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Abstract

As the amount of information about the genetic construct of the human body
continues to grow, the ability to manipulate genes via the use of synthetic molecules
becomes an increasingly attractive concept. Polyamides developed in the Dervan Lab are
capable of doing just this by binding in the minor groove of DNA in a highly specific
manner. Not only are polyamides able to specifically target sequences of DNA, but they
are able to do so at affinities which make them competitive with endogenous
transcriptional machinery.

The complex nature of the DNA minor groove structure, however, has forced the
evolution of traditional imidazole, pyrrole and hydroxypyrrole polyamides into newly
developed oligomers — compounds which have been shown to bind sequences of DNA
that have been traditionally difficult to target. In going from polyamides to oligomers,
these compounds have seen a variety of changes brought about by the search for ring
systems capable of conveying improved binding properties. Several new recognition
elements have been uncovered and characterized with respect to their DNA affinity and
specificity. Experiments testing the capabilities of these oligomers have shown that such
compounds demonstrate great potential for targeting many new, biologically relevant

sequences of DNA thus showing promise as potential 2nd generation therapeutics.
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Towards DNA-Binding Programmable Oligomers



Introduction.

The recognition of DNA by polyamides is a young field which has been chiefly
pioneered by Dervan Group here at Caltech. Many years of research have gone into
developing a set of recognition elements that can be used to sequence specifically
recognize DNA via the binding of ligands in the minor groove. Inspired by the natural
products netropsin and distamycin which were capable of recognizing A-T tracts of
DNA, our group developed a set of recognition elements initially based on the pyrrole
carboxamides found in the original natural products. Several years later, a complete code
matching a set of three rings systems, pyrrole (Py), imidazole (Im), and hydroxypyrrole
(Hp), to DNA base pairs was developed. These “pairing rules” allowed for the facile
design of polyamides that were able to bind their match sites with high levels of affinity
and specificity.

At this point, the polyamide program had become sophisticated enough that
research in several emerging fields was possible. Much effort was put into designing
polyamide-based compounds capable of acting as transcriptional activators and
repressors. In addition, the high levels of polyamide specificity allowed for their use as
DNA-based molecular tools. As experiments became increasingly sophisticated,
however, it became obvious that a single polyamide code based on three recognition
elements would not be sufficient for the generation of compounds capable of binding all
sequences of DNA. This is due, in large part, to the fact that the microstructure of DNA
varied significantly depending on its sequence.

At this point, a new and exciting portion of the molecular recognition program in

the Dervan Group emerged. What began as an endeavor to design new 5-membered ring



systems that possessed interesting and useful DNA recognition properties quickly moved
to uncovering entirely new rings systems capable of conferring exciting levels of affinity
and specificity. Our acceptance of the fact that all DNA is not alike, forced us to develop
a new set of DNA-binding ligands which were no longer based on the original Py, Im,
and Hp carboxamides. Over the past 2-3 years, efforts on designing these new
“oligomers” have yielded compounds capable of binding to DNA sequences that were
considered to be out of the targetable range of traditional polyamides.

My research, as summarized in this thesis, represents a portion of the work that
was put into evolving our ligands from traditional polyamides to programmable
oligomers. Such work represents only the first step in designing compounds capable of
binding thousands of different DNA sequences mired in hundreds of different types of
DNA microstructures. With the groundwork laid down, these oligomers will continue to
evolve; and as they do so will be better able to target more and more biologically relevant

DNA sequences.



Chapter 1

An Overview of DNA-Binding Polyamides

The text of this chapter was taken in part from a manuscript coauthored with Michael A.

Marques and Professor Peter B. Dervan (Caltech)
(Dervan, P. B.; Doss, R. M. and Marques, M. A. “Programmable DNA Binding

Oligomers for Control of Transcription” Current Medicinal Chemistry: Anti-Cancer

Agents 2005, 5(4), 373-387.)



Abstract.

Mapping and sequencing the genetic blueprint in human, mice, yeast and other
model organisms has created challenges and opportunities for chemistry, biology and
human medicine. An understanding of the function of each of the ~ 25,000 genes in
humans, and the biological circuitry that controls these genes will be driven in part by
new technologies from the world of chemistry. Many cellular events that lead to cancer
and the progression of human disease represent aberrant gene expression. Small
molecules that can be programmed to mimic transcription factors and bind a large
repertoire of DNA sequences in the human genome would be useful tools in biology and
potentially in human medicine. Polyamides are synthetic oligomers programmed to read
the DNA double helix. They are cell permeable, bind chromatin and have been shown to

downregulate endogenous genes in cell culture.



1.1 Introduction.

With the completion of the Human Genome Project, biology can be viewed as an
informational science. The digital information in the genome (DNA) encodes the logic of
life. These genes encode protein networks. Environmental cues from outside the
genome (such as transcription factors) control these networks. A major goal for
chemistry, biology and human medicine would be to ask the question whether human
disease could be controlled by targeting gene expression, i.e., manipulate with small
molecules the information and software programs encoded in nucleic acids that control
protein networks. There are two general approaches; molecules that target mRNA
(antisense, RNAi, PNA) or molecules that target the gene DNA, and inhibit mRNA
synthesis by interfering with components of the RNA polymerase transcription
machinery. For these approaches to be successful in vivo, the gene regulatory agent must
be cell-permeable. In the case of DNA binding molecules, the regulatory molecule must
traffic to the nucleus and bind its target sequence with high affinity and specificity in the
context of cellular chromatin. DNA binding must interfere with transcription of the
target gene by inhibition of key transcription factors in the promoter or alternatively a
steric blockade in the coding region. Nucleic acid based approaches that target either
DNA or RNA (antisense, triple helix forming oligonucleotides, ribozymes and siRNA)
and engineered zinc fingers have the potential for sequence specificity and can effectively
inhibit transcription or translation in vitro: however, oligonucleotides and proteins suffer
from poor cell permeability and delivery strategies, such as viral vectors, must be used

for effective therapeutic outcomes in animal studies.



Small molecule approaches for gene regulation could bypass the need for delivery
strategies. A number of natural and synthetic DNA binding molecules have been
explored for their ability to regulate gene expression in vitro and in cell culture. Our
laboratory has explored the development of programmable oligomers for targeting double
strand DNA with affinity and specificity comparable to transcription factors.” > These
small molecules achieve affinities and specificities of DNA binding proteins, inhibit a
broad range of transcription factors, are cell permeable, bind to chromatin and have been

shown to downregulate endogenous gene expression in cell culture

Pairing Rules.

The original inspiration for programmable DNA binding oligomers is drawn from
netropsin and distamycin A which are comprised of two and three aromatic N-
methylpyrrole (Py) rings.! These crescent-shaped natural products bind A,T tracks with
both 1:1 and 2:1 ligand:DNA stoichiometries.”  Cofacial pairs of unsymmetrical
heterocycles distinguish the edges of each Watson-Crick base pair in the minor groove.'
DNA binding polyamides containing Py, Im and Hp amino acids form the basis of a
modular code to control sequence specificity in a predictable way (Figure 1.1).° Pairs of
pyrrole (Py), imidazole (Im), and hydroxypyrrole (Hp) rings distinguish the four
Watson-Crick base pairs. Im/Py and Py/Im distinguishes GeC from CeG, Hp/Py
distinguishes TeA from AeT. Each polyamide strand is usually oriented N—C with
respect to the 5’—3” direction of the DNA helix.* The B-dimethylaminopropylamine (B-
Dp) tail (from the method of synthesis) has a DNA sequence preference for A, T base

pairs for steric reasons.”
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Figure 1.1 (a) Chemical structure of Watson-Crick base pairs. Circle with two dots indicates a
hydrogen bond acceptor while a circle with an H indicates a hydrogen bond donor. Electronic surfaces
of the base pair edges shown with red and blue indicating negative and positive electronic charges
respectively. (b) Chemical structure of a polyamide with the putative hydrogen bonds to the DNA
minor groove is shown. Pairing rules for the five-membered heterocycles shown to the right.



Affinity and Specificity.

Increasing polyamide affinity and specificity was accomplished by linking
antiparallel polyamide dimers with a short alkyl chain ¥ to afford a single linear oligomer

which folds into a hairpin structure in the minor groove of DNA.” ° The turn unit
enforces unambiguous ring pairing, eliminating slipped binding modes.”® Incorporation
of a chiral amine at the o position of the turn unit increases affinity and disfavors against
reverse binding.” '° Acylation of the chiral amine is effective at further increasing
sequence specificity and prevents hairpin oligomers from unfolding and binding the
minor groove in a linear fashion.!' The alphatic turn unit has a sequence preference for
A,T base pairs due to an unfavorable steric clash with the exocyclic NH, of G,C base
pairs.'"  Polyamide composition with respect to ring-number and type of heterocycles
influences the affinity. Six-ring hairpin polyamides have equilibrium association
constants on the order of Ka = 10’-10* M while for eight- and ten- ring hairpins, Ka =
10°-10" M'."* Despite the gain in specificity, polyamides with multiple Hp/Py pairs
exhibit reduced affinity."> The reduction in affinity likely results from modest distortion
of the DNA upon binding as well as differences in solvation in water vs. the minor
groove of DNA.'* °

Sequence dependent variations in the DNA microstructure play a role in the
energetics of binding. A number of DNA sequences, such as purine tracts have emerged
as “lower affinity” DNA targets. The relative rigidity of purine-purine steps, associated
narrow minor groove, and negative propeller twist are thought to be governed by optimal
base stacking interactions.'® Variation in DNA groove width, curvature, bendability,

hydration, or relative position of hydrogen bond donors/acceptors all influence the
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DNA’s ability to accommodate these shape selective ligands, and make it difficult to
quantify incrementally the source of the affinity variations.'” '®

Sequence specific recognition of the DNA minor groove arises from the pairing of
two different 5-membered heterocyclic amino acids and the interplay of a variety of
direct and indirect recognition elements. The overall shape of the folded hairpin fits the

17, 18 : :
718 The information face on

shape (width, curvature, depth) of the DNA minor groove.
the inside of the crescent shaped oligomer may be programmed by the incremental
change of atoms on the corners of the ring pairs presented to the DNA minor groove
floor. " The corner of the ring pairs read in a digital way (not unlike Braille) each of
the different edges (bumps and holes) of the four Watson-Crick base pairs.”” %
Stabilizing and destabilizing interactions with the distinct edges of the four Watson-Crick
bases are modulated by shape complimentarity and specific hydrogen bonds (Figure 1.2).
More specifically, the imidazole ring Im, which presents a lone pair of electrons via its
N(3) to the DNA minor groove, can accept a hydrogen bond from the exocyclic amine of
guanine.'” 2% The 3-hydroxypyrrole ring in the Hp/Py pair projects an exocyclic OH
group toward one side of the minor groove floor that is sterically accommodated in the

19,20 21,22

asymmetric cleft of the T-A base pair, preferring to lie opposite T not A. From

x-ray structural analysis, it appears that Hp can hydrogen bond with the O(2) of thymine
Figure 1.2. Recognition of DNA by polyamides is also affected by a series of ligand-
ligand or ligand-DNA interactions that take place away from the polyamide information
face. Polyamide geometry with respect to overall curvature, ligand pre-organization, and
Van der Walls contacts between the polyamide and the DNA minor groove walls are

factors important in determining polyamide specificity.” **
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Figure 1.2 Crystal structures demonstrating the origin of G,C and T.A specificity. (a left) Ball and
stick model of polyamide homodimer bound to 5°-GTAC-3’ core sequence. (a center) Crystal structure
of the Im-Hp-Py-Py-B-Dp homodimer bound in a 2:1 complex with the DNA. Adenine and thymine are
colored yellow and blue respectively. Pyrrole (Py) and imidazole (Im) heterocycles are colored tan and
black respectively. Hydroxypyrrole is colored red. (a right bottom) Structural basis for A-T vs. T-A
discrimination by the hydroxypyrrole/pyrrole (Hp/Py) pair. (b right) Ball and stick model of polyamide
homodimer bound to 5’-GGCC-3’ core sequence. (b center) Crystal structure of the Im-Im-Py-Py-B-Dp
homodimer bound in a 2:1 complex with DNA. Guanine and cytosine are colored red and yellow
respectively. Pyrrole (Py) and imidazole (Im) heterocycles are colored tan and black respectively. (b
left top) Structural basis for G-C vs. C-G discrimination by the imidazole/pyrrole (Im/Py) pair.
Binding Site Size.

Due to the large size of the human genome, short DNA sequences 6-8 bp in size
would be expected to occur millions of times in gigabase size DNA. Thus, it is useful to
maximize the size of the targeted binding site by creating oligomers that are capable of
specifically recognizing long stretches of DNA. For example, an eight-ring hairpin binds
six bp of DNA. It is intuitively obvious that longer oligomers should bind larger DNA
sites. It has been shown that the polyamide ligand does not match the curvature of the
DNA helix after five contiguous rings.” The polyamide is overcurved with respect to the
DNA. One solution is to incorporate the flexible B-alanine linker as a discrete unit in the

hairpin.'” **  The B/Py or B/Im pairings function similarly to the Py/Py and Py/Im

pairings respectively, with the aliphatic C-H of the P residue targeting A, T, or C due to
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steric occlusion of guanine’s exocyclic amine. Unlike the rigid contiguous ring system, [3-
alanine provides more conformational freedom and allows relaxation of polyamide
curvature (Figure 1.3). Subsequently, the polyamide is able to re-register itself and track
the DNA helix.”®?" B-alanines dual functionality as an effective recognition element and
as a flexible extension proves useful in the design of polyamides capable of binding

extended 11 to 16 base pair sites.”®

S'“-ATGTA C A-3! §S'-AGTACT-3' 5'-TAGT G A A-3'
o + +
3'-TACATG T-5' 3'-TCATG A-5' 3V=d BRI ERTT-5"
6 bp 6 bp 6 bp
Ky=29 «10"Mm"" Ky=7.0 «10"0M" Ky=4.010°M"

5'-A MIGNEITEANEE T-3° 2 O CACAeEECe 3!

G
B

[ -
3'-TACAATGTA-S - .

7bp 5bp
Ky =43 «1010M" Ky=4.4 «108M""
5'-A T GG CATACCA T-3 S'-AAGTEAAGTGA-3 T T——
& +
£ $ o
I'-TACCGTATGGT A-5' 3.7 e RGeS G AT ET -5 T RGN ECADG AL
10bp 10 bp 10b
Ky =175 10"0M" Ka=3.2 «10"0M ! K =19 .anMn
o ) o O a e
C);:.-W O = :Jk/v\u" or :z"\.ﬂmNﬂi
a H H

Figure 1.3 Selected polyamide binding motifs and their corresponding binding site size are shown.
From left to right and top to bottom: hairpin, cycle, f-substituted, H-pin, U-Pin, turn-to-turn tandem,
turn-to-tail tandem, and candy cane overlay.

The incorporation of B-alanine into hairpin polyamides allows for greater
conformational freedom. Sequences such as 5’-GNG-3’ that were originally targeted
using rigid contiguous ring systems Im-X-Im (X = Im, Py) at low affinity (10° M") can
now be coded for at high affinity (10'° M™") by incorporation of a flexible P linker (Im-p-

Im). The aliphatic linker relaxes the overall oligomer curvature and allows the
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alternating imidazole rings to conform to the DNA minor groove microenvironment,

maximizing hydrogen bonding with the exocyclic amine of guanine.** 9

Polyamide Binding Motifs.

In addition to the hairpin motif, a series of new oligomer shapes were constructed. They
include cycles, extended hairpins, H-pins, U-pins, and hairpin dimers Figure 1.3 %
Cycles are an attractive motif due to their symmetry and pre-organization but are difficult
to synthesize. H-pins and U-pins are unique in their connectivity.””*! Instead of linking
polyamide strands at the turn position, H-pins and U-pins link the strands via an aliphatic
bridge extending from the N-methyl substituent of paired rings. Unlike the y tum in
hairpins, the “bridging” linker is not sequence specific because it does not lie in the minor
groove (Figure 1.3).

Transcription factors often bind as homo and heterodimers to contiguous DNA
sites each 6 bp in size often in a highly cooperative manner. Inspired by biology, we
could consider coupling hairpin modules for longer binding site size recognition.’> *
Hairpin dimers are linked turn-to-turn or turn-to-tail, occupying a larger 10 base pair
binding site and bind DNA with high affinity (Ka = 10'%-10" M™). The benefit of the
dimer motifs is the targeting of larger binding sites in comparison to the standard
hairpins. There are sequence restrictions. The alkyl linkers that join the two hairpins in

the tandem formation specify for A, T base pairs for steric reasons. A concern regarding

the dimer motifs is the overall oligomer size which results in poor cell uptake.
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Alternative Heterocycles for DNA Minor Groove Recognition.

The pairing rules have proven useful for the recognition of hundreds of DNA
sequences by designed polyamides. In addition, as this chemistry moves from cell
culture to small animal models, one could imagine that a library of heterocycles for DNA
recognition would be important regarding absorption, distribution, metabolism, toxicity
and pharmacokinetics. A search was initiated for other novel heterocycle recognition
elements that offer improved affinity/specificity and be chemically robust relative to the

original Py analogs. Initial efforts were directed towards developing new pairs within the

34, 35

context of 5-membered heterocyclic amino acid pairs. This work is described in

detail in future chapters.

N-Terminus Pairings.

The limited success at developing novel 5-membered heterocycle recognition
elements at the internal position of hairpin polyamides prompted the search for new rings
which could impart specificity at the N-terminus (cap) position. Earlier studies had
shown that both Im/Py and 3-Pz/Py pairs were capable of selecting for G > C at the cap
position with good selectivity and affinity.”® While Im/Py pairings show comparable
specificity for G*C at both terminal and internal positions, and a 3-Pz/Py (pyrazole)
shows near 100-fold specificity for G > C at the N-terminal position, N-terminal pairings
capable of binding T*A with affinity and specificity comparable to those of the G*C
specific residues had not been established.’” Knowing that the specificity of cofacial

aromatic amino acid pairings depend on their context (position) within a given hairpin
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polyamide, a library of heterocyclic carboxylic acids was screened for favorable
recognition properties.

Due to the absence of a second “groove-anchoring” carboxamide, rings at the cap
position can adopt different conformations and are thought to be allowed to bind DNA in
either of two rotamers. For example, a terminal Hp residue can in exists in two rotamer
forms where one orients the hydroxyl group into the minor groove while a second orients
the ring with the hydroxyl recognition element oriented away from the floor of the minor
groove. This second orientation could be stabilized by intramolecular hydrogen bonding
between the C3-OH and the carbonyl oxygen of the 2-carboxamide. For terminal 2-
hydroxybenzamide residues, some measure of TeA selectivity can be recovered by
creating steric bulk at the 6-position to force the hydroxyl recognition element into the

37
groove.

The fidelity of minor groove recognition by N-terminal Im/Py pairs suggests that
the rotamer which projects N(3) in the groove is the preferred orientation in hairpin
polyamides. This observation can be rationalized by a combination of both stabilizing
and destabilizing forces which favors the rotamer with N(3) in the groove and N-methyl
out. Rotation of a terminal Im residue in the opposite conformer, orienting N(3) away
from the minor groove, would create unfavorable lone pair interactions with the proximal
carboxamide oxygen, disrupt a favorable hydrogen bond with the exocyclic amine of G,
and project an N-methyl group to the DNA floor which is sterically unfavorable.

Using the modest 3-fold specificity of the Tn/Py pair for T*A as a starting point, a
library of thiophene rings derivatized at the 3-position was designed to impart a shape

selective mode of recognition for thymine. From a series of thiophene caps including 3-
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H, -CH;, -NH,, -NHAc, -OH, -OCHj;, -F and —Cl, it was found that N-terminal 3-
methoxy (Mt) and 3-chloro (Ct) thiophene-2-carboxamide residues, when paired with
Py, demonstrate selectivity for TeA versus AT (Figure 1.4).® Three and four ring
polyamides containing a variety of heterocycles at the N- and C-terminus have

demonstrated good in vitro potency against Gram-positive bacteria.*

Figure 1.4 Proposed binding models for hairpin polyamides with 5’-TXTACA-3’ site. A circle
enclosing two dots represents lone pairs of N3 of purines and O2 of pyrimidines. A circle containing an
H represents the exocyclic amine of guanine. Putative hydrogen bonds are indicated by dashed lines.
N-terminal residue drawn in “sulfur down” syn conformation.

Fused Bicycles — Benzimidazole Analogues.

A movement away from the classic 5-membered heterocyclic carboxamides led to
the incorporation of benzimidazole analogues as effective DNA recognition tools.*” *'
The benzimidazole 6-5 bicyclic-ring structure, while having different curvature from the
5-membered heterocyclic carboxamides, presents an “inside edge” with a similar readout
and shape to the DNA minor groove floor, effectively mimicking Py, Im, and Hp

heterocycles (Figure 1.5). A series of experiments showed that the benzimidazole (Bi),

imidazopyridine (Ip) and hydroxybenzimidazole (Hz) analogues, when placed into eight
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Figure 1.5 Structures of the fused 6-5
bicyclic benzimidazole building blocks in
comparison with their respective five-
membered ring systems. Hydrogen bonding
surfaces presented to the DNA-minor-groove
are bolded.
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ring hairpins as Bi/Py, Ip/Py and Hz/Py pairs,
are as effective at recognizing the DNA minor
groove as their 5-membered counterparts
(Figure 1.6)."**

Of particular interest is the Hz/Py
pairing. Designed to be a hydroxypyrrole
mimic, the Hz/Py pair places the same direct
readout functionality to the floor of the DNA-
minor groove as the Hp/Py pair. Like the
Hp/Py pair, the Hz/Py pair is capable of

effectively  discriminating between A,T

Watson-Crick base pairs such that Hz/Py codes for T-A and Py/Hz codes for A-T. The

Hz/Py pair demonstrates an increase in binding affinity for its match sites and is

Figure 1.6 Proposed binding models for hairpin polyamides containing a hydoxybenzimidazole (Hz)
ring system (Left) and a imidazopyridine (Ip) ring system (Right). A circle enclosing two dots
represents lone pairs of N3 of purines and O2 of pyrimidines. A circle containing an H represents the
exocyclic amine of guanine. Putative hydrogen bonds are indicated by dashed lines.
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comparable in specificity to the Hp/Py pairing. The Hz/Py pair also discriminates more
effectively against G,C base pairs than Hp/Py. While the “recognition edges” of Hz and
Hp are the same, there are significant differences in overall ligand geometry and
electronics. As is the case with all of the 6-5 ring systems Bi, Ip and Hz, a higher degree
of rigidity and pre-organization of the fused hydroxybenzimidazole structure, coupled
with a lower degree in curvature that may be more complimentary to the inherent
curvature of the DNA helix, likely play roles in the increased affinity and specificity.
Further, the benzimidazole moiety has a greater aromatic surface and hydrophobicity that
may alter both the DNA-ligand van der Waals interactions, and the inter-strand -
stacking. Thus, by going from the 5-membered heterocyclic system to the fused 6-5
system, changes associated with the indirect readout of the DNA-minor groove may be

responsible for the evident changes in recognition.

B-Linked Polyamides: A Special Case for DNA Recognition of (GAA), Tracts.
Although the energetics and structure of the 2:1 complex has been explored
extensively, there is less understood about 1:1 polyamide recognition beyond the initial
studies on netropsin and distamycin.** Laemmli and co-workers reported that certain -
linked Py/Im polyamides bind GAGAA tracks in a 1:1 stoichiometry with a single
orientation.”” Previously, purine tracts have been difficult sequences to target using 2:1
binding hairpin polyamides. The 1:1 complex is important for expanding the sequence
repertoire for DNA targeting, but the fact that B-linked Py/Im polyamides can bind both
1:1 and 2:1 in the minor groove raises important design issues for the field.*® In an effort

to further characterize the 1:1 mode of binding, specificity studies were conducted to
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determine if B-linked polyamides in 1:1 stoichiometry complexes can discriminate any of
the four Watson-Crick base pairs.”’ For 1:1 recognition we find that Py and B target A,T
> G,C and Im targets G,C > A,T.

The structure of B-linked polyamides binding GAA purine tracts was studied by

high resolution NMR (Figure 1.7)."* The complex reveals B-form DNA with a narrow
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Figure 1.7 1:1 Polyamide:DNA motif. (a) (Left) High resolution 1:1 polyamide:DNA complex
determined by NMR. (a) (Right) Ball and stick model of polyamide:DNA complex. Imidazole (Im),
Pyrrole (Py), and (-alanine (P) are colored red, blue, and white respectively. (b) Chemical structure of
the polyamide system used for examining the recognition profile of novel 5-membered heterocycles in
a 1:1 polyamide:DNA complex.
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minor groove and a large degree of negative propeller twist. Stabilization of the negative
propeller twist by bifurcated hydrogen bonds donated from each polyamide NH group to
proximal purine N(3) and pyrimidine O(2) atoms, in addition to the inherently rigid and
narrow minor groove, is thought to be the reason polyamides bind 1:1 in polypurine
sequences. Second, there is a G/C dependent orientation such that the polyamide is
oriented N-C with respect to the 3°-5" direction of the guanine-containing strand. Finally,
the ensemble reveals specific hydrogen bonds between Im-N(3) and G-NH2 that could

only be made due to the flexibility imparted by the 3 residue.

Synthetic Methods.

The synthesis of polyamides is traditionally accomplished by the step-wise
addition of Boc-protected amino acid monomers and dimers to either the Boc-B-Ala
PAM resin or the Kaiser oxime resin (Figure 1.8)." The benzyl ester linkage, which
binds the growing oligomer to the PAM resin, has been found to be stable to the
established polyamide coupling and Boc-deprotection conditions. Monomers and dimers
are coupled on to a growing polyamide chain by deprotection of the solid-phase bound

amine with TFA, followed by addition of an activated ring with either DCC/HOBt or

Polyamide core g  molla-auppon S
; o FNRR N NR'R
, . S R TY
HN " H '
W m =i o
N [ i o
H o J\(h. -AlaPAM resin @ N\ 8 o
H 9 | === RELRAL O
2 @\rn Nl" ,,H_7 ‘
H N R= J
I & Q\W i E——“'.Q HNR R R = MR
I o {N\ N, & :
e RS N, DB ' NH

R=w’
" Kaiser oxime resin S HeAD 0BL R owl-OM

Figure 1.8 (Left) Oligomer synthesized using solid phase methodology. (Center) Resin systems used
for polyamide synthesis. (Right) Cleavage conditions for modulating the chemical functionality at the
C-terminus of a polyamide.
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HBTU. Deprotection and addition steps are repeated in a step-wise fashion until the
oligomer synthesis is complete, at which point the final product is cleaved off the resin by
a nucleophile of choice.

Though use of the PAM resin allows for rapid preparation of a range of
polyamides, it installs a T,A-selective B-alanine residue at the C-terminus, which places
limits on the DNA sites that can be targeted. To address this problem, the Kaiser oxime
resin was adapted to polyamide synthesis, allowing the preparation of polyamides with
incrementally shorter C-termini.®® Tails as shorts as methyl amide can be obtained.
Molecules lacking the C-terminal -alanine residue display the desired tolerance for G,C
bases while maintaining high affinities. Moreover, removing the 3 residue has proven to
be instrumental in nuclear uptake of polyamides in live cells. One caveat of the oxime
resin is the significantly weaker aromatic oxime linker when compared to the beta-
alanine benzyl ester used in PAM resin. High temperature monomer couplings needed to
couple less reactive monomers — such as the less nucleophilic Im amine — and high
concentrations of TFA for Boc deprotections tend to cleave the oligomer/resin bond,
resulting in poor overall yields. In order to circumvent these shortcomings, lower
concentrations of TFA are used for the Boc deprotection of solid-phase bound amines.
Also, solution-prepared dimers and trimers are used to ensure that activated monomers
and dimers are coupled only to reactive resin-bound amines.

Pessi and co-workers have recently used a sulfonamide-based safety-catch resin to
prepare derivatives of hairpin polyamides. Unlike other resins that have been employed,
activation of the safety-catch resin linker is necessary before nucleophilic cleavage of the

compound can be accomplished. Pessi demonstrated that resin-bound polyamides were
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readily cleaved with stoichiometric quantities of nucleophile providing a practical route
to thioesters or polyamide-peptide conjugates.’’
Although Boc-peptide chemistry is generally employed in solid phase polyamide

synthesis, it should also be noted that that Fmoc chemistry has been effectively used with

suitably protected monomers and Fmoc-f3-Ala-Wang resin.”

Cell and Nuclear Uptake.

While DNA-binding polyamides have been shown to inhibit and influence a wide
variety of protein—-DNA interactions in solution, in order to see similar effects in cell
culture, access to the nucleus is critical. Nuclear uptake of hairpin polyamides has
proven to be dependent on cell type. In order to visualize the localization of polyamides
in live cells, a series of fluorescently labeled polyamides have been prepared to analyze
the intracellular distribution of these molecules in a panel of cell lines. It has been shown
that polyamide-Bodipy conjugates stain the nuclei of T lymphocytes, a cell type which
has shown robust responses to polyamides in vivo, but no other cell type tested.” In fact,
polyamide-Bodipy conjugates most commonly produce a punctuate cytoplasmic staining
pattern with no appreciable levels of nuclear staining. Other studies have shown that
polyamide—fluorescein conjugates can uniformly exhibit favorable nuclear uptake
properties in several human cancer cell lines.>® Presence of a C-terminal B-alanine
residue, a feature of polyamides synthesized on the PAM resin, seems to be a negative
determinant for nuclear uptake. Polyamide-FITC conjugates, which only differ in

whether or not they contain a -alanine at the C-terminus, tend to exhibit different uptake

properties with des-B compounds showing improved uptake properties.”® It has also been



23

observed that the Im content and location within a polyamide can affect the level of
nuclear localization. A clear trend, however, has yet to be determined. What has been
concretely established is that manipulation of the linking residues, ring content and
choice of dye, can generate compounds that display nuclear localization of polyamide-

. . 4
dye conjugates across a broad range of mammalian cells.

Modulation of Gene Expression.

Diversity of cellular function within an organism is not dependent upon the
genomic information contained within the cells but instead the choice of which genes,
and at what frequency, they are transcribed. With the sequencing of the human genome
complete, the stage is set to explore how manipulation of individual genes determines cell
fate. In general, small molecule antigene therapeutics such as polyamides can be grouped
into two different categories based on their function: transcriptional repression or
transcriptional activation. Repression involves downregulation of a gene by inhibiting
the assembly of the necessary transcriptional machinery on the DNA. Small molecules
could inhibit repressor protein resulting in gene upregulation by derepression. Gene
activation involves designing molecules with two separable modular domains. DNA
binding oligomers with an activation domain (AD) recruit transcriptional machinery to

the promoter of specific genes (Figures 1.9 and 1.10).
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Figure 1.9 Binding sites for an array of important transcriptional regulatory proteins and the

polyamides that modulate their binding are depicted.
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Figure 1.10 (Center) Assembly of transcription factor machinery prior to transcription is shown. (Top)
Addition of polyamides that bind specific sequences in at the promoter site can disrupt the assembly of
transcriptional machinery and block transcription. (Bottom) polyamides attached with small molecules
that are specific for the recruitment of activator or mediator complexes can function as an artificial
transcription factor (ATF) by promoting transcription.
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Future Directions.

Inspired by the architecture of the natural products netropsin and distamycin A, a
new class of programmable sequence-specific DNA-binding oligomers have been
invented. Whether these synthetic molecules will allow external control of endogenous
gene expression in living systems in a predictable manner, requires the successful
integration of man-made chemistry with the complexity of living biological systems.
Can we understand how these small molecules access DNA in the chromatin context and
interact with the transcriptional machinery in the nucleus to reprogram gene expression.
Currently, our research efforts are aimed in a context broader than medicinal chemistry.
Perhaps our findings will contribute to the basic biology of gene regulation in eukaryotic
cells, probe chromatin and promoter accessibility in the nucleus, and guide the way
toward new thinking regarding the potential therapeutic value of small molecule

. . 9
regulation of gene expressmn.7
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Chapter 2

Toward an Understanding of the Chemical Etiology for DNA
Minor-Groove Recognition by Polyamides
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Abstract.

Crescent-shaped polyamides composed of aromatic amino acids, N-
methylimidazole (Im), N-methylpyrrole (Py), and 3-hydroxypyrrole (Hp) bind in the
minor groove of DNA as 2:1 and 1:1 ligand:DNA complexes. DNA sequence specificity
can be attributed to shape-selective recognition and the unique corners or pairs of corners
presented by each heterocycle(s) to the edges of the base pairs on the floor of the minor
groove. Here we examine the relationship between heterocycle structure and DNA
sequence specificity for a family of five-membered aromatic amino acids. Using
quantitative DNase I footprinting, the recognition behavior of polyamides containing
eight different aromatic amino acids: 1-methylpyrazole (Pz), 1H-pyrrole (Nh), 5-
methylthiazole (Nt), 4-methylthiazole (Th), 4-methylthiophene (Tn), thiophene (Tp), 3-
hydroxythiophene (Ht), and furan (Fr) were compared with the parent rings Py, Im, Hp,
for their ability to discriminate between the four Watson-Crick base pairs in the DNA
minor groove. From analysis of the data and molecular modeling, the geometry inherent
to each heterocycle plays a significant role in the ability of polyamides to differentiate
between DNA sequences. Binding appears sensitive to changes in curvature
complementarity between the polyamide and DNA. The Th/Py pair affords a modest 3-
fold discrimination of T*A vs. A*T and suggests that a sulfur atom in the thiophene ring

prefers to lie opposite T not A.
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2.1 Introduction.

Many diseases are related to aberrant gene expression and the ability to reprogram
transcription in a cell by small molecules could be important in biology and human
medicine. Minor groove binding polyamides which bind predetermined DNA sequences
offer a chemical approach to artificial gene regulation. These molecules are based on
analogues of the 1-methylpyrrolecarboxamide ring (Py) of the natural products netropsin
and distamycin A which have been shown to bind in the minor groove of DNA in 1:1 and
2:1 ligand-DNA stoichiometries (Figure 2.1)."* Py is specific for A*T and TeA base
pairs due to steric exclusion of the guanine amino group (G-NH2).'” Base pair
specificity can be altered by changing the functional group(s) presented to the floor of the

DNA minor groove. Stabilizing and destabilizing interactions with the different edges of

Figure 2.1 High-resolution structures of polyamides bound to DNA. (left) 2:1 motif determined by X-
ray crystallography’ (right) 1:1 motif determined by NMR.® DNA is shown as a stick model in blue.
Polyamides are shown as space-filling models, with imidazole residues in red, hydroxypyrrole in
orange, pyrrole in yellow, and aliphatic residues in white.
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the four Watson-Crick base pairs are modulated by specific hydrogen bonds and,
importantly, steric fit or shape complimentarity. For example, 1-methylimidazole (Im)
presents the DNA with nitrogen and its lone pair sp® orbital which can accept a hydrogen
bond from G-NH2."® Additionally, 3-hydroxypyrrole (Hp) presents a hydroxyl group
that is sterically accommodated opposite T not A and, in addition, can donate hydrogen
bonds to the O2 of thymine.”® For discrimination of each of the Watson-Crick base pairs
the 2:1 stoichiometry involving unsymmetrical antiparallel cofacial pairs appears to be
the best solution such that Im/Py is specific for GeC, Py/Im for C+G, Hp/Py for T*A, and
Py/Hp for A-T.

The pairing rules have proven useful for the recognition of hundreds of DNA
sequences by polyamides. However, sequence-dependent DNA structural variation (such
as minor groove width) makes binding affinity and specificity at many DNA sequences
unpredictable, which leads us to continue our search for new aromatic amino acid
residues of slightly different shape (curvature and twist) for minor groove recognition.
Importantly, we find that the Hp residue can degrade over time in the presence of acid or
free radicals and a robust replacement for the Hp/Py pair suitable for use in biological
studies is desirable. Several five-membered heterocyclic residues other than Py, Im, and
Hp have been investigated previously, including furan (Fr),’ thiazole (Nt),'!" and

1,12 - e . .
“ with no new specificity uncovered. This raises the issue whether there

pyrazole (Pz),
is something “special” about the N-methylpyrrole analogs Py, Im and Hp for minor
groove recognition. We attempt here to broaden the repetoire of aromatic five membered

heterocycles for DNA recognition by synthesizing and characterizing a family of five-

membered heterocyclic carboxamides grouped by the type of functionality directed
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toward the floor of the DNA minor groove (Figure 2.2). Analogs of Py would be
pyrazole (Pz) and 1H-pyrrole (Nh) which project a hydrogen atom toward the floor of the
minor groove. Analogs of Im would be 5-methylthiazole (Nt), and furan (Fr) which
project lone pairs of electrons from nitrogen or oxygen. Analogs of Hp is 3-
hydroxythiophene (Ht) which projects a hydroxyl group. 4-Methylthiazole (Th), 4-
methylthiophene (Tn) and thiophene (Tp) project a large heteroatom sulfur to the floor of
DNA and likely represent a new class for shape selective recognition. We chose to
maintain a five-membered heterocyclic framework in our library to retain overall the
crescent shape of the polyamide ligand and to observe the effects of small structural
changes resulting from single atom substitution on DNA base pair specificity. One
anticipates that substitution of atoms on the five-membered ring projecting away from the

DNA minor groove (i.e. the non-reading frame) will have effects on bond lengths and

LY
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N/ N/ N/ N-i
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Figure 2.2 Family of heterocyclic amino acids studied here. Centered above is a schematic showing
the five-membered heterocyclic framework with the variable positions labeled X, Y, and Z. The parent
Im, Py, and Hp residues are boxed. All residues are shown with the functionality that faces the DNA
minor groove pointed down (X).
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bond angles of each heterocycle as well and allows us to ask how tolerant is DNA to
subtle alterations in curvature and twist of the minor groove binding ligand.

The covalent head-to-tail linkage of polyamide subunits in a 2:1 complex results
in a hairpin oligomer with increased DNA affinity and sequence speciﬁcity.13 14 The
hairpin motif avoids the ambiguity of slipping between the side-to-side stacked
subunits,” and "locks" individual ring pairings in a predictable cofacial manner. In a
formal sense, the hairpin oligomer provides a predictable foldamer for studying the DNA
recognition characteristics of new ring pairings. We have reported previously the
sequence specificities of Py/Py, Hp/Py, Pz/Py, and Th/Py pairings at a single position
within the hairpin polyamide sequence context ImImXPy-y -ImPyPyPy-B-Dp (X = Py,
Hp, Pz, and Th; y = gamma amino butyric acid; B = beta alanine; Dp =
dimethylaminopropylamide) opposite the four Watson-Crick base pairs within the
sequence context 5'-ATGGXCA-3' (X = A, T, G, and C).""'7 We found that Pz/Py can
mimic Py/Py and, in a surprising result, Th/Py bound all four base pairs with low affinity
and no specificity. Undaunted we broaden our data set here to include Nh, Fr, Ht, Tp
and Tn residues each paired with Py in the same hairpin context for comparison (Figure
2.3). For the sake of completeness and to provide a comparative analysis of heterocycle
behavior opposite the four Watson-Crick base pairs in both stoichiometries (Figure 2.3),
we analyze polyamides in a 1:1 polyamide:DNA complex (1:1 motif) of type Im-B-ImPy-
B-X-B-ImPy-B-Dp (X = Py, Hp, Nh, Ht, Fr, Nt, Tn, and Th) which bind DNA
sequences 5-AAAGAXAGAAG-3'(X=A, T, G, and C) in a single orientation.'®"

Quantitative DNase I footprinting was used to determine the equilibrium

association constant for each complex. Ab initio computational modeling of the
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Figure 2.3 Schematic illustrating the examination of sequence selectivity against the four Watson-

Crick base pairs within hairpin (top) and 1:1 (bottom) motifs.

