3-carboxyphenyl and fluorescein conjugates bind in the mid-
10° M range. The subnanomolar binding affinities of these conjugates, coupled with
good sequence specificity, make these compounds strong leads for continued biological

applications.
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Table 4.3. Nuclear localization of polyamide-fluorescein conjugates?

Compound Linkage HeLa MCF7 PC3

F:Tc—cm 1 thiourea  ++ 4+ 4+
FAM—Cm 2 amide  + - -
F!TC—(+)_%€).2)@ 6 thiourea ++ +4+ T
FAM—(+M 7 amide ++ T4 T

@ Uptake profile of polyamide-fluorescein conjugates in three cell lines. ++, Nuclear
staining exceeds that of the medium; +, nuclear staining less than or equal to that of the
medium, but still prominent; —, very little nuclear staining, with the most fluorescence seen
in the cytoplasm and/or medium. Imidazole and pyrrole are shown as filled and non-filled
circles, respectively; B-alanine is shown as a diamond; the 1,3-diaminopropane linker is
shown as “C.”; the 3,3’-diamino-N-methyldipropylamine linker is shown as “(+)”; and
the chiral diaminobutyric acid turn residue is shown as a semicircle connecting the two
subunits linked to a half-circle with a plus.

For conjugates synthesized on Boc-f-Ala-PAM resin, it appears that the 1,3-
diaminopropane linker is A, T-specific, with the C, linker extending out only one additional
Watson-Crick base pair, as evidenced by the footprinting of control compound 5. For oxime
compounds, the 3,3’-diamino-N-methyldipropylamine linker prefers 5’-WT-3" base pair
steps over 5°-GT-3"or 5°-CT-3". In general, B-C, and 3,3’-diamino-N-methyldipropylamine
linkers lead to compounds with similar binding affinities, although they might contain
different charges at physiological pH. Notably, amide-linked compounds have higher
sequence specificity, and amide-linked fluorescein conjugates have an especially strong A, T
preference. Thus, it is now possible to take advantage of the inherent W-specific recognition
properties of linkers and R groups to design high-affinity, high-specificity DNA-binding

compounds taking into account binding preferences at the N-2 and N-3 positions.
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The positive cellular uptake data is highly encouraging as hairpin polyamide
conjugates are used in cell culture experiments. The nuclear localization of compound
1 suggests that the B-alanine residue is not lethal when the appropriate amine linker
is utilized, so PAM resin can be used in the synthesis of this class of conjugates going
forward. The uptake of compounds 6 and 7 is consistent with the observed trend that
conjugates synthesized on oxime resin (without the (3-alanine residue) tend to localize well
in human cancer cell lines. Having the ability to cleave from either resin with different
linkers broadens the range of cell-permeable hairpin polyamide conjugates that are suitable

for regulation of gene transcription.
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