Each chemical structure has a variable

residue containing X, Y, and Z-labeled positions, which are designated in Fig. 2. The dot models
shown below each chemical structure illustrate the binding mode with the polyamide shown inside its
target DNA sequence. Imidazoles and pyrroles are shown as filled and non-filled circles, respectively;
Beta alanine is shown as a diamond; the y-aminobutyric acid turn residue is shown as a semicircle

connecting the two subunits; and the novel heterocycles are indicated by a circle containing an X.

heterocyclic amino acids was implemented to derive their inherent geometric and

electronic parameters to guide respectively interpretation of the experimental outcome.

The combination of experiment and modeling provides insight to the origin of DNA

sequence discrimination by polyamides.
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2.2 Monomer, Dimer and Polyamide Synthesis.
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Figure 2.4 (Top) Formation of monomer and dimer Boc-protected amino acids. (Box) Monomeric and
dimeric units: (i) (Py, X =C-H,Y =N-Me, Z = C-H, R = Me), (Im, X =N, Y = N-Me, Z, = C-H, R = Et),
(Op, X =C-OMe, Y =N-Me, Z=C-H,R=Et),(Th, X=8S,Y =C-Me, Z=N,R =Et), (Pz, X=C-H, Y = N-
Me, Z=C-H,R=Et), Nt, X =N, Y =C-Me, Z =S, R = H), and (Nh, X =N-H, Y = Z = C-H, R = Et),
(Boc),0, DIEA, DMF, 60 °C, 12-18 h.; or (Hm, X = C-OMe, Y =S, Z = C-H, R = Me) (Boc),0, DIEA, TEA
CH,CL, 60 °C, 12-18 h; (ii) (Py, X=C-H, Y =N-Me, Z=C-H, R = Me), (Im, X =N, Y = N-Me, Z, = C-H,
R =Et), (Op, X =C-OMe, Y =N-Me, Z = C-H, R = Et), (Th, X=S8, Y = C-Me, Z =N, R = OEt), (Pz, X =
C-H, Y =N-Me, Z = C-H, R = Et), and (Nh, X =N-H, Y = Z = C-H, R = Et), IN NaOH, MeOH, R. T., 3-4
h.;or (Nt, X=N,Y =C-Me, Z=S, R = H), IN NaOH, MeOH, R. T., 1 h; or (Hm, X =C-OMe, Y=S,Z =
C-H, R = Me), KOH, MeOH, 60 °C, 4-6 h; (iii) (Fu, X=0,Y=Z=C-H,R =Me), (Tn, X =S5, Y = C-Me,
Z =C-H, R =Me) and (Dt, X =S, Y = Z = C-H, R = Me), O,N-Im-COCCI;, EtOAc, DIEA, 35 °C, 10-12 h;
(iv) Fu,X=0,Y=Z=C-H,R=Me),(Tn, X=S,Y=C-Me, Z=C-H, R=Me)and (Dt, X=S, Y =Z =
C-H, R = Me), H,, Pd/C 10%, EtOAc,R. T., 1.5h; (v) (Fu,X=0,Y=Z=C-H,R=Me),(Tn,X=8,Y =
C-Me, Z=C-H, R =Me) and (Dt, X =S, Y = Z = C-H, R = Me), (Boc),0, DIEA, DMF, 60 °C, 12-18 h; (vi)
(Fu,X=0,Y=27=C-H,R =Me), IN NaOH, MeOH,R. T., 3 h. (Tn, X=8,Y =C-Me, Z=C-H, R =Me)
and (Dt, X =S, Y = Z = C-H, R = Me), IN NaOH, MeOH, 60 °C, 4-6 h; (vii) (Fu, X=0,Y=Z=C-H,R=
Me) and (Tn, X = S, Y = C-Me, Z = C-H, R = Me), (Boc-f3-alanine),O, DMF, DIEA, 40 °C, 12-18 h; (viii)
(Fu,X=0,Y=Z=C-H,R=Me), INNaOH, MeOH,R. T.,3 h. (Tn, X=8,Y =C-Me, Z=C-H, R = Me),
IN NaOH, MeOH, 60 °C, 4-6 h.
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Polyamides were synthesized manually on solid support by the stepwise addition
of monomeric and dimeric Boc-protected amino acids dimers, 5-17 (Figure 2.4). Boc-
protected amino acid monomers and dimers for Im, Py, and Tn-Im were synthesized
according to previously reported procedures. Syntheses of the Tn-Py dimer is shown in
Figure 2.5c. Boc-protected monomeric amino acids 5-12 suitable for solid-phase
synthesis were prepared in two steps from their NH,-X-OR analogues (Figure 2.4 and
Figures 2.5 a-f). However, furan and thiophene amines were unreactive to coupling on
solid support, and therefore dimers 13-17 were pre-formed in solution under strong
acylation conditions prior to solid-phase coupling.  Synthetic schemes for all Boc-
protected amino acids used in this study follows (Figures 2.5 a-f).

Furan (Fr). The nitro-furan-ester (18) was prepared from methyl 2-furoate.”’
The amino ester of furan (1) was synthesized from 18 using H, (500 psi) and palladium
on carbon (Pd/C) and isolated as the free base from ethyl acetate by precipitation from
hexanes. The free base is a stable crystalline solid at room temperature. The nitro-
imidazole-furan ester (NO,-Im-Fr-OMe, 19) was prepared by condensing the nitro-
imidazole-trichloroketone (NO,-Im-COCCI;) with (1) in ethyl acetate at 35 °C. The
dimer product (19) is rather insoluble in ethyl acetate and begins to precipitate upon
formation. Reduction of 19 to the hydrochloride salt (HCl*H,N-Im-Fr-OMe, 20) was
carried out using H; (500 psi) and Pd/C, followed by addition of 2M HCl in diethyl ether.
20 was Boc-protected using Boc-anhydride, DIEA and DMF at 60 °C for 12-18 h to give
Boc-Im-Fr-OMe (21). Elevated temperatures and extended reaction times are necessary,

presumably due to the poor nucleophilicity of the imidazole amine. Saponification of 21
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using IN aqueous NaOH and methanol at room temperature provided the target dimer,

Boc-Im-Fr-OH (15) (Figure 2.5).
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Figure 2.5 Synthesis of Fr containing dimers. (i) H, Pd/C, EtOAc, 500psi, R.T.; (ii) (Boc-[-ala),0,
DMF, DIEA, DMAP, 40°C; (iii) 1N NaOH, MeOH, R.T.; (iv) NO,-Im-COCC]l;, EtOAc, 35°C; (v) H,
Pd/C, EtOAc, 500psi, R.T.; (vi) (BOC),0, DIEA, DMF, 60°C; (vii) IN NaOH, MeOH, R.T.

Alternatively, the Boc-B-Fr-OMe dimer (22) can be synthesized from 1 by
coupling to the symmetrical anhydride of Boc-beta-alanine in DMF, DIEA, and DMAP.
The anhydride was pre-formed in minutes using DCC in methylene chloride at room
temperature. The furan amino ester 1 was then added as a solution in DMF and DIEA,
followed by the transacylation catalyst DMAP. The 5-amino group of furan is
significantly unreactive,” and attempts to couple it on solid support using reagents such
as DCC and HOBT, HBTU, HATU, PyBrOP, PyBOP, and TFFH, were unsuccessful.
Formation of the Boc-pB-Fr-OMe dimer (22) occurs slowly at elevated temperature.

Heating the reaction above 40 °C did not affect the rate of reaction. Several different
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solvent systems were tried, but DMF was found to be optimal. Saponification of 22 was
accomplished using a mixture of MeOH and 1N NaOH at room temperature to provide
the target Boc-pB-Fr-OH (13), which is suitable for standard solid phase protocols (Figure
2.5).%

1-H Pyrrole (Nh). Pyrrole trichloromethyl ketone (23) was prepared by adding
pyrrole to a mixture of trichloroacetyl chloride in diethyl ether at 0 °C, then warming to
room temperature and stirring overnight, followed by precipitation from hexanes.
Nitration of 23 was accomplished using acetic anhydride and nitric acid at -40 °C to
provide the S-nitro regioisomer (24) as the major product. Regiocontrol of the nitration
appears to depend significantly on the reaction temperature. Warmer temperatures
provide unfavorable mixtures of 4-nitro and 5-nitro regioisomers. Esterification of the
trichloroketone (24) was accomplished using ethanolic sodium ethoxide at room
temperature to provide the nitro-pyrrole-ester (NO,-Nh-OEt, 25) in good yield.
Reduction of 25 using H, (500 psi) and Pd/C, followed by the addition of 2M hydrogen
chloride in diethyl ether, provided the hydrochloride salt (HCleH,N-Nh-OEFEt, 2), which
was then Boc-protected using Boc-anhydride, DIEA and DMF to yield the Boc-pyrrole-
ester (Boc-Nh-OEt, 26). Saponification of 26 was accomplished using 1IN NaOH and

methanol at room temperature to provide the final monomer unit Boc-Nh-OH (12)

(Figure 2.6).
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Figure 2.6 Synthesis of Nh monomer. (i) HNOs, Ac,0, -40°C; (ii) NaOEt, EtOH, Reflux; (iii) H,
Pd/C, DMF, HCI, Et,0, R.T.; (iv) (BOC),0, DIEA, DMAP, DMF, R.T.; (v) IN NaOH, MeOH, R.T.

4-Methyl Thiophene (Tn). The acyclic precursor to the thiophene ring system was
prepared by a Knovenagel reaction involving acetoacetate and cyanoacetic acid,
providing 27 as a mixture of E and Z regioisomers in moderate yield after vacuum
distillation. Treatment of 27 with sulfur flakes and diethylamine in ethanol yielded the
cyclized aminothiophene, and addition of concentrated hydrochloric acid precipitated the
hydrochloride salt (HCI*H,N-Tn-OMe, 3). Formation of the nitro-imidazole-thiophene
ester (NO,-Im-Tn-OMe, 28), followed by reduction and Boc-protection to provide
HCI*H,oN-Im-Tn-OMe (29) and Boc-Im-Tn-OMe (30), respectively, was accomplished
using the procedures described above for the furan compounds 19, 20, and 21. The Boc-
B-Tn-OMe dimer (31) was prepared, as described above for 22, by coupling 3 with the

symmetric anhydride of Boc-beta-alanine. The thiophene amine displays low reactivity
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comparable to furan. Elevated temperature was necessary to completely saponify methyl
esters 30 and 31. Saponification was carried out in a mixture of 1N NaOH and methanol

at 60 °C for 4-6 hours to obtain the hetero dimers Boc-Im-Tn-OH (16) and Boc-B-Tn-OH

(14) (Figure 2.7).

N
MeG HCHH,N CO, Me
3

@7

w¢ ‘n. sl
Q
\N\HLNACO M i /AR
§,{q RS o BocHN/\)LN o
ON 28)
vl
\ /d i vi \ L
§/’ m COpMe  mmo i g\'li g CO,H
N

@ BoeHN (16)

HCI H N

Figure 2.7 Synthesis of Tn containing dimers. (i) S, Diethylamine, EtOH, R.T.; (ii) (Boc-f-ala),0,
DMF, DIEA, DMAP, 40°C; (iii) 1N NaOH, MeOH, 60°C; (iv) NO,-Im-COCCl;, EtOAc, 35°C; (v)
H, Pd/C, EtOAc, 500psi, R.T.; (vi) (BOC),0, DIEA, DMF, 60°C; (vii) IN NaOH, MeOH, 60°C.

Thiophene (Tp). Treatment of commercially available S5-nitrothiophene-2-
carboxaldahyde in acetone with a mixture of sodium hypochlorite and sodium hydrogen
phosphate in water, gave the nitro-acid of the des-methyl thiophene ring (NO,-Tp-OH,
32). Esterification of 32 by refluxing for 48 h in a mixture of sulfuric acid and methanol
provided the nitro-ester (NO,-Tp-OMe, 33). Reduction of 33 using a mixture of tin(Il)

chloride dihydrate and hydrochloric acid in ethanol gave the hydrochloride salt
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(HCIsH;N-Tp-OMe, 34). Formation of the dimer NO,-Im-Tp-OMe (35), followed by
reduction to HCl*H,;N-Im-Tp-OMe (36), Boc-protection to Boc-Im-Tp-OMe (37), and
saponification to the target dimer Boc-Im-Tp-OH (17) proceeded as described above for

furan compounds 19, 20, 21, and 15 (Figure 2.8).

i
OZN/@\CO2H Q2N/©\¢02Me

5
(32) 33

Vo @
N i
w COMe HC|~H2N@CO’A’ME

S

ON G5 34

Figure 2.8 Synthesis of Tp containing dimers. (i) H,SO4, MeOH, Reflux; (ii) SnCl,.2H,0, 95%
EtOH, 37% HCl, 35°C; (iii) NO,-Im-COCCl,;, EtOAc, 35°C; (iv) H, Pd/C, EtOAc, 500psi, R.T.; (v)
(BOC),0, DIEA, DMF, 60°C; (vi) 1N NaOH, MeOH, 60°C.

3-Methoxythiophene (Mt). The hydroxythiophene methyl ester (Ht-OMe, 38)
was synthesized by a cyclization reaction between methylthioglycolate and methyl-2-

23 38 was nitrated using a mixture of

chloroacrylate in methanolic sodium methoxide.
concentrated sulfuric and nitric acid at -10 °C to give 4-nitro-3-hydroxythiophene (NO,-
Ht-OMe, 39) as the major regioisomer after column chromatography. Treatment of 39

with diazomethane in diethyl ether afforded the methyl ether (NO,-Mt-OMe, 40) in near

quantitative yield (Ht = hydroxythiophene, Mt = methoxythiophene). Reduction of 40
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using a mixture of tin(Il) chloride dihydrate, hydrochloric acid and ethanol, gave the
hydrochloride salt (HCleH,N-Mt-OMe, 4). Boc-protection of (4) was accomplished by
heating a mixture of Boc-anhydride, TEA and methylene chloride at 60 °C for 12 h to
afford Boc-Mt-OMe (41). Saponification of 41 was achieved using methanolic

potassium hydroxide and heating at 50 °C for 6 h to give the final monomer Boc-Mt-OH

(11) (Figure 2.9).
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Figure 2.9 Synthesis of Mt monomer. (i) HNO;, H,SO,, 0°C; (ii) CH,N,, R.T.; (iii) SnCl,, HCI,
EtOH, 40°C; (iv) (BOC),0, TEA, CH,Cl,, 60°C; (v) IN NaOH, MeOH, 60°C.

5-Methylthiazole (Nt). The Boc-protected 5-methylthiazole amino acid (Boc-Nt-
OH, 10) was synthesized on multi-gram scale by brominating 2-ketobutyric acid,
followed by condensation with thiourea and Boc-protection of the amine. For best
results, the bromine should be added dropwise over at least two hours, as the reaction is
autocatalytic and highly exothermic. Also, the thiourea should be added in small portions
with vigorous stirring. Boc-protection was accomplished by dissolving the crude

material in DMF and DIEA, followed by the addition of Boc-anhydride and stirring at 60
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°C for twelve hours. The material was then stirred in a solution of MeOH and 1N NaOH

for ester saponification to provide the target Boc-Nt-OH (10) (Figure 2.10).
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Figure 2.10 Synthesis of Nt monomer. (i) CSN,H,, Neat, R.T.; (ii) (BOC),0, DIEA, DMF, DMAP,
40°C; (iii) IN NaOH, MeOH, 35°C.
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Figure 2.11 Solid phase synthetic scheme for Im-Im-X-Py-y-Py-Py-Py-B-Dp (arrows up from center) and
Im-B-ImPy-B-X-B-ImPy-B-Dp (arrows down from center) starting from commercially available Boc-$-Pam
resin: (i) 80% TFA/DCM, 0.4M PhSH; (ii) Boc-Py-OBt, DIEA, DMF; (iii) repeat steps (i) and (ii) x 2. (iv)
80% TFA/DCM, 0.4M PhSH; (v) Boc-Im-OH (HBTU, DIEA, DMF); (vi) 80% TFA/DCM, 0.4M PhSH; (vii)
Boc-y-OH (HBTU, DIEA, DMF); (viii) 80% TFA/DCM, 0.4M PhSH; (ix) Boc-Py-OBt, DIEA, DMF; (x)
80% TFA/DCM, 0.4M PhSH; (xi) Boc-X-OH (HBTU, DIEA, DMF); (xii) 80% TFA/DCM, 0.4M PhSH;
(xiii} Boc-Im-OH (HBTU, DIEA, DMF); (xiv) Im-COCCl; (DIEA, DMF); (xv) 80% TFA/DCM, 0.4M
PhSH; (xvi) Boc-X-OH (HBTU, DIEA, DMF); (xvii) 80% TFA/DCM, 0.4M PhSH; (xviii) Im-COCCl;
(DIEA, DMF); (xix) Im-COCCI; (DIEA, DMF); (xx) (N,N-dimethylamino)propylamine, 85 °C; (xxi) 80%
TFA/DCM, 0.4 M PhSH; (xxii) Boc-Py-OBt, DIEA, DMF; (xxiii) 80% TFA/DCM, 0.4 M PhSH; (xxiv) Boc-
B-Im-OH [19] (HBTU, DIEA, DMF); (xxv) 80% TFA/DCM, 0.4 M PhSH; (xxvi) Boc-X-OH (HBTU, DIEA,
DMF); (xxvii) 80% TFA/DCM, 0.4 M PhSH; (xxviii) Boc-X-OH (HBTU, DIEA, DMF); (xxix) elongation
and termination according to standard procedures;'’ (xxx) cleave from resin using (N,N-
dimethylamino)propylamine, 85 °C.
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Hairpin and 1:1 motif polyamides were synthesized manually from Boc-B-PAM
resin in a stepwise fashion using Boc-protected monomeric and dimeric amino acids
(Figure 2.11) according to solid-phase protocols.’®  Polyamides containing 3-
methoxythiophene (Mt) were deprotected by treatment with sodium thiophenoxide in

DMF (100 °C, 2 h) to provide the Ht analogues after HPLC purification.

2.3 DNA Affinity and Sequence Specificity in the Hairpin Motif.

Quantitative DNase I footprinting titrations™ were carried out for the following
polyamides on the 278 bp PCR product of plasmid pDHN1'": Im-Im-Im-Py-y-Im-Py-Py-
Py-B-Dp (Im/Py pair, 42), Im-Im-Nh-Py-y-Im-Py-Py-Py-3-Dp (Nh/Py pair, 43), Im-Im-
Tn-Py-y-Im-Py-Py-Py-B-Dp (Th/Py pair, 44), Im-Im-Tp-Py-y-Im-Py-Py-Py-B-Dp
(Tp/Py pair, 45), Im-Im-Ht-Py-y-Im-Py-Py-Py-B-Dp (Ht/Py pair, 46) and Im-Im-Fr-Py-
v-Im-Py-Py-Py-B-Dp (Fr/Py pair, 47). The DNA sequence specificity of each polyamide
at a single ring pairing position (bolded in the sequences listed above) was determined by
varying a single DNA base pair within the parent sequence context, 5°-T G G X C A-3’,
to all four Watson-Crick base pairs (X = A, T, G, C) and comparing the relative affinities
of the resulting complexes (Figure 2.12). The variable base pair position was installed
opposite the novel heterocycle/pyrrole pairing in question, according to previously
reported specificity studies on eight-ring hairpin polyamide."!

Equilibrium association constants (K,) for eight-ring polyamides containing
Hp/Py, Py/Py, Pz/Py, and Th/Py, pairings against the four DNA sites used in this study

have been reported'"'” and are included in Table 1 for comparison with values presented
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Figure 2.12 (A-D) Quantitative DNase I footprinting experiments in the hairpin motif for polyamides
43, 44, 46 and 47, respectively, on the 278 bp, 5’-end-labelled PCR product of plasmid DHN1: 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, 100 nM polyamide, respectively. Each
footprinting gel is accompanied by the following: (left, top) Chemical structure of the residue of
interest; and for A and B (bottom left) Binding isotherms for the four designed sites. 0,,m, values were
obtained according to published methods.” A binding model for the hairpin motif is shown centered at
the top as a dot model with the polyamide bound to its target DNA sequence. Imidazoles and pyrroles
are shown as filled and non-filled circles, respectively; Beta alanine is shown as a diamond; the y-
aminobutyric acid turn residue is shown as a semicircle connecting the two subunits; and the novel
heterocycles are indicated by a circle containing an X.
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here. As expected, polyamide 42 (Im/Py pair) exhibited single site specificity (5'-
TGGXCA-3', X = G) at modest affinity (K, = 4.5 x 10> M) with fourteen-fold
preference over X = C and at least 400-fold preference over X = A, T. Polyamide 43
(Nh/Py pair) bound with high affinity to the X = A, T sites (K, ~ 10'® M) in preference
to X = G, C by about ten-fold. Hairpin 44 (Tn/Py pair) bound with high affinity for X =
T, A (K, ~ 10° M), a 3-fold preference for T*A > A+T, and 800-fold preference over the
X = @G, Csites. The thiophene analogue, Tp, lacking the methyl group was examined to
probe possible effects on DNA binding caused by the 3-methyl group. The Tp/Py pair
(45) was found to display similar recognition properties as Tn/Py. Remarkably, hairpins

containing Ht/Py and Fr/Py pairs (46 and 47, respectively) demonstrated no binding to

the designed sites at concentrations up to 1 uM.

1.ab
Table 1. Hairpin Motif, Ky M”})”

Pair AeT TeA Ge(C CeG
Im/Py (42)° <o <10° 45(:0.7)x 10° 3.2(20.5)x 107
Hp/Py 8.1(x19x 10" 1.6(:03)x10° 55(x1.5x10" 7.9¢+21)x 10’
Py/Py 470X 10° 3.1 (04 x 10° 2.2(x0.6)x 10° 2.5(:09) x 10*
Nh/Py (43) 85(x03)x10° 1.1(x0.)x 10" 9.2(x0.1)x 10° 8.2(+04)x 10°
Pz/Py 1005 x 10° 2.003)x10°  <2x 10 <2x 107
Th/Py <2x 10 <2x 107 «2x 10 <2x 10
Tn/Py (44) 80(z04)x10° 2.7(20.2)x 10” <10° <10°
Tp/Py (45) 3805 x 10° 1.0(203)x 10° <10° <10
Ht/Py (46) <10° <10° < 10° < 10°
Fr/Py (47) <10° <10° <10° <10

A Values reported are the mean values from at least three DNase | footprint titration experiments, with
the standard deviation given in parentheses. b Assavs were performed at 22 ©C in a bulter of 10 mM
TrsYHCI, 10 mM KCL 10 mM, Mg(Cl,, and 5 mM Ca(l, at pH 7.0 € The number in parentheses
indicates the compound containing the unique pairing. -
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2.4 DNA Affinity and Sequence Specificity in the 1:1 Motif.

Quantitative DNase 1 footprinting titrations were carried out for the following
polyamides on the 298 bp PCR product of pAUS8'®; Im-B-Im-Py-p-Py-B-Im-Py-p-Dp (8),
Im-B-Im-Py-B-Nh-B-Im-Py-f-Dp (9), Im-pB-Im-Py-p-Hp-B-Im-Py-B-Dp (10), Im-B-Im-
Py-p-Ht-B-Im-Py-B-Dp (11), Im-B-Im-Py-B-Fr-B-Im-Py-B-Dp (12), Im-B-Im-Py-p3-Nt-B-
Im-Py-B-Dp (13), Im-B-Im-Py-B-Tn-B-Im-Py-B-Dp (14), and Im-B-Im-Py-B-Th-B-Im-
Py-B-Dp (15). The sequence specificity of each polyamide at a single carboxamide
position (bolded in the sequences listed above) was determined by varying a single base
pair within the parent DNA sequence context, 5’-AAAGAXAAGAG-3’, to all four
Watson-Crick base pairs (X = A, T, G, C) and comparing the relative affinities of the
resulting complexes (Figures 2.13 and 2.14). The variable base pair position was
installed opposite the novel heterocycle in question, according to previously described
specificity studies on 1:1 polyamide:DNA complexes."”

Equilibrium association constants (K,) for 1:1 polyamides containing Im, Py, and
Hp residues tested against the four Watson-Crick base pairs have been reported.
However, in that study only the Im specificity experiment was performed at the central
residue, as with the new polyamides reported here. Therefore, new polyamides
containing Py and Hp residues at the central position have been included in the study for
a more controlled comparison. Polyamide 48 (Py) demonstrated very high affinity (K, ~
6 x 10" M) at the X = A, T sites (5“AAAGAXAAGAG-3") with a 5- to 10-fold
preference over X = G, C (Table 2). Polyamide 49 (Hp) bound with lower affinity (K, ~
3 x10° M™) but with similar specificity to 48, preferring X = A, T > G, C by 5- to 10-

fold. The Nh-containing polyamide (50) bound with very high affinity tothe X =A, T
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Figure 2.13 (A-D) Quantitative DNase I footprint titration experiments for polyamides 48-51, respectively,
on the 298 bp, 5’-end-labelled PCR product of plasmid pAUS8: (A and B) lane 1, intact DNA; lane 2, G
reaction; lane 3, A reaction; lane 4, DNase I standard; lanes 5-15, 100 fM, 300 fM, 1 pM, 3 pM, 10 pM, 30
pM, 100 pM, 300 pM, 1 nM, 3 nM, 10 nM polyamide, respectively. (C) 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, 100 nM polyamide respectively. (D) lane 1, intact DNA; lane 2, G
reaction; lane 3 A reaction; lane 4, DNase I standard; lanes 5-15, 3 pM, 10 pM, 30 pM, 100 pM, 300 pM, 1
nM, 3 nM, 10 nM, 30 nM, 100 nM, 300 nM polyamide respectively. Each footprinting gel is accompanied
by the following: (left, top) chemical structure of the residue of interest; and (left bottom) binding isotherm
for the four designed sites. 0, values were obtained according to published methods [23]. A binding
model for the 1:1 motif is shown centered at the top as a dot model with the polyamide bound to its target
DNA sequence. Imidazoles and pyrroles are shown as filled and non-filled circles, respectively; Beta alanine
is shown as a diamond; and the novel heterocycles are indicated by a circle containing an X.

MUKW WWIE WOEY BR

0z e |
" e C— i
10 “lo T3 g g g g 167 N = Sy g
{ potyamde | g > GO | polyamide }

& L R .

Lo 2R N SR Rl

mrrrm



55

s'-A22aGA[Xlaacascy
Pata®l 2%
s.-rTTCTf¥fTTCT C-5

10 nm

g
G E - g s
A) E (B) y s =
E2gat EGaBZ
12345678 000RLHE T 4%
£, AL : A AL ?
H 6 E H o i
Fr -4 Xy Nt
-
- !
B
; ”}T»ﬁ ‘
‘! 13
_g }.\-‘r w
] 2 ot
]

216
| .
o
2
B
o o
2 2

-

w

O S T A T
1050 10 10 10 10 10 f0
| polyurida |

[

tr 6
el
a
A

02+
Gt 10740 68 M6 0" 10 v
| petyamide |

H
[

© (D)

10 am

S

[ polyamide }

"
%

{polysnude |

LR T T T .

Figure 2.14 (A-D) Quantitative DNase I footprinting experiments for polyamides 52-55, respectively,
on the 298 bp, 5’-end-labelled PCR product of plasmid pAUS: lane 1, intact DNA; lane 2, G reaction;
lane 3, A reaction; lane 4, DNase I standard; lanes 5-15, 100 fM, 300 fM, 1 pM, 3 pM, 10 pM, 30 pM,
100 pM, 300 pM, 1 nM, 3 nM, 10 nM respectively. Each footprinting gel is accompanied by the
following: (left, top) Chemical structure of the residue of interest; and (left bottom) Binding isotherms
for the four designed sites. Isotherms for C and D were generated from gels run out to a final
concentration of 1 uM (not shown). 6,,m values were obtained according to published methods [23]. A
binding model for the 1:1 motif is shown centered at the top as a dot model with the polyamide bound
to its target DNA sequence. Imidazoles and pyrroles are shown as filled and non-filled circles,
respectively; Beta alanine is shown as a diamond; and the novel heterocycles are indicated by a circle
containing an X.
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sites (K, = 7.5 x 10'° M) but with a mere 3- to 5-fold selectivity over the high-affinity X
= @G, C sites. Polyamide 51 (Ht) bound with subnanomolar affinities to the X = A, T
sites, similar to 49 but with > 40-fold specificity for X = A, T > G, C. Polyamide 52 (Fr)
showed high affinity for the X = A, T sites (K, ~ 10'® M) with a small 2- to 4-fold
preference over X = G, C. The 5-methylthiazole-containing polyamide (53, Nt), which
places the thiazole ring nitrogen into the floor of the minor groove, bound all four sites
with similar high affinities (K, ~ 5 x 10° M™"). Thiophene-containing polyamide 54 (Tn)
showed specificity for A, T versus G, C and a preference for a single AT site. 4-
Methylthiazole-containing polyamide (55, Th), which places the thiazole ring sulfur into
the floor of the minor groove, bound with similar X = A, T affinity as 54 (Tn) but with >
400-fold preference over X = G, C. In all cases, binding isotherms fit well to an n =1

Hill equation, supporting a 1:1 polyamide:DNA stoichiometry (Figures 2.12, 2.13 and

2.14).

Table 2. 1:1 Motif, Ky (M~ )P

Ring AeT TeA GeC CoG

Im 25(x02)x 10" 110.1)x 10" 2.6(x04)x 10" 1.3(203)x 10°
Py (48)° 72(£03)x10° 53(:0.)x 10° 32(:04)x 10° 9.4(+02)x 10"
Hp (49) 39:00x10° 25:03)x10° 5305 x10° 1.9(x0.5x 10*
Nh (50)  75(:02)x 10" 74(=0.0x 10" 1.6(:02)x 10" 2.3(x0.1)x 10"
Ht (531) 28:05x10° 1.606x10° 38:1.3)x10" 3.7(x0.7)x 107
Fr (52) 22¢:05x10" 1.0(13)x10° 44(£0.5)x 10° 5.0(:0.5x 10’
Nt (53)  5409x10° 2906)x10° 80(13)x10° 4.2(x06)x 10’
Tn (54)  30(x02)x 10" 5.7(x04)x 10° 8.1(x0.4)x 107 8.3(x0.2)x 10"
Th (55)  1502x10" 3.007Dx10° 6.5(x0.5)x 10° 7.4(=0.5)x 10°

2 values reported are the mean values from at least three DNase | footprint titration experiments, with

the standard deviation given in parenthesces.

b Assays were performed at 22 C in a buffer of 10 mM

TrisYHCL 10 mM KCL 10 mM, MgCl,, and 5 mM CaCly at pH 7.0, € The number in parenthescs
indicates the compound containing the unique pairing.
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2.5 Molecular Modeling Calculations.

Modeling calculations were preformed using Spartan Essential software package.
2> Each ring was first minimized using an AM1 model, followed by Ab initio calculations
using the Hartree-Fock model and a 6-31G* polarization basis set. Each heterocycle
exhibited a unique geometric and electronic profile (Figure 2.15). Bonding geometry for
imidazole, pyrrole, and 3-hydroxypyrrole were in excellent agreement with coordinates
derived from x-ray structures of polyamides containing these heterocycles.”” The overall
curvature of each monomer was calculated to be the sweep angle (0) created by the
theoretical intersection of the two ring-to-amide bonds in each ring. The structures were
ranked by increasing 0 as follows: Fr >Nt>Ht>Nh>Im>Py>Hp>Tn>Pz>Tp

> Th. The ring atom in closest proximity to the floor of the DNA minor groove was

L—Y
RHN COR'
X
. o Charge
Ring X Y (degrees)y on Xte)
Fr 0 C-H C-H 126 -3
Nt N C-Me S 127 -{1.60
Ht 0O-H S C-H 133 - 0.40

Nh | N-H C-H C-H 136 ~0.34
Im N N-Me C-H 137 -171
Py | C-H N-Me C-H 146 ~0.21

Hp | O-H N-Me  C-H 48 —0.30
Tn S C-Me C-H 149 -.21
Pz C-1l N-Me N 151 .23
Dt S C-H C-H 152 -0.21

Th S C-Me N 153 25

Figure 2.15 Geometric and electrostatic profiles for eleven heterocyclic amino acids, derived from ab
initio molecular modeling calculations using Spartan Essential software.*® (Top) Schematic illustrating
the amide-ring-amide angle of curvature, 6. X, Y, and Z denote variable functionality at the different
ring positions for each heterocycle. (Bottom) Table listing the functional groups at X, Y, and Z, along
with the angle 6, and the electrostatic partial charge on X. For Ht, Nh, Py, Hp, and Pz the positive
charge on X is listed for the H atom.
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examined for partial charge. The structures were ranked by decreasing partial charge on
this atom as follows: Hp > Ht > Nh > Pz > Py > Tn = Tp > Th > Fr > Im. Four-ring-
subunits containing the sequence Im-Im-X-Py (X = Py, Pz, Nh, Im, Fr, Hp, Ht, Th, Tn
and Tp) were constructed and subjected to AM1 and ab initio calculations as described
above in order to examine overall subunit curvature and planarity (Figures 2.16 and

2.17).

DImim Im ) IT Il;n ]IITI D
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Figure 2.16 (Top) Schematic illustrating the curvatures of four-ring polyamide subunits containing
Tn, Py and Fu heterocycles with respect to one another and the DNA helix. (Box) Ab inito models of
polyamide subunits (Im-Im-X-Py, X = Tn, Py and Fu) superimposed to demonstrate the significant
difference in curvature resulting from atomic substitution. Hydrogens are not shown.

2.6 Discussion.

Here we explore the effects of varying single atom positions in five-membered
aromatic heterocycles on the ability of polyamides to discriminate the four Watson-Crick
base pairs in the minor groove of DNA. In this experimental design the incremental

scheme of DNA and polyamide sequence allows for the comparison of binding affinities
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Im-Im-Th-Py

Figure 2.17 Ab initio models of four-ring polyamide subunits (Im-Im-X-Py, X = Ht, Hp, Th, and Tn):
(Top Left) The Im-Im-Ht-Py subunit demonstrating a dihedral (shown as a curved arrow) created at the
ring-carboxamide juncture due to destabilizing eclipsing interaction (shown as red arcs) between the
C3-OH hydroxyl group and proximal carboxamide proton; (Top Right) The Im-Im-Hp-Py subunit
demonstrating co-planarity of the contiguous ring system; (Bottom Left) The Im-Im-Th-Py subunit
showing the negative isopotential surface (lone pair density) in red, and the dihedral (shown as a curved
arrow) resulting from lone pair repulsion interaction between the thiazole nitrogen and the proximal
carbonyl; and (Bottom Right) The Im-Im-Tn-Py subunit showing the negative isopotential surface (lone
pair density) in red, and the small dihedral (shown as a curved arrow) resulting from a destabilizing
eclipsing interaction (shown as red arcs) between the thiophene methyl group and the proximal
carboxamide. Atomic substitution of N to C-H for Th to Tn removes lone pair repulsion interaction
between the ring nitrogen and the proximal carbonyl.

for a {4} x {10} array of complexes containing unique combinations of {Watson-Crick
base pair} x {five membered aromatic heterocycle} at a single position (Tables 1 and 2).
This quantitative analysis combined with computational modeling of the different
heterocycles has led to insight into the etiology of DNA sequence discrimination by
polyamides.

The success of Im/Py and Hp/Py pairs at discriminating between the four

Watson-Crick base pairs has been attributed to the shape of the functional groups directed
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toward the floor of the minor groove. Therefore, the heterocycles discussed here will be
divided into groups based on the types of “bumps and holes” presented to the
complementary bumps and holes created by each Watson-Crick base pair on the floor of
the DNA minor groove. For the sake of clarity and brevity, hairpin polyamides will be
referred to in bold as their unique amino acid pair, e.g., Tn/Py for polyamide ImImTnPy-
v-ImPyPyPy-B-Dp (44). 1:1 polyamides will be referred to in bold as their unique
heterocycle, e.g., Tn for polyamide Im-B-ImPy-B-Tn-B-ImPy-B-Dp (54). DNA
sequences will be identified as the variable base position within each motif, e.g., X =G in

the hairpin motif for 5'-TGGXCA-3'".

The Pairing Rules. Discrimination of the four Watson-Crick base pairs using
unsymmeltrical cofacial pairs of aromatic amino acids has proven to be a key insight for
minor groove DNA recognition. The four-ring contiguous subunits described here (e.g.
ImPyPyPy) are m-conjugated, which limits their conformational flexibility.
Consequently, small changes in individual ring curvature can cause greater effects on
overall oligomer curvature.

Py/Py, Pz/Py, and Nh/Py present a hydrogen atom with positive potential to the
minor groove floor. As reported previously, Py/Py exhibits preference for the X = A, T
binding sites with > 10-fold selectivity for X = A, T > G, C. Pz/Py behave with similar
affinity as Py/Py, but greater discrimination for A, T vs. G, C. Nh/Py is similar to Py/Py
and binds all sites with higher affinity than Py/Py and Pz/Py. The A<T/T*A preference
for the pairs Py/Py, Pz/Py, and Nh/Py originate from a steric interaction with G-NH2,

yet there are subtle differences among these compounds which undoubtedly derive from
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their slightly different shape. Py is known to be over-curved with respect to the DNA
helix.*®22° The calculations described here provide an amide-ring-amide intersection
angle (0 in Fig. 10) of 146° and a partial positive charge on the C3-H atom of +0.21. By
contrast, Pz is somewhat less curved than Py (6 = 151°) with similar charge, and Nh is
considerably more curved (6 = 136°) with a greater charge of +0.34. The reduced
curvature of Pz/Py should make it more complementary to the DNA curvature, and
therefore the steric C4-H to G-NH2 clash would be exacerbated, resulting in lower
affinity for the X = G, C sites. Nh/Py is more curved and more charged, thereby
reducing negative steric effects and increasing binding affinity.

Im/Py and Fr/Py present a nitrogen or oxygen with sp” lone pair electrons
directed toward the minor groove floor. Their DNA recognition behavior is strikingly
different. Im/Py preferentially targets X = G. On the other hand, Fr/Py shows a
complete loss of DNA-binding affinity. Based on the established principles for G<C
recognition by an Im/Py pair, it was not unreasonable to expect that the Fr/Py pair could
be a positive recognition element for GeC as well, with the Fr oxygen acting as a
hydrogen bond acceptor to G-NH2. However, calculations for Fr reveal tight over-
curvature, with the amide-ring-amide angle decreased by more than ten degrees with
respect to imidazole and more than twenty degrees with respect to Py. This property
causes a pronounced effect on the entire ImImFrPy subunit (Figure 2.16), such that
complex formation is no longer energetically favorable. This view is further reinforced
by results in the more flexible 1:1 motif, wherein the Fr containing polyamide binds all

designed sites with high affinity.
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Hp/Py and Ht/Py present a hydroxyl group (C3-OH) to the minor groove floor.
Hp/Py displays a preference for X = T that breaks the A*T/T*A degeneracy of Py/Py
pairs. The Hp/Py pair presents hydroxyl opposite T not A. Structural studies reveal the
origin of this specificity to reside in the hydrogen bond formed between the 3C-OH of
hydroxypyrrole and the O2 of thymine (T-O2), and to shape recognition of the
asymmetric cleft in the TeA base pair.*** However, a loss in affinity is typically
observed for polyamides containing Hp/Py pairs compared to the Py/Py pair revealing
that there is an energetic penalty for the gain in selectivity. This loss in affinity “trade-
off” may be attributed to unfavorable steric interactions between the C3-OH and the
minor groove floor or perhaps differential solvation between Hp/Py and Py/Py in water.
The Ht/Py pair was designed with the hope to improve upon Hp/Py by increasing the
ring curvature, thus reducing the steric interaction while maintaining the C3-OH to T-O2
hydrogen bond. Remarkably, DNase I footprinting for Ht/Py reveals a complete loss in
binding affinity. As seen with Fr/Py, increased ligand curvature may be responsible for
disrupting hairpin binding. Ab initio calculations on the ImImHtPy subunit reveal an
unfavorable eclipsing interaction between the 3C-OH group and the proximal
carboxamide proton. As shown in Figure 2.17, this steric clash may force rotation about
the ring-amide bond, which would twist the subunit out of plane. Given the snug fit of
stacked hairpin subunits within the DNA minor groove, a large distortion in ligand
planarity may not be tolerated. Ht in the flexible 1:1 motif binds its target sites with high
affinity, which further underscores the pronounced effects of ring geometry within the

conformationally constrained hairpin motif.
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Th/Py, Tn/Py, and Tp/Py pairs present a large sulfur atom with an sp® lone pair
to the minor groove floor. The thiazole analog Th/Py has been shown previously to
afford poor affinity overall and no discrimination of the Watson-Crick base pairs.'' It
was thought that the thiazole sulfur was too large to be easily accommodated within the
closely packed cofacial rings in the hairpin'DNA complex. However, ab initio
calculations on thiazole carboxamide reveal an unfavorable interaction between the lone
pair of the thiazole N3 and the proximal carbonyl oxygen (Figure 2.17). Although this
interaction exists for pyrazole N2, the effect on thiazole is much greater due to the large
sulfur atom forcing the thiazole nitrogen into closer proximity with the carboxamide.
Consequently, the polyamide subunit may twist out of plane about the amide-ring bond in
order to alleviate electronic strain, as shown in Figure 2.17. As with Ht/Py, the
diminished DNA binding affinity of Th/Py may be due to its non-planar conformation.
These effects are not observed for Th in the 1:1 motif.

The negative electronic interaction and hence non-planar conformation should be
alleviated if the nitrogen on the back corner of thiazole were replaced with C-H, as in the
case of thiophene (Tn and Tp). Remarkably, Tn/Py binds to the X = A and T sites with
high affinity, but with no observable binding to X = G, C. There is a modest 3-fold
preference for T > A. Therefore, the sulfur is not too large to be accommodated within
the tightly packed hairpineDNA complex. It appears the large sulfur atom of thiophene
prefers to sit opposite T not A for the Th/Py pair. This experimental finding is exactly
opposite the result predicted by Lown and Dickerson from model building.”' The
reduced curvature of thiophene should exacerbate steric effects between the sulfur and

the minor groove floor, sterically permissive for A, T recognition but resulting in a >
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800-fold loss in binding affinity at the X = G, C sites. An Ab inito calculation of the
ImImTnPy subunit reveals a likely steric interaction between the thiophene methyl group
and the proximal carboxamide oxygen, which may force the subunit to twist slightly out
of plane. Although structural data on polyamidesDNA complexes reveals a tolerance to
small amide-ring dihedrals, a thiophene without the methyl substituent (Tp) and the
Tp/Py pair was tested as a control. Tp/Py exhibited virtually identical DNA recognition
behavior as Tn/Py.

In retrospect, in our search for a Hp/Py replacement, our group had great hopes
for the Ht/Py to distinguish T*A from A*T. Yet this new Ht ring system was a complete
disappointment. On the other hand, the earlier negative result with thiazole (Th/Py) pair
suggested that sulfur on the corner of the ring was not a viable recognition element and
that thiophene (Tn/Py or Tp/Py pairs) were not likely to lead to TeA vs. AT
discrimination. The fact that Tn or Tp prefers to bind opposite T not A is the most
significant unanticipated lead to emerge from the study.

The 1:1 Motif. The 1:1 motif has emerged recently as a way to target certain
purine-rich DNA sequences (e.g., GAGAA) with high affinity.'®'7 Although the cofacial
pairing of rings in the hairpin motif offers a greater chance to differentiate between
Watson-Crick base pairs, the single-subunittDNA complexes of the 1:1 motif provide a
relatively flexible system for the exploration of novel shape selective recognition
elements. Due to the conformational freedom imparted by the beta alanine residues,
changes in heterocycle geometry do not have such a pronounced impact on the rest of the
molecule. Therefore, specificity may be more difficult to achieve in this motif. In fact,

all 1:1 polyamides described here bind with high affinity to the X = A, T sites but with
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varying degrees of X = A, T > G, C specificity. Structural studies reveal an important
register of amide NH groups with the purine N3 and pyrmidine O2 groups on the floor of
the DNA minor groove.19 Given this alignment as a driving force for DNA recognition in
the 1:1 motif, one may view the subtle differences in heterocycle curvature as merely
placing the central ring atom (X in Figure 2.15) closer to or farther from the DNA. In
this view, increasing the ring curvature decreases the polyamidesDNA intimacy, thereby
diminishing DNA specificity. The results presented here fit well within this model.

Py and Nh present a hydrogen with a positive potential to the minor groove floor.
Both compounds exhibit a modest 3- to 5-fold selectivity for X = A, T > G, C, but Nh
binds with higher affinity to all sites. The selectivity is probably due to the unfavorable
steric X-H to G-NH2 interaction (X = C3 for Py and N1 for Nh) postulated for netropsin
and supported by recent NMR studies."”” The higher affinity for Nh may be attributed to
a combination of greater positive charge on N1-H and higher ring curvature, both of
which should reduce specificity.

Im, Fr, and Nt present a small atom with an sp” lone pair directed toward the
minor groove floor. Im has been reported previously,'®!” binding all sites with high
affinity and displaying virtually no discrimination between sites. Fr and Nt behave quite
similarly. It is likely that the small atom (N for Im and Nt or O for Fr) presented to the
DNA provides no steric clash with G-NH2, and therefore all sites are bound with
similarly high affinity.

Hp and Ht present a hydroxyl group to the DNA minor groove. In a different
polyamide context Hp discriminated between A*T and T*A base pairs in the 1:1 motif.

730 1n this case Hp is flanked on both sides by B-alanine residues and specificity is lost.
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This loss may be attributed to a larger degree of conformational freedom afforded to the
Hp ring by the aliphatic linkers."” Nonetheless, both Hp and Ht exhibit significant X =
A, T > G, C specificity, as expected from a negative 3C-OH to G-NH2 steric clash. Ht is
slightly more specific, which may result from the non-planarity of this ligand as
discussed above for Ht/Py in the hairpin motif.

Tn and Th present a sulfur atom with an sp® lone pair to the DNA minor groove.
These compounds exhibit substantial X = A, T > G, C specificity ranging from > 70 to >
2300-fold. This remarkable selectivity may be attributed to the decreased curvature of
thiazole and thiophene rings, which forces a more intimate interaction of the large sulfur
atom and the minor groove floor. In the case of X = G, C, this interaction is very
negative, resulting in a dramatic loss in binding affinity. Th is more specific than Tn,
which is probably due to the curvature-induced non-planarity of ImImTnPy, as discussed

above for the hairpin motif. (Figure 2.15).

2.7 Conclusions.

Our understanding of the origin of DNA sequence discrimination by polyamides has
been improved by combining the tools of quantitative DNase I footprinting and
computational molecular modeling to establish a correlation between polyamide structure
and DNA sequence specificity (Tables 3 and 4). We believe that the footprinting results
are best explained by differences in the overall heterocycle structure. Each heterocyclic
amino acid has an inherently unique shape, which results in varying degrees of curvature
complementarity between the polyamide and the DNA minor groove. Given that pyrrole

is over-curved with respect to the DNA helix, reducing heterocycle curvature should
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Table 3a. Pairing Specificity for Lone Pair to Floor

Pair AT TeA GeC CeG
Im/Py - - + -
Ft/Py - - - _

Table 3b. Pairing Specificity for C-H or N-H to Floor

Pair AeT TeA GeC CeG
Py/Py + + - -
Nh/Py + + - -
Pz/Py + + - -

Table 3c. Pairing Specificity for C-OH to Floor

Pair AeT TeA GeC CeG
Hp/Py - + - -
Ht/Py - - - -

Table 3d. Pairing Specificity for Sulfur to Floor

Pair AT TeA GeC CeG
Th/Py - - - -
Tn/Py + + - -
Tp/Py + + - -

increase the polyamide-DNA fit. Consequently, the polyamide would have greater
sensitivity to changes in DNA structure and therefore greater DNA sequence selectivity.
On the other hand, increasing heterocycle curvature should decrease sensitivity to
changes in DNA sequence. In addition, over-curvature can induce ligand non-planarity
deriving from destabilizing eclipsing interactions. These results suggest that merely
considering the functional group facing the minor groove floor is insufficient for an

accurate prediction of DNA recognition behavior.
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Curvature effects are amplified in contiguous ring polyamides, where continuous
n-conjugation limits conformational flexibility. Furthermore, the packing of cofacial

polyamide subunits in the minor groove, as with the hairpin motif, provides additional

Table 4. Specificity in the 1:1 Motif
Pair AeT TeA GeC CeG

Im
Py
Hp
Nh
Ht
Fr
Nt
Tn
Th

+
+

+++++ + + + +
+ +
+ +

+ 4+ + 4+ + ++ + 4+

preorganization. The dense functional array offered to the DNA by ring pairs affords
greater promise for sequence discrimination. By contrast, the 1:1 motif offers a high
degree of flexibility but a less dense functional array and therefore a lower capacity for
DNA sequence selectivity.

In retrospect, it is remarkable that a library of eight five-membered heterocycles
(and hence, new heterocycle pairs) reveals very little new leads for sequence
discrimination. This implies that the solution to DNA recognition by Im/Py, Py/Im,
Hp/Py and Py/Hp could be a narrow structural window. Perhaps the most novel and
useful lead is the possibility that Tn/Py pair will distinguish TeA from A+T. The next

step is to test multiple Tn/Py pairs in different A, T rich contexts to validate whether this
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is a potential breakthrough or not. This study is underway and results will be reported in

due course.
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2.8 Experimental

General. — N N-dimethylformanide (DMF), N,N-diisopropylethylamine (DIEA),
thiophenol  (PhSH), N,N-diethylamine, = N,N-dimethylaminopropylamine (Dp),
Triethylamine (TEA), methyl 2-furoate, ketobutyric acid, methyl acetoacetate,
cyanoacetic acid, trichloroacetyl chloride, pyrrole, sodium metal, methylthioglycolate,
methyl-2-chloroacrylate, tin(Il) chloride dihydrate, and thiourea were purchased from
Aldrich. Boc-B-alanine-(4-carbonylaminomethyl)-benzyl-ester-copoly(styrene-
divinylbenzene)resin (Boc-p-Pam-resin), dicyclohexylcarbodiimide (DCCO),
hydroxybenzotriazole (HOBt), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU), N,N-dimethylaminopyridine (DMAP), and Boc-B3-alanine
were purchased from NOVA Biochem. Trifluoroacetic acid (TFA) was purchased from
Halocarbon. All other solvents were reagent grade from EM. Oligonucleotide inserts
were synthesized by the Biopolymer Synthesis Center at the California Institute of
Technology. Glycogen (20 mg/mL), dNTPs (PCR nucleotide mix), and all enzymes,
unless otherwise stated, were purchased from Boehringer-Mannheim. pUC19 was
purchased from New England Biolabs, and deoxyadenosine [y-**P]triphosphate was
provided by ICN. Calf thymus DNA (sonicated, deproteinized) and DNasel (7500
units/ml., FPLC pure) were from Amersham Pharmacia. AmpliTaq DNA polymerase
was from Perkin-Elmer and used with the provided buffers. Tris.HCL, DTT, RNase-free
water, and 0.5 M EDTA were from United States Biochemical. Calcium chloride,
potassium chloride, and magnesium chloride were purchased from Fluka. Tris-borate-
EDTA was from GIBCO and bromophenol blue was from Acros. All reagents were used

without further purification.



71

NMR spectra were recorded on a Varian spectrometer at 300 MHz in DMSO-d6
or CDCl; with chemical shifts reported in parts per million relative to residual solvent.
UV spectra were measured on a Hewlett-Packard Model 8452A diode array
spectrophotometer. High resolution FAB and EI mass spectra were recorded at the Mass
Spectroscopy Laboratory at the University of California, Los Angeles. Matrix-assisted,
laser desorption/ionization time of flight mass spectrometry (MALDI-TOF-MS) was
conducted at the Protein and Peptide Microanalytical Facility at the California Institute of
Technology.

Monomer and Dimer Synthesis. — 5-Amino-furan-2-carboxylic acid methyl ester
(NH,-Fr-OMe, 1). Methyl 5-nitro-2-furoate (18) was prepared by published methods® in
84% yield, TLC (5:2 hexanes/ethyl acetate) Ry 0.7; 'H NMR (DMSO-ds) 5 7.78 (d, J =
3.9 Hz, 1H), 7.59 (d, J = 3.9 Hz, 1H), 3.38 (s, 3H); "C NMR (DMSO-dy) &
157.7,152.8, 144.5, 120.4, 113.6, 53.5; EI-MS m/e 171.117 (M' caled for 171.117
C¢HsNOs). A mixture of Methyl 5-nitro-2-furoate (18) (3 g, 17.5 mmol) and 10%
palladium on carbon (0.3 g) in ethyl acetate (25 mL) was placed into a parr apparatus and
hydrogenated at 500 psi and ambient temperature. The reaction was determined to be
complete by TLC after 1.5 h. The mixture was filtered over a 1°” pad of celite to remove
palladium on carbon. The filtrate was cooled to -20 °C and hexanes were added until a
white precipitate was formed. The precipitate (2.1 g) was collected by vacuum filtration
and washed with diethyl ether to give 1 in 85% yield. TLC (5:2 hexanes/ethyl acetate) Ry
0.25; IR (Thin Film) 3395, 3322, 1684, 1627, 1528, 1441, 1338, 1297, 1199, 1153 cm™;

'"H NMR (DMSO-ds) & 7.13 (d, J = 3.6 Hz, 1H), 6.60 (s, 2H), 5.09 (d, J = 3.6 Hz, 1H),
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3.66, (s, 3H); ®C NMR (CDCl3) & 123.8, 123.0, 121.9, 88.3, 86.3; EI-MS m/e 141.042
(M caled for 141.042 CsH7NO3).

Methyl  5-[(1-methyl-4-nitroimidazole-2-yl)carbonylamino[furan-2-carboxylate
(NO-Im-Fr-OMe, 19). A mixture of 1 (1g, 7.08 mmol), NO,-Im-COCCl; (2.31 g, 8.5
mmol), DIEA (1.1 g, 1.48 mL, 8.5 mmol) and ethyl acetate (14 mL) was stirred at 35 °C
for 12 h. The reaction was cooled to ambient temperature and sufficient hexanes were
added to completely precipitate a pale yellow solid. The precipitate was collected by
vacuum filtration and washed with cold methanol and ether to give 19 (1.18 g) in 57%
yield. TLC (5:2 hexanes/ ethyl acetate) Ry 0.20; IR (Thin Film) 3195, 3133, 1731, 1676,
1553, 1541, 1525, 1442, 1387, 1313, 1146 cm™; '"H NMR (DMSO-dy) & 12.17 (br, 1H),
8.65 (s, 1H), 7.34 (d, J = 3.6 Hz, 1H), 6.52 (d, J = 3.6 Hz, 1H), 4.01 (s, 3H), 3.77 (s, 3H);
BC NMR (DMSO-ds) 6 158.6, 155.8, 150.0, 145.0, 137.3, 137.0, 127.8, 121.4, 99.0,
52.3, 37.3; EI-MS m/e 294.060 (M " calcd for 294.060 C;;H;(N4Op).

Methyl 5-[(4-amino-1-methylimidazole-2-yl)carbonylamino [furan-2-carboxylate
hydrochloride (HCI*H,N-Im-Fr-OMe, 20). A mixture of 19 (1 g, 3.4 mmol) and 10%
palladium on carbon (0.2 g) in ethyl acetate (7 mL) was placed into a parr apparatus and
hydrogenated at 500 psi and ambient temperature. The reaction was complete after 1.5 h.
The mixture was filtered over a 1°* pad of celite to remove the palladium on carbon. The
ethyl acetate was removed in vacuo and hydrogen chloride in diethylether (2M) was
added to give the hydrochloride salt 20 (0.62 g) in 61% yield. TLC (5:2 hexanes/ethyl
acetate) Ry 0.15 (amine) Ry 0.0 (salt); IR (Thin Film) 2985, 3008, 1708, 1689, 1537,
1318, 1193, 1142, 1119, 1018, 756, 668 cm™; 'H NMR (DMSO-ds) & 11.73 (br, 1H),

7.54 (s, 1H), 7.33 (d, J = 3.6, 1H), 6.51 (s, J = 3.6 Hz, 1H), 3.96 (s, 3H), 3.76 (s, 3H); "°C



73

NMR (DMSO-ds) 6 157.9, 155.0, 149.5, 136.3, 134.8, 129.5, 120.9, 118.7, 97.9, 51.6,
35.8; EI-MS m/e 264.086 (M calcd for 264.086 C; H;N4Oy).

Methyl 5-({4-[(tert-butoxy)carbonylamino]-1-methylimidazole-2-yl}-
carbonylamino)-furan-2-carboxylate (Boc-Im-Fr-OMe, 21). A mixture of 20 (0.5 g, 1.6
mmol), Boc-anhydride (545 mg, 2.4mmol), and DIEA (258 mg, 348 pul, 2 mmol) in DMF
(5 mL) was stirred at 60 °C for 18 h. The reaction mixture was added to ice water (0.5 L)
and the precipitate extracted with ethyl acetate (50 mL). The organic layer was dried with
sodium sulfate and removed in vacuo. The resulting residue was subjected to column
chromatography (1:1 hexanes/ethyl acetate) to provide 21 (376 mg) as a white solid in
62% yield. TLC (1:1 hexanes/ethyl acetate) Ry 0.65; IR (Thin Film) 3243, 2978, 1722,
1577, 1533, 1436, 1368, 1311, 1163, 1138, 755 cm™; 'H NMR (DMSO-dg) § 11.11 (s,
1H), 9.52 (s, 1H), 7.33 (d, J = 3.3 Hz, 1H), 6.47 (d, J = 3.3 Hz, 1H), 3.90 (s, 3H), 3.76 (s,
3H), 1.44 (s, 9H); C NMR (DMSO-ds) & 158.6, 156.1, 153.6, 150.4, 137.7, 136.8,
133.1, 121.7, 115.3, 97.8, 79.8, 52.3, 35.9, 28.9; EI-MS m/e 364.138 (M calcd for
364.138 C16Ha9N4Og).

5-({4-[(tert-butoxy)carbonylamino]-1-methylimidazole-2-yl }carbonylamino)-
furan-2-carboxylic acid (Boc-Im-Fr-OH, 15). A mixture of 21 (0.3 g, 0.82 mmol), IN
NaOH (5 mL) and methanol (1 mL) was stirred at room temperature. The reaction was
determined to be complete by TLC after 3 h. The methanol was removed in vacuo and
the aqueous layer carefully adjusted to pH = 2 with IN HCI. The milky white precipitate
was extracted with ethyl acetate and the organics were dried over sodium sulfate.
Filtration and evaporation of the organic layer gave 15 (270 mg) as a fine white powder

in 94% yield. TLC (1:1 hexanes/ethyl acetate, 10% acetic acid) Ry 0.5; IR (Thin Film)
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3231, 2917, 2856, 1688, 1542, 1311, 1259, 1163, 1119 ecm’; 'H NMR (DMSO-
ds) 8 10.94 (s, 1H), 9.52 (s, 1H), 7.30 (s, 1H), 7.22 (d, J = 3.6 Hz, 1H), 6.44 (d, J = 3.6
Hz, 1H), 3.91 (s, 3H), 1.44 (s, 9H); °C NMR (DMSO-ds) & 160.1, 159.3, 149.9, 136.5,
135.5, 133.2, 123.6, 115.4, 101.4, 97.0, 82.3, 35.9, 28.9; EI-MS m/e 350.123 (M" calcd
for 350.123 C;sH;3N4Oe.

Methyl  5-{3-[(tert-butoxy)carbonylaminoJpropanoylamino jfuran-2-carboxylate
(Boc-B-Fr-OMe, 22). A mixture of Boc-fB-alanine (3.22 g, 17 mmol) and DCC (1.75 g,
8.5 mmol) in methylene chloride (25 mL) was stirred at ambient temperature for 30 min.
To the above mixture was added 1 (0.6 g, 4.25 mmol) as a solution in DMF (5 mL) and
DIEA (0.741 mL, 0.55 g, 4.25 mmol), followed by the addition of DMAP (0.155 g, 1.27
mmol). The reaction was heated to 40 °C and allowed to stir overnight. The reaction was
filtered to remove the DCU and the filtrate poured into ice water (0.5 L) upon which time
a crude white precipitate formed. The crude precipitate was extracted with ethyl acetate
and subjected to column chromatography (5:2 hexanes/ethyl acetate) to give 22 (1.1 g) as
a flaky white solid in 85% yield. TLC (5:2 hexanes/ethyl acetate) Ry 0.2; IR (Thin Film)
3372, 3234, 3036, 1957, 1728 cm™'; 'H NMR (DMSO-dy) § 11.58 (s, 2H), 7.29 (d, J = 3.8
Hz, 1H), 6.86 (s, 2H), 6.36 (d, J = 3.8 Hz, 1H), 3.76 (s, 3H), 3.32 (q, J = 6 Hz, 2H), 2.69
(t, J = 6 Hz, 3H), 1.35 (s, 9H); °C NMR (DMSO-dy) & 167.9, 159.4, 155.8, 150.1, 137.0,
120.8, 95.2, 78.3, 51.6, 36.1, 35.8, 29.0; EI-MS m/e 312.132 (M" caled for 312.132
C14H20N20¢).

5-{3-[(tert-butoxy)carbonylamino Jpropanoylamino}furan-2-carboxylic acid
(Boc-B-Fr-OH, 13). A mixture of 22 (1.1 g, 3.52 mmol), IN NaOH (15 mL) and

methanol (5 mL) was stirred at ambient temperature. The reaction was determined to be
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complete by TLC after 4 h. The methanol was removed in vacuo and the aqueous layer
carefully adjusted to pH = 2 with IN HCI. The milky white precipitate was extracted with
ethyl acetate and the organics were dried over sodium sulfate. Filtration and evaporation
of the organic layer gave 13 (0.97 g) as an off white solid in 92% yield. TLC (5:2
hexanes/ethyl acetate, 10% acetic acid) Rf 0.6; IR (Thin Film) 3321, 3270, 3979, 1684,
1522 cm™; "H NMR (DMSO-ds) & 11.28 (s, 2H), 6.98 (d, J = 3.6 Hz, 1H), 6.82 (s, 2H),
6.23 (d, J = 3.6 Hz, 1H), 3.19 (q, J = 6 Hz, 2H), 2.45 (t, J = 6 Hz, 2H), 1.35 (s, 9H); °C
NMR (DMSO-dy) 6 168.7, 159.7, 156.0, 150.6, 137.1, 120.8, 95.8, 78.3, 36.9, 36.6, 29.0;
EI-MS m/e 298.117 (M" calcd for 298.116 C;3H;sN,Og).

2,2,2-Trichloro-1-pyrrol-2-ylethan-1-one (23). A solution of pyrrole (20.6 mL,
20 g, 298 mmol) and diethyl ether (86 mL) was added dropwise to trichloroacetyl
chloride (71.9 mL, 117 g, 644 mmol) with stirring at 0 °C. The reaction was allowed to
warm to room temperature and stirred overnight. The solvent was then removed in
vacuo, and 23 (24 g) was recovered as a white solid in 38% yield upon precipitation from
hexanes. TLC (5:2 hexanes/ethyl acetate) Ry 0.75; IR (Thin Film) 3322, 1656, 1388,
1136, 1035, 953, 842, 808, 754, 733, 688 cm™'; 'H NMR (DMSO-dy) & 12.4 (s, 1H), 7.32
(m, J = 2.1 Hz, 1H), 7.29 (m, J = 2.1 Hz, 1H), 6.34 (m, J = 2.1 Hz, 1H); °C NMR
(DMSO-ds) & 172.5, 130.0, 122.3, 121.9, 112.0, 95.9; EI-MS m/e 210.936 (M calcd for
210.936 CsH4C13NO).

2,2,2-Trichloro-1-(5-nitropyrrol-2-yl)ethan-1-one (24). A solution of 23 (20 g,
95 mmol) and acetic anhydride (111 mL) was cooled to -40 °C and treated dropwise with
70% nitric acid (8.24 mL) over 2 h. After completion of addition, the reaction was

warmed to room temperature over 2 h. The reaction was cooled back down to -40 °C and
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sufficient ice water was added to precipitate 24 (16.5 g) as a white solid in 68% yield.
TLC (5:2 hexanes/ethyl acetate) Ry 0.6; IR (Thin Film) 3316, 1676, 1551, 1518, 1405,
1379, 1317 cm™; 'H NMR (DMSO-ds) 8 13.62 (s, 1H), 8.33 (d, J = 3 Hz, 1H), 7.66 (d, J
=3 Hz, 1H); >C NMR (DMSO-dy) & 173.4, 137.6, 128.4, 122.0, 115.0, 94.4; EI-MS m/e
255.921 (M caled for 255.921 C¢H3C13N,053).

Ethyl 5-nitropyrrole-2-carboxylate (NO,-Nh-OEt, 25). To a mixture of 24 (10 g,
39 mmol) in ethanol (35 mL) at room temperature was added sodium ethoxide (4 g, 59
mmol). The reaction was stirred for 2 h and quenched with sulfuric acid. The mixture
was cooled to 0 °C and ice water was added (0.5 L) to precipitate 25 (7 g) as a tan solid in
97% yield. TLC (5:2 hexanes/ethyl acetate) Ry 0.5; IR (Thin Film) 3263, 3152, 2979,
1687, 1565, 1508, 1365, 1323, 1207, 1017, 752 cm™'; "H NMR (DMSO-ds) & 8.04 (d, J =
1.5 Hz, 1H), 7.23 (d, J = 1.5 Hz, 1H), 4.29 (q, /= 7.2 Hz, 2H), 1.29 (t, J = 7.2 Hz, 3H);
BC NMR (DMSO-ds) & 160.0, 137.2, 124.9, 123.6, 110.1, 61.4, 14.9; EI-MS m/e
184.048 (M calcd for 184.048 C;HgN,0,).

Ethyl 5-aminopyrrole-2-carboxylate hydrochloride (HCI*H,N-Nh-OEt, 2). A
mixture of 25 (3 g, 16 mmol) and 10% palladium on carbon (0.3 g) in ethyl acetate (25
mL) was placed into a parr apparatus and hydrogenated at 500 psi and ambient
temperature for 1.5 h. The mixture was filtered over a 1°° pad of celite to remove
palladium on carbon. The filtrate was cooled to 20 °C and HCI in diethyl ether was
added. Upon addition, the hydrochloride salt precipitated out and was collected by
vacuum filtration to give 2 (2.4 g) as an off white solid in 78% yield. TLC (1:1
hexanes/ethyl acetate) (amine) Ry 0.15, (hydrochloride) Ry 0.0; IR (Thin Film) 2914,

1694, 1495, 1429, 1376, 1345, 1284, 1224, 1106, 1020, 965 cm™; 'H NMR (DMSO-ds) &
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12.21 (s, 1H), 10.13 (s, 1H), 7.10 (d, / = 1.8 Hz, 1H), 6.74 (d, /= 1.8 Hz, 1H), 4.24 (q, J
= 7.2 Hz, 2H), 1.26 (t, J = 7.2 Hz, 3H); >C NMR (DMSO-dy) & 159.6, 121.3, 117.7,
115.6, 109.2, 60.0, 14.3; EI-MS m/e 154.074 (M" calcd for 154.074 C7HoN,O,).

Ethyl 5-[(tert-butoxy)carbonylaminopyrrole-2-carboxylate (Boc-Nh-OEt, 26). A
mixture of 2 (2 g, 11 mmole), Boc-anhydride (3.6 g, 16.5 mmol), and DIEA (2.1 mL,
1.56 g, 12.1 mmol) in DMF (15 mL) was stirred at 60 °C for 12 h. The mixture was then
added to ice water (1 L) and extracted twice with ethyl acetate (150 mL). The organic
layer was dried over sodium sulfate and evaporated to give a crude oil. Column
chromatography of the oil (5:2 hexanes/ethyl acetate) afforded 26 (2 g) as a flaky white
solid in 72% yield. TLC (5:2 hexanes/ethyl acetate) Ry 0.65; IR (Thin Film) 3296, 1683,
1570, 1384, 1315, 1264, 1249 cm™'; '"H NMR (DMSO-dy) & 11.48 (s, 1H), 9.06 (s, 1H),
6.93 (d, J= 1.8 Hz, 1H), 6.58 (d, J = 1.8 Hz, 1H), 4.21 (q, / = 7.2 Hz, 2H), 1.41 (s, 9H),
1.24 (t, J = 7.2 Hz, 3H); °C NMR (DMSO-ds) & 160.1, 152.5, 119.1, 112.4, 105.2, 78.3,
59.4,28.2, 14.4; EI-MS m/e 254.127 (M calcd for 254.127 C1,H sN,04).

5-[(tert-butoxy)carbonylamino |pyrrole-2-carboxylic acid (Boc-Nh-OH, 12). A
mixture of 26 (2 g, 7.9 mmol), IN NaOH (15 mL) and methanol (5 mL) was stirred at
ambient temperature. The reaction was determined to be complete by TLC after 3 h. The
methanol was removed in vacuo and the aqueous layer carefully adjusted to pH = 2 with
IN HCI. The milky white precipitate was extracted with ethyl acetate and the organics
were dried over sodium sulfate. Filtration and evaporation of the organic layer gave 12
(1.6 g) as an off white solid in 92% yield. TLC (5:2 hexanes/ethyl acetate, 10% acetic
acid) Ry 0.5; IR (Thin Film) 3329, 3153, 2969, 1691, 1586, 1549, 1434, 1374, 1250,

1167, 1117, 1057, 961, 762 cm™'; 'H NMR (DMSO-dg) & 11.32 (s, 1H), 9.01 (s, 1H), 6.88
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(s, 1H), 6.52 (s, 1H), 1.41 (s, 9H); °C NMR (DMSO-ds) & 162.3, 153.3, 125.4, 120.7,
112.6, 106.0, 79.0, 28.9; EI-MS m/e 226.095 (M" caled for 226.095 C;oH4N,O4).

Methyl 4-cyano-3-methylbut-3-enoate (27). A mixture of acetoacetate (30 g, 258
mmol), cyanoacetic acid (24 g, 284 mmol), ammonium acetate (3.98 g, 51.6 mmol),
acetic acid (6.65 mL, 6.98 g, 116 mmol) and benzene (75 mL) was stirred for 12 h at 145
°C in a round bottom equipped with a Dean Stark apparatus and condenser. The reaction
was allowed to cool to ambient temperature, washed with brine (0.3 L), saturated sodium
bicarbonate (0.3 L) and dried over magnesium sulfate. The reaction was filtered and
solvent removed in vacuo. The crude product was distilled (60 °C, 0.1 mmHg) to give 27
(23 g) as a clear liquid and mixture of E and Z regioisomers in 65% yield. IR (Thin Film)
2957, 2221, 1741, 1437 em™; '"H NMR (DMSO-dy) § 5.69 (q, J = 0.6 Hz, 1H), 5.62 (q, J
= 0.6 Hz, 1H), 3.61 (s, 3H), 3.60 (s, 3H), 3.42 (s, 2H), 3.35 (d, /= 1.2 Hz, 2H), 2.01 (d, J
= 1.2 Hz, 3H), 1.93 (d, J = 1.2 z, 3H); >C NMR (DMSO-ds) & 170.1, 169.5, 158.4, 158.1,
117.4, 117.3, 99.6, 99.4, 52.8, 52.7, 42.8, 41.3, 23.6, 21.7; EI-MS m/e 139.063 (M" calcd
for 139.063 C;HgNO,).

Methyl  5-amino-3-methylthiophene-2-carboxylate  (HCI*H;N-Tn-OMe,  3).
Diethylamine (18.7 mL, 13.2 g, 181 mmol) was added dropwise to a mixture of 27 (23 g,
165 mmol) and sulfur flakes (5.28 g, 165 mmol), in ethanol (130 mL) and stirred at room
temperature for 3 h. The reaction was concentrated to a minimal volume in vacuo and
placed on an ice bath. Concentrated HCI was slowly added to the mixture to give a light
orange solid. The precipitate was collected by vacuum filtration and washed repeatedly
with diethy] ether to give 3 (19 g) in 68% yield. TLC (5:2 hexanes/ethyl acetate) (amine)

Ry 0.55, (hydrochloride) Ry 0.0; IR (Thin Film) 3422, 3339, 3204, 2849, 1713, 1677,
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1546, 1462, 1269, 1187, 1092 cm™; 'H NMR (DMSO-dy) & 6.91 (s, 2H), 5.76 (s, 1H),
3.61 (s, 3H), 2.62 (s, 3H); C NMR (DMSO-ds) 8 163.5, 146.7, 145.5, 114.9, 114.7,
52.0, 16.6; EI-MS m/e 171.035 (M" calcd for 171.035 C;HgNO,S).

Methyl 3-methyl-5-[(1-methyl-4-nitroimidazole-2-yl)carbonylaminojthiophene-2-
carboxylate (NO,-Im-Tn-OMe, 28). Compound 28 was synthesized from 3 (1g, 4.8
mmol) according to the procedure reported for 19, providing 28 (0.87 g) as a yellow solid
in 56% yield. TLC (5:2 hexanes/ethyl acetate) Ry 0.60; IR (Thin Film) 3125, 1649, 1543,
1506, 1382, 1312, 1267 cm™; '"H NMR (DMSO-ds) & 12.43 (s, 1H), 8.66 (s, 1H), 6.95 (s,
1H), 4.03 (s, 3H), 3.79 (s, 3H), 2.41 (s, 3H); °C NMR (DMSO-ds) 8 163.5, 155.7, 145.1,
144.7, 143.6, 136.9, 128.0, 118.8, 117.2, 52.2, 37.5, 16.6; EI-MS m/e 324.053 (M" calcd
for 324.053 Cj2H12N4O585).

Methyl 5-[(4-amino-1-methylimidazol-2-yl)carbonylamino]-3-methylthiophene-2-
carboxylate hydrochloride (HCI*H,N-Im-Tn-OMe, 29). Compound 29 was synthesized
from 28 (0.5 g, 1.5 mmol) according to the procedure reported for 20, providing 29 (321
mg) as a pale yellow solid in 63% yield. TLC (5:2 hexanes/ethyl acetate) (amine) Ry
0.25, (hydrochloride) Ry 0.0; IR (Thin Film) 3294, 1735, 1674, 1562, 1520, 1440, 1407,
1267, 1185, 1091 cm™'; 'H NMR (DMSO-dy) & 12.14 (s, 1H), 7.47 (s, 1H), 6.95 (s, 1H),
3.99 (s, 1H), 3.73 (s, 1H), 2.39 (s, 1H); *C NMR (DMSO-dy)  177.9, 63.4, 157.6, 155.1,
144.1, 128.0, 118.6, 116.1, 52.2, 35.4, 16.4; EI-MS m/e 294.079 (M" calcd for 294.079
C12H14N4O3S).

Methyl 5-({4-[(tert-butoxy)carbonylamino]-1-methylimidazole-2-yl}-
carbonylamino)-3-methylthiophene-2-carboxylate (Boc-Im-Tn-OMe, 30). Compound 30

was synthesized from 29 (300 mg, 0.91 mmol) according to the procedure reported for
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21, providing 30 (239 mg) as a pale yellow solid in 67% yield. TLC (1:1 hexanes/ethyl
acetate) Ry 0.7; IR (Thin Film) 3424, 3219, 2995, 1750, 1704, 1677, 1571, 1251, 1141
em’'; 'TH NMR (DMSO-dy) 8 11.78 (s, 1H), 9.33 (s, 1H), 7.32 (s, 1H), 6.90 (s, 1H), 3.91
(s, 1H), 3.73 (s, 1H), 2.39 (s, 1H), 1.43 (s, 9H); *C NMR (DMSO-dy) & 162.8, 155.7,
152.8,144.0, 143.4,136.7, 132.4, 117.0, 115.6, 115.3, 79.4, 51.3, 35.2, 26.9, 15.9; EI-MS
m/e 394.131 (M calcd for 394.131 C;7H»N,O5S).
5-({4-[(tert-butoxy)carbonylamino]-1-methylimidazole-2-yl }carbonylamino)-3-

methylthiophene-2-carboxylic acid (Boc-Im-Tn-OH, 16). A mixture of 30 (200 mg,
0.507 mmol), methanol (1 mL) and 1N NaOH (5 mL) was stirred at 60 °C for 6 h. The
methanol was removed in vacuo and the aqueous layer carefully adjusted to pH = 2 with
IN HCIl. The milky white precipitate was extracted with ethyl acetate and the organics
were dried over sodium sulfate. Filtration and evaporation of the organic layer gave 16
(158 mg) as a pale tan solid in 82% yield. TLC (1:1 hexanes/ethyl acetate, 10% acetic
acid) Rr 0.8; (Thin Film) 3400, 2976, 3231, 2961, 1722, 1678, 1589, 1253, 1179, 1091
cm’; 'TH NMR (DMSO-dy) & 11.68 (s, 1H), 9.35 (s, 1H), 7.32 (s, 1H), 6.87 (s 1H), 3.93
(s, 3H), 2.38 (s, 3H), 1.44 (s, 9H); °C NMR (DMSO-dy) & 164.0, 158.3, 155.6, 142.8,
136.7, 117.3, 117.1, 115.2, 99.4, 81.4, 35.2, 28.1, 15.8; EI-MS m/e 380.115 (M calcd for
380.115 C16Ha0N4OsS).

Methyl 5-{3-[(tert-butoxy)carbonylamino]propanoylamino}-3-methylthiophene-2-
carboxylate (Boc-B-Tn-OMe, 31). A mixture of Boc-f-alanine (1 g, 5.28 mmol) and
DCC (545 mg, 2.64 mmol) in methylene chloride (10 mL) was stirred at ambient
temperature for 30 min. The mixture was then filtered into a round bottom containing 3

(382 mg, 1.8 mmol), DIEA (322 pl, 239mg, 1.8 mmol), DMAP (100 mg, 0.8 mmol) and
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DMF (8 mL). The mixture was then heated at 45 °C. Progress of the reaction was
monitored by TLC with additional symmetrical anhydride (1.4 eq) added every 8 h, as
needed, until completion. The mixture was then added to brine (0.2 L) and extracted
twice with ethyl acetate (50 mL). The organic layer was then washed with saturated
sodium bicarbonate (0.1 L), 10 mM HCI (0.1 L), and dried over sodium sulfate. The
crude residue was subjected to column chromatography (5:2 hexanes/ethyl acetate) to
give 31 (392 mg) as a flaky white powder in 62% yield. TLC (5:2 hexanes/ethyl acetate)
R0.32; IR (Thin Film) 3348, 3450, 2981, 1684, 1568, 1522, 1445, 1252 em™; "H NMR
(CDCl3) 6 10.11 (s, 1H), 6.49 (s, 1H), 3.79 (s, 3H), 3.49 (q, / = 6 Hz, 2H), 2.64 (1, J =6
Hz, 2H), 1.40 (s, 9H); C NMR (CDCl;) & 168.7, 164.1, 157.0, 144.9, 143.4, 128.4,
117.3, 116.1, 80.4, 51.7, 37.0, 34.8, 16.4; EI-MS m/e 342.124 (M calcd for 342.124
C15H22N,0sS).
5-{3-[(tert-butoxy)carbonylamino [propanoylamino}-3-methylthiophene-2-

carboxylic acid (Boc-f-Tn-OH, 14). A mixture of 31 (200 mg, 0.58 mmol), methanol (4
mL) and IN NaOH (15 mL) was stirred at 60 °C for 6 h. The methanol was removed in
vacuo and the aqueous layer carefully adjusted to pH = 2 with 1IN HCI. The milky white
precipitate was extracted with ethyl acetate and the organics were dried over sodium
sulfate. Filtration and evaporation of the organic layer gave 14 (180 mg) as a light
yellow solid in 94% yield. TLC (5:2 hexanes/ethyl acetate, 10% acetic acid) Ry 0.5; (Thin
Film) 3255, 2976, 2954, 1674, 1569, 1522, 1445, 1253 c¢cm™'; '"H NMR (DMSO-dys) &
12.35 (s, 1H), 11.42 (s, 1H), 6.89 (s, 1H), 6.48 (s 1H), 3.21 (q, J = 6 Hz, 2H), 2.50 (t, / =

6 Hz, 2H), 2.37 (s, 3H), 1.35 (s, 9H); >°C NMR (DMSO-dy) 5 168.2, 164.1, 155.4, 143.3,



82

143.1, 116.8, 115.0, 77.7, 36.3, 35.6, 28.2, 15.7; EI-MS m/e 328.109 (M" caled for
328.109 C14H20N>0sS).

S-nitrothiophene-2-carboxylic acid (NO,-Tp-OH, 32). A mixture of sodium
hypochlorite (26.35 g, 291 mmol) and sodium hydrogen phosphate monohydrate (30.3 g,
219 mmol) in water (250 mL) was added dropwise to a solution of commercially
available 5-nitrothiophene-2-carboxaldahyde (5g, 31.8 mmol) in acetone (0.6 L) at room
temperature. Upon completion of addition, TLC showed total consumption of the
starting aldahyde. The reaction was washed with hexanes (0.1 L) and acidified to pH =2
with IN HCI. The mixture was extracted three times with diethyl ether (0.1 L) and dried
over sodium sulfate. Evacuation of the organic layer gave 32 (3.74 g) as a white solid in
68% vyield. TLC (5:2 hexanes/ethyl acetate, 10% acetic acid) Ry 0.55; IR (Thin Film)
3118, 3109, 2876, 1688, 1680, 1512, 1350, 1336, 1274 cm™'; 'H NMR (DMSO-dy) & 8.12
(d, J=4.2Hz, 1H), 7.73 (d, J = 4.2 Hz, 1H); "C NMR (DMSO-ds) 5 162.2, 154.5, 141.0,
132.6, 130.5; EI-MS m/e 172.978 (M" calcd for 172.978 CsH;NO,S).

Methyl 5-nitrothiophene-2-carboxylate (NO,-Tp-OMe, 33). A mixture of 32 (3.5
g, 20.2 mmol), concentrated sulfuric acid (0.2 g, 110 pl, 2.0 mmol) and methanol (50
mL) was refluxed for 48 h. The methanol was removed in vacuo and the residue
neutralized with 1IN NaOH. The mixture was extracted twice with ethyl acetate (0.1 L)
and the organics dried over sodium sulfate. Filtration and evaporation of the organic
layer provided 33 (3.4 g) as a crystalline white solid in 91% yield. TLC (1:1
hexanes/ethyl acetate) Ry 0.8; IR (Thin Film) 3476, 3115, 1730, 1705, 1535, 1508, 1423,

1360, 1282, 1250, 1191, 997, 856, 748, 732 cm™'; "TH NMR (DMSO0-d6)  8.21 (d, J=3.9
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Hz, 1H), 7.80 (d, J = 3.9 Hz, 1H), 3.87 (s, 3H); “C NMR (DMSO-d;) 3 161.2, 155.0,
138.4, 133.3, 130.4, 54.0; EI-MS m/e 186.994 (M calcd for 186.994 C4HsNO,S).

Methyl 5-aminothiophene-2-carboxylate hydrochloride (HCIsH;N-Tp-OMe, 34).
Concentrated hydrochloric acid (5.8 mL) was added dropwise to a mixture of 33 (0.3 g,
1.6 mmol) and tin(Il) chloride dihydrate (2.43 g, 12.8 mmol) in 95 % ethanol (5.8 mL) at
room temperature. Sufficient cooling was necessary to keep the reaction temperature
under 35 °C. The reaction was stirred at 35 °C for 2 h. The ethanol was removed in
vacuo and the aqueous layer washed twice with hexanes (50 mL). The aqueous layer was
neutralized with IN NaOH to pH = 9, upon which time a milky white emulsion formed.
The mixture was extracted several times with ethyl acetate (50 mL) and the organics were
dried over sodium sulfate. The ethyl acetate was evaporated to give a thin yellow film.
Addition of HCI in diethyl ether (2 M) gave the hydrochloride salt 34 (220 mg) as a white
solid in 71% yield. TLC (1:1 hexanes/ethyl acetate) (amine) Ry 0.55, (hydrochloride) R,
0.0; IR (Thin Film) 3219, 1731, 1706, 1471, 1272, 1088, 739 cm™’; '"H NMR (DMSO-
ds) 87.33 (d, J = 4.5 Hz, 1H), 6.70 (s, 2H), 5.87 (d, J = 4.5 Hz, 1H), 3.65 (s, 3H); °C
NMR (DMSO-ds) & 163.5, 162.8, 136.2, 105.1, 51.8; EI-MS m/e 157.020 (M" calcd for
157.020 CcH7NO;S).

Methyl 5-[(1-methy-4-nitroimidazol-2-yl)-carbonylamino]-thiophene-2-
carboxylate (NO,-Im-Tp-OMe, 35). Compound 35 was prepared from 34 (200 mg, 1.0
mmol) according to the procedure provided for 19, providing 35 (164 mg) as a yellow
solid in 51% yield. TLC (5:2 hexanes/ ethyl acetate) Ry 0.50; IR (Thin Film) 3133, 1698,
1672, 1560, 1543, 1521, 1455, 1379, 1313, 1265, 1098, 746.9 cm™'; "H NMR (DMSO-

d6) 5 12.55 (s, 1H), 8.68 (s, 1H), 7.64 (d, J = 3.9 Hz, 1H), 7.16 (d, J = 3.9 Hz, 1H), 4.04
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(s, 3H), 3.77 (s, 3H); PC NMR (DMSO-dy) 8 163.1, 155.6, 145.8, 136.8, 132.6, 128.0,
123.5, 115.3, 52.6, 37.5; EI-MS m/e 310.037 (M" calcd for 310.037 C;;H;oN4O5S).

Methyl 5-[(4-amino-1-methylimidazol-2-yl)carbonylamino Jthiophene-2-
carboxylate hydrochloride (HCI*H,N-Im-Tp-OMe, 36). Compound 36 was synthesized
from 35 (150 mg, 0.48 mmol) according to the procedure provided for 20, providing 36
(107 mg) as an off white solid in 70% yield. TLC (ethyl acetate) (amine) Ry 0.45,
(hydrochloride) Ry 0.0; IR (Thin Film) 3344, 3204, 2954, 1691, 1673, 1561, 1511, 1458,
1438, 1343, 1275, 1100 cm™; "H NMR (DMSO-dy) & 12.20 (s, 1H), 7.63 (d, J = 4.2 Hz,
1H), 7.40 (s, 1H), 7.11 (d, J = 4.2 Hz, 1H), 3.99 (s, 3H), 3.76 (s, 3H); °C NMR (DMSO-
dg) 1774, 162.3, 159.4, 155.0, 1454, 131.8, 128.5, 113.8, 51.7, 35.6; EI-MS m/e
280.063 (M" calcd for 280.063 C1H;,N4038).

Methyl 5-({4-[(tert-butoxy)carbonylamino]-1-methylimidazol-2-yl}
carbonylamino) thiophene-2-carboxylate (Boc-Im-Tp-OMe, 37). Compound 37 was
prepared from 36 (100 mg, 0.35 mmol) according to the procedure provided for 21,
giving 37 (90 mg) as a white solid in 66% yield. TLC (1:1 hexanes/ethyl acetate) Ry
0.75; IR (Thin Film) 3282, 2964, 1707, 1692, 1673, 1573, 1550, 1368, 1341, 1273, 1159,
1096 cm™; 'H NMR (DMSO-ds) 8 11.91 (s, 1H), 9.32 (s, 3H), 7.62 (d, J = 4.2 Hz, 1H),
7.33 (s, 1H), 7.07 (d, J = 4.2 Hz, 1H), 3.94 (s, 3H), 3.76 (s, 3H), 1.44 (s, 9H); °C NMR
(DMSO-dy) 6 162.3, 155.5, 152.8, 145.7, 136.7, 132.4, 131.8, 122.0, 115.4, 113.5, 51.7,
35.2,28.1; EI-MS m/e 380.115 (M calcd for 380.115 C16H0N4O5S).

5-({4-[(tert-butoxy)carbonylamino]-1-methylimidazol-2-yl}carbonylamino)-
thiophene-2-carboxylic acid (Boc-Im-Tp-OH, 17). Compound 17 was prepared from 37

(90 mg, 0.23 mmol) according to the procedure provided for 15, giving 17 (80 mg) as a
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white solid in 91% yield. TLC (5:2 hexanes/ethyl acetate, 10% acetic acid) Ry 0.6; IR
(Thin Film) 3246, 2965, 1674, 1556, 1509, 1456, 1314, 1271, 1237, 1162, 1102, 1023,
750 ecm™; '"H NMR (DMSO-dg) 8 11.79 (s, 1H), 9.31 (s, 1H), 7.52 (d, J = 3.9 Hz, 1H),
7.32 (s, 1H), 7.04 (d, J = 3.9 Hz, 1H), 3.93, (s, 3H), 1.43 (s, 9H); °C NMR (DMSO-
ds) 8 163.4, 155.4, 152.8, 145.2, 136.7, 132.5, 131.3, 123.8, 115.2, 113.4, 79.1, 35.2,
28.1; EI-MS m/e 366.100 (M+ caled for 366.100 C;sH sN4OsS).

Methyl 3-hydroxythiophene-2-carboxylate (Ht-OMe, 38). To dry methanol (81
mL) under nitrogen was added sodium metal (3.68 g, 304 mmol). After H, evolution had
stopped, the solution was cooled to 0 °C and methylthioglycolate (10 g, 179 mmol) was
added dropwise. Methyl-2-chloroacrylate (10.88 g, 179 mmol) in MeOH (21 mL) was
then added dropwise, resulting in the formation of a cloudy yellow precipitate. The
solution was allowed to warm to room temperature and stirred for 2 hours, whereupon the
precipitate turned dark brown. The solvent was removed in vacuo to give a dark yellow
solid which was then acidified to pH = 2 with 4N HCI. The aqueous layer was extracted
three times with methylene chloride (150 mL) and the resulting organic layer washed
three times with water (150 mL) and dried over magnesium sulfate. Filtration and
evaporation of the organic layer gave a dark oil that was subjected to column
chromatography (20:1 hexanes/ethyl acetate) to give 38 (18.4 g) as a clear crystalline
solid in 64.7% yield. TLC (20:1 hexanes/ethyl acetate) Ry 0.47; IR (Thin Film) 3334,
3112, 2955, 1716, 1664, 1552, 1444, 1415, 1350, 1296, 1208, 1104, 1032, 781 cm™; 'H
NMR (CDCl3) 8 9.58 (s, 1H), 7.59 (d, J = 5.7 Hz, 1H), 6.75 (d, J = 4.8 Hz, 1H), 3.90 (s,
3H); *C NMR (CDCly) & 131.7, 119.4, 52.2; EI-MS m/e 158.004 (M" calcd for 158.004

CeHgO3S).
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Methyl 3-hydroxy-4-nitrothiophene-2-carboxylate (NO,-Ht-OMe, 39). 38 (15 g,
98 mmol) was added to concentrated H,SO4 (48 mL) and stirred until homogeneous. The
solution was then cooled to -10 — 0 °C and HNO; (4.3 mL) in HSO4 (24 mL) was added
dropwise with sufficient cooling to keep the temperature below 0° C. After the addition
of HNO3 was complete, the solution was allowed to stir at 0° C for 3 h. The resulting
black solution was added to ice and extracted three times with methylene chloride (150
mL) and dried over magnesium sulfate. The solvent was removed in vacuo and the
resulting residue chromatographed over silica (5:1 hexanes/ethyl acetate) to give 39
(8.2¢g) as a yellow solid in 37.6% yield. TLC (5:1 hexanes/ethyl acetate) Ry 0.12; IR
(Thin Film) 3107, 1674, 1561, 1520, 1446, 1368, 1267, 1212, 1127, 974, 900, 842, 773
cm™; '"H NMR (CDCly) & 10.15 (s, 1H), 8.43 (s, 1H), 3.97 (s, 3H); C NMR (CDCl)
& 164.6, 155.6, 132.6, 53.0; EI-MS m/e 202.989 (M" calcd for 202.989 CsHsNOsS).

Methyl 3-methoxy-4-nitrothiophene-2-carboxylate (NO,-Mt-OMe, 40). A
mixture of 39 (1.5g, 7.4mmol) and THF (29.5 mL) was cooled to 0 °C. Diazomethane
(341 mg, 27 mL, 8.12 mmol) in diethyl ether was slowly added using a plastic funnel.
After several seconds, nitrogen evolution ceased and the solution was allowed to warm to
room temperature. A few drops of glacial acetic acid were added to ensure the complete
consumption of diazomethane. The solvent was removed in vacuo to give 40 (1.49 g) as
a yellow solid in 93% yield. TLC (1:1 hexanes/ethyl acetate) Ry 0.72; IR (Thin Film)
3115, 2960, 1725, 1555, 1506, 1453, 1435, 1387, 1353, 1281, 1199, 1110, 1059, 954, 772
em™; 'TH NMR (CDClLy) & 8.38 (s, 1H), 4.10 (s, 1H), 3.94 (s, 3H); °C NMR (CDCl;)

& 156.5,131.3, 63.9, 53.0; EI-MS m/e 217.004 (M" calcd for 217.004 C;H;NOsS).
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Methyl 4-amino-3-methoxythiophene-2-carboxylate hydrochloride (HCl*H,N-Mt-
OMe, 4). A mixture of 4 (800 mg, 3.69 mmol) and tin(Il) chloride dihydrate (13.3g,
58.9mmol) in 95% EtOH (29.5 mlL) were stirred vigorously at room temperature.
Concentrated HCI (29.5 mL) was added dropwise and the solution heated at 35 °C for 6
h. The solution was removed from heat and adjusted to pH = 9 with 4N NaOH (15mL).
The resulting white emulsion was extracted three times with ethyl acetate (100mL) and
dried over magnesium sulfate. The solvent was removed in vacuo and a small amount of
fresh ethyl acetate added. 2M hydrogen chloride in diethyl ether was added to precipitate
4 as the crude hydrochloride salt. The salt was filtered and taken directly on to the next
step.

Methyl 4-[(tert-butoxy)carbonylamino]-3-methoxythiophene-2-carboxylate (Boc-
Mt-OMe, 41). A mixture of 4 (1.0 g, 4.47 mmol), TEA (498 mg, 0.68 mL, 4.92 mmol)
and Boc-anhydride (1.0 g, 4.92 mmol) in methylene chloride (9 mL) was stirred at 60 °C
for 12 hours. The solution was washed three times with saturated ammonium chloride
solution and dried over magnesium sulfate. The organics were filtered and removed in
vacuo. The resulting red solid was subjected to chromatography (5:1 hexanes/ethyl
acetate) providing 41 (528 mg) as a white solid in 41.3% yield. TLC (10:1 hexanes/ethyl
acetate) Ry 0.24; IR (Thin Film) 3437, 3329, 2979, 1772, 1716, 1530, 1440, 1376, 1230,
1165, 1081, 1055, 993, 861, 778 ecm™; '"H NMR (CDCls) & 7.58 (s, 1H), 6.82 (s, 1H),
4.06 (s, 3H), 3.85 (s, 3H), 1.52 (s, 9H); *C NMR (CDClL) & 161.5, 152.6, 151.5, 130.2,
112.0, 111.2, 85.5, 81.3, 62.9, 52.3, 28.6, 28.0; EI-MS m/e 287.083 (M" calcd for

287.083 C1,H;7NOsS).
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4-[(tert-butoxy)carbonylamino-3-methoxythiophene-2-carboxylic acid (Boc-Mt-
OH, 11). A mixture of 41 (250 mg, 0.87 mmol) and KOH (48.8 mg, 0.87 mmol) in dry
methanol (1 mL), was heated to 50 °C for 6 hours. The solution was added to methylene
chloride (5 mL) and water (5 mL). The aqueous layer was washed three times with
methylene chloride (10 mL) and acidified to pH = 3 with IN HCI (3.5 mL). The aqueous
solution was then extracted three times with methylene chloride (10 mL) and dried over
magnesium sulfate. Filtration and evaporation of the organic layer provided 11 (193 mg)
as an off white solid in 81% yield. TLC (10:1 hexanes/ethyl acetate) R 0.24; IR (Thin
Film) 3400, 1699, 1526, 1438, 1369, 1230, 1154, 1053 cm™; 'H NMR (CDCl3) § 7.68
(s, 1H), 6.84 (s, 1H), 4.08 (s, 3H), 1.53 (s, 9H); *C NMR (CDCl;) & 165.8, 152.7, 130.4,
112.0, 111.2, 81.4, 63.3, 62.3, 28.7; EI-MS m/e 273.067 (M caled for 273.067
C11HsNOsS).

2-{(tert-butoxy)carbonylamino[-5-methyl-1,3-thiazole-4-carboxylic acid (Boc-Nt-
OH, 10). 2-ketobutyric acid (10 g, 98 mmol) was treated dropwise with bromine (8 mL,
25 g, 157 mmol) while stirring. Upon completion of addition, the reaction was allowed
to stir until the red color of the bromine had dissipated. Thiourea (14.8 g, 196 mmol) was
then added in portions and stirring was continued overnight. The mixture was acidified
with conc. HCI and the precipitated hydrochloride was filtered and washed with cold
ethanol. The crude solid was taken into DMF (50 mL), followed by the addition of DIEA
(10 mL) and Boc anhydride (21.4 g, 98 mmol). The mixture was stirred at 60 °C for 12
h. The reaction was then diluted with ethyl acetate and washed three times with brine.
The combined organics were dried over sodium sulfate and removed in vacuo to give a

crude oil. The material was dissolved in methanol (0.1 L) and 1N NaOH (0.1 L), and



89

stirred at room temperature for 1 h. The methanol was then removed and the aqueous
layer washed two times with diethyl ether (0.1 L). The aqueous phase was acidified to
pH 2 with 1 N HCI and extracted three times with ethyl acetate (0.1 L). The combined
organics were dried over sodium sulfate and concentrated in vacuo to afford 10 (11 g) as
a white flaky solid in 44% yield. (5:2 hexanes/ethyl acetate, 10% acetic acid) Ry 0.4;
(Thin Film) 3191, 2978, 1714, 1669, 1578, 1562, 1317, 1165 cm™; "H NMR (DMSO-dj)
8 11.54 (s, 2H), 2.54 (s 3H), 1.44 (s, 9H); *C NMR (DMSO-ds) & 164.1, 155.4, 137.1,
136.9, 81.9, 28.6, 12.94, 11.61; EI-MS m/e 258.067 (M’ caled for 258.067
C10H14N204S).

3. Hairpin Polyamide Synthesis. — Polyamides were synthesized from Boc-f3-
alanine-Pam resin (50 mg, 0.59 mmol/g) and purified by preparatory HPLC according to
published manual solid phase protocols.19

Im-Im-Nh-Py-y-Im-Py-Py-Py--Dp (43). (Boc-Nh-OH) (33 mg, 0.147 mmol) was
incorporated by activation with HBTU (53 mg, 0.140 mmol), DIEA (50 ul) and DMF
(300 pl). The mixture was allowed to stand for 15 min at room temperature and then
added to the reaction vessel containing NH;-Py-y-Im-Py-Py-Py-p-Pam resin. Coupling
was allowed to proceed for 1.5 h at room temperature. After Boc-deprotection, Boc-Im-
OH (35 mg, 0.147 mmol) was activated using HBTU (53 mg, 0.140 mmol), DIEA (50 pl)
and DMF (300 ul). The mixture was allowed to stand for 15 min at room temperature
and then added to the reaction vessel containing NH,-Nh-Py-y-Im-Py-Py-Py-p-Pam
resin. Coupling was allowed to proceed for 1.5 h at room temperature, and determined to
be complete by analytical HPLC. After Boc-deprotection, the terminal imidazole residue

was added using Im-COCCl;. Im-COCCl; (67 mg, 0.295 mmol), DIEA (50 pl) and DMF
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(600 pl) were added to the reaction vessel containing NH,-Im-Nh-Py-y-Im-Py-Py-Py-f3-
Pam resin. Coupling was allowed to proceed for 2 h at 37 °C, and determined complete
by analytical HPLC. A sample of Im-Im-Nh-Py-y-Im-Py-Py-Py-B-Pam resin (50 mg)
was placed into a 20 mL scintillation vial, followed by Dp (I mL). The mixture was
allowed to stand for 2 h at 85 °C with occasional agitation. The resin was then filtered
and the solution diluted to 8 mL using 0.1% TFA. The sample was purified by reversed
phase HPLC to provide Im-Im-Nh-Py-y-Im-Py-Py-Py-B-Dp (32) (2 mg, 5.6% recovery)
as a fine white powder under lyophilization of the appropriate fractions. MALDI-TOF-
MS (monoisotopic), 1209.59 (M+H caled for 1209.56 CsgHsoN22010).

Im-Im-Im-Py-y-Im-Py-Py-Py-3-Dp (42). Boc-Im-OH was incorporated according
to previously described procedures.’ The terminal imidazole residue was incorporated
and the compound purified as described above for 43 to provide Im-Im-Im-Py-y-Im-Py-
Py-Py-B-Dp (42) (2.6 mg, 6.0% recovery) as a fine white powder under lyophilization of
the appropriate fractions. MALDI-TOF-MS (monoisotopic), 1210.56 (M+H caled for
1224.56 Cs¢H79N2301p).

Im-Im-Tn-Py-y-Im-Py-Py-Py-3-Dp (44). (Boc-Im-Tn-OH) (56 mg, 0.147 mmol)
was incorporated by activation with HBTU (53 mg, 0.140 mmol), DIEA (50 ul) and
DMF (300 ul). The mixture was allowed to stand for 15 min at room temperature and
then added to the reaction vessel containing NH,-Py-y-Im-Py-Py-Py-B-Pam resin.
Coupling was allowed to proceed for 24 h at 37 °C. After Boc-deprotection the terminal
imidazole residue was incorporated as described for 43. The compound was cleaved
from resin and purified as described for 43 to provide Im-Im-Tn-Py-y-Im-Py-Py-Py-B-Dp

(44) (2.1 mg, 5.7% recovery) as a fine white powder under lyophilization of the
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appropriate fractions. MALDI-TOF-MS (monoisotopic), 1240.53 (M+H calcd for
1240.53 Cs7H70N2,0115).

Im-Im-Tp-Py-y-Im-Py-Py-Py-3-Dp (45). (Boc-Im-Tp-OH) was incorporated and
Im-Im-Tp-Py-y-Im-Py-Py-Py-B-Dp was synthesized, according to the procedure
provided for 44 to give Im-Im-Tp-Py-y-Im-Py-Py-Py-B-Dp (45) (1.8 mg, 4.9% recovery)
as a fine white powder under lyophilization of the appropriate fractions. MALDI-TOF-
MS (monoisotopic), 1226.53 (M+H caled for 1226.52 Cs7H7oN»1011S).

Im-Im-Ht-Py-y-Im-Py-Py-Py-f3-Dp (46). (Boc-Mt-OH) (42 mg, 0.147 mmol) was
incorporated by activation with HBTU (53 mg, 0.140 mmol), DIEA (50 ul) and DMF
(300 pl). The mixture was allowed to stand for 15 min at room temperature and then
added to the reaction vessel containing NH,-Py-y-Im-Py-Py-Py-B-Pam resin. Coupling
was allowed to proceed for 20 h at 37 °C. After Boc-deprotection, Boc-Im-OH (35 mg,
0.147 mmol) was activated using HBTU (53 mg, 0.140 mmol), DIEA (50 pl) and DMF
(300 ul). The mixture was allowed to stand for 15 min at room temperature and then
added to the reaction vessel containing NH,-Mt-Py-y-Im-Py-Py-Py--Pam resin.
Coupling was allowed to proceed for 40 h at 37 °C, and determined to be complete by
analytical HPLC.  After Boc-deprotection the terminal imidazole residue was
incorporated as described for 43. The compound was cleaved from resin and purified as
described for 43 to provide the methoxy protected Mt-containing polyamide Im-Im-Mt-
Py-y-Im-Py-Py-Py-B-Dp (2.0 mg, 5.4% recovery) as a fine white powder under
lyophilization of the appropriate fractions. MALDI-TOF-MS (monoisotopic), 1256.54
(M+H caled for 1256.53 Cs7H7N21011S). The polyamide was then dissolved in DMF

ul) and added to a suspension of sodium hydride mg, o oil dispersion) an
(200 pl) and added i f sodium hydride (40 60% oil di ion) and
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thiophenol in DMF (400 pl) that was pre-heated for 5 min at 100 °C. The mixture was
heated for 2 h at 100 °C. The mixture was then cooled to 0 °C and 20% TFA (7.0 mL)
was added. The aqueous layer was washed three times with diethyl ether (8 mL) and
then diluted to a total volume of 9.5 mL using 0.1% TFA. The mixture was then purified
by reverse-phase HPLC to give the deprotected Ht-containing polyamide Im-Im-Ht-Py-
v-Im-Py-Py-Py-B-Dp (46) (0.83 mg, 41% recovery) as a fine white powder under
lyophilization of the appropriate fractions. MALDI-TOF-MS (monoisotopic), 1242.51
(M+H calcd for 1242.51 Cs¢HesN2101;S).

Im-Im-Fr-Py-y-Im-Py-Py-Py-f3-Dp (47). (Boc-Im-Fr-OH) (51 mg, 0.147 mmol)
was incorporated by activation with HBTU (53 mg, 0.140 mmol), DIEA (50 ul) and
DMF (300 ul). The mixture was allowed to stand for 15 min at room temperature and
then added to the reaction vessel containing NH;-Py-y-Im-Py-Py-Py-B-Pam resin.
Coupling was allowed to proceed for 1.5 h at room temperature. After Boc-deprotection
the terminal imidazole residue was incorporated as described for 43. The compound was
cleaved from resin and purified as described for 43 to provide Im-Im-Fr-Py-y-Im-Py-Py-
Py-B-Dp 47 (1.5 mg, 4.2% recovery) as a fine white powder under lyophilization of the
appropriate fractions. MALDI-TOF-MS (monoisotopic), 1210.54 (M+H calcd for

1210.54 Cs¢HggN21011).

4. 1:1 Motif Polyamide Synthesis. — Polyamides were synthesized from Boc-[3-
alanine-Pam resin (50 mg, 0.59 mmol/g) and purified by preparatory HPLC according to

published manual solid phase protocols.19
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Im-f-Im-Py--Py-f-Im-Py-f-Dp (48). A sample of Im-B-Im-Py-B-Py-B-Im-Py-[3-
Pam resin (120 mg) was placed into a 20 mL scintillation vial, followed by Dp (2 mL).
The mixture was allowed to stand for 2 h at 85 °C with occasional agitation. The resin
was then filtered and the solution diluted to 8 mL using 0.1% TFA. The sample was then
purified by reversed phase HPLC to provide Im-B-Im-Py-B-Py-B-Im-Py-B-Dp (48) (12
mg, 15.3% recovery) was provided as a fine white powder under lyophilization of the
appropriate fractions. MALDI-TOF-MS (monoisotopic), 1107.70 (M+H calcd for
1107.53 CsoHgsN20O10).

Im-fB-Im-Py--Hp--Im-Py--Dp  (49). Polyamide 49 was synthesized,
deprotected and purified according to the previously published protocol,'” to provide Im-
B-Im-Py-B-Hp-B-Im-Py-B-Dp (49) (5.6 mg 7.0% recovery) as a white powder under
lyophilization of the appropriate fractions. MALDI-TOF-MS (monoisotopic), 1124.20
(M+H caled for 1124.19 CsoHg7N20O11).

Im-f-Im-Py-F-Nh-f-Im-Py-f-Dp (50). Boc-Nh-OH (271 mg, 1.2 mmol) was
incorporated by activation with DCC (247 mg, 1.2 mmol) and HOBt (141 mg, 1.2 mmol)
in DMF (2 mL). The mixture was shaken at 37 °C for 30 min and filtered into the
reaction vessel containing NH,-B-Im-Py-p-Pam resin. DIEA (400 pl) was added, and
coupling was allowed to proceed for 1.5 h at ambient temperature. After Boc-
deprotection, Boc-B-OH (227 mg, 1.2 mmol) was activated using HBTU (432 mg, 1.14
mmol), DIEA (400 ul) and DMF (2 mL). The mixture was allowed to stand for 15 min at
room temperature and then added to the reaction vessel containing NH,-Nh-p-Im-Py-f3-
Pam resin. Coupling was allowed to proceed for 2 h at 37 °C, and determined to be

complete by analytical HPLC. The compound was cleaved from resin and purified as
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described for 48. Im-B-Im-Py-B-Nh-B-Im-Py-3-Dp (50) (9 mg, 11.4% recovery) was
provided as a fine white powder under lyophilization of the appropriate fractions.
MALDI-TOF-MS (monoisotopic), 1107.70 (M+H calcd for 1107.53 C49HgsN20O10).

Im- 3-Im-Py-f-Ht-f-Im-Py-f5-Dp (51). Polyamide 51 was synthesized using Boc-
Mt-OH, deprotected and purified as described above for compound 46, to provide Im-f-
Im-Py-B-Ht-B-Im-Py-B-Dp (51) (1.1 mg 2.8% recovery) as a white powder under
lyophilization of the appropriate fractions. MALDI-TOF-MS (monoisotopic), 1126.43
(M+H calcd for 1126.47 C49HeaN1901:S).

Im-f-Im-Py-f-Fr-f3-Im-Py-3-Dp (52). Boc-p-Fr-OH (369 mg, 1.2 mmol) was
incorporated by activation with DCC (247 mg, 1.2 mmol) and HOBt (141 mg, 1.2 mmol)
in DMF (2 mL). The mixture was shaken at 37 °C for 30 min and filtered into the
reaction vessel containing NH-B-Im-Py-pB-Pam resin. DIEA (400 pl) was added, and
coupling was allowed to proceed for 1.5 h at ambient temperature. The compound was
cleaved from resin and purified as described for 48 to provide Im-p-Im-Py-B-Fr-p-Im-
Py-B-Dp (52) (6 mg, 7.7% recovery) as a white powder under lyophilization of the
appropriate fractions. MALDI-TOF-MS (monoisotopic), 1094.50 (M+H calcd for
1094.60 C49Hg3N19O11).

Im-f-Im-Py-3-Nr--Im-Py-f3-Dp (53). Boc-Nt-OH (309 mg, 1.2 mmol) was
incorporated by activation with HBTU (432 mg, 1.14 mmol), DIEA (400 pl) and DMF (2
mL). The mixture was allowed to stand for 15 min at room temperature and then added
to the reaction vessel containing NH,-pB-Im-Py-B-Pam resin. Coupling was allowed to
proceed for 20 h at 37 °C. After Boc-deprotection, Boc-f-OH (227 mg, 1.2 mmol) was

activated using HBTU (432 mg, 1.14 mmol), DIEA (400 ul) and DMF (2 mL). The
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mixture was allowed to stand for 15 min at room temperature and then added to the
reaction vessel containing NH,-Nt-B-Im-Py-B-Pam resin. Coupling was allowed to
proceed for 48 h at 37 °C, and determined to be complete by analytical HPLC. The
compound was cleaved from resin and purified as described for 48. Im-B-Im-Py-B-Nt-p-
Im-Py-B-Dp (53) (4.2 mg, 5.2% recovery) was provided as a fine white powder under
lyophilization of the appropriate fractions. MALDI-TOF-MS (monoisotopic), 1125.50
(M+H caled for 1125.49 C49HeaN29O10S).

Im-f-Im-Py-(-Tn-f-Im-Py--Dp (54). Boc-f-Tn-OH (393 mg, 1.2 mmol) was
incorporated by activation with HBTU (432 mg, 1.14 mmol), DIEA (400 pl) and DMF (2
mL). The mixture was allowed to stand for 15 min at room temperature and then added
to the reaction vessel containing NH-p-Im-Py-3-Pam resin. Coupling was allowed to
proceed for 20 h at 37 °C. The compound was cleaved from resin and purified as
described for 48. Im-f-Im-Py-p-Tn-B-Im-Py-B-Dp (54) (5.8 mg, 7.2% recovery) was
provided as a fine white powder under lyophilization of the appropriate fractions.
MALDI-TOF-MS (monoisotopic), 1124.50 (M+H caled for 1124.49 CsqHgsN19010S).

Im-f-Im-Py--Th-f-Im-Py--Dp (55). Compound 55 was prepared using the
identical protocol provided for 53. Im-B-Im-Py-B-Th-B-Im-Py-B-Dp (55) (6.0 mg, 7.5%
recovery) was provided as a fine white powder under lyophilization of the appropriate
fractions. = MALDI-TOF-MS (monoisotopic), 1125.60 (M+H caled for 1125.49

CaoHeaN2¢O10S).
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5. Footprinting Experiments. — Plasmids pDHN1 and pAUS8 were constructed
and 5’-radiolabeled as previously described.!''* DNase I footprint titrations were

performed according to standard protocols.*
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Chapter 3

DNA Minor Groove Recognition by
3-Methylthiophene/Pyrrole Pair

The text of this chapter was taken in part from a manuscript coauthored with Michael A.

Marqgues, Shane Foister and Professor Peter B. Dervan (Caltech)
(Doss, R. M.; Marques. M. A. and Dervan, P. B. “DNA Minor Groove Recognition by 3-

Methylthiophene/Pyrrole Pair” Chemistry & Biodiversity 2004, 1, 886-899.)
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Abstract.

Hairpin polyamides are synthetic oligomers which fold and bind to specific DNA
sequences in a programmable manner. Internal side by side pairings of the aromatic
amino acids  N-methylpyrrole  (Py), N-methylimidazole (Im) and N-
methylhydroxypyrrole (Hp) confer the ability to distinguish between all four Watson-
Crick base pairs in the minor groove of B-form DNA. In a broad search to expand the
heterocycle repertoire we found that when 3-methylthiophene (Tn), which presents a
sulfur atom to the minor groove, is paired with Py, it exhibits a modest 3-fold specificity
for T*A > A+T presumably by shape selective recognition. In this study we explore the
scope and limitations of this lead by incorporating multiple Tn residues within a single
hairpin polyamide. It was found that hairpin polyamides containing more that one Tn/Py
pair exhibit lowered affinities and specificities for their match sites. It appears that little
deviation is permissible from the parent five-membered ring N-methylpyrrole-

carboxamide scaffold for DNA recognition.
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3.1 Introduction.

Polyamides, a class of crescent shaped oligomers inspired by the natural products
netropsin and distamycin A, are able to bind a broad repertoire of DNA sequences with
affinities similar to naturally occurring proteins.'” In the first generation design,
polyamide specificity can be attributed to the side-by-side pairings of N-methylpyrrole
(Py) and N-methylimidazole (Im) aromatic rings in the minor groove of DNA where an
Im/Py pair targets GeC and a Py/Py pair targets both AT and TeA.>7 With the addition
of the N-methylhydroxypyrrole (Hp) ring it was shown that the Hp/Py pair distinguishes
TeA from A*T.>7 The Hp ring exhibits specificity for T through steric fit and specific
hydrogen bonds. The bump presented by the exocyclic hydroxyl group of Hp docks
comfortably in the asymmetric cleft opposite T in a T*A base pair rather than suffer a
sterically unfavorable interaction opposite the larger purine ring of A. From X-ray
crystal structure analysis, it appears that Hp forms two specific hydrogen bonds with the
02 carbonyl of T.

Extensive studies were carried out on polyamides containing Hp in order to more
fully explore how the incorporation of Hp affects ligand affinity and specificity.® °
Towards this end, several eight ring hairpin polyamides were synthesized and their
binding profiles assessed. According to the established pairing rules, a polyamide with
the sequence Im-Im-Hp-Py-y-Im-Py-Py-Py-B-Dp (1) (y = gamma amino butyric acid; =
beta alanine; Dp = dimethylaminopropylamide) would be expected to target the six-base-
pair site 5'-tGGTCa-3' while a polyamide with the sequence Im-Im-Py-Py-y-Im-Hp-Py-
Py-B-Dp (2) should target 5-tGGACa-3' (Figure 3.1). The parent compound, Im-Im-Py-

Py-y-Im-Py-Py-Py-B-Dp (3) should target both AT and TeA (5'-tGGWCa-3') with
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XoY = AT, TeA, GoC, C+G
W=AT

Figure 3.1 Proposed binding models for hairpin polyamides with 5’-TXTACA-3’ site.
A circle enclosing two dots represents lone pairs of N3 of purines and O2 of
pyrimidines. A circle containing an H represents the exocyclic amine of guanine.
Putative hydrogen bonds are indicated by dashed lines. (a) N-terminal residue drawn in
“sulfur down” syn conformation. (b) N-terminal residue drawn in “sulfur up” anti

conformation.

similar affinities. Hairpins 1-3 were tested within the sequence context 5'-tGGXCa-3' (X
= A,T.G,C) where all four Watson-Crick base pairs were varied under the third (in bold)
polyamide residue. As expected 1 bound its match site 5'-tGGTCa-3" with ~20 fold
preference over its mismatch sequence 5-tGGACa-3' while 2 bound its match site 5'-
tGGACa-3' with ~11 fold preference over its mismatch sequence 5-tGGTCa-3' (Table
1). 3 bound both sites 5'-tGGACa-3' and 5'-tGGTCa-3' with similar affinities.

While results indicated that one could distinguish a single TeA base pair within a
six base-pair DNA site a crucial next step was to explore how the incorporation of
multiple Hp rings would be tolerated within a single hairpin polyamide. To address this
question, polyamides Im-Hp-Py-Py-y-Im-Hp-Py-Py-B-Dp (4) and Im-Py-Hp-Py-y-Im-
Py-Hp-Py-B-Dp (5) were designed to target their respective binding sites 5'-aGTACt-3'
and 5'-aGATCt-3' (Figure 3.2). We test whether all four ring pairings would code for a

specific residue with each of the staggered Hp rings specifying for a T. As a control,
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XeY = AdT, ToA, GoC, CoG
W=AT

Figure 3.2 (top) pCW 15 plasmid design. (bottom) Ball and stick model of hairpin polyamides varying
the N-terminal residue. Shaded and non-shaded circles represent imidazole and pyrrole residues,
respectively. A circle containing an S denotes an N-terminal thiophene (R = 1-8) residue.

polyamide Im-Py-Py-Py-y-Im-Py-Py-Py-B-Dp (6) was designed to bind both sequences
with similar affinities. It was found that the specificities and affinities were significantly
compromised by the incorporation of multiple Hp residues.” Polyamide 4 bound its
match site with a 50-fold reduction in affinity when compared to the parent compound 6.
Polyamide 5 bound with a lower affinity of and preferred its double base-pair mismatch

site over its designed match site.
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While Hp was a breakthrough ring for completing the four base pair code, it was
clear that use of Hp would be limited for some sequence contexts. In addition, it was
observed that oligomers containing Hp slowly degraded in the presence of acids or free
radicals. This prompts us to explore the properties of other 5-membered heterocyclic
amino acids as potential recognition elements for minor groove DNA recognition.'®"*
Assuming that polyamide base pair specificity is derived, in part, from the functionality
presented to the minor groove floor by heterocycle ring pairs, we sought to explore new
heterocycles for selective recognition.lo'14

We have previously reported the sequence specificities (or lack thereof) of several
novel rings systems when paired with (Py) at a single position within the hairpin
polyamide sequence context Im-Im-X-Py-y-Im-Py-Py-Py-B-Dp (X = 1-methylpyrazole
(Pz), 1H-pyrrole (Nh), 5-methylthiazole (Nt), 4-methylthiazole (Th), 4-methylthiophene
(Tn), thiophene (Tp), 3-hydroxythiophene (Ht), and furan (Fr). After an exhaustive
study, it was found that 3-methylthiophene (Tn), exhibited modest specificity (~3 fold)
for a TeA base pair when paired against Py and was able to maintain a high binding
affinity at its match site of K, = 2.7 x 10° M! (Figure 3.3). Tn presents a large,
polarizable sulfur atom to the minor groove and it is believed that its specificity for T is
derived from the A*T base pair’s ability to accommodate a large atom in the asymmetric
cleft. The Tn/Py pairing was a potential step forward to replace Hp and we looked to

explore the binding properties of hairpin polyamides containing more than one Tn

residue.
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While the selectivity of Tn for T*A > AT was a modest, we were curious to see
if there would be a multiplicity effect by targeting two T*A base pairs within a single

hairpin binding site. Polyamides Im-Tn-Py-Py-y-Im-Tn-Py-Py-B-Dp (6) and Im-Py-Tn-

Q.
NS SN 0. _~._ .NHBoc
R S G
H o
£ By i) i) i vi)
-NHBoc
H §
X H SN' N
O o) o n N\ S o]
" A AD o
H o o i
T NH
vaT
| — _— HN H
|V D EXE ) X6 X}
| W N
\ NS0
H {0 W
H T
AN S0
O if o nIS Y
. ) N AD 0
H o o |
;O
i} xiv) xvi O {7 NH
O XN g,
L MY
i 4 |
N;;r‘"h"N S HH N ‘\(,,N .
L/ H N A0 o)
BockN H N
N !
ooECpw °
Y ¢
Q. 1 o N T
Wy s N A
H [} i
XV XVED XV o
: o f"N‘u/"NH
) A v L
BRta aED
0 Nﬁ e u o NNy
N A e Y0
N g H (“\'N“ N
N ALY
H SO 7N
B i My 0
N N N
v “"'NY' w ©
o) Lo}

Figure 3.3 (a) Synthesis of 3-[(tert-butoxy)carbonylamino]-2-thiophenecarboxylic acid (11). (i) EtN,
Boc,O, DMAP, acetone; (ii)) 50% NaOH, MeOH. (b) Synthesis of 3-methoxy-2-thiophenecarboxylic acid
(13). (iii) K,CO;, CH;l, acetone, acetonitrile, Reflux; (iv) 50% NaOH, MeOH. (c) Synthesis of 3-Fluoro-2-

thiophenecarboxylic acid (14). (v) nBuLi (2.2 equ.), THF, -78 °C, 0.5 h.; (vi) (PhSO,),NF, THF, -78 °C —
RT.

Py-y-Im-Py-Tn-Py-B-Dp (7) were synthesized to test whether the overall base pair

specificity would benefit from the incorporation of two specific Tn rings (Figure 3.4).
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Figure 3.4 Solid phase synthetic scheme for Im-Tn-Py-Py-y-Im-Tn-Py-Py-3-Dp starting from commercially
available Boc-B-Pam resin: (i) 80% TFA/DCM, 0.4M PhSH; (ii) Boc-Py-OBt, DIEA, DMF; (iii) Ac,0,
DIEA, DMF; (iv) 80% TFA/DCM, 0.4M PhSH; (v) Boc-Py-OBt, DIEA, DMF; (vi) Ac,0, DIEA, DMF; (vii)
80% TFA/DCM, 0.4M PhSH; (viii) Boc-Im-Tn-OH, (HBTU, DIEA, DMF); (ix) Ac,0, DIEA, DMF; (x)
80% TFA/DCM, 0.4M PhSH; (xi) Boc-y-OH (HBTU, DIEA, DMF); (xii) Ac,0, DIEA, DMF; (xiii) 80%
TFA/DCM, 0.4M PhSH; (xiv) Boc-Py-OBt, DIEA, DMF; (xv) Ac,0, DIEA, DMF; (xvi) 80% TFA/DCM,
0.4M PhSH; (xvii) Boc-Py-OBt, DIEA, DMF; (xviii) Ac,O, DIEA, DMF; (xix) 80% TFA/DCM, 0.4M
PhSH; (xx) Boc-Tn-OH, (HBTU, DIEA, DMF); (xxi) Ac,0, DIEA, DMF; (xxii) 80% TFA/DCM, 0.4M
PhSH; (xxiii) Im-COCCl; (DIEA, DMF); (xxiv) cleave from resin using (N,N-dimethylamino)propylamine,
85 °C.
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Hairpin polyamides were synthesized manually from Boc-B-PAM resin in a

stepwise fashion using Boc-protected monomeric and dimeric amino acids according to
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Figure 3.5 Synthesis of Boc-Tn-OH (11) and Boc-Py-Tn-OH
(14). (i) S, E,NH, EtOH; (ii) (Boc),O, DMAP, DIEA, DMF;
(iii) NaOH, MeOH; (iv) NO,-Py-COCCl;, DMAP, DIEA,
EtOAc; (v) H, Pd/C, DIEA, DMF; (vi) (Boc),0; (vii) NaOH,
MeOH.

solid-phase protocols (Figures
4 and 5). Boc-protected amino
acid monomers and dimers for
Im, Py, and Tn-Im were
synthesized  according  to
previously reported

1> Synthesis of

procedures.®
the Tn-Py amino acid dimer
from the core amino ester

(NH,-Tn-OMe) is shown in

Figure 3.5.

Tn-Py Dimer (Tn-Py). The hydrochloride salt of 9 (HCI*H,N-Tn-OMe) was formed

directly via cyclization reaction between 8 and amorphous sulfur.'® The amine of 9 was

Boc-protected using t-butyldicarbonate and DMAP to provide the Boc-protected ester 10

(Boc-Tn-OMe). The use of heat and the transacylation catalyst was necessary for the

reaction to occur due to the poor reactivity of the thiophene aryl amine. Saponification of

10 was accomplished by heating in an aqueous solution of sodium hydroxide to provide

11 (Boc-Tn-OH). Alternatively, 9 was condensed with NO,-Py-COCCI; in the presence
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of DMAP to provide the dimer 12 (NO,-Py-Tn-OMe). The nitro group was reduced
using a Parr apparatus (500 psi H,) and Pd/C in a mixture of DMF and DIEA. Following
reduction, t-butyl dicarbonate was added to the mixture to provide 13 (Boc-Py-Tn-OMe).
13 was saponified by heating in an aqueous solution of sodium hydroxide to provide 14

(Boc-Py-Tn-OH).

3.3 DNA Affinity and Sequence Specificity in the Hairpin Motif.

Quantitative DNase I footprinting titrations'® were carried out for the following
polyamides on the 285 bp PCR product of plasmids pDHN9 (polyamides 15 and 16) and
pDEHI10 (polyamides 6 and 7):'' Im-Im-Tn-Py-y-Im-Py-Py-Py-B-Dp (15), Im-Im-Py-
Py-y-Im-Tn-Py-Py-B-Dp (16), Im-Tn-Py-Py-y-Im-Tn-Py-Py-B-Dp (6), Im-Py-Tn-Py-y-
Im-Py-Tn-Py-B-Dp (7) (ring pairings of interest in bold). The DNA sequence specificity
of each polyamide was determined by varying the DNA base pairs within the sequence
context, 5°-tGGXCa-3 (X = A, T, G, and C) for compounds 15 and 16, and 5’-
aGWWCt-3’ (W = A and T) for compounds 6 and 7 and comparing the relative affinities
of the resulting complexes. The Watson-Crick base-pairs were varied opposite the novel
Tn/Py pairing in question, according to previously reported specificity studies on eight-
ring hairpin polyamides. 10

Hairpin 6 (Tn/Py pair) has been shown to bind with a high affinity for X =T, A
K.= 10° M'l), a 3-fold preference for T*A > AT, and an 800-fold preference over the X
= G, C sites (Figure 3.6, Table 1). The hairpin control 7, which places the Tn ring
across the polyamide, bound it’s match sequence with a reduced affinity (K, = 9.0 x 10°

M™) and a lowered specificity of ~2 fold for T*A > AsT. It was found that both Im-Tn-
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Figure 3.6 Quantitative DNase I footprint titration experiments for polyamides 15 and 16, respectively,
on the 298 bp, 5°-end-labelled PCR product of plasmid pDHNO9: (A and B) lane 1, intact DNA; lane 2,
G reaction; lane 3, A reaction; lane 4, DNase I standard; lanes 5-15, 100 fM, 300 fM, | pM, 3 pM, 10
pM, 30 pM, 100 pM, 300 pM, 1 nM, 3 nM, 10 nM polyamide, respectively. Each footprinting gel is
accompanied by the following: (left, top) chemical structure of the residue of interest; and (left bottom)
binding isotherm for the four designed sites. Opom values were obtained according to published
methods. [16] A binding model for the hairpin motif is shown centered at the top as a dot model with
the polyamide bound to its target DNA sequence. Imidazoles and pyrroles are shown as filled and non-
filled circles, respectively; beta alanine is shown as a diamond; and Tn is indicated by a circle
containing a Tn.

Table 1. Thiophene Hairpins: K, M7 T))
Polyamide AsT TeA GeC CeG

2o B8OQ)  31ENKIC 4TE04X10T 2206 10° 2509 10
o DB BOGOAXI 2702 10" <10° <10°
2o SBOY 9010 sdmoexi0t <10 <10°

* values reported are the mean values from at least three DNasc-I-footprint titration experiments, with the
standard deviation given in parentheses. P Assays were performed at 22 °C in a buffer of 10 mM Tris HCL 10
mM KCl, 10 mM MgClL,. and 5 mM CaCl, at pH 7.0.
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Figure 3.7 Quantitative DNase I footprint titration experiments for polyamides 6 and 7, respectively,
on the 298 bp, 5’-end-labelled PCR product of plasmid pDEH10: (A and B) lane 1, intact DNA; lane 2,
G reaction; lane 3, DNase I standard; lanes 4-14, 100 fM, 300 M, 1 pM, 3 pM, 10 pM, 30 pM, 100 pM,
300 pM, 1 nM, 3 oM, 10 nM polyamide, respectively. Each footprinting gel is accompanied by the
following: (left, top) chemical structure of the residue of interest; and (left bottom) binding isotherm for
the four designed sites. 6.,y values were obtained according to published methods. [16] A binding
model for the hairpin motif is shown centered at the top as a dot model with the polyamide bound to its
target DNA sequence. Imidazoles and pyrroles are shown as filled and non-filled circles, respectively;
beta alanine is shown as a diamond; and Tn is indicated by a circle containing a Tn.

Table 2. Hairpins Containing Multiple Thiophene Rings: K, [M7'T)")

Polyamide 5-aGTACt-3' 5'-aGAACt-3' 5'-aGATCt-3'
+)<>8883) 3.5(x0.7)x 10" 4.7(£0.7x 10° 74(x 1.5)x 10°
GO0 : X s

D ORRE®) 1.0(£0.5) 10 1.0(£0.3)x 10 1.0(£0.4% 10
0.0, 0 8 +0.6 # +0.7 ¥
202900, 3.3(£0.9)x 10 4.7(x0.6)x 10 4.5(x0.7x 10

® Values reported are the mean values i‘ruix'n at least three DNase-1-footprint tilration experiments, with the
standard deviation given in parentheses. 'Assays were performed at 22 °C in a buffer of 10 mM Tris HCL, 10
mM KC1, 10 mM MgCl,, and 5 mM CaCl, at pH 7.0,
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Py-Py-y-Im-Tn-Py-Py-B-Dp (15) and Im-Py-Tn-Py-y-Im-Py-Tn-Py-B-Dp (16) bound
their match sites with greatly reduced affinities (K, = 1.0 x 10 M! and K,=45x 108 M
! respectively) and exhibited non-specific binding at concentrations above 10nM (Figure

3.7, Table 2).

3.4 Discussion.

The search for a ring pair system that can successfully discriminate between the
TeA and AT base pairs has garnered much attention. After several extensive studies, we
found that our best lead within the 5-member ring heterocycle family for sequence
specificity lay in the modest 3-fold preference of the 3-methylthiophene ring for T over
A. While attempts to selectively target multiple T*A base pairs with Hp were
unsuccessful, we hoped that the Tn ring system would not suffer from the same
reductions in affinity and specificity. 3-Hydroxypyrrole uses an exocyclic hydroxyl
group as a means of shape-selective discrimination and although the 3-OH group can be
tolerated by the relatively flexible TeA base pair, its size is slightly larger than optimal
and may contribute to the reductions in affinity through clashes with the floor of the
minor groove. In addition to steric issues, Hp containing hairpins may suffer an
energetic penalty which stems from the hydration of 3-OH group.'” In binding the minor
groove of DNA, the polyamide is sequestered from the aqueous solvent and the
differential hydration of the bound and unbound hairpins may contribute to the lowered
affinities. 3-Methylthiophene, however, presents an endocyclic sulfur atom to the minor

groove and solvation issues could be different.
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We first examined whether the Tn ring’s specificity for TeA would be conserved
if the recognition element was moved from the top strand of the hairpin to the lower
strand. Im-Im-Py-Py-y-Im-Tn-Py-Py-B-Dp (16) was found to bind its match site 5'-
atGGACa-3' with a moderate affinity and specificity of ~2 fold over its mismatch site.
The reduction in affinity and specificity compared to the parent compound was
anticipated from earlier studies. In translocating the Tn ring to the bottom strand, the
match site for the hairpin was changed from 5-atGGTCa-3' to 5-atGGACa-3'. It has
been shown that certain DNA sequences, such as 5'-GGA-3' have lower affinities for
hairpin polyamides presumably due to altered B-form structure or lower intrinsic

flexibility.

Fig. 3.8 Ab initio models illustrate the differences in steric crowding that occur at the polyamide
surface which is presented to the minor groove. In each model the atom which is varied is highlighted
in a different color. A). Hairpin containing two, staggered Tn rings (sulfur in yellow). B). Hairpin
containing two, staggered Hp rings (hydroxyl in red). C). Hairpin containing two, staggered Py rings
(hydrogen in blue).
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Incorporation of two Tn rings in polyamides 6 and 7 led to a substantial reduction
in affinity, an abolition of specificity at polyamide concentrations above 10nM. It may
be that the minor groove is unable to accommodate two large sulfur atoms without
disrupting the subtle steric interactions that confer the T selectivity of the Tn ring. Ab
initio molecular modeling calculations using Spartan Essential software illustrate that
there are significant steric differences between the Py, Hp, and Tn rings (Figure 3.8).'8
Binding affinities are consistent with the modeling trends as the Tn polyamide exhibits

both the highest degree of steric crowding and the poorest binding affinity.

3.5 Conclusions.

Our search for novel recognition elements has again demonstrated that there is
little room for deviation from the parent 5S-membered ring N-methylpyrrole-carboxamide
scaffold.'” Although the Tn/Py pair can be used to selectively target a single T*A base
pair, hairpin polyamides containing multiple Tn/Py pairs residues cannot be used to
selectively target more than one T*A base pair. It should be noted that efforts to expand
beyond  N-methylpyrrole-carboxamide  analogs to  6-5  fused  bicycles
(benzimidazole/hydroxybenzimidazole pairs) have shown promising levels of affinities

and specificity for DNA."”
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3.6 Experimental.

Methyl 5- [(tert-butoxy)carbonylamino]-3-methylthiophene-2-carboxylate (Boc-Tn-
OMe, 10). A mixture of 9 (0.5 g, 2.40 mmol), (Boc),O (1.58 g, 7.22 mmol), DIEA (622
mg, 839 ul, 4.81 mmol), DMAP (58 mg, 0.48 mmol) and DMF (5 mL) was stirred at 50
°C for 12 h. The solvent was removed in vacuo and the resulting brown residue subject
to column chromatography (5:2 Hex/EtOAc). Rotoevaporation of the appropriate
fractions provided a pale yellow thin film, which when treated with hexanes and dried in
vacuo gave 10 as an off white solid (346 mg, 53% Yield). TLC (5:2 Hex/EtOAc) Ry 0.6;
'H NMR (DMSO-d;) 10.89 (s, 1H), 6.39 (s, 1H), 3.70 (s, 3H), 2.35 (s, 3H), 1.46 (s, 9H);
BC (DMSO-ds) 163.4, 152.8, 146.7, 145.5, 114.9, 114.7, 81.6, 52.0, 28.7, 16.6; EI-MS

m/e 271.088 (M calcd for 271.088 C1,H7NO4S).

5-  [(tert-butoxy)carbonylamino]-3-methylthiophene-2-carboxylate (Boc-Tn-OH, 11).
A mixture of 10 (300 mg, 1.1 mmol), MeOH (1 mL) and 1N NaOH (2 mL) was stirred at
60 °C for 4 h. The MeOH was removed in vacuo and the aqueous solution carefully
adjusted to pH 2 with IN HCI upon which time a milky suspension formed. The mixture
was extracted with EtOAc (2 x 25 mL), dried over sodium sulfate. Removal of the
organics in vacuo provided 11 as a tan powder (246 mg, 87% Yield). TLC (3:2
Hex/EtOAc, 10% AcOH) Ry 0.6; 'H NMR (DMSO-ds) 10.80 (s, 1H), 6.36 (s, 1H), 2.33
(s, 3H), 1.45 (s, 9H); °C (DMSO-ds) 164.6, 152.7, 146.0, 144.6, 114.7, 81.4, 28.7, 16.5;

EI-MS m/e 257.072 (M calcd for 257.072 Cy1H;5sNO4S).
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Methyl  3-methyl-5- [(I-methyl-4-nitropyrrol-2-yl)carbonylamino [thiophene-2-
carboxylate (NO,-Py-Tn-OMe, 12). A mixture of 9 (1 g, 4.8 mmol), NO,-Py-COCCl;
(1.96 g, 7.21 mmol), DIEA (652 mg, 880 uL, 5.05 mmol), and DMAP (60 mg, 0.48
mmol) was stirred in EtOAc (15 mL) at 40 °C overnight. The mixture was allowed to
cool to room temperature and sufficient hexanes were added to completely precipitate a
pale white solid. The precipitate was filtered, washed with cold EtOAc, and dried under
vacuum to provide 12 (1.44 g, 93% Yield). TLC (5:2 Hex/EtOAc) Ry 0.55; 'H NMR
(DMSO-dy) 11.73 (s, 1H), 8.27 (d, J = 1.8 Hz, 1H), 7.73 (d, J = 1.8 Hz, 1H), 3.95 (s, 3H),
3.73 (s, 3H), 2.42 (s, 3H); ’C (DMSO-ds) 163.5, 157.6, 144.8, 144.2, 134.6, 130.0,
125.0, 117.0, 116.5, 110.0, 52.1, 38.4, 16.3; EI-MS m/e 323.058 (M" calcd for 323.058

Ci3H13N305S5).

Methyl 5-({4- [(tert-butoxy)carbonylamino]-1-methylpyrrol-2-yljcarbonylamino)-3-
methylthiophene-2-carboxylate (Boc-Py-Tn-OMe, 13). A mixture of 12 (500 mg, 1.54
mmol), DIEA (400 mg, 536 pL, 3.08 mmol), Pd/C (50 mg) and DMF (6 mL) was placed
in a parr apparatus and hydrogenated (500 psi) for 1.5 h at ambient temperature. The
mixture was removed from the parr apparatus and (Boc),O (500 mg, 2.28 mmol) was
added. The mixture was then stirred for 8 h at 50 °C. The solvent was removed in vacuo,
followed by column chromatography of the brown residue (5:2 Hex/EtOAc) to provide
13 as a pale yellow film (205 mg, 34% Yield). TLC (5:2 Hex/EtOAc) Ry 0.37; '"H NMR
(DMSO-ds) 11.36 (s, 1H), 9.20 (s, 1H), 7.05 (s, 1H), 7.00 (s, 1H), 6.70 (s, 1H), 3.81 (s,

3H), 3.71 (s, 3H), 2.40 (s, 3H), 1.43 (s, 9H); C (DMSO-ds) 162.9, 157.8, 152.6, 144.5,
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143.9, 122.8, 120.6, 118.9, 115.3, 114.8, 105.0, 59.7, 31.0, 22.1, 20.7, 14.1; EI-MS m/e

393.136 (M" calcd for 393.136 C;3H,3N305S).

5-({4- [(tert-butoxy)carbonylamino]-1-methylpyrrol-2-yl}carbonylamino)-3-
methylthiophene-2-carboxylic acid (Boc-Py-Tn-OH, 14). A mixture of 13 (200 mg, 0.51
mmol), MeOH (1 mL) and 1N NaOH (2 mL) was stirred at 60 °C for 4 h. The MeOH
was removed in vacuo and the aqueous solution carefully adjusted to pH 2 with 1IN HCI
upon which time a milky white precipitate formed. The mixture was extracted with
EtOAc (2 x 25 mL), dried over sodium sulfate. Removal of the organics in vacuo
provided 14 as a tan solid (160 mg, 83% Yield). TLC (3:2 Hex/EtOAc, 10% AcOH) Ry
0.6; "H NMR (DMSO-ds) 11.28 (s, 1H), 9.20 (s, 1H), 7.04 (s, 1H), 6.99 (s, 1H), 6.68 (s,
1H), 3.81 (s, 3H), 2.38 (s, 3H), 1.43 (s, 9H); °C (DMSO-ds) 164.1, 157.7, 152.6, 143.9,
143.1, 122.8, 120.7, 118.8, 116.5, 1154, 105.0, 78.4, 36.3, 28.2, 15.8; EI-MS m/e

379.120 (M" calcd for 379.120 Cy7H21N30sS).

Hairpin Polyamide Synthesis. — Polyamides were synthesized from Boc-[-alanine-Pam
resin (50 mg, 0.59 mmol/g) and purified by preparatory HPLC according to published

manual solid phase protocolslo.

Im-Tn-Py-Py-y-Im-Tn-Py-Py-[5-Dp: (Boc-Im-Tn-OH) (34 mg, 89 umol) was
incorporated by activation with HBTU (32 mg, 84 umol), DIEA (23 mg, 31 uL, 177
umol), and DMF (300 uL). The mixture was allowed to stand for 15 min at room

temperature and then added to the reaction vessel containing HoN-Py-Py-f3-Pam resin.
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Coupling was allowed to proceed for 24 h at 40 °C, followed by capping with acetic
anhydride 20% in DMF. After Boc-deprotection, Boc-y-OH (18 mg, 89 umol) was
activated using HBTU (32 mg, 84 pumol), DIEA (23 mg, 31 pL, 177 pmol), and DMF
(300 puL). The mixture was allowed to stand for 15 min at room temperature and then
added to the reaction vessel containing HyN-Im-Tn-Py-Py-f-Pam resin. Coupling was
allowed to proceed for 2 h at 40 °C, followed by capping with acetic anhydride 20% in
DMF. After Boc-deprotection, the next two Py residues were incorporated as previously
described. [Ref] Boc-Tn-OH (23 mg, 89 pumol) was incorporated by activation with
HBTU (32 mg, 84 umol), DIEA (23 mg, 31 pL, 177 pumol), and DMF (300 pL). The
mixture was allowed to stand for 15 min at room temperature and then added to the
reaction vessel containing H,N-Py-Py-y-Im-Tn-Py-Py-B-Pam resin. Coupling was
allowed to proceed for 24 h at 40 °C followed by capping as described above. Boc-
deprotection of the Boc-Tn-Py-Py-y-Im-Tn-Py-Py--Pam resin was accomplished by
shaking the resin in a 80% TFA in DCM mixture for 25 min at room temperature. The
terminal Im residue was installed using Im-COCCl;. Im-COCCIl; (134 mg, 590 pmol),
DIEA (23 mg, 31 pL, 177 pmol), and DMF (1 mL) were added to the HoON-Tn-Py-Py-y-
Im-Tn-Py-Py-B-Pam resin and coupling was allowed to proceed for 48 h at 40 °C. The
resin was then washed with DCM. Dp (1 mL) was added to the resin and the mixture
was allowed to stand at 80 °C with occasional agitation for 2 h. The resin was then
filtered and the solution diluted to 8 mL using 0.1% TFA. The sample was purified by
reversed phase HPLC to provide Im-Tn-Py-Py-y-Im-Tn-Py-Py-B-Dp (10) (1.5 mg, 4.0%
recovery) as a fine white powder under lyophilization of the appropriate fractions.

MALDI-TOF-MS (monoisotopic), 1256.47 (M+H calcd for 1256.50 CsgH7oN19010S).
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Im-Py-Tn-Py-y-Im-Py-Tn-Py-[-Dp: (Boc-Py-Tn-OH) (34 mg, 89 pmol) was
incorporated by activation with HBTU (32 mg, 84 umol), DIEA (23 mg, 31 pL, 177
pumol), and DMF (300 pL). The mixture was allowed to stand for 15 min at room
temperature and then added to the reaction vessel containing H,N-Py-B-Pam resin.
Coupling was allowed to proceed for 24 h at 40 °C, followed by capping with acetic
anhydride 20% in DMF. After Boc-deprotection, Boc-y-Im-OH (29 mg, 89 umol) was
activated using HBTU (32 mg, 84 pmol), DIEA (23 mg, 31 pL, 177 umol), and DMF
(300 pL). The mixture was allowed to stand for 15 min at room temperature and then
added to the reaction vessel containing HyN-Im-Py-Tn-Py-B3-Pam resin. Coupling was
allowed to proceed for 4 h at room temperature, followed by capping. After Boc-
deprotection, the Py residue was incorporated as previously described (Ref). The next
Boc-Py-Tn-OH dimer was incorporated as described above. After Boc-deprotection, the
final Im residue was added using Im-COCCls. Im-COCCl3 (134 mg, 590 umol), DIEA
(23 mg, 31 ul, 177 pmol), and DMF (1 mL) were added to the H,N-Py-Tn-Py-y-Im-Py-
Tn-Py-B-Pam resin and coupling was allowed to proceed for 2 h at 40 °C. The resin was
then washed with DCM. Dp (1 mL) was added to the resin and the mixture was allowed
to stand at 80 °C with occasional agitation for 2 h. The resin was then filtered and the
solution diluted to 8 mL using 0.1% TFA. The sample was purified by reversed phase
HPLC to provide Im-Py-Tn-Py-y-Im-Py-Tn-Py-B-Dp (11) (1.9 mg, 5.1% recovery) as a
fine white powder under lyophilization of the appropriate fractions. MALDI-TOF-MS

(monoisotopic), 1256.50 (M+H calcd for 1256.50 CsgH70N19010S).
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Chapter 4

Shape Selective Recognition of T-A Base Pairs by Hairpin
Polyamides Containing N-Terminal 3-Methoxy (and 3-Chloro)
Thiophene Residues

The text of this chapter was taken in part from a manuscript coauthored with Shane
Foister, Michael A. Marques and Professor Peter B. Dervan (Caltech)

(Marques, M. A.; Urbach, A. R.; Doss, R. M. and Dervan, P. B. “Shape Selective
Recognition of T-A Base Pairs by Hairpin Polyamides Containing N-Terminal 3-Methoxy
(and 3-Chloro) Thiophene Residues” Bioorg. Med. Chem., 2003, 11, 4333-4340.)
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Abstract.

Hairpin polyamides selectively recognize predetermined DNA sequences with
affinities comparable to naturally occurring proteins. Internal side-by-side pairs of
unsymmetrical aromatic rings within the minor groove of DNA distinguish each of the
four Watson-Crick base pairs. In contrast, N-terminal ring pairs exhibit less specificity,
with the exception of Im/Py targeting GeC base pairs. In an effort to explore the
sequence specificity of new ring pairs, a series of hairpin polyamides containing 3-
substituted-thiophene-2-carboxamide residues at the N-terminus was synthesized. An N-
terminal 3-methoxy (or 3-chloro) thiophene residue paired opposite Py displayed 6- (and
3-) fold selectivity for TeA relative to AT base pair, while disfavoring G,C base pairs by
> 200-fold. Our data suggests shape selective recognition with projection of the 3-

thiophene substituent (methoxy or chloro) to the floor of the minor groove.
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4.1 Introduction

Polyamides composed of N-methylpyrrole (Py), N-methylimidazole (Im), and N-
methylhydroxypyrrole (Hp) amino acids are crescent-shaped ligands that bind sequence
specifically in the minor groove of DNA and have the potential to modulate gene
expression by chemical methods. The specificity of DNA recognition arises from
interactions between the edges of the Watson-Crick base pairs and antiparallel aromatic
amino acid ring pairs oriented N—C with respect to the 5’3" direction of the DNA
helix.'”? Covalent head-to-tail linkage of two polyamide strands by y-aminobutyric acid
constitutes the hairpin motif, in which opposing residues from each strand are locked into
cofacial pairs.* > Im/Py distinguishes GeC from C+G and both of these from TeA / AT
base pairs while a Py/Py pair binds both T*A and AT in preference to G*C / C*G. The
exocyclic amino group of guanine imparts GeC specificity to Im/Py pairs through
formation of a specific hydrogen bond with N3 of Im. Binding of Py/Py is disfavored at
G,C base pairs by destabilizing steric interactions between the C3-H of Py and the
guanine amino group.®” The replacement of C3-H of one Py with hydroxyl creates the
Hp/Py pair which exploits the steric fit and hydrogen bond acceptor potential of thymine-
02 as well as the destabilizing steric interaction with the bulkier adenine ring to gain
specificity for TeA*

The above pairing rules have been used to design hundreds of synthetic ligands
that bind predetermined DNA sequences. However, many sequences remain difficult to
target, likely due to sequence dependent microstructure variations in minor groove width
or curvature. Furthermore, the specificity of cofacial aromatic amino acid pairings

depend on their context (position) within a given hairpin polyamide. For example, Im/Py
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pairings show comparable specificity for GeC at both rerminal and internal positions.
Conversely, Hp/Py pairings do not specify TeA at the N-terminus of hairpin
polyamides.10 The context dependence of Hp is presumably a result of the
conformational freedom inherent to an N-terminal aromatic residue. The absence of a
second “groove-anchoring” carboxamide allows terminal rings to bind DNA in either of
two conformations. For a terminal Hp residue, a rotamer with the hydroxyl recognition
clement oriented away from the floor of the minor groove could be stabilized by
intramolecular hydrogen bonding between the C3-OH and the carbonyl oxygen of the 2-
carboxamide. For terminal 2-hydroxybenzamide residues, some measure of TeA
selectivity was recovered by creating steric bulk at the 6-position to force the hydroxyl
recognition element into the groove.'® However, N-terminal pairings capable of binding
TeA, with affinity and specificity comparable to those of Im/Py for G+C, remain to be
devised.

The fidelity of minor groove recognition by N-terminal Im/Py pairings in hairpin
polyamides can be rationalized by a combination of both stabilizing and destabilizing
forces which favors the rotamer with N3 in the groove and N-methyl out. Rotation of a
terminal Im residue in the opposite conformer, orienting N3 away from the minor groove,
would create unfavorable lone pair interactions with the proximal carboxamide oxygen,
disrupt a favorable hydrogen bond with the exocyclic amine of G, and project an N-
methyl group to the DNA floor which is presumably sterically unfavorable. We address
in this paper whether T recognition element could be designed using the asymmetric cleft

of a TeA base pair as the basis for shape selective discrimination. Recent work from our
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group has indicated that the polarizable sulfur atom of thiophene heterocycles might

: 11
serve this purpose.

Figure 4.1 Proposed binding models for hairpin polyamides with 5’-TXTACA-3" site. A circle
enclosing two dots represents lone pairs of N3 of purines and O2 of pyrimidines. A circle containing an
H represents the exocyclic amine of guanine. Putative hydrogen bonds are indicated by dashed lines.
(a) N-terminal residue drawn in “sulfur down” syn conformation. (b) N-terminal residue drawn in
“sulfur up” anti conformation.
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Our experimental design anticipated that substitution of the 3-position of a
thiophene-2-carboxamide scaffold could be used to favor an anti (“sulfur down™)
conformation at the N-terminus by disfavoring contact of the 3-substituent with the floor
of the minor groove (Figure 4.1). It was envisioned that the electronic properties of the
3-substituent might be used to tune the polarization of the sulfur atom, allowing a more
complementary fit with thymine in the minor groove. We attempt here to expand the
repertoire of DNA sequences that can be targeted using hairpin polyamides by
investigating the DNA recognition properties of a series of N-terminal residues consisting
of 3-substituted-thiophene-2-carboxamide heterocycles. Quantitative DNAse [
footprinting was used to determine the affinity of eight novel N-terminal 3-substituted
thiophene rings residues, paired opposite Py, for each of the four Watson-Crick base pairs
(Figure 4.2). Ab initio computational modeling was used to guide interpretation of the
experimental results.

pCW15
EcoRf Pvuli

5-CAT[X]TACATA-3

+

3-GTA|Y[ATGTAT-%

o}
® = S R=H 1 NHAC 4 F 7
W ’ CH3 2 OH 5 Cl 8
R NH, 3 OCH, 6
| O | o]
N7)L§ N
W L)
9 10

Figure 4.2 (top) pCW15 plasmid design. (bottom) Ball and stick model of hairpin polyamides varying
the N-terminal residue. Shaded and non-shaded circles represent imidazole and pyrrole residues,
respectively. A circle containing an S denotes an N-terminal thiophene (R = 1-8) residue.
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4.2 Results
Monomer synthesis (Figure 4.3)

Methyl 3-aminothiophene-2-carboxylate was Boc-protected and the resulting
ester was saponified to yield 3-[(rert-butoxy)carbonylamino]-2-thiophenecarboxylic acid
(11). Methyl 3-hydroxythiophene-2-carboxylate (12) was prepared by cyclization of
methylthioglycolate and methyl-2-chloroacrylate in methanolic sodium methoxide. "
Alkylation of (12) with iodomethane and subsequent hydrolysis of the methyl ester gave
3-methoxy-2-thiophenecarboxylic acid (13). 3-Fluorothiophene-2-carboxylic acid (14)
was synthesized as described previously.”” The remaining 3-substituted-thiophene-2-

carboxylic acids were obtained from commercial sources.

a)
o o
Cz)‘o/ i MOH
NH; "

NHBoc

b)

O 0
S o~ iii, v S OH
s ——
\_7 \_/
-~
12 oH 13 ©

14
Figure 4.3 (a) Synthesis of 3-[(tert-butoxy)carbonylamino]-2-thiophenecarboxylic acid (11). (i) EtN,
Boc,0, DMAP, acetone; (i) 50% NaOH, MeOH. (b) Synthesis of 3-methoxy-2-thiophenecarboxylic
acid (13). (iii) K,COs;, CH;l, acetone, acetonitrile, Reflux; (iv) 50% NaOH, MeOH. (c) Synthesis of
3-Fluoro-2-thiophenecarboxylic acid (14). (v) nBuLi (2.2 equ.), THF, -78 °C, 0.5 h.; (vi) (PhSO,),NF,
THF, -78 °C — RT.
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Figure 4.4. Synthesis of hairpin polyamides. (i) Synthesis of polyamide resin by standard solid phase
techniques;14 (i) TFA, CH,Cl,; (iii) 3-R-thiophene-2-CO,H, HBTU, DMF, DIEA; (iv) TFA, CH,CL;
(v) Ac,0, DMF, DIEA; (vi) Dp, 40 °C; (vii) PhSH, NaH, DMF, 100 °C.
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Polyamide synthesis (Figure 4.4)

Polyamide resin (R1) was prepared using manual solid phase synthetic techniques
described previously.14 Treatment of this resin with trifluoroacetic acid (80% TFA in
CH,Cl,) yielded a support-bound amine that was subsequently acylated with the
appropriate, HBTU-activated, thiophene-2-carboxylic acids. Acylation of (R1) by (11)
and removal of the Boc protecting group with TFA yielded resin (R3) which was cleaved
with dimethylaminopropylamine (Dp) to give polyamide (3). Treatment of (R3) with
acetic anhydride prior to cleavage with Dp gave polyamide (4). The remaining
polyamides (1, 2, 6-8) were cleaved from resin with Dp immediately following acylation
of the carboxylic acid. Treatment of (6) with sodium thiophenoxide in DMF gave (§).
Crude products were purified by reversed-phase HPLC and characterized by MALDI-

TOF mass spectrometry.

DNA binding energetics

Quantitative DNase I footprinting titration experiments (10 mM Tris-HCI, 10 mM
KCl, 10 mM MgCl,, 5 mM CaCl,, pH 7.0, 22 °C) were performed on 5’-32pP end-labeled,
285 bp PCR product from plasmid pCW15.!° This plasmid contains four binding sites
that vary at a single N-terminal position, 5’>-A TN T A C A-3’, where N =T, A, G, C.
The DNA sequence specificity of novel thiophene-2-carboxamides was evaluated by
comparing their affinities for each Watson-Crick base pair to those of N-methylimidazole
(Im) and N-methylpyrrole (Py) (Figure 4.5 and Table 1). The divergent behavior of
control polyamides 9 and 10 illustrate the need for development of new N-terminal

residues. A terminal Im/Py pairing 9 binds it match sequence, 5’-AT G T A C A-3’,
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Figure 4.5 Quantitative DNase 1 footprint titration experiments for polyamides 1, 2, 6, and 8 on
pCW15 PCR product. Lane 1, intact DNA; lane 2, A reaction; lane 3, DNase I standard; lanes 4-14, 1
pM, 3 pM, 10 pM, 30 pM, 100 pM, 300 pM, | nM, 3 nM, 10 nM, 30 nM, 100 nM polyamide,
respectively. The chemical structure of each N-terminal residue is included at the top of the gel and the
four binding sites are labeled.
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Table 1. Equilibrium Association Constants (M™)?

Polyamide Ring Pairing R T-A AT G-C C-G
1 Tp(1)/ Py H 6.0 (0.7) x 109 4.7 (0.7)x 10° 43(04)x10%  22(0.3)x 10°
2 Tp(2)/ Py CH, 2.3(0.4)x 10° 1.4(02)x10°  1.0(04)x10°  1.0(0.3)x 10"
3 Tp(3)/ Py NH, 6.3 (1.0yx10° 45(06)x10°  7809x10°  22(0.3)x10°
4 Tp(4)/ Py NHAc 59 (0.3) x 10° 200.1)x10°  6604)x10®  60(0.2)x10°
5 Tp(5)/ Py OH 62(08)x10°  4508)x10°  2103)x10°  840.1)x10"
6 Tp(6) / Py OCH, 20(0.4)x10°  32(08)x10° < 1.0x 107 < 1.0x107
7 Tp(7)/ Py F 12(02)x10"®  38©03)x10°  37@4x10°  29(03)x10°
8 Tp(8)/ Py ci 13(02)x10"®  3702x10°  3108x10°  21(1.1yx10°
9 Im /Py 38(03)x10°  28@©02x10°  7009x10'° 32(04)x10°
10 i 5.1 (0.6)x 10° 3103x10° 11019x10°  2803)x10°
Py /Py

2 values reported are mean results determined by at least three DNase | footprint titrations. with standard deviation given in parentheses. Assays
were performed at 22 °C in a buffer containing 10 mM Tris-HCI, 10 mM KCI. 10 mM MgCi,. and 5 mM CaCI2 atpH7.0.

with high affinity (K, = 7 x 10'° M") while showing > 15-fold preference for GeC
relative to TeA, AeT, and CeG base pairs. Terminal Py/Py pairings 10, on the other
hand, are characterized by little sequence specificity, binding TeA, AeT, and GeC with
comparable affinity.

Within the thiophene-2-carboxamide series, an unsubstituted thiophene ring Tp 1
paired with Py shows little sequence specificity. Addition of a methyl group at the 3-
position exerts a dramatic effect on sequence specificity; A,T favored over G,C.
Polyamide 2 binds both TeA and AeT with a 140-fold preference for T,A relative to G,C.
Amino 3, acetamido 4, or hydroxyl 5 substituents at the 3-position of thiophene all
distinguish T,A from G,C but again do not distinguish TeA from AeT. Remarkably, a 3-
methoxythiophene 6 paired with Py shows good affinity for TeA (K, =2 x 10° M) with
6-fold selectivity for TeA relative to A*T and > 200-fold specificity relative to G,C.
Fluoro 7 and chloro 8 substituted thiophene paired with Py afford higher binding

affinities for TeA but a lower selectivity (3-fold) for TeA over AeT.
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Molecular modeling (Table 2)

Molecular modeling was performed using the Spartan Essential software
package.” N-terminal residues were first minimized as methyl-2-carboxamides using an
AMI1 model. The resulting geometry was then subjected to ab initio calculation using the
Hartree-Fock model with a 6-31G* polarization basis set. The partial electrostatic
charge of the sulfur atom, ds, and the partial charge of the peripheral atom of the 3-
substituent, 8g, were examined for each novel thiophene residue. The electronic
influences of 3-substituents on the polarization of the sulfur atom follow expected trends,
with partial electronic charge, Js, decreasing as follows: 4>7>1>6>5>8>2>3.
The electronic surfaces presented by the 3-substituents, dg, were also calculated and

found to decrease as follows: 5>3>4>1>6>2>7>8.

Table 2. Physical Properties Determined by Molecular Modeling?®

Polyamide R 8g° 80 (R)° Egyn~ Eanti” A lAf
1 H -0.065 0.124, (CH) 0.262 1.00
2 CH, -0.003 0.036, {CH,) 1.739 1.11
3 NH, -0.117 0.426, (NH,) 10.289 1.07
4 NHAc -0.057 0.320, (NH) 10.308 1.31
5 OH -0.069 0.512, {OH) 7.142 1.04
6 OCH, -0.068 0.063, (OCH,) - 7.298 117
7 F -0.061 0.227, (F) - 5.043 1.03
8 cl -0.076 -0.108, (C1) -13.293 1.09

2 Ab initio calculations were performed with Spartan Essential software package using Hartree-Fock model with 6-31G* polarization
basis set. P Partial electrostatic charges are given in abrbitrary units. © Partial charges given for atoms in bold. 9 Energy differences
are reported in kcal/mol. © Ratio of surface area, A, of 3-substituent to hydrogen.

The relative energy differences between minimized syn and anti conformations
was also examined for each new thiophene ring. Hairpins 1-5 show a preference for the

anti, or “sulfur down,” conformation which may be attributed to lone pair repulsions
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between the sulfur atom and the carbonyl oxygen of the 2-carboxamide moiety. This bias
can be reinforced by favorable hydrogen bonding interactions between 3-substituents and
the carboxamide as in polyamides 3-5. By contrast, polyamides 6-8 display a bias for the
syn, or “sulfur up,” conformation, possibly owing to more severe electronic clashes
between the electron rich 3-substituents and the carboxamide relative to those of the
sulfur atom. Finally, the solvent exposed surface area of each 3-substituted thiophene
was compared to the unsubstituted thiophene ring to assess the steric contribution of the
3-substituent and surface area was found to increase in the following order: 1<7<5<3

<8<2<6<4.

4.3 Discussion

The observed equilibrium association constants for polyamides 1-S support an
anti conformation for the N-terminal thiophene residue. The binding preference of these
compounds for TeA / AeT relative to GeC / CeG might be a result of unfavorable steric
clashes between the sulfur atom and the exocyclic amino group of guanine. The binding
properties of N-terminal, 3-methylthiophene-2-carboxamide residues also correlate well
with values derived from internal contexts, where the sulfur down conformation is
stringently enforced.’ !

It was envisioned that polyamides 6-8 would assume an anti conformation by
sterically disfavoring contact between the bulky 3-substituents and the floor of the minor

groove. Quantitative DNase I footprinting revealed modest selectivity for TeA relative to

AeT and excellent specificity for both of these over GeC / CeG. However, binding

properties of 3-methoxy- and 3-chlorothiophene residues determined at the N-terminus
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do not correlate with those derived from internal positions. Furthermore, molecular
modeling indicated that unfavorable lone pair interactions favor the sulfur up
conformation. Taken together, these results could suggest that the electron rich methoxy
and halogen groups are projected toward the minor groove (Figure 4.6). The greater
size of the methoxy group relative to the halogens might account for the lower affinity of
polyamide 6 relative to 7 and 8. The greater TeA selectivity of 6 could stem from the
more complementary positive electronic surface presented to the thymine carbonyl by the

methoxy protons relative to the negatively polarized halogen atoms.

Figure 4.6 Hypothetical binding model to explain selectivity for T*A over A*T. The thiophene is in
the anti conformation (sulfur away from the groove) and the 3-chloro substituent points to the minor

groove floor.
N-terminal 3-methoxy (or 3-chloro) thiophene-2-carboxamide residues when
paired with Py demonstrate selectivity for T*A versus A*T. This represents an important
step toward expanding the array of DNA sequences that can be targeted by minor groove-

binding polyamides. Confirmation of the novel binding model with chloro (or methoxy)
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responsible for minor groove shape selective recognition, not sulfur, must await structure

studies in solution by NMR.

4.4 Experimental
Materials

Methyl-2-chloroacrylate was obtained from Acros. Benzenethiol, di-fert-butyl
dicarbonate (Boc;O), fluorotrichloromethane (NMR grade), iodomethane, methyl
thioglycolate, 3-methyl-2-thiophenecarboxylic acid, N,N-diisopropylethylamine (DIEA),
N,N-dimethylaminopropylamine (Dp), N,N-dimethylaminopyridine (DMAP), N,N-
dimethylformamide (DMF), N-fluorobenzenesulfonimide, potassium carbonate, sodium
metal, tetrahydrofuran (THF), 2-thiophenecarboxylic acid, and triethylamine (TEA) were
purchased from Aldrich. Methyl 3-amino-2-thiophenecarboxylate and 3-chloro-2-
thiophenecarboxylic acid were obtained from Alfa Aesar. Boc-p-alanine-(4-
carbonylaminomethyl)-benzyl-ester-copoly(styrene-divinylbenzene)resin ~ (Boc-f3-Pam-
resin) and 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU) were purchased from NOVA Biochem. Trifluoroacetic acid (TFA) was
purchased from Halocarbon. N-Butyllithium was obtained as a solution in hexanes from
Strem. All other solvents were reagent grade from EM.

NMR spectra were recorded on a Varian spectrometer at 300 MHz in DMSO-d;
or CDCl; with chemical shifts reported in parts per million relative to residual solvent.
Fluorotrichloromethane was used as an internal standard for '’F NMR. UV spectra were
measured on a Hewlett-Packard Model 8452A diode array spectrophotometer. High-
resolution EI mass spectra were recorded at the Mass Spectrometry Laboratory at the

California Institute of Technology. Matrix-assisted, laser desorption/ionization time of
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flight mass spectrometry (MALDI-TOF-MS) was conducted at the Protein and Peptide

Micronanalytical Facility at the California Institute of Technology.

Monomer synthesis

3-[(tert-butoxy)carbonylamino]-2-thiophenecarboxylic acid (11). A mixture of
methyl 3-amino-2-thiophenecarboxylate (2.53 g, 15.9 mmol), Boc,O (7.64 g, 35 mmol),
and DMAP (2.04 g, 16.7 mmol) was dissolved in acetone (15 mL) and TEA (5 mL). The
reaction mixture was stirred vigorously for 4 hours and diluted to a volume of 75 mL
with dichloromethane. The resulting solution was washed with cold IN HCl (3 x 50
mL), IN NaOH (3 x 50 mL), and brine (50 mL). The dichloromethane solution was then
dried over MgSOy, filtered, and concentrated in vacuo to yield a yellow oil. The crude
product was loaded onto a short plug of silica and eluted with 9:1 hexanes/ethyl acetate to
yield a pale yellow solid (1.2 g) that was used without further purification. The solid was
dissolved in methanol (76 mL) and 50% NaOH (4 mL) and the mixture was stirred for 4
hours. The reaction was diluted to a volume of 160 mL with water and concentrated
briefly in vacuo. The remaining aqueous solution was washed with diethyl ether (2 x 80
mL), cooled in an ice bath, and cautiously acidified to pH 2 with sulfuric acid. The
suspension was washed with ethyl acetate (3 x 50 mL) and the combined organic washes
were dried over MgSOy, filtered, and concentrated in vacuo to yield (11) as a white solid
(0.79 g) in 69% yield over two steps. 'H NMR (ds-DMSO) & 9.43 (s, 1H), 7.80 (d, J =
5.4 Hz, 1H), 7.72 (d, J = 5.4 Hz, 1H), 1.46 (s, 9H) ; °C NMR (75 MHz, ds-DMSO)
5 165.8, 151.8, 144.9, 133.1, 121.2, 109.9, 81.5, 28.6 ; EI-MS m/e 243.0563 (M"

calculated 243.0565 for C1gH13:NO4S).
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Methyl 3-hydroxy-2-thiophenecarboxylate (12). To dry methanol (81 mL), under
nitrogen, was added sodium metal (3.68 g, 304 mmol). After H, evolution has ceased,
the solution was cooled to 0 °C and methyl thioglycolate (10 g, 179 mmol) was added
dropwise. A solution of methyl-2-chloroacrylate (10.88 g, 179 mmol) in methanol (21
mL) was then added slowly, resulting in the formation of yellow precipitate. The
solution was allowed to warm to ambient temperature and stirred for 2 hours. The
solvent was removed in vacuo to give a dark yellow solid that was acidified to pH 2 with
4N HCl. The resulting aqueous solution was extracted with dichloromethane (3 x 150
mL) and the combined organic solutions were washed with water (3 x 150 mL), dried
over MgSQy, filtered, and concentrated to give a dark oil. The oil was subjected to
column chromatography on silica gel (20:1 hexanes/ethyl acetate) to give (12) (18.4 g) as
a crystalline solid in 64% yield. TLC (20:1 hexanes/ethyl acetate) Ry 0.47; 'H NMR
(CDCl;) & 9.58 (s, 1H), 7.59 (d, J = 5.7 Hz, 1H), 6.75 (d, J = 4.8 Hz, 1H), 3.90 (s, 3H);
BC NMR (75 MHz, CDCl;) & 166.8, 164.7, 131.7, 119.4, 52.2; EI-MS m/e 158.0039
(M+ calculated 158.0038 for CcHgO3S).

3-Methoxy-2-thiophenecarboxylic acid (13). A mixture of (12) (2.3 g, 14.5
mmol), K,CO;3 (5.02 g, 36.3 mmol), and iodomethane (10.4 g, 73 mmol) was suspended
in acetone (25 mL) and acetonitrile (5 mL). The resulting mixture was stirred vigorously
at reflux for 3 hours. The reaction was filtered and the resulting solid was washed with
acetone and dichloromethane. The reaction and washes were combined and concentrated
in vacuo to yield a yellow solid (1.9 g) that was used without further purification. The
yellow solid was dissolved in methanol (17 mL) and 50% NaOH (3 mL) and was stirred

for 3 hours. The reaction was diluted to 40 mL with water and concentrated briefly in
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vacuo to yield a suspension. The aqueous suspension was washed with diethyl ether (2 x
25 mL), cooled to O °C, and acidifiedv to pH 2 with 10% sulfuric acid. The aqueous
mixture was then washed with dichloromethane (3x 50 mL) and the combined organic
washes were dried over sodium sulfate, filtered, and concentrated in vacuo to give a
yellow oil. The oil was suspended in 3:1 petroleum ether/dichloromethane at —20 °C
overnight. Filtration gave (13) as a finely divided white solid (0.736 g) in 33% yield over
two steps. TLC (4:1 ethyl acetate/hexanes) Ry 0.5; "H NMR (DMSO-ds) & 12.4 (s, 1H),
7.74 (d, J = 5.7 Hz, 1H), 7.06 (d, J = 5.4 Hz, 1H), 3.85 (s, 3H); °C NMR (75 MHz,
DMSO-dg) 6 163.0, 161.9, 131.9, 118.0, 109.9, 59.4; EI-MS m/e 158.0034 (M+
calculated 158.0038 for C¢HgO3S).

3-Fluoro-2-thiophenecarboxylic acid (14). 2-Thiophenecarboxylic acid (1.7 g,
13.3 mmol) was dissolved in anhydrous THF (30 mL) and the solution was cooled to —78
°C under Ar, with stirring. r-Butyllithium (18.3 mL, 29.3 mmol) in hexanes was added
to the above solution and the mixture was stirred for 30 minutes. A solution of N-
fluorobenzenesulfonimide (5 g, 15.9 mmol) in THF (30 mL) was then added and the
resulting solution was stirred at —78 °C for 4 hours and allowed to warm to ambient
temperature over a period of 6 hours. The reaction was diluted with diethyl ether (100
mL), cooled to 0 °C, and 1IN HCI (15 mL) was added to give a biphasic mixture. The
aqueous layer was isolated and washed with diethyl ether (3 x 50 mL). The combined
ethereal layers were dried over MgSOsu, filtered, and concentrated in vacuo to yield an
orange oil. The oil was subjected to column chromatography on silica gel using 1:1
hexanes/ethyl acetate as the eluent. (14) was obtained as a slightly brown solid (0.777 g)

in 40% yield. TLC (1:1 ethyl acetate/hexanes) Ry 0.17; 'H NMR (CDCl3) 6 10.7 (s, 1H),
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7.53 (dd, J = 5.4, 3.6 Hz, 1H), 6.89 (d, J = 5.4 Hz, 1H); °C NMR (75 MHz, CDCls)
$166.2 (d, J = 3.5 Hz), 161.5 (d, J = 278 Hz), 132.0 (d, J = 10 Hz), 118.9 (d, J = 24.7
Hz), 113.6; '’F NMR (282 MHz, CDCls, CFCls) & - 65.2 (d, J = 6 Hz) ; EI-MS m/e

145.9838 (M+ calculated 145.9838 for CsH3FO,S).

Polyamide synthesis

Hairpin polyamides were synthesized from intermediate resin (R1) that was
prepared according to published protocols using Boc-f-alanine-Pam resin (50 mg, 0.59
mmol/g)."* Products were purified by reversed-phase HPLC and characterized by
MALDI-TOF mass spectrometry.

(1). Resin (R1) was treated with 80% TFA in dichloromethane and washed
thoroughly. A solution of 2-thiophenecarboxylic acid (19 mg, 0.148 mmol) and HBTU
(28 mg, 0.079 mmol) in DMF (0.45 mL) and DIEA (0.5 mL) was mixed at 40 °C for 25
minutes and poured onto the deprotected resin. The resin slurry was shaken for 4 hours
at room temperature and filtered. After washing with DMF, the resin was cleaved with
Dp (1 mL) at 40 °C for 4 hours. The crude product was purified by reversed phase HPLC
to afford (1) as a white solid upon lyophilization (3.3 mg, 9% recovery). MALDI-TOF-
MS m/z 1224.23 (1224.53 calcd for M + H).

(2). Resin (R1) was treated with 80% TFA in dichloromethane and washed
thoroughly. A solution of 3-methyl-2-thiophenecarboxylic acid (21 mg, 0.148 mmol) and
HBTU (28 mg, 0.079 mmol) in DMF (0.45 mL) and DIEA (0.5 mL) was mixed at 40 °C
for 25 minutes and poured onto the deprotected resin. The resin slurry was shaken for 4

hours at room temperature and filtered. After washing with DMF, the resin was cleaved
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with Dp (1 mL) at 40 °C for 4 hours. The crude product was purified by reversed phase
HPLC to afford (1) as a white solid upon lyophilization (3.0 mg, 8.2% recovery).
MALDI-TOF-MS m/z 1238.35 (1238.54 calcd for M + H).

(2). Resin (R1) was treated with 80% TFA in dichloromethane and washed
thoroughly. A solution of 3-methyl-2-thiophenecarboxylic acid (21 mg, 0.148 mmol) and
HBTU (28 mg, 0.079 mmol) in DMF (0.45 mL) and DIEA (0.5 mL) was mixed at 40 °C
for 25 minutes and poured onto the deprotected resin. The resin slurry was shaken for 4
hours at room temperature and filtered. After washing with DMF, the resin was cleaved
with Dp (1 mL) at 40 °C for 4 hours. The crude product was purified by reversed phase
HPLC to afford (2) as a white solid upon lyophilization (3.0 mg, 8.2% recovery).
MALDI-TOF-MS m/z 1238.35 (1238.54 calcd for M + H).

(3). Resin (R1) was treated with 80% TFA in dichloromethane and washed
thoroughly. A solution of (11) (36 mg, 0.148 mmol) and HBTU (28 mg, 0.079 mmol) in
DMF (0.45 mL) and DIEA (0.5 mL) was mixed at 40 °C for 25 minutes and poured onto
the deprotected resin. The resin slurry was shaken for 4 hours at room temperature and
filtered. After washing with DMF and dichloromethane, the resin was treated with 80%
TFA in dichloromethane. The resin was filtered and washed before cleavage with Dp (1
mL) at 40 °C for 4 hours. The crude product was purified by reversed phase HPLC to
afford (3) as a slightly yellow solid upon lyophilization (3.4 mg, 9.4% recovery).
MALDI-TOF-MS m/z 1239.46 (1239.54 calcd for M + H).

(4). Resin (R1) was treated with 80% TFA in dichloromethane and washed
thoroughly. A solution of (11) (36 mg, 0.148 mmol) and HBTU (28 mg, 0.079 mmol) in

DMF (0.45 mL) and DIEA (0.5 mL) was mixed at 40 °C for 25 minutes and poured onto
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the deprotected resin. The resin slurry was shaken for 4 hours at room temperature and
filtered. After washing with DMF and dichloromethane, the resin was treated with 80%
TFA in dichloromethane. The resin was filtered, neutralized and shaken in a solution of
acetic anhydride (0.2 mL), DIEA (0.2 mL) and DMF (1.6 mL) for 30 minutes. The resin
was then filtered and washed with DMF before cleavage with Dp (1 mL) at 40 °C for 4
hours. The crude product was purified by reversed phase HPLC to afford (4) as a pale
yellow solid upon lyophilization (4.2 mg, 11.2% recovery). MALDI-TOF-MS m/z
1281.62 (1281.55 caled for M + H).

(5). A solution of sodium hydride (40 mg, 60% oil dispersion) and thiophenol
(0.1 mL) in DMF (0.15 mL) was heated to 100 °C and a solution of (6) (1.3 mg, 1 pmol)
in DMF (0.25 mL) was added. After 2 hours, the reaction mixture was cooled to 0 °C and
20% TFA in water (7 mL) was added. The aqueous solution was washed three times
with diethyl ether (8 mL) and was subjected to preparative, reversed-phase HPLC to
afford (5) as a white solid upon lyophilization (0.6 mg, 50% recovery). MALDI-TOF-
MS m/z 1241.09 (1240.52 calcd for M + H).

(6). Resin (R1) was treated with 80% TFA in dichloromethane and washed
thoroughly. A solution of (13) (23 mg, 0.148 mmol) and HBTU (28 mg, 0.079 mmol) in
DMF (0.45 mL) and DIEA (0.5 mL) was mixed at 40 °C for 25 minutes and poured onto
the deprotected resin. The resin slurry was shaken for 4 hours at room temperature and
filtered. After washing with DMF and dichloromethane, the resin was cleaved with Dp
(1 mL) at 40 °C for 4 hours. The crude product was purified by reversed phase HPLC to
afford (6) as a white solid upon lyophilization (3.3 mg, 8.9% recovery). MALDI-TOF-

MS m/z 1255.96 (1255.39 caled for M + H).
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(7). Resin (R1) was treated with 80% TFA in dichloromethane and washed
thoroughly. A solution of (14) (22 mg, 0.148 mmol) and HBTU (28 mg, 0.079 mmol) in
DMF (0.45 mL) and DIEA (0.5 mL) was mixed at 40 °C for 25 minutes and poured onto
the deprotected resin. The resin slurry was shaken for 4 hours at room temperature and
filtered. After washing with DMF and dichloromethane, the resin was cleaved with Dp
(1 mL) at 40 °C for 4 hours. The crude product was purified by reversed phase HPLC to
afford (7) as a white solid upon lyophilization (2.6 mg, 7.0% recovery). MALDI-TOF-
MS m/z 1242.20 (1242.52 calcd for M + H).

(8). Resin (R1) was treated with 80% TFA in dichloromethane and washed
thoroughly. A solution of 3-chloro-2-thiophenecarboxylic acid (24 mg, 0.148 mmol) and
HBTU (28 mg, 0.079 mmol) in DMF (0.45 mL) and DIEA (0.5 mL) was mixed at 40 °C
for 25 minutes and poured onto the deprotected resin. The resin slurry was shaken for 4
hours at room temperature and filtered. After washing with DMF and dichloromethane,
the resin was cleaved with Dp (1 mL) at 40 °C for 4 hours. The crude product was
purified by reversed phase HPLC to afford (8) as a white solid upon lyophilization (3.8
mg, 10.1% recovery). MALDI-TOF-MS m/z 1258.86 (1258.49 calcd for M + H).

(9). Resin (R1) was treated with 80% TFA in dichloromethane and washed
thoroughly. A solution of 2-trichloroacetyl-1-methylimidazole (34 mg, 0.148 mmol) in
DMF (0.45 mL) and DIEA (0.5 mL) was poured onto the deprotected resin. The resin
slurry was shaken for 4 hours at 40 °C and filtered. After washing with DMF and
dichloromethane, the resin was cleaved with Dp (1 mL) at 40 °C for 4 hours. The crude

product was purified by reversed phase HPLC to afford (9) as a yellow solid upon
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lyophilization (2.5 mg, 6.9% recovery). MALDI-TOF-MS mv/z 1222.03 (1222.58 caled
for M + H).

(10). Resin (R1) was treated with 80% TFA in dichloromethane and washed
thoroughly. A solution of N-methylpyrrole-2-carboxylic acid (19 mg, 0.148 mmol) and
HBTU (28 mg, 0.079 mmol) in DMF (0.45 mL) and DIEA (0.5 mL) was mixed at 40 °C
for 25 minutes and poured onto the deprotected resin. The resin slurry was shaken for 4
hours at room temperature and filtered. After washing with DMF and dichloromethane,
the resin was cleaved with Dp (1 mL) at 40 °C for 4 hours. The crude product was
purified by reversed phase HPLC to afford (10) as a white solid upon lyophilization (2.7

mg, 7.5% recovery). MALDI-TOF-MS m/z 1222.12 (1221.58 calcd for M + H).

DNA reagents and materials

Oligonucleotide primers SF1 (5’-AATTCGAGCTCGGTACCGGGG-3’) and SF2
(5’-CTGGCACGACAGGTTTCCCGA-3’) were synthesized by the Biopolymer
Synthesis Center at the California Institute of Technology. Products from PCR
amplification of the pCW15 using 5'-[y-**P]-labeled SF1 and SF2 were purified on a 7%
non-denaturing polyacrylamide gel. Glycogen (20 mg/mL), dNTPs (PCR nucleotide
mix), and all enzymes, unless otherwise stated, were purchased from Boehringer-
Mannheim. Deoxyadenosine [y-**Pltriphosphate was obtained from ICN. Calf thymus
DNA (sonicated, deproteinized) and DNase I (7500 units/mL, FPLC pure) were from
Amersham Pharmacia. AmpliTaq DNA polymerase was obtained from Perkin-Elmer
and was used with provided buffers. TriseHCl, DTT, RNase-free water, and 0.5 M

EDTA were from United States Biochemical. Calcium chloride, potassium chloride, and
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magnesium chloride were purchased from Fluka. Tris-borate-EDTA was from GIBCO
and bromophenol blue was from Acros. All reagents were used without further

purification.

DNase [ footprinting experiments were performed according to standard

protocols.'®
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Chapter 5

Expanding the Repertoire of Heterocycle Ring Pairs for
Programmable Minor Groove DNA Recognition

The text of this chapter was taken in part from a manuscript coauthored with Michael A.

Marques, Shane Foister and Professor Peter B. Dervan (Caltech).

(Marques, M. A.; Doss, R. M.; Foister, S. F.; and Dervan, P. B. “Expanding the
Repertoire of Heterocycle Ring Pairs for Programmable Minor Groove DNA
Recognition” JACS, 2004, 126, 10339-10349.)
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Abstract.

The discrimination of the four Watson-Crick base pairs by minor groove DNA
binding polyamides have been attributed to the specificity of three five-membered
aromatic amino acid subunits, 1-methyl-1H-imidazole (Im), 1-methyl-1H-pyrrole (Py),
and 3-hydroxy-1H-pyrrole (Hp) paired four different ways. The search for additional
ring pairs that demonstrate DNA sequence specificity has led us to a new class of 6-5
fused bicycle rings as minor groove recognition elements. The affinities and specificities
of the hydroxybenzimidazole/pyrrole (Hz/Py) and hydroxybenzimidazole/benzimidazole
(Hz/Bi) pairs for each of the respective Watson-Crick base pairs within the sequence
context 5’-TGGXCA-3* (X = A, T, G, C) were measured by quantitative DNase-I
footprinting titrations. The Hz/Py and Hz/Bi distinguish T-A from A-T. Hairpin
polyamides containing multiple Hz/Py pairs were examined and shown to mimic the
Hp/Py pair with regard to affinity and specificity. Therefore the Hz/Py pair may be

considered a second generation replacement for the Hp/Py pair.
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5.1 Introduction.

Aberrant gene expression is the cause of many diseases and the ability to
reprogram transcriptional pathways using cell permeable small molecules may one day
have an impact on human medicine.! DNA-binding polyamides, which are based on the
architecture of the natural products netropsin and distamycin A7 are capable of
distinguishing all four Watson-Crick base pairs in the DNA minor groove.”” Sequence
specific recognition of the minor groove of DNA arises from the pairing of two different
antiparallel 5-membered heterocyclic amino acids and the interplay of a variety of direct
and indirect recognition elements.® The direct read out, or information face, on the inside
of the crescent shaped polyamide may be programmed by the incremental change of
atoms on the corners of the ring pairs presented to the DNA minor groove floor.
Stabilizing and destabilizing interactions with the different edges of the four Watson-
Crick bases are modulated by shape complimentarity and specific hydrogen bonds.®” For
example, the imidazole ring Im, which presents a lone pair of electrons to the DNA
minor groove, can accept a hydrogen bond from the exocyclic amine of guanine.6
Additionally, the 3-hydroxypyrrole ring Hp projects an exocyclic OH group toward the
minor groove floor that is sterically accommodated in the cleft of the T-A base pair,
preferring to lie opposite T not A.® From x-ray structural analysis, it appears that Hp

¢ Molecular recognition of

can form two hydrogen bonds with the O(2) of thymine. 6
DNA by polyamides is also affected by a series of critical ligand-DNA interactions that
take place away from the polyamide recognition face. Polyamide geometry with respect
to overall curvature, rise per residue and contacts between the polyamide and the walls of

the minor groove, as well as sequence dependent energetic penalties which arise from

distorting DNA from its low energy unbound conformation, are examples of how
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sequence dependant microstructure and flexibility of DNA may influence indirectly the

affinity and specificity of polyamides.’

Previously, pairings using Im, Py, and Hp have been used to discriminate the
Watson-Crick base pairs such that: Im/Py is specific for G-C and Hp/Py for T-A.* These
pairing rules have proven useful for the recognition of hundreds of DNA sequences by
these programmable oligomers.  However, sequence dependant changes in the
microenvironment of the DNA makes the targeting of certain sequences difficult, leading
us to explore whether other novel heterocyclic recognition elements could be discovered
for use in DNA groove recognition within the pairing paradigm.® Furthermore,
replacement of the Hp ring system, which was a benchmark for the field with regard to
its ability to distinguish T-A from A-T, was a priority due to the subsequent observation
that hairpin oligomers containing Hp degrade over time in the presence of acid or trace
free radicals.” We recently reported that the benzimidazole architecture can be an
effective platform for the development of novel modular recognition elements for the
minor groove of DNA.' The benzimidazole 6-5 bicyclic-ring structure, while having
different curvature from the classic 5-membered heterocyclic carboxamides, presents an
“inside edge” with a similar readout shape to the DNA minor groove floor, effectively

mimicking Py, Im, and Hp heterocycle-carboxamides (Figure 5.1).
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Figure 5.1  Structures of the (a) benzimidazole (Bi), (b) imidazolpyridine (Ip), and (c)
hydroxybenzimidazole (Hz) building blocks in comparison with their respective five-membered ring
dimers. Hydrogen bonding surfaces presented to the DNA-minor-groove floor are bolded.

Here we compare the hydroxybenzimidazole bicycle Hz with respect to the Hp
amino acid at discriminating between the Watson-Crick bases within several different
sequence contexts (Figure 5.2 a,b). Experiments were designed to elucidate the DNA
recognition properties of the Hz/Py pair, and the ability of multiple Hz/Py pairs to
distinguish multiple A-T sequences. We also report that the 6-5/6-5 bicyclic pair Hz/Bi is
effective for minor groove recognition (Figure 5.2¢). For the series of experiments, this
required the synthesis of two new fused ring dimers Bi-Im and Hz-Im which would
mimic the Py-Im and Hp-Im dimers. These were incorporated into the synthesis of
hairpin oligomers 1 — 6 (Figure 5.3). DNasel footprinting titrations were used to
determine DNA binding affinities of hairpins 1 — 6 which will reveal the energetic
preferences of the Hz/Py and Hz/Bi pairs for the four Watson-Crick bases, as well as
determine the fidelity of hairpin polyamides containing multiple Hz/Py pairs. Molecular

modeling was used to further analyze the binding data.
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Figure 5.2 Hairpin polyamides and the minor groove contacts for their match sequences along with
experimental schemes showing the DNA sequences that each polyamide will be tested against. (a)
Hz/Py and Py/Hz pairs tested against the four Watson-Crick base pairs. (b) multiple Hz/Py pairs tested
against different core A,T sequences. (c) Hz/Bi and Bi/Hz pairs tested against the four Watson-Crick
base pairs. Dark circle = imidazole; Light circle = pyrrole; Half circle = y; Diamond = [3-Alanine; Half
circle with a plus = dimethylaminopropylamide tail.
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Figure 5.3 Structures of the polyamides containing Hz/Py, Hz/Bi, and multiple Hz/Py pairs shown
along with their ball and stick representation. Shaded and non-shaded circles indicate imidazole and
pyrrole respectively, whereas hydroxybenzimidazole and benzimidazole are indicated as Hz and Bi.
The half circle represents y-aminobutyric acid linker, while the diamond indicates -Alanine. The half
circle with a plus indicates the dimethylaminopropylamide tail.
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Figure 5.4 (a) Amino Acid Building Blocks for Polyamide Synthesis. (b) Representative solid phase
synthesis of polyamide 1. Reaction conditions: (i) 80% TFA/DCM; (ii) Boc-Py-OBt, DIEA, DMF; (iii)
Ac,0, DIEA, DMF; (iv) Repeat i-iii x2; (v) 80% TFA/DCM; (vi) Boc-Im-OH, HBTU, DIEA, DMF;
(vii) Ac,O, DIEA, DMF; (viii) 80% TFA/DCM; (ix) Boc-y-OH, HBTU, DIEA, DMF; (x) Ac,0, DIEA,
DMF; (xi) 80% TFA/DCM,; (xii) Boc-Py-OBt, DIEA, DMF,; (xiii) Ac,0O, DIEA, DMF; (xiv) 80%
TFA/DCM; (xv) Boc-Im-HzOMe-OH, HBTU, DIEA, DMF; (xvi) Ac,O, DIEA, DMF; (xvii) 80%
TFA/DCM; (xviii) Im-COCCl;, DIEA, DMF; (xix) dimethylaminopropylamine (Dp), 80 °C 2 h.; (xx)
prep. HPLC; (xxi) thiophenol, NaH, DMF, 80 °C 2 h.; (xxii) prep. HPLC.

5.2 Results.
Polyamide Synthesis. Polyamides 1-6 were synthesized in stepwise fashion on B-Pam

11

resin following manual solid phase methods.” The Boc-protected amino acids utilized

for polyamide synthesis were Boc-Py-OBt (7), Boc-Im-OH (8), Im-COCCl; (9), Boc-v-
OH (10), Boc-Im-Bi-OH (11), Boc-Py-HzOMe-OH (12), Im-HzOMe-OH (13) and Boc-
Im-HzOMe-OH (14) (Figure 5.4). The synthetic route for the monomer units 13 and 14
are shown in Figure 5.5. Couplings were realized using pre-activated monomers (7) or
HBTU activation in a DIEA and DMF mixture. Coupling times ran from 3-24 h at 25-40
°C. Deprotection of the polyamide was accomplished using 80% TFA/DCM.

Polyamides were cleaved from the resin by treatment with dimethylaminopropylamine
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(Dp) neat at 80 °C for 2 h, and purified by preparatory reverse phase HPLC. The
methoxy substituted polyamides were deprotected with thiophenoxide in DMF at 80 °C,
to provide the free hydroxy derivatives after a second HPLC purification: Im-Im-Hz-Py-
v-Im-Py-Py-Py-B-Dp (1), Im-Im-Py-Py-y-Im-Hz-Py-Py-3-Dp (2), Im-Hz-Py-Py-y-Im-
Hz-Py-Py-B-Dp (3), Im-Py-Hz-Py-y-Im-Py-Hz-Py-3-Dp (4), Im-Im-Hz-Py-y-Im-Bi-Py-
Py-B-Dp (5) and Im-Im-Bi-Py-y-Im-Hz-Py-Py-3-Dp (6).
N 2 . 14 )3
G o,
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16R=H
17 R=NO,
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1, <)
p HBoc HO, H
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Wi \‘
. >« l~
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Figure 5.5 Synthesis of Im-HzOMe-OH (16) and Boc-Im-HzOMe-OH (18); (i) Im-COCCl5(9)'*",
HBTU, DIEA, DMF; (ii) NO,-Im-OH (19), DIEA, EtOAc; (iii) AcOH; (iv) NaOH, MeOH; (v) H, Pd/C,
DIEA, DMF; (vi) (Boc),O; (vii) NaOH, MeOH.

DNA Affinity and Sequence Specificity. Quantitative DNase-I-footprinting titrations
were carried out for hairpin polyamides 1-6. Polyamides 1, 2, 5 and 6 were footprinted
on the 278-base-pair PCR product of plasmid pDHN1 (Figure 5.6a). Polyamides 3 and 4

were footprinted on the 285-base-pair PCR product of plasmid pDEH10 (Figure 5.6b).
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3 -TAGT] ACCGGT| ATCGACACATTAGT| ACCCGT | ATCGACACATTAGT] ACCTGT| ATCGACATTCGAACCGCATTAGT | ACCAGTAT -5

b)
EcoRI pDEH10 285 bp Al

] L
r R
5" -TGGATGCTGGTT |ASTACT |TGGATGCTSGTT| AGAACT | TGGATGLTGGTT | AGATCT | TGGATGCTAA- 3!
3 ' -ACCTACGACCAA | TCATGA |ACCTACGACCAA] TCTTGA | ACCTACGACCAA| TCTAGA | ACCTACGATT -5

Figure 5.6 Illustration and complete sequence of the EcoRI/Pvull restriction fragment derived from
plasmids (a) pDHNT1 and (b) pDEH10. For pDHNI, the four designed 6-base-pair binding sites that
were analyzed in quantitative DNasel-footprinting titrations are shown with the variable Watson-Crick
base pairs bolded and the binding site boxed. For pDEHI10, the three designed 6-base-pair binding
sites that were analyzed in quantitative DNasel-footprinting titrations are shown with the variable
Watson-Crick base pairs bolded and the binding site boxed.

For polyamides Im-Im-Hz-Py-y-Im-Py-Py-Py-3-Dp (1) and Im-Im-Py-Py-y-Im-
Hz-Py-Py-B-Dp (2), the DNA-sequence specificity at a single ring-pairing position
(bolded in the sequences listed above) was determined by varying a single DNA base pair
within the parent-sequence context, 5’-TGGXCA-3’, to all four Watson-Crick base pairs
(X =A, T, G, C) and comparing the relative affinities of the resulting complexes (Figure
5.7). The variable base-pair position was installed opposite the novel Hz/Py and Py/Hz
pairs, designed to target T-A and A-T respectively. Equilibrium association constants
(K,) for eight-ring polyamides 19-21 containing Py/Py, Hp/Py and Py/Hp pairs have
been reported and are included for comparison with values presented here (Table 1).°
Polyamide 1 (Hz/Py pair) bound with high affinity and demonstrated sequence
specificity, preferring T-A over A-T by 10-fold, and A, T over G,C by more than 50-fold.
In comparison to the Hp/Py pair, the Hz/Py exhibited a higher affinity, similar T vs. A
specificity, and much greater A,T over G,C specificity. Polyamide 2 (Py/Hz pair) bound
with high affinity and demonstrated modest specificity, preferring A-T over T-A by more

than 4-fold, and A, T over G,C by more than 30-fold. In comparison to the Py/Hp pair,
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the Py/Hz pair within this sequence context shows slightly lower T vs. A specificity, but
improved A,T over G,C specificity. Both polyamides 1 and 2, containing the Hz/Py and
Py/Hz pairs respectively, bound with comparable affinity and single site specificity in

comparison to the Py/Py pair.
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Figure 5.7 Quantitative DNase I footprinting experiments in the hairpin motif for polyamides 1 and 2,
respectively, on the 278 bp, 5’-end-labelled PCR product of plasmid DHN1: lane 1, intact DNA; lane 2,
A reaction; lane 3, DNase I standard; lanes 4-14, 1 pM, 3 pM, 10 pM, 30 pM, 100 pM, 300 pM, 1 nM, 3
nM, 10 nM, 30 nM, 100 nM polyamide, respectively. Each footprinting gel is accompanied by the
following: (left, top) Chemical structure of the pairing of interest; and (bottom left) Binding isotherms
for the four designed sites. 6,4 values were obtained according to published methods.'® A binding
model for the hairpin motif is shown centered at the top as a dot model with the polyamide bound to its
target DNA sequence. Imidazoles and pyrroles are shown as filled and non-filled circles, respectively;
Beta alanine is shown as a diamond; the gamma-aminobutyric acid turn residue is shown as a semicircle
connecting the two subunits; the hydroxybenzimidazole residue is indicated by a square containing Hz.



Table 1. Hydroxypyrrole & Hydroxybenzimidazole Hairpins: K, {M" I+
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Polyamide

AsT

TeA

GeC

G

3.1(20.7)x 10°

4.7 (&0.4)x 10°

2.2¢=0.6)x 10°

2.5(+0.9x 108

+)<>O.889> 20 8.1(x1.9%x 10 1.6(x0.3)x 10° 55015107 7921 107
m 1 5.7(£04)x 10° 5.5(+02)x 10° <1.0x 10 <1.0x10°
+)<>O.88g) 21 1.1(20.2)x 10° 9.8(+0.9%x 107 2.5(=03x 1O 330X 107
M 2 1.4(x0.3)x 10° 3.2¢=0.6)x [0? <10x 10 <1.0x10°

a) Values reported are the mean values from at least three DNase | footprinting titration experiments, with the standard deviation given in parentheses. by
Assays were performed at 22 °C in a buffer of [0 mM Tris.HHCL 10 mM KCL 10 mM MgCls. and 3 mM CaCls acpll 7.0,

For polyamides Im-Hz-Py-Py-y-Im-Hz-Py-Py-3-Dp (3) and Im-Py-Hz-Py-y-Im-
Py-Hz-Py-B-Dp (4) the ability of multiple Hz/Py pairs to distinguish multiple A,T
sequences was tested by varying two DNA base pairs across from the Hz/Py and Py/Hz
pairs (bolded in the sequences listed above) within the parent-sequence context, 5’-
AGWWCT-3’, (W = A, T) and comparing the relative affinities of the resulting
complexes (Figure 5.8). Equilibrium association constants (K,) for eight-ring
polyamides 22-24 containing multiple Py/Py and Hp/Py pairs have been reported and are
included for comparison with values presented here (Table 2)."* Polyamide 3 bound at
moderate affinity and showed good specificity (greater than 14-fold) for its match
sequence 5’-AGTACT-3’ over 5-AGAACT-3" and 5-AGATCT-3’. Polyamide 4
bound all three sites at moderate affinity, demonstrating poor site selectivity. The

recognition profiles of polyamides containing multiple Hz/Py pairs (3 and 4) are similar

to those reported for multiple Hp/Py pairs.
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Figure 5.8 Quantitative DNase I footprinting experiments in the hairpin motif for polyamides 3 and 4,
respectively, on the 285 bp, 5’-end-labelled PCR product of plasmid DEH10: lane 1, intact DNA; lane
2, A reaction; lane 3, DNase I standard; lanes 4-14, 1 pM, 3 pM, 10 pM, 30 pM, 100 pM, 300 pM, 1
oM, 3 nM, 10 nM, 30 nM, 100 nM polyamide, respectively. Each footprinting gel is accompanied by
the following: (left, top) Chemical structure of the pairing of interest; and (bottom left) Binding
isotherms for the four designed sites. 6,,m values were obtained according to published methods.'® A
binding model for the hairpin motif is shown centered at the top as a dot model with the polyamide
bound to its target DNA sequence. Imidazoles and pyrroles are shown as filled and non-filled circles,
respectively; Beta alanine is shown as a diamond; the gamma-aminobutyric acid turn residue is shown
as a semicircle connecting the two subunits; the hydroxybenzimidazole residue is indicated by a square

containing Hz.

Table 2. Muftiple Hyroxypyirole & Hydroxybenzimidazole Ring Pairings: K, {M" I

Polyamide 5-aGTACH-3' 5-aGAACt-3 5-aGATCL-3

+)<>88833 22 3.5(x0.7x 10" 4.7(:0.7x 10° 7442 1.5 10°
+)<>O.{(%89) 23 7.0(£ 1.8 10 <10X107 SLOX 10

90%@ 3 4.6(x0.8)x 10° 3.2(£0.0x 107 L7(x05x 107
+)<><.)8%g) 24 1.0+ 0.2 10* 2.64z0.6)x 10 330£0.7x 107
4 4.5(x0.7x 10° 3.3(=0.7x 10° 4.4(=0.9x 10*

2} Values reported are the mean values from at least theee DNase | footprinting titration experiments, with the standard deviation given in parentheses. by
Assays were performed at 22 °C in a bufler of 10 mM Tris.JICL 10 mM KCI, 10 mM MgCly, and 3 mM CaCly at pli 7.0,
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For polyamides Im-Im-Hz-Py-y-Im-Bi-Py-Py-B-Dp (5) and Im-Im-Bi-Py-y-Im-
Hz-Py-Py-B-Dp (6) the DNA-sequence specificity at a single ring-pairing position
(bolded in the sequences listed above) was determined by varying a single DNA base pair
within the parent-sequence context, 5’-TGGXCA-3’, to all four Watson-Crick base pairs
(X =A, T, G, C) and comparing the relative affinities of the resulting complexes (Figure
5.9 and Table 3). The variable base-pair position was installed opposite the novel Hz/Bi
and Bi/Hz pairs, designed to target T-A and A-T respectively. Polyamide 5 (Hz/Bi pair)
bound with a markedly high affinity, demonstrating a 13-fold selectivity for A, T over
G,C and 2.5-fold preference for T-A over A-T. Polyamide 6 (Bi/Hz pair) also bound with
high affinity, lowered A,T over G,C selectivity (4.5-fold), and a 2.5-fold preference for
AT over T-A. Polyamides containing Hz/Bi pairs bind with significantly higher affinity

than those containing the Hz/Py pairings, but with a loss in AT selectivity.



160

g5'-T GGXCA-3' S'"-TGCG G X C 2Aa-3"
:»OJEEHHEHP oo )
02000 e e
3'“-ACCY G T-5¢ 3I'-cACC Y G T-5¢

Xo¥ = AT, TeA, GoC, G

g
H
£

54 78%WULDBM

3
=
z
o
3

> ipm

<
2

g st

ol

J98 H ER DY
I gFESE-EREEE
< ' !35"?‘!.'.!'*
Yaa I LT LEL AL e
S -
| EE
12 I I Y T Jar
i ®AT éw.‘d,-_..-
vel a oo /i ? REEIEY TR Joc
osh €64 i s
=f f/’ i T m e
o4 i Tree . ww-
vz Z/ﬁ} : Jes
0y a

2 - . v g . ®
10671072157 107 160 0t 1T Wt et

22
16496707 10" 10° 10® 187 w0 10"
[petyarmde] [potyaende]

bl TPV

XoY = AsT, TsA, GoC, (oG

LE R

Figure 5.9 Quantitative DNase I footprinting experiments in the hairpin motif for polyamides § and 6,

respectively, on the 278 bp, 5’-end-labelled PCR product of plasmid DHN1: lane

1, intact DNA; lane 2,

A reaction; lane 3, DNase I standard; lanes 4-14, 1 pM, 3 pM, 10 pM, 30 pM, 100 pM, 300 pM, 1 nM, 3
nM, 10 nM, 30 nM, 100 nM polyamide, respectively. Each footprinting gel is accompanied by the
following: (left, top) Chemical structure of the pairing of interest; and (bottom left) Binding isotherms
for the four designed sites. 6,4, values were obtained according to published methods.'’® A binding
model for the hairpin motif is shown centered at the top as a dot model with the polyamide bound to its
target DNA sequence. Imidazoles and pyrroles are shown as filled and non-filled circles, respectively;

Beta alanine is shown as a diamond; the gamma-aminobutyric acid turn residue is
connecting the two subunits; the hydroxybenzimidazole residue is indicated by a
the benzimidazole residue is indicated by a square containing Bi.

ah

Table 3. Hydroxybenzimidazole/Benzimiduzole Pairings: K, [M"]
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Molecular Modeling. Modeling calculations were performed with the ‘Spartan
Essential’ software package.'” Ab initio calculations were done using a Hartree-Fock
model and a 6-31G* polarization basis set. Four-ring subunits containing the sequence
Im-Im-X-Py (X = Hp, Hz) were constructed to examine respective overall ligand
geometry and curvature (Figure 5.10). Furthermore, dimeric subunits containing the
sequence Im-X (X = Hp, Hz, Py, and Bi) were constructed and evaluated using electron

density, and isopotential plots (Figures 5.11 and 5.12).

Figure 5.10 Schematic illustrating the respective curvatures of four-ring polyamide subunits Im-Im-
Hp-Py and Im-Im-Hz-Py. Overall polyamide curvature effects how well the ligand can track the DNA
minor groove.  Hypercurvature negatively effects polyamide binding while curvature more
complimentary to that of the DNA helix may allow for recognition of longer DNA sequences.
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b)

d)

Figure 5.11 Calculated electronic surfaces of Im-Hp and Im-Hz dimeric units. Ab initio calculations
done using 6-31G* basis set. (a) Electronic surface presented to the floor of the DNA-minor groove by
Im-Hp dimer. (b) Isopotential surface of the Im-Hp dimer. (c) Electronic surface presented to the floor
of the DNA-minor groove by Im-Hz dimer. (c) Isopotential surface of the Im-Hz dimer. Positive
potentials are indicated by blue while negative potentials are indicated by red.
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Figure 5.12 Calculated isopotential surfaces of Im-Py and Im-Bi dimeric units. Ab initio calculations
done using 6-31G* basis set. (a) Isopotential surface of the Im-Py dimer. (b) Isopotential surface of
the Im-Bi dimer. Positive potentials are indicated by blue while negative potentials are indicated by
red.

5.3 Discussion.

Previously, Hp/Py pairs have been the state of the art for distinguishing between
T-A and AT Watson-Crick pairs, with Hp/Py coding for T-A and Py/Hp coding for
AT.” The specificity imparted by Hp is attributed to the interaction of the exocyclic
hydroxyl group with the asymmetric A, T base-pair cleft. More specifically, Hp functions
through two modes: first, the hydroxyl group provides a steric bump that is better
accommodated across from the thymine base, and second, the hydroxyl proton may make
a hydrogen bond with the O(2) of thymine. While Hp allows for single base specificity,
utilization of the hydroxypyrrole ring system results in polyamides with lower affinities,
only moderate success at discriminating between multiple A, T sequences, and chemical

instability over extended periods of time in the presence of acid. This motivated us to
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explore the molecular recognition capability of polyamides containing novel Hz/Py and
Hz/Bi heterocyclic pairs.

Hydroxybenzimidazole/Pyrrole Pair (Hz/Py). The Hz/Py pair places the same
direct readout functionality to the floor of the DNA-minor groove as the Hp/Py pair.
Like the Hp/Py pair, the Hz/Py pair is capable of discriminating between A, T Watson-
Crick base pairs such that Hz/Py codes for T-A and Py/Hz codes for A-T (Table 4). The
Hz/Py pair demonstrates an increase in binding affinity for its match sites and is
comparable in specificity to the Hp/Py pairing. The Hz/Py pair also discriminates more
effectively against G,C base pairs than Hp/Py. While the substituents presented to the
floor of the DNA minor groove appear identical between Hz and Hp, there are significant
differences in ligand geometry (Figure 5.10) and electronics (Figure 5.11). A higher
degree of rigidity and pre-organization of the fused hydroxybenzimidazole structure,
coupled with a lower degree in curvature that may be more complimentary to the
curvature of the DNA helix, likely play roles in the increased affinity and specificity. 5%
Furthermore, examination of the isopotential surfaces of Hz and Hp indicates that side by
side aromatic stacking interactions may be altered between the two different heterocyclic
systems. Thus, by going from the 5-membered heterocyclic system of Hp to the fused 6-

5 system of hydroxybenzimidazole Hz, changes associated with the indirect readout of

the DNA-minor groove may be responsible for changes in affinity and specificity.

Table 4. Specificity of the Hz/Py and Hz/Bi Pairings®

Pair AT TeA GC CG
Hz/Py - ++ - -
PyHz 4+ - - -
Hz/Bi - + - -
Bi/Hz + - - -

a) Highly Favored (++), Favored (+), Disfavored (-)
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Polyamides incorporated with multiple Hz/Py pairs are only modestly effective at
differentiating between DNA sequences with multiple A, T sites, the specificity appearing
to have a high degree of DNA sequence dependence. For example, polyamide 3 binds its
match site 5’-AGTACT-3" with high fidelity. However, polyamide 4, which is designed
to target the site 5’-AGATCT-3" does so with no specificity. Similarly, only modest
specificity for the 5’-AGATCT-3’ sequence is noted with multiple Hp/Py pairs — an
effect that may be attributed to the different DNA microstructure of the 5’-GAT-3’step
in comparison to the 5’-GTA-3" step. This inherent sequence bias is evident upon
examination of the binding affinities of polyamides containing multiple symmetrical
Py/Py pairs. The symmetrical Py/Py pair binds the 5’-AGTACT-3" sequence with a
substantially higher affinity than the 5’-AGATCT-3" sequence, demonstrating the
significant effect of DNA sequence on polyamide binding affinity.

Hydroxybenzimidazole/Benzimidazole Pair (Hz/Bi). The Hz/Bi pair presents
the same functionality to the DNA-minor groove as the Hz/Py pair. While the
functionality directed at the minor groove is the same, the Hz/Bi pair is the first example
of a 6-5/6-5 bicyclic ring-ring pair. Accordingly, the overall geometry and electronics of
the polyamide containing the Hz/Bi pair are substantially different (Figure 5.12). Like
the Hz/Py pair, the Hz/Bi pair is capable of discriminating between A, T Watson-Crick
base pairs such that Hz/Bi codes for T-A and Bi/Hz codes for A-T. The affinity of the
Hz/Bi pair is significantly higher than the Hz/Py pair, albeit demonstrates lower
selectivity. Polyamides containing two fused benzimidazole analogues have substantially
lower conformational freedom and a higher degree of pre-organization, favorably

orienting the polyamides in the proper orientation to bind the DNA. Further, the
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benzimidiazole moiety has a greater aromatic surface and hydrophobicity that may alter
both the DNA-ligand van der Waals interactions, and the intra-polyamide m-stacking.
The lower degree of curvature of the Hz/Bi pair may also allow for a more intimate
polyamide/DNA interaction, contributing to the noted increase in binding affinity. These
changes in structure, while providing a marked increase in affinity, do come at the cost of
lowered specificity. The lowered selectivity of the Hz/Bi pairing may be attributed to the
greater rigidity of the system. More specifically, the lack of conformational freedom of
the fused heterocyclic pairs may lower the sensitivity of the reading face of the
polyamide, making it difficult to adjust to the small structural changes in the minor

groove microenvironment that are the source of specificity.

5.4 Conclusion.

Previously, we have relied on hydroxypyrrole Hp as a T specific recognition
element, differentiating between T and A when paired with pyrrole Py, such that Hp/Py
codes for T-A and Py/Hp codes for A-T. In an effort to find a replacement for Hp, we
have examined the DNA recognition properties of polyamides containing Hz/Py and
Hz/Bi pairs. It was determined that the Hz/Py pair is an effective and stable replacement
for the previously reported Hp/Py pair, successfully differentiating A, T base pairs at high
affinity and specificity. It was also determined that multiple Hz/Py pairs are moderately
effective at discriminating some multiple A, T sequences. Importantly, we report the use
of the Hz/Bi pair, the first example of a 6-membered/6-membered ring-ring pair that is
also capable of discriminating T-A from A-T base pairs. What is remarkable is that we

are now on a pathway to constructing oligomers for minor groove recognition that are
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not based on N-methylpyrrole-carboxamides. We visualize a time when sequence
specific programmable oligomers may no longer be “polyamides” but are still based on
the concept of pairing rules for DNA recognition. Future work will focus on the cellular

uptake properties of these oligomers and their use in biological systems.
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5.5 Experimental

General. N,N-dimethylformanide (DMF), N,N-diisopropylethylamine (DIEA),
thiophenol (PhSH), N,N-dimethylaminopropylamine (Dp), Triethylamine (TEA), and
thiourea were purchased from Aldrich. Boc-f-alanine-(4-carbonylaminomethyl)-benzyl-
ester-copoly(styrene-divinylbenzene)resin (Boc-B-Pam-resin), dicyclohexylcarbodiimide
(DCO), hydroxybenzotriazole (HOBY), 2-(1H-benzotriazol-1-yl1)-1,1,3,3-
tetramethyluronium  hexafluorophosphate ~ (HBTU),  N,N-dimethylaminopyridine
(DMAP), and Boc-B-alanine were purchased from NOVA Biochem. Trifluoroacetic acid
(TFA) was purchased from Halocarbon. All other solvents were reagent grade from EM.
Oligonucleotide inserts were synthesized by the Biopolymer Synthesis Center at the
California Institute of Technology. Precoated silica gel plates 60F»s4 for TLC and silica
gel 60 (40 pm) for flash chromatography were from Merck. Glycogen (20 mg/mL),
dNTPs (PCR nucleotide mix), and all enzymes, unless otherwise stated, were purchased
from Boehringer-Mannheim. pUC19 was purchased from New England Biolabs, and
deoxyadenosine [y-32P]triphosphate was provided by ICN. Calf thymus DNA (sonicated,
deproteinized) and DNasel (7500 units/mL, FPLC pure) were from Amersham
Pharmacia. AmpliTag DNA polymerase was from Perkin-Elmer and used with the
provided buffers. Tris.HCI, DTT, RNase-free water, and 0.5 M EDTA were from United
States Biochemical. Calcium chloride, potassium chloride, and magnesium chloride were
purchased from Fluka. Tris-borate-EDTA was from GIBCO and bromophenol blue was

from Acros. All reagents were used without further purification.
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NMR spectra were recorded on a Varian spectrometer at 300 MHz in DMSO-d6 or
CDCl; with chemical shifts reported in parts per million relative to residual solvent. UV
spectra were measured on a Hewlett-Packard Model 8452A diode array
spectrophotometer. High resolution FAB and EI mass spectra were recorded at the Mass
Spectroscopy Laboratory at the University of California, Los Angeles. Matrix-assisted,
laser desorption/ionization time of flight mass spectrometry (MALDI-TOF-MS) was
conducted at the Protein and Peptide Microanalytical Facility at the California Institute of

Technology.

Monomer Synthesis. Compounds 7-12, 15 and 19 were synthesized according to

previously published protocols.'®!%!!

Methy 7-methoxy-2-(1-methylimidazol-2-yl)benzimidazole-6-carboxylate (Im-HzOMe-
OMe 16). A mixture of 15 (0.2 g, 1.02 mMol), Im-COCCl3, (345 mg, 1.53 mMol),
DIEA (132 mg, 178 pL, 1.02 mMol), and DMAP (25 mg, 204 uMol) in EtOAc (5 mL)
was stirred for 12 h at 60 °C, over which time a precipitate formed. The reaction was
cooled to room temperature, filtered, and washed with cold Et;O. The off white solid
was collected and dissolved in AcOH (5 mL). The mixture was then heated to 90 °C for
6 h. The solvent was then removed by rotoevaporation and the remaining white solid
dried under high vacuum to provide 16 (210 mg, 72% Yield). TLC (4:1 EtOAc/Hex) Ry
0.4; '"H NMR (DMSO-dy) 7.55 (s, 1H), 7.53 (s, 1H) 7.43 (s, 1H), 7.13 (s, 1H), 4.36 (s,

3H), 4.16 (s, 3H), 3.78 (s, 3H); °C (DMSO-dg) 166.4,151.2, 143.8, 138.9, 136.9, 134.6,
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128.3, 125.4, 125.3, 113.9, 105.1, 60.9, 51.7, 35.1; EI-MS nv/e 286.107 (M" calcd for

286.107 C14H14N4O3).

7-methoxy-2-(1-methylimidazol-2-yl)benzimidazole-6-carboxylic acid (Im-HzOMe-OH
13). A mixture of 16 (200 mg, 699 uMol), MeOH (3 mL), and IN NaOH (4 mL) was
stirred at 35 °C for 3 h. The methanol was removed in vacuo and the mixture was taken
to pH 2 using 1N HCI, upon which time a white precipitate formed. The mixture was
poured into a 50 mL Falcon tube and spun down in a centrifuge (10 min x 14,000 rpm).
The tube was decanted, leaving a white solid that was dried under high vacuum to
provide 16 (165 mg, 87% Yield). TLC (3:2 EtOAc/Hex, 10% AcOH) R; 0.4, 'H NMR
(DMSO-ds) 7.58 (s, 1H), 7.55 (s, 1H) 7.46 (s, 1H), 7.16 (s, 1H), 4.33 (s, 3H), 4.16 (s,
3H); “C (DMSO-ds) 167.4, 151.0, 143.6, 138.6, 136.8, 135.2, 127.8, 125.7, 125.3,

115.1, 105.2, 61.0, 35.2; EI-MS m/e 272.260 (M" calcd for 272.260 Cy3H2N4O3).

Methyl 7-methoxy-2-(1-methyl-4-nitroimidazol-2-yl)benzimidazole-6-carboxylate (NO;-
Im-HzOMe-OMe 17). Diamine 15 (0.5 g, 2.54 mmol), NO,-Im-OH 19 (480 mg, 2.80
mmol), HBTU (1 g, 2.66 mmol), DIEA (362 mg, 488 uL, 2.80 mmol), and DMF (7 mL)
were stirred for 2 days at room temperature. The mixture was then added to a 50 mL
Falcon tube containing water (20 mL), resulting in a precipitate. The Falcon tube was
centrifuged (10 min x 14,000 rpm) and the mother liquor decanted, leaving a tan solid
that was dried under high vac. The solid was then dissolved in AcOH (8 mL) and heated
to 90 °C with stirring. It is noteworthy that the solid was not completely soluble in
AcOH. The reaction was stirred for 6 hours and the precipitate that was present was
filtered over a fine fritted funnel. The solid was washed with Et,O and dried under high

vacuum to provide 17 (481 mg, 57% Yield) as a powdery yellow solid. TLC (3:2
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EtOAc/Hex) R; 0.5; 'H NMR (DMSO-dy) 8.68 (s, 1H), 7.60 (d, J = 8.4 Hz, 1H) 7.18 (d, J
= 8.4 Hz, 1H), 4.38 (s, 3H), 4.24 (s, 3H), 3.78 (s, 3H); '°C (DMSO-ds) 166.2, 147.0,
142.1, 138.2, 137.7, 133.4, 132.7, 128.1, 117.5, 109.5, 107.3, 61.8, 52.1, 36.5; EI-MS m/e

331.092 (M" calcd for 331.092 C4H;3N5Os).

Methyl 2-{4-[(tert-butoxy)carbonylamino]- 1-methylimidazol-2-yl}-7-
methoxybenzimidazole-6-carboxylate (Boc-Im-HzOMe-OMe 18) A mixture of 17 (400
mg, 1.21 mmol), DIEA (400 mg, 536 pL, 3.08 mmol), Pd/C (50 mg) and DMF (5 mL)
was placed in a parr apparatus and hydrogenated (500 psi) for 1.5 h at ambient
temperature. The mixture was removed from the parr apparatus and (Boc);O (396 mg,
1.82 mmol) was added. The mixture was then stirred for 8 h at 50 °C. The solvent was
removed in vacuo, followed by column chromatography of the brown residue (3:2
Hex/EtOAc) to provide 18 as a thin film. The thin film was treated with hexanes and
then the solvent was removed by rotoevaporation, followed by drying under high vacuum
to provide 18 as a white solid (228 mg, 47% Yield). TLC (3:2 EtOAc/Hex) Ry 0.6; 'H
NMR (DMSO-dy) 9.55 (s, 1H), 7.75 (d, J = 8.7 Hz, 1H) 7.60 (d, J = 8.7 Hz, 1H), 7.21 (s,
1H) 4.27 (s, 3H), 3.81 (s, 3H), 3.70 (s, 3H), 1.44 (s, 9H); "°C (DMSO-ds) 165.8, 151.0,
147.0, 142.1, 137.9, 137.0, 133.3, 132.4, 127.8, 117.3, 109.4, 107.2, 85.9, 61.7, 52.0,

33.5, 28.2; EI-MS m/e 401.170 (M" calcd for 401.170 C4H;3N50s).

2-{4-[(tert-butoxy)carbonylamino]-1-methylimidazol-2-yl}-7-methoxybenzimidazole-6-

carboxylic acid (Boc-Im-HzOMe-OH 14). A mixture of 18 (200 mg, 498 uMol), 1N
NaOH (2 mL) and MeOH (2 mL) was stirred at 30 °C for 4 h. The MeOH was removed
by rotoevaporation and the pH carefully adjusted to pH = 2 with 1IN HC1. The precipitate

was extracted with EtOAc (3 x 10 mL), the organics dried over sodium sulfate and



172

removed by rotoevaporation to provide 14 (166 mg, 86% Yield) as a fine white solid.
TLC (3:2 EtOAc/Hex, 10% AcOH) R; 0.65; 'H NMR (DMSO-ds) 9.55 (s, 1H), 7.77 (d, J
= 8.7 Hz, 1H) 7.63 (d, J = 8.7 Hz, 1H), 7.23 (s, 1H) 4.24 (s, 3H), 3.77 (s, 3H), 1.44 (s,
9H); °C (DMSO-ds) 166.7, 150.8, 146.7, 142.0, 135.9, 137.0, 133.3, 132.4, 1274,
117.3, 109.4, 107.3, 86.0, 61.8, 33.6, 28.2; EI-MS m/e 387.154 (M" caled for 387.154

CisH21N50s5).

Polyamide Synthesis: Polyamides were synthesized from Boc-f-alanine-Pam resin (50
mg, 0.59 mmol/g) and purified by preparatory HPLC according to published manual solid

phase protocols.10

Im-Im-Hz-Py-y-Im-Py-Py-Py-B-Dp (1): (Boc-Im-HzOMe-OH) (34 mg, 88.5 umol) was
incorporated by activation with HBTU (32 mg, 84 pumol), DIEA (23 mg, 31 ul, 177
umol) and DMF (250 pl). The mixture was allowed to stand for 15 min at room
temperature and then added to the reaction vessel containing H,N-Py-y-Im-Py-Py-Py-f-
Pam resin. Coupling was allowed to proceed for 12 h at room temperature. After Boc-
deprotection, the terminal imidazole residue was incorporated using Im-COCCl;. Im-
COCCI; (67 mg, 295 pmol), DIEA (23 mg, 31 ul, 177 pmol) and DMF (400 ul) were
added to the reaction vessel containing HyN-Im-HzOMe-Py-y-Im-Py-Py-Py-3-Pam resin.
Coupling was allowed to proceed for 2 h at 37 °C, and determined complete by analytical
HPLC. The resin-bound polyamide was then washed with DCM and subjected to the
cleavage, O-methyl deprotection and purification protocol described below to provide

Im-Im-Hz-Py-y-Im-Py-Py-Py-B-Dp (1) (1.1 mg, 3.1% recovery) as a fine white powder
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under lyophilization of the appropriate fractions. MALDI-TOF-MS (monoisotopic),

1233.56 (M+H calcd for 1233.56 C58H69N22010).

Im-Im-Py-Py-y-Im-Hz-Py-Py-B-Dp (2): (Boc-Im-HzOMe-OH) was incorporated as
described for 1 . The polyamide was cleaved from resin and treated as described in the
deprotection protocol below to provide (2) (0.9 mg, 2.5 % recovery) as a fine white
powder under lyophilization of the appropriate fractions. MALDI-TOF-MS

(monoisotopic), 1233.55 (M+H caled for 1233.56 CsgHgsoN22010).

Im-Hz-Py-Py-y-Im-Hz-Py-Py-B-Dp (3): (Im-HzOMe-OH) (25 mg, 88.5 pumol) was
incorporated by activation with HBTU (32 mg, 84 pumol), DIEA (23 mg, 31 pl, 177
umol) and DMF (250 pl). The mixture was allowed to stand for 15 min at room
temperature and then added to the reaction vessel containing HoN-Py-Py-y-Im-Hz-Py-Py-
B-Pam resin. Coupling was allowed to proceed for 12 h at room temperature. The resin-
bound polyamide was then washed with DCM and treated as described in the
deprotection protocol below to provide Im-Hz-Py-Py-y-Im-Hz-Py-Py-B-Dp (3) (0.7 mg,
1.9 % recovery) as a fine white powder under lyophilization of the appropriate fractions.

MALDI-TOF-MS (monoisotopic), 1242.56 (M+H calcd for 1242.55 CgoHgsN21O10).

Im-Py-Hz-Py-y-Im-Py-Hz-Py-B-Dp (4): (Boc-Py-HzOMe-OH) (34 mg, 88.5 pmol) was
incorporated by activation with HBTU (32 mg, 84 umol), DIEA (23 mg, 31 ul, 177
umol) and DMF (250 ul). The mixture was allowed to stand for 15 min at room
temperature and then added to the reaction vessel containing HoN-Py-B-Pam resin.
Coupling was allowed to proceed for 12 h at room temperature. After Boc-deprotection,

the additional Im, y, and Py units were incorporated as previously described. [Ref] The
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second Boc-Py-HzOMe-OH unit was activated as described above and added to the
reaction vessel containing HyN-Py-y-Im-Py-Hz-Py-B-Pam resin. Coupling was allowed
to proceed for 12 h at room temperature. After Boc-deprotection, the terminal imidazole
residue was added as described for 1. The resin-bound polyamide was then washed with
DCM and treated as described in the deprotection protocol below to provide Im-Py-Hz-
Py-y-Im-Py-Hz-Py-B-Dp (4) (1.1 mg, 3.0 % recovery) as a fine white powder under
lyophilization of the appropriate fractions. MALDI-TOF-MS (monoisotopic), 1242.55

(M+H calcd for 1242.55 C60H53N21010).

Im-Im-Hz-Py-y-Im-Bi-Py-Py-B-Dp (5): (Boc-Im-Bi-OH) (32 mg, 88.5 umol) was
incorporated by activation with HBTU (32 mg, 84 umol), DIEA (23 mg, 31 ul, 177
umol) and DMF (250 ul). The mixture was allowed to stand for 15 min at room
temperature and then added to the reaction vessel containing HoN-Py-Py-p-Pam resin.
Coupling was allowed to proceed for 12 h at room temperature. After Boc-deprotection,
the additional Im, y, and Py units were incorporated as previously described. [Ref] The
Boc-Im-HzOMe-OH residue and the terminal imidazole residue were incorporated as
described for 1. The resin-bound polyamide was then washed with DCM and treated as
described in the deprotection protocol below to provide Im-Im-Hz-Py-y-Im-Bi-Py-Py--
Dp (5) (1.1 mg, 3.0 % recovery) as a fine white powder under lyophilization of the
appropriate fractions. MALDI-TOF-MS (monoisotopic), 1226.55 (M+H calcd for

1226.54 CsoHgsN2200).

Im-Im-Bi-Py-y-Im-Hz-Py-Py-B-Dp (6): (Boc-Im-HzOMe-OH) and (Boc-Im-Bi-OH)

were incorporated as described in 1 and 5. The terminal imidzole residue was
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incorporated as described in 1. Upon completion of the synthesis, the resin-bound
polyamide was then washed with DCM and treated as described in the deprotection
protocol below to provide Im-Im-Bi-Py-y-Im-Hz-Py-Py-B-Dp (6) (1.3 mg, 3.5 %
recovery) as a fine white powder under lyophilization of the appropriate fractions.

MALDI-TOF-MS (monoisotopic), 1226.54 (M+H calcd for 1226.54 CsoHgsN22Oo).

Deprotection of the O-Methyl-Protected Polyamides. All of the above polyamides
were cleaved from resin, purified, deprotected and subject to further purification using
the following general procedure. Upon completion of solid phase synthesis, Dp (500 pL)
was added to the synthesis vessel containing the resin (50 mg). The mixture was allowed
to stand for 2 h at 85 °C with occasional agitation. The resin was then filtered and the
solution diluted to 8 mL using 0.1% TFA. The sample was purified by reversed phase
HPLC and lyophilized to provide polyamides containing the O-methyl protected
hydroxybenzimidazole unit (-HzOMe-) as a dry solid. The polyamides were then
dissolved in DMF (200 pl) and added to a suspension of sodium hydride (40 mg, 60% oil
dispersion) and thiophenol (200 ul) in DMF (400 pl) that was pre-heated for 5 min at 85
°C. The mixture was heated for 2 h at 85 °C. The mixture was then cooled to 0 °C and
20% TFA (7.0 mL) was added. The aqueous layer was washed three times with diethyl
ether (8 mL) and then diluted to a total volume of 9.5 mL using 0.1% TFA. The mixture
was then purified by reverse-phase HPLC to give the deprotected Hz-containing

polyamides.



176

Footprinting Experiments. — Plasmids pDHN1 and pDEH10 were constructed and 5’-
radiolabeled as previously described.®™ DNase I footprint titrations were performed

according to standard protocols. 1o
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Chapter 6

Programmable Oligomers for DNA Recognition

The text of this chapter was taken in part from a manuscript coauthored with Michael A.

Marques, Shane Foister and Professor Peter B. Dervan (Caltech).

(Doss, R. M.; Marques, M. A.; Foister, S. F.; and Dervan, P. B. “Programmable
Oligomers for DNA Recognition” JACS, in preparation.)
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Abstract.

Hairpin polyamides have been shown to selectively recognize predetermined DNA
sequences with high affinities and sequence specificities. Polyamides are able to
discriminate between each of the four Watson-Crick Base pairs through the side-by-side
pairing of aromatic rings in the minor groove of DNA. While the established
polyamide/DNA pairing rules have been effective at targeting hundreds of sequences in
vivo and in vitro, we herein present a step towards designing polyamide-based oligomers
which contain an emerging set of recognition elements capable of targeting a new
selection of DNA sequences. These elements include the N-terminal No-Hz and Ct-Hz
dimer caps which are able to target G-T and T-T sequences, respectively, with good
affinities and specificities. The combination of these new N-terminal dimers with
previously described 6-5 fused systems has yielded oligomers which are able to bind

DNA with comparable specificities and improved affinities.
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6.1 Introduction.

Hairpin polyamides represent a growing class of sequence-specific, DNA binding
molecules.'”  First generation polyamides comprised of the heterocyclic amino acid
subunits 1-methyl-1H-imidazole (Im), 1-methyl-1H-pyrrole (Py) and 3-hydroxy-1H-
pyrrole (Hp) are able to bind in the minor groove of DNA with sub-nanomolar affinities
and significant sequence selectivity. While co-facial pairings of Im, Py, and Hp where
Im/Py is specific for G*C, Hp/Py is specific for T*A and Py/Py is specific for AT and
TeA, are able to code for the four Watson-Crick base pairs,”® the high level of structural
variation between DNA sequences makes it especially difficult for such a small repertoire
of recognition elements to effectively target a diverse range of sequences. Even with
substantial, sequence-specific differences in the DNA microstructure, the “pairing rules”
have proven effective in recognizing hundreds of predetermined and biological DNA

targets.”®

Much inspiration for the structural design of standard Im, Py, and Hp polyamides
was drawn from the natural products netropsin and dystamycin A’ Comprised of amide
linked pyrrole rings, these small molecules are capable of selectively binding A,T tracks
of DNA in the minor groove. Subsequent, deliberate atomic changes to the edges of the
antiparallel aromatic amino acid ring pairs which interact with the target DNA led to the
advent of the G specific Im residue and the T specific Hp residue.'™ ' Placing an
aromatic nitrogen in the minor groove allowed Im to accept a hydrogen bond from the
exocyclic amine of guanine, thus imparting excellent G > C specificity. Incorporating an

exocyclic hydroxyl group in Hp allows the ring to specify for T > A; the hydroxyl groups
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prefer to lie across the less bulky thymine base in an A<T base pair while also forming

hydrogen bonds with the O2 carbony! of thymine.

Our initial efforts to further expand the polyamide alphabet utilized the same
approach of single atom substitutions on the existing five-membered heterocycle
scaffold.'” We believed that evaluating many heterocycles, each with relatively subtle
structural differences, would lead us to a ring pairing that could serve as a novel mode of
DNA recognition. To our surprise, an extensive study of many new ring systems led only
to a single result wherein we found that a thiophene ring (Tn) was able to present a sulfur

atom to the minor groove thus imparting a modest selectivity for T > A in a T*A base

pair.

It was not until we explored the properties of the thiophene rings at the polyamide
N-terminal (cap) position that the full significance of the Tn result became apparent:
internal pairings and cap pairings were not equivalent.”” The notion that ring pairings
were context dependent led to a veritable paradigm shift in our approach to polyamide
design (Figure 6.1). Ring pairings that exhibited poor binding properties and little or no
specificity internally, such as the (chlorothiophene) Ct/Py pair, were much more

successful at inferring an appreciable level of specificity at the cap position.

We herein report a new set of heterocyclic dimers which represent a step away
from single base-pair recognition and towards a more global approach to molecular
recognition. The new recognition elements were designed by combining the T-specific

hydroxybenzimidazole 6-5 fused ring system (Hz) at the internal position with the newly
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developed thiophene ring caps (Figure 6.2)."* > When used at the cap position of

5'-T T TA C A-3!

Ve
H'}
5'-T G TA C A-3"
m +><>%82>

£ v
3'-ACATG T-5' 3'-AAATG T-5'

5'-T GTACA-3'

5'-T G T T T A-3"
QL0
+
3

3'-ACATGT-5'

9:0:0:02"
'-ACAARAT-5'

Figure 6.1 The success of new ring systems depends strongly upon their positional context in a
polyamide or oligomer. Examples of novel rings systems and position where they have been proven to

be effective are shown above.
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hairpin polyamides, the Ct-Hz and No-Hz dimers are able to target T-T and G-T
sequences respectively with high affinity and appreciable specificity. Evolution of the
No-Hz dimer came about due to the inability of Im-Hz to specify for its designed G-T
site. DNase I footprinting titrations were used to determine DNA binding affinities of the
Ct-Hz and No-Hz dimers for the four Watson-Crick bases. Molecular modeling was

used to further compliment the thermodynamic results.

a)
5-CAT|IX|ITACAT-3
At
3-GTA|Y[ATGTA-5
b)
5-CAT|IXTIACAT-3
[Z]H-
D-OIO-O
3-GTA|Y AITGTA-5

XoY = AT, TeA | GoC, On(5

Cl N/ Me
Z = / ~ O \
[S—\X\HJ: L~ Q;X\HJ:
o} 0 o)
Ct Im No

Figure 2. Experimental scheme shewing the DNA sequences that
each polyamide will be tested against. (a) Hairpin polyamides
containing the rings (Z = Ct. Im, No) proximal to a pyrrole {Py)
residue. (b) Hairpin polyamides containing the rings (Z) proximal to
a hydroxvbenzimidazole residue {Hz). Imidazoles and pyrroles are
shown as filled and non-filled circles. respectively: Beta alanine is
shown as a diamond: the gamma-aminobutyric acid turn residue is
shown as a semicircle connecting the two subunits.

The development of a dimer system capable of recognizing a G-T sequence of
DNA provided the opportunity to create our first oligomeric system designed to bind the
site 5°-GTAC-3" (Figure 6.3). Such an oligomer represents our first compound which

demonstrates excellent DNA binding properties without containing a single pyrrole or

imidazole carboxamide.
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5-AGT ACT-3

No

H]

D Bi

Ql

Q] Bi |

Hz ] NH,

3-TCATGA-5

Figure 6.3 Chemical structure and cartoon representation of the first, complete oligomer generated
with the new recognition elements. Oligomers such as this one contain no pyrrole, imidazole, or

hydroxypyrrole carboxamides.
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6.2 Monomer, Dimer and Polyamide Synthesis (Figure 6.4)

Ct

e s &
@:/)\cozu [itow (\N \ OzH

S

8
b ) OH;N
W
/ .
X@\cOzH i y /ZO\IJLn O,Me
st Me
1-4,8 9-13

iy

i, N . oy 4
3' Q: /: iii) IQH
Y H OyH R O;Me

Me Me
19-23 14-18

Figure 4. Synthesis of heterocyclic amino acid monomers and dimers. (a)
Commercially available heterocycles 1-4 and synthesized oxazole 8. General procedure
for the synthesis of fused heterocyclic dimers: (i) Heterocyclic Acids, HBTU, DIEA,
DMF, 35 OC, 24 h; {ii) AcOIH, 90 °C, 12 h; {iii) NaOH, MeOl, 60 °C, 4-6 h. (1, 9, 14,
19HOW=C-H X=C-H Y=NZ=NMeg; (2,10, 15,20 W= C-H. X =C-H Y =§,7 =
C-Me; 3, 1L 16,20 W=C-HL X =C-H,Y=8,2=C-H; (4,12, 17, 22) W = C-Me, X
=0, Y=NZ=CH; (8 13,18, 23) W = 0O, X = CH, Y =N, Z=C-Me

Is-OH (4). A solution of 2,4-dioxopentanoic acid methyl ester (§), hydroxylamine*HCl,
MgSO, and H,SO, in methanol was stirred at R.T. for 8 hours in order to afford the
isoxazole ring (Is-OMe (6)) cap precursor. The methyl ester was subsequently exposed
to 1N NaOH in methanol at 40°C for 4 hours at which the saponification of the ester was
confirmed by TLC. After rotoevaporation of the methanol solvent, the pH of the aqueous
solution was adjusted to pH =2 with 1N HCI. The precipitate was extracted with EtOAc,
dried over sodium sulfate and removed by rotoevaporation to provide 4 as a fibrous white

solid in 88% yield.
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No-OH (8). To a mixture of ethyl-alpha-isocyanoacetate and DBU in dry THF at 10°C
was added a solution of acetic anhydride in dry THF dropwise. After warming to R.T the
reaction was allowed to stir for 10 hours at which point the solvent was removed by
rotoevaporation, water was added and the product extracted with EtOAc (2 x 100 mL).
The organic layer was dried over sodium sulfate and removed by rotoevaporation to yield
No-OMe (7) as a crude amber oil which after column chromatography (3:2 Hex/EtOAc)
provided the ester as a crystalline white solid in 64% yield. 7 was then exposed to IN
NaOH in methanol at 40°C for 4 hours. After rotoevaporation of the methanol solvent,
the pH of the aqueous solution was adjusted to pH = 2 with 1N HCI. The precipitate was
extracted with EtOAc, dried over sodium sulfate and removed by rotoevaporation to

provide No-OH (8) as a fibrous white solid in 82% yield.

General Synthetic Procedure for dimeric caps 19-23. To a solution of heterocyclic
carboxylic acids 1-4, and 8 in DMF was added DIEA and HBTU. The solution was
allowed to stir at R.T. for 1 hour allowing for conversion of the carboxylic acid to the
activated, aryl HBTU-ester. The aryl diamine (37) was then added and the reaction
heated to 35°C for 24 hours. The reaction was allowed to cool to room temperature and
poured into a separatory funnel containing water. The water was then extracted with
EtOAc (2 x 100 mL), the organic layer dried over sodium sulfate and removed by
rotoevaporation to provide the amides as crude solids. The amides were then dissolved in
acetic acid and heated to 90°C for 12 hours at which point the AcOH was removed by
rotoevaporation. The resultant residues were subjected to column chromatography
(EtOAc/Hex) to provide the dimeric methyl ester caps as a thin films. Addition of

hexanes, followed by rotoevaporation and drying under high vacuum provided the dimers
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as white solids. Subjection of the dimeric esters to 1N NaOH and MeOH at 40 °C for 4 h

and workup afforded the dimer cap acids as white solids in good yields.

Polyamide Synthesis. Hairpin polyamides were synthesized manually from Boc-3-PAM
resin in a stepwise fashion using Boc-protected monomeric and dimeric amino acids
according to established solid-phase protocols. Base Resin 1 (BR1) (H,N-Py-Py-y-Im-
Py-Py-Py-B-Pam) and Base Resin 2 (BR2) (HoN-Py-Py-Py-y-Im-Py-Py-Py-B-Pam) were
synthesized in gram quantities using the following amino acid building blocks: Boc-Py-
OBt, Boc-Im-OH and Boc-y-OH (Figure 6.5). The base resins were then split into
smaller batches for coupling to the final monomeric and dimeric caps. Boc-protected
amino acid monomers and dimers for Im, Py, and Ct were synthesized according to

1 : i i i
131617 Couplings were realized using pre-activated

previously reported procedures.
monomers (Boc-Py-OBt) or HBTU activation in a DIEA and DMF mixture. Coupling
times ran from 3-24 h at 25-40 °C. Deprotection of the growing polyamide was
accomplished using 80% TFA/DCM. Polyamides were cleaved from the resin by
treatment with dimethylaminopropylamine (Dp) neat at 80 °C for 2 h, and purified by
preparatory reverse phase HPLC. Deprotection of the methoxy-protected polyamides
was done using a mix of thiophenoxide in DMF at 80 °C, to provide the free hydroxy
derivatives after a second HPLC purification: Im-Py-Py-Py-y-Im-Py-Py-Py-B-Dp (24),
Tn-Py-Py-Py-y-Im-Py-Py-Py-B-Dp (25), Ct-Py-Py-Py-y-Im-Py-Py-Py-3-Dp (26), Is-Py-
Py-Py-y-Im-Py-Py-Py-B-Dp (27), No-Py-Py-Py-y-Im-Py-Py-Py-B-Dp (28), Im-Hz-Py-

Py-y-Im-Py-Py-Py-B-Dp (29), Tn-Hz-Py-Py-y-Im-Py-Py-Py-B-Dp (30), Ct-Hz-Py-Py-y-
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Im-Py-Py-Py-p-Dp (31), Is-Hz-Py-Py-y-Im-Py-Py-Py-[3-Dp (32), No-Hz-Py-Py-y-Im-Py-

Py-Py-p-Dp (33).

05558
@pﬁ

b i YT

/\

b

xii-xiv

.—.\(\/NHBM ——-—————’- BocHN 7T
O iy

XV-XVii

Figure 5, Solid Phase Synthesis of Hairpin Polyamides. i) TFA/DCM; i)
Boc-Py-OBi, DIEA, DMF; iii) AcyO, DIEA, DMF; iv) Steps i-iii {x2}); v)
TFA/DCM; vi) Boc-Im-OH, HBTU, DIEA, DMF; vii) AcyO, DIEA,
DMF; viii) TFA/DCM; ix) Boc-y-Oll, HBTU, DIEA, DMF; x) Acz0,
DIEA, DMF; xi) Steps i-iti (x2); xii) Steps i-1ii (x1); xiii) Terminal
Heterocyclic Acid, HBTU, DIEA, DMEF; xiv) Dp, 80 OC, 2h: xv) TFA/
DCM; xvi) Terminal Heterocyclic Dimer, HBTU, DIEA, DMF; xvii) Dp,
80 °C, 2h. Polyamides: (24, 29) W = C-H, X = C-H, Y = N, Z = N-Meg;
25,30 W=C-H, X=C1,Y=8,Z=C-Me; (26, 3)H) W=C-1{, X =C
ILY=8,Z=C11; 27, 32) W=C-Me, X =0, Y =N, Z = C-l1; (28, 33)
W=, X=C-HY=N.7Z=C-Me.
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6.3 Results

DNA Affinity and Sequence Specificity. Quantitative DNase-I footprinting titrations
were carried out for polyamides 24-33. All polyamides were footprinted on the 285-
base-pair PCR product of plasmid pCW15. In all cases, the DNA-sequence specificity at
cap position (in bold) was determined by varying a single DNA base pair within the
sequence, 5’-TXTACA-3’, to all four Watson-Crick base pairs (X = A, T, G, C) and
comparing the relative affinities of the resulting complexes. The variable base-pair
position was designed to be adjacent to the Hz ring, which has been shown to specify for
T when paired across from Py, so as to be able to determine the binding properties of

each compound to the following two base-pair sequences: AT, TT, GT and CT.

Hairpins Im-Py-Py-Py-y-Im-Py-Py-Py-B-Dp (24) and Ct-Py-Py-Py-y-Im-Py-Py-
Py-B-Dp (26) serve as the parent compounds from which the dimer-cap containing
polyamides are derived. As shown by their binding profiles (Figure 6.6), both systems
are well characterized with the Im cap hairpin exhibiting specificity for G at the cap

position and the Ct cap hairpin exhibiting specificity for T (Table 1).

The sequence specificity of the Ct-Hz and Im-Hz dimers for 5’-TXTACA-3’
were evaluated in polyamides 31 and 29 respectively. As expected polyamide 31 bound
its designed match site 5’-TTTACA-3* (K, = 24 x 109) (Figure 6.6) with both the Ct
and the Hz halves of the dimer preferring to rest over the less bulky T in a T*A base pair.
To our delight, placing the Ct ring adjacent to the Hz seemingly increased the specificity
of the thiophene ring for T > A from ~4-fold in a Ct-Py system to 10-fold on the Ct-Hz

system. Polyamide 29, which contains the Im-Hz dimer, did not bind its designed match
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Figure 6. Quantitative [D)Nase [ foolprinting experiments in the hairpin motif for polyamides 31, 29, and 33
respectively, on the 278 bp, 5'-end-labelfed PCR product of plasmid CW15: lane 1, intact DNA; lane 2, A
reaction; lanc 3, DNasc | standard; lancs 4-14, 1 pM, 3 pM, 10 pM, 30 pM, 100 pM, 300 pM, | nM, 3 nM,
10 nM, 30 nM, 100 nM polyamide, respectively, Each footprinting gel is accompanied by the following:
{top) Chemical structure of the pairing of interest; and (bottom) Binding isotherms for the four designed
sites, B norm values were obtained according to published methods.X A binding model for the hairpin motit’
is shown centered at the top as a dot model with the polyamide bound to its target DNA sequence. Imidazoles
and pyrroles are shown as filled and non-filled circles, respectively; Beta alanine is shown as a diamond; the
gamma-aminobutyric acid turn residue is shown as a semicircle connecting the two subunits.
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site 5’-TGTACA-3’ with any appreciable level of specificity exhibiting affinities of (K,

= 1.6 x 10% and (K, = 4.0 x 10%) for the GT and AT sites respectively.

The binding properties of Is and No were accessed in the very well characterized
8-ring hairpin system as a means of screening them for any specificity for G*C over C*G
for eventual use as Im replacements in the dimer caps. Polyamide 27, which contains the
isoxazole end-cap showed a complete lack of specificity for any of the Watson-Crick
base pairs. Polyamide 28 which contains the oxazole end-cap, however, displayed a 5.5-

fold preference for G > C.

Both the isoxazole (polyamide 32) and oxazole caps (polyamide 33) were
incorporated into the dimer cap system and their affinities for their designed match site,
5’-TGTACA-3’, accessed. Polyamide 32 was unable to discriminate between the AT,
TT and GT sites with affinities of 1.1, 1.0 and 2.0 x 10° M respectively. Polyamide 33
successfully targeted its designed match site with an appreciable level of specificity (25-
fold) and a match site affinity of K, = 6.8 x 10° M (Table 1). Thanks to the
development of the chlorothiophene and oxazole dimeric caps, the range of targetable

sequences by polyamides has been expanded (Table 2).

Table 1. Affinities of Z/Py Ring Pairs Proximal to a Hydroxybenzimidazole Bicycle K, [M™!/*®

DO : .’ 5'-ATAC-3' S-TTAC-3' 5-GTAC-3 5'-CTAC-3'
ImHz/Py 9.7(x0.7x 107 4.5(£06)x 10 1.70£0.4)x 10° <LOX 107
CtHz/Py 2.1(£03)x 10* 2.4(z02x 10° 2.6(x04)x 10* <1.0x10°
NoHz/Py 8.6(=0.3)x 10" 9.5(x03)x 10* 6.8(=04)x 10° 2.7(x0.5x 10°

a} Values reported are the mean values from at feast three DNase [ footprinting titration experiments, with the standard deviation given in parentheses, by
Assays were performed at 22 °C in a butter of 10 mM Tris. HCL 10 mM KC1. 10 mM MgCla. and 5 mM CaCla at pH 7.0,
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Table 2. Specificities of Z/Py Ring Pairs Proximal to a
Hydroxybenzimidazole Bicycle K, [M"]“‘"

FTI00
SO 5-ATAC-3'  §-TTAC-3 3-GTAC-3 S§-CTAC-3

ImHz/Py - - - -
CtHz/Py - + = -
NoHz/Py = - + -

The synthesis of oligomer 36 was smoothly achieved via the stepwise addition of
Boc-amino acid dimers in the same manner as previously described polyamide syntheses.
The oligomer’s binding properties were assessed in the same context as the compound it
was derived from, polyamide 34. Footprinting of the oligomer on the previously
characterized plasmid DEH10 showed a binding affinity of K, = 2.3 x 10" M for the
match site 5°-GTAC-3" and affinities of 3.5 x 10" M and 9.8 x 10° M for the mismatch
sites 5°-GAAC-3> and 5-GATC-3" (Table 3). Such a result demonstrates that a
compound consisting exclusively of 6-5 fused ring systems is able to maintain good

levels of specificity and an excellent binding affinity.

Table 3. Affinities of Oligomer and Parent Polyamides K, (M1

Polyamide 5-aGTACt-3 SaGAACt3  5-aGATCL-3
(34) ‘.2;0 7.0(x1.8)x 10° <1.0x 10 <1.0x 10
09 5o BLOQD  46E0Bx10° 32204 107 17G0SK 107
66 D L 2302100 3S5E06K 100 9.8(:0.7x 10

a} Values reported are the mean values from at feast three DNase | footprinting titration experiments, with the standard deviation
given in parentheses. b) Assays were performed at 22 °C in a bufler of 10 mM Tris. HCL, 10 mM KClL, 10 mM MgCl,, and 5 mM
CaCly at pH 7.0
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Molecular Modeling. Modeling calculations were preformed using the ‘Spartan
Essential’ software package. All Ab initio calculations were conducted using the
Hartree-Fock model and a 6-31G* polarization basis set. Two dimers, Im-Hz and Im-
Py, were modeled to examine the differences in polyamide curvature and proximity to the
DNA bases and to establish a rational for the decreased ability of Im to bind G > C when

adjacent to the 6-5 fused hydroxybenzimidazole ring (Figure 6.7).
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a)

L7 /
&ﬂ:’¢wmm vs. [ H

Im-Hp ImH

CONHMe

Figure 7. Comparative Geometry of Imidazole-Hydroxypyrrole (Im-Hp) and
Imidazole-Hydroxybenzimidazole (Im-Hz) dimeric units. (a) Structure of
Im-Hp and Im-Hz with DNA grove contacts shown in bold. (b} Overlay shows
Im-Hp in tan, Im-Hz in red and the imidazole nitrogen in blue. Hydrogen not
shown. (¢) Overlay of Tm-Hp:DNA and Im-Hz:DNA complexes showing the
difference in distance of the imidazole nitrogen to the exocylic amine of
guanine. Coordinates for the Im-Hp:DNA complex taken from preveiously
reported crystal structure data.®
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6.4 Discussion.

Recent advances in hairpin polyamide designs have traditionally focused on
developing new modes of single base pair recognition by heterocyclic ring pairings. Our
studies, however, have highlighted the fact that the microstructure of DNA highly
depends on the sequence in question.'”® Thus we have taken a more global view of
molecular recognition where our efforts have shifted from designing molecules that target

DNA base-pairs to designing those that target DNA sequences.

The Ct-Hz dimer cap represents our first effort to target a short sequence of DNA
using sequence-inspired recognition elements. Previous efforts to target two consecutive
thymine bases using adjacent Hp rings yielded compounds with poor affinities and no
specificity. Studies have also shown that Hz exhibits specificity for T > A at the N-1
position — relative to the polyamide N-terminus — and that Ct polyamides exhibited
specificity for T > A at the cap position with excellent polyamide affinities. We hoped
that a hybrid dimer would impart excellent specificity for the TT sequence while
maintaining a biologically relevant affinity — something that compounds containing
multiple Hp were incapable of doing. Polyamide 31 bound its designed match site 5’-
TTTACA-3" with a sub-nanomolar affinity of K, = 2.4 x 10° M with an increased
specificity of the chlorothiophene ring for T*A over AT from ~4-fold in a Ct-Py system
to 10-fold on the Ct-Hz system. This seemingly synergistic effect is attributed to the fact
that both the exocyclic chlorine and hydroxyl groups prefer to lie across the less bulky
thymine base in an A*T base pair and that the —OH of the Hz ring is able to form an

11

energetically favorable hydrogen bond with the O2 carbonyl of thymine.© Combined,
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these attributes makes this dimer the preferred system for targeting consecutive thymine

residues.

We next looked to evaluate how the G specific Im ring would perform once
incorporated in the Im-Hz dimer cap (polyamide 29). We had hoped that the hairpin
would prefer it’s match sequence of 5’-TGTACA-3" and were surprised when it failed to
demonstrate any preference for its designed site in addition to displaying a significantly
decreased average affinity of ~108M™. Since the specificity of the Im ring arises from its
ability to accept a hydrogen bond from the exocyclic amine of guanine, we hypothesize
that the less curved Hz ring could be responsible for the apparent loss of Im specificity.
To test our hypothesis we took to modeling both the Im-Hp dimer and the Im-Hz dimer
cap and compared the resulting differences in the Im position (Figure 6.7). As expected,
linking the Im residue to the Hz 6-5 fused ring system via a linear carbon-carbon bond
results in a dimer which effectively pulls the terminal Im residue away from the minor
groove floor and, in turn, away from the exocyclic amine of guanine (Figure 6.7b, red
structure). Figure 6.7¢ illustrates how this structural change could affect the cap’s ability

to hydrogen bond and thus specifically bind across from guanine.

The shortcomings of the Im-Hz dimer prompted a search for a ring system that
was capable of specifying for G > C within the Xx-Hz context. The isoxazole (Is) and
oxazole (No) caps (Figure 6.1) were considered because of their structural resemblance
to Im -- all three rings present a nitrogen atom capable of hydrogen bonding to the minor
groove. The binding profiles of both rings were accessed within the standard 8-ring
hairpin design and it was found that No exhibited a 5.5-fold preference for G > C, while

Is showed no appreciable specificity for any of the four base pairs. After evaluating the



198

electron densities on the atom presented to the minor groove of several end-caps it was
found that of the nitrogen presenting rings, No presented the most electron rich nitrogen
to the minor groove and would be the most likely candidate to successfully hydrogen
bond. Interestingly, Is, which was found to be degenerate at the cap position, was
calculated to have even less clectron density that Im thus backing the thermodynamics
results. Further substantiating our claims was the inability of the No-Hz dimer to
selectively target 5’-TGTACA-3’. To our delight, when the No-Hz dimer was
incorporated into polyamide 33, it was found to be specific for its designed sequence of
5’-TGTACA-3’ with a 25-fold preference for G > C and an affinity of K, = 6.8 x 10°M
! at its match site (Figure 6.6). The No-Hz dimer presents the same functionality to the
minor groove as the Im-Hz dimer, but with an increased negative charge on the guanine
selective, endocyclic nitrogen. This increased charge may enhance it’s ability to
hydrogen bond to the exocyclic amine of guanine thus explaining it’s ability to target a

G-T site.

As a first step in the design of polyamide-based oligomers, we incorporated the
newly synthesized No-Hz dimer into a compound completely consisting of 6-5 fused ring
systems. The oligomer, which was designed to target the site 5°-GTAC-3, is a direct
evolution from the parent polyamide 34. In order to evaluate the impact of removing four
amide bonds and moving to a system consisting of only 6-5 fused recognition elements,
its binding properties were evaluated and compared to polyamide 34. Oligomer 36 was
found to bind its match site with an impressive affinity of 2.3 x 10'° M while
discriminating against its mismatch sites of 5-GAAC-3" and 5-GATC-3° with

specificities of ~7 and ~ 23 fold respectively (Figure 6.8). The oligomer’s affinity for its
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match site represents a 33 fold increase in binding affinity when compared to the parent
polyamide 34 and a 50 fold increase compared to the second generation polyamide 35
(Table 3). A stepwise evolution of polyamide 34 to polyamide 35 and finally to
oligomer 36 shows a removal of 2 amide bonds per molecule. Removing amide bonds
has previously been hypothesized to be detrimental to polyamide binding affinities since
it represents the abolition of energetically favorable hydrogen bonds formed with the base
pairs in the minor groove. While this may be the case, we believe that oligomer 36 is
able to overcome the loss of four hydrogen bonds due to the fact that the 6-5 fused rings
represent a system that is pre-organized to bind in the minor groove. Since the
recognition elements in the oligomer are linked by carbon-carbon bonds, there are less
degrees of freedom and the compound may incur a reduced entropic penalty for arranging
itself to bind DNA. In addition, the oligomer’s large hydrophobic face may prefer the
environment of the minor groove which, when compared to the surrounding aqueous

solution, is relatively water-free.
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Figure 8 Quantitative DNase 1 footprinting experiments in the hairpin moif for poly amide 34 and oligomer 36 respectively, on the Shend-labelled PCR
product of plasmid DEH10: Jane 1, intact IDNA; lane 2, A reaction; lane 3. DNase | standard: lanes 4-14, 1 pM. 3 pM, 10 pM, 30 pM. [00 pM, 300 pM. 1
M. 3 nM. 10 nM. 30 nM, 100 nM polyvamide, respectively. Each foutprinting gel is accompanicd by the following: (topy Chemical structure of'the pairing
of interest; and {bottom ) Binding isotherms for the four designed sites. 8 norm values were obtained according o published methods. X A binding model for
the hairpin motif is shown centered at the top as a dot model with the polyamide bound 1o its target DNA sequence. Imidaroles and pyreoles are shown ay
fitled wnd non-filled circles, respectively: Beta alunine is shown as a dismond: the methyl umide il is shown as a triangle: the gamma-aminobutyric acid
turn residuc Is shown s a semicirele connecting the two subunits.
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6.5 Conclusion.

Eight-ring hairpin polyamides containing the No-Hz and Ct-Hz dimer caps are able
to target G-T and T-T sequences at the polyamide N-terminus with good specificity and
affinity and represent one of our most effective recognition systems. The No-Hz and Ct-
Hz dimer caps denote our first successful attempts to shift the focus of our recognition
clement designs away from single base pair interactions and towards polyamide/DNA
sequence recognition. In addition, the development of the No-Hz cap has allowed for the
design, synthesis and characterization of our first DNA binding oligomer. We are
encouraged by the fact that this oligomer demonstrates good levels of specificity while
exhibiting an excellent affinity for DNA. We hope to apply the development of these
new technologies to the targeting of sequences that have proven to be problematic in the

past.
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6.6 Experimental

Heterocycle Synthesis. The synthesis of compounds 1 (Im-OH), 2 (Tn-OH), 3 (Ct-
OH), 10, 15 (Im-Hz(OMe)-OMe), 20 (Im-Hz(OMe)-OH) and 35 (aryl diamine) have

previously been reported (Figure 6.3).1> 1

Methyl 5-methylisoxazole-3-carboxylate (Is-OMe) 5: Compound S was synthesized as

previously described in the literature from 2,4-dioxopentanoic acid methyl ester 4.

5-methylisoxazole-3-carboxylic acid (Is-OH) 6: A mixture of 5 (1 g, 7.08 mMol), IN
NaOH (10 mL) and MeOH (5 mL) was stirred at 40 °C for 4 h. The MeOH was removed
by rotoevaporation and the pH adjusted to pH = 2 with IN HCI. The precipitate was
extracted with EtOAc (3 x 10 mL), the organics dried over sodium sulfate and removed
by rotoevaporation to provide 6 (792 mg, 88% Yield) as a fibrous white solid. TLC (3:2
EtOAc/Hex +10% AcOH) Ry 0.4; "H NMR (DMSO-ds) 6.54 (s, 1H), 2.45 (s, 3H); °C
(DMSO-dy) 171.74, 161.21, 157.17, 102.47, 11.88; EI-MS m/e 127.027 (M" calcd for

127.027 CsHsNO:3).

Methyl 5-methyl-1,3-0xazole-4-carboxylate (No-OMe) 8: To a mixture of methyl-
alpha-isocyanoacetate (3 g, 30.2 mmol) and DBU (4.5 g, 30.2 mmol) in dry THF (40 mL)
at 10 °C, was added acetic anhydride (3.06 g, 3.0 mmol) in dry THF (10 mL) dropwise.
The reaction was allowed to warm to room temperature and stirred for 10 h. The solvent
was removed by rotoevaporation and water (100 mL) was added. The mixture was
extracted with EtOAc (2 x 100 mL). The organic layer was collected and dried over
sodium sulfate. Removal of organics by rotoevaporation provided 8 as a crude amber oil.

The oil was subjected to column chromatography using (3:2 Hex/EtOAc) to provide 8
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(2.73 g, 64% Yield) as a crystalline white solid. TLC (3:2 Hex/EtOAc) Ry 0.5; '"H NMR
(DMSO-ds) 8.32 (s, 1H), 3.77 (s, 3H), 2.55 (s, 3H); BC (DMSO-dy) 161.9, 156.1, 150.3,

126.2, 51.5, 11.5; EI-MS m/e 141.043 (M" calcd for 141.043 CgH7NOs3).

5-Methyl-1,3-oxazole-4-carboxylic acid (No-OH) 9: A mixture of 8 (1 g, 7.08 mMol),
IN NaOH (10 mL) and MeOH (5 mL) was stirred at 40 °C for 4 h. The MeOH was
removed by rotoevaporation and the pH adjusted to pH = 2 with 1N HCI. The precipitate
was extracted with EtOAc (3 x 10 mL), the organics dried over sodium sulfate and
removed by rotoevaporation to provide 9 (738 mg, 82% Yield) as a fibrous white solid.
TLC (3:2 EtOAc/Hex +10% AcOH) Ry 0.4; 'H NMR (DMSO-ds) 8.27 (s, 1H), 2.45 (s,
3H); °C (DMSO-dy) 163.0, 155.6, 150.1, 145.6, 11.6; EI-MS m/e 127.027 (M* calcd for

127.027 CsHsNO3).

Tn-Hz(OMe)OMe 16: To a solution of 2 (500 mg, 3.52 mmol) in DMF (6 mL) was
added DIEA (.676 mL, 3.87 mmol) and HBTU (1.26 g, 3.34 mmol). The mixture was
stirred at room temperature for 1 h, followed by the addition of the aryl diamine 35 (690
mg, 3.52 mmol). The reaction was then heated to 35 °C and stirred for an additional 24 h.
The reaction was allowed to cool to room temperature and then poured into a Falcon tube
containing cold water (40 mL) upon which time a cloudy precipitate formed. The Falcon
tube was centrifuged at 14000 rpm for 10 min, the mother liquor decanted, and the
precipitated solid dried under high vacuum. After drying, the crude solid (11) was
dissolved in acetic acid (5 mL) and heated to 90 °C. The reaction was stirred for 12 h,
followed by removal of the solvent by rotoevaporation. The resultant residue was
subjected to column chromatography (3:2 EtOAc/Hex) to provide 16 as an off-white

solid (447 mg, 42% Yield).
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Tn-Hz(OMe)OMe 17: To a solution of 3 (294 mg, 1.80 mmol) in DMF (5 mL) was
added DIEA (.348 mL, 1.98 mmol) and HBTU (650 mg, 1.72 mmol). The mixture was
stirred at room temperature for 1 h, followed by the addition of the aryl diamine 35 (300
mg, 1.80 mmol). The reaction was then heated to 35 °C and stirred for an additional 24 h.
The reaction was allowed to cool to room temperature and then poured into a Falcon tube
containing cold water (40 mL) upon which time a cloudy precipitate formed. The Falcon
tube was centrifuged at 14000 rpm for 10 min, the mother liquor decanted, and the
precipitated solid dried under high vacuum. After drying, the crude solid (12) was
dissolved in acetic acid (5 mL) and heated to 90 °C. The reaction was stirred for 12 h,
followed by removal of the solvent by rotoevaporation. The resultant residue was
subjected to column chromatography (3:2 EtOAc/Hex) to provide 17 as an off-white

solid (647 mg, 57% Yield).

Methyl  7-methoxy-2-(5-methylisoxazole-3-yl)benzimidazole-6-carboxylate  (Is-
Hz(OMe)OMe) 18: To a solution of 6 (0.3 g, 2.36 mmol) in DMF (4 mL) was added
DIEA (915 mg, 1.23 mL, 7.08 mmol) and HBTU (895 mg, 2.36 mmol). The mixture was
stirred at room temperature for 1 h, followed by the addition of the aryl diamine 35 (463
mg, 2.36 mmol). The reaction was then heated to 35 °C and stirred for an additional 24 h.
The reaction was allowed to cool to room temperature and then poured into a Falcon tube
containing cold water (40 mL) upon which time a cloudy precipitate formed. The Falcon
tube was centrifuged at 14000 rpm for 10 min, the mother liquor decanted, and the
precipitated solid dried under high vacuum. After drying, the crude solid (13) was
dissolved in acetic acid (5 mL) and heated to 90 °C. The reaction was stirred for 12 h,

followed by removal of the solvent by rotoevaporation. The resultant residue was
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subjected to column chromatography (3:2 EtOAc/Hex) to provide 18 as a thin film.
Addition of hexanes to the film, followed by rotoevaporation and drying under high
vacuum provided 18 as a white solid (305 mg, 45% Yield). TLC (3:2 EtOAc/Hex) Ry
0.5; '"H NMR (DMSO-dy) 7.60 (d, 1H, J = 8.4 Hz), 7.21 (d, 1H, J = 8.4 Hz), 6.86 (s, 1H),
431 (s, 3H), 3.79 (s, 3H) 2.51 (s, 3H); '°C (DMSO-ds) 171.3, 168.0, 154.9, 151.7, 142.2,
141.0, 135.2, 127.1, 115.8, 105.8, 101.4, 61.2, 52.1, 11.8; EI-MS m/e 287.091 (M" calcd

for 287.090 C14H13N304).

Methyl 7-methoxy-2-(5-methyl(1,3-oxazole-4-yl))benzimidazole-6-carboxylate
(NoHz(OMe)OMe) 19: To a solution of 9 (0.3 g, 2.36 mmol) in DMF (4 mL) was added
DIEA (915 mg, 1.23 mL, 7.08 mmol) and HBTU (895 mg, 2.36 mmol). The mixture was
stirred at room temperature for 1 h, followed by the addition of the aryl diamine 35 (463
mg, 2.36 mmol). The reaction was then heated to 35 °C and stirred for an additional 24 h.
The reaction was allowed to cool to room temperature and then poured into a separatory
funnel containing water (200 mL). The water was then extracted with EtOAc (2 x 100
mL). The organic layer was dried over sodium sulfate and removed by rotoevaporation
to provide 14 as a crude residue. 14 was then dissolved in acetic acid (5 mL) and heated
to 90 °C. The reaction was stirred for 12 h, followed by removal of the solvent by
rotoevaporation. The resultant residue was subjected to column chromatography (4:1
EtOAc/Hex) to provide 19 as a thin film. Addition of hexanes to the film, followed by
rotoevaporation and drying under high vacuum provided 19 as a white solid (379 mg,
56% Yield). TLC (4:1 EtOAc/Hex) Ry 0.75; '"H NMR (DMSO-d;) 8.49 (s, 1H), 7.51 (d,

1H, J = 8.7 Hz), 7.16 (d, 1H, J = 8.7 Hz), 4.34 (s, 3H), 3.77 (s, 3H) 2.78 (s, 3H); Be
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(DMSO-ds) 166.7, 151.0, 149.3, 145.5, 139.0, 135.3, 125.6, 124.8, 114.2, 105.3, 60.8,

51.6, 11.3; EI-MS m/e 287.091 (M" calcd for 287.090 C14H3N304).

(Tn-Hz(OMe)OH) 21: A mixture of 16 (500 mg, 0.97 mMol), 1IN NaOH (8 mL) and
MeOH (8 mL) was stirred at 40 °C for 6 h. The MeOH was removed by rotoevaporation
and the aqueous layer washed with EtOAc (3 x 10 mL). The precipitate was extracted
with EtOAc (3 x 10 mL), the organics dried over sodium sulfate and removed by

rotoevaporation to provide 21 (338 mg, 71% Yield) as an off-white solid.

(Ct-Hz(OMe)OH) 22: A mixture of 17 (500 mg, 1.55 mMol), 1IN NaOH (8 mL) and
MeOH (8 mL) was stirred at 40 °C for 5 h. The MeOH was removed by rotoevaporation
and the aqueous layer washed with EtOAc (3 x 10 mL). The precipitate was extracted
with EtOAc (3 x 10 mL), the organics dried over sodium sulfate and removed by

rotoevaporation to provide 22 (330 mg, 69% Yield) as a light yellow solid.

(Is-Hz(OMe)OH) 23: A mixture of 18 (280 mg, 0.97 mMol), IN NaOH (2 mL) and
MeOH (1 mL) was stirred at 40 °C for 4 h. The MeOH was removed by rotoevaporation
and the pH adjusted to pH = 2 with 1IN HCIL. The precipitate was extracted with EtOAc
(3 x 10 mL), the organics dried over sodium sulfate and removed by rotoevaporation to
provide 23 (226 mg, 85% Yield) as a white solid. TLC (3:2 EtOAc/Hex +10% AcOH) Ry
0.4; "H NMR (DMSO-ds) 7.62 (d, 1H, J = 8.7 Hz), 7.21 (d, 1H, J = 8.7 Hz), 6.87 (s, 1H),
430 (s, 3H), 2.51 (s, 3H); °C (DMSO-ds) 171.2, 167.5, 155.3, 151.7, 142.0, 139.3,

135.3, 126.5, 115.7, 105.7, 101.0, 61.2, 11.8; EI-MS m/e 273.075 (M" calcd for 273.075

Ci3H1iN304).
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7-methoxy-2-(5-methyl(1,3-oxazole-4-yl))benzimidazole-6-carboxylic acid
(NoHz(OMe)OH) 24: A mixture of 19 (200 mg, 0.69 mMol), IN NaOH (2 mL) and
MeOH (1 mL) was stirred at 40 °C for 4 h. The MeOH was removed by rotoevaporation
and the pH adjusted to pH = 2 with IN HCl. The precipitate was extracted with EtOAc
(3 x 10 mL), the organics dried over sodium sulfate and removed by rotoevaporation to
provide 24 (156 mg, 82% Yield) as a white solid. TLC (3:2 EtOAc/Hex +10% AcOH) Ry
0.35; '"H NMR (DMSO-dy) 8.50 (s, 1H), 7.54 (d, 1H, J = 8.4 Hz), 7.18 (d, 1H, J = 84
Hz), 4.29 (s, 3H), 2.78 (s, 3H); °C (DMSO-dy) 168.1, 151.5, 149.8, 138.8, 136.1, 126.2,

125.6, 61.5, 11.8; EI-MS m/e 273.075 (M" caled for 273.075 C3H 1N3O04).

Polyamide Synthesis: Polyamides were synthesized from Boc-f3-alanine-Pam resin (50
mg, 0.59 mmol/g) and purified by preparatory HPLC according to published manual solid
phase protocols.17 The synthesis of batch resin BR1 (H,N-Py-Py-y-Im-Py-Py-Py-3-Pam),
BR2 (H;N-Py-Py-Py-y-Im-Py-Py-Py-3-Pam) and polyamides 25-27 has previously been

reported.” (Figure 6.4).

Is-Py-Py-Py-y-Im-Py-Py-Py-B-Dp (28): (Is-OH) (11.2 mg, 88.5 umol) was incorporated
by activation with HBTU (32 mg, 84 pmol), DIEA (23 mg, 31 ul, 177 pmol) and DMF
(250 ul). The mixture was allowed to stand for 15 min at room temperature and then
added to the reaction vessel containing base resin BR2 H,N-Py-Py-Py-y-Im-Py-Py-Py-f3-
Pam. Coupling was allowed to proceed for 12 h at 37 °C. The resin was then washed
with DCM followed by the addition of Dp (500 pL). The mixture was allowed to stand
for 2 h at 85 °C with occasional agitation. The resin was then filtered and the solution

diluted to 8 mL using 0.1% TFA. The sample was purified by reversed phase HPLC to
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provide Is-Py-Py-Py-y-Im-Py-Py-Py-B-Dp (28) (2.8 mg, 7.7 % recovery) as a fine white
powder under lyophilization of the appropriate fractions. MALDI-TOF-MS 1223.56

(M+H calcd for 1223.56 C58H71N20011).

No-Py-Py-Py-y-Im-Py-Py-Py-B-Dp (29): (No-OH) was incorporated as described above
for Is-OH (polyamide 28) to provide No-Py-Py-Py-y-Im-Py-Py-Py-B-Dp (29) (3.1 mg,
8.5 % recovery) as a fine white powder under lyophilization of the appropriate fractions.

MALDI-TOF-MS 1223.58 (M+H calcd for 1223.56 CsgH71N20O11).

Im-Hz-Py-Py-y-Im-Py-Py-Py-p-Dp (30): (Im-HzOMe-OH) (25 mg, 88.5 umol) was
incorporated by activation with HBTU (32 mg, 84 umol), DIEA (23 mg, 31 ul, 177
umol) and DMF (250 pl). The mixture was allowed to stand for 15 min at room
temperature and then added to the reaction vessel containing base resin BR1 H,N-Py-Py-
v-Im-Py-Py-Py-B-Pam. Coupling was allowed to proceed for 12 h at room temperature.
The resin-bound polyamide was then washed with DCM and treated as described in the
deprotection protocol below to provide Im-Hz-Py-Py-y-Im-Py-Py-Py-B-Dp (30) (0.9 mg,
2.4 % recovery) as a fine white powder under lyophilization of the appropriate fractions.

MALDI-TOF-MS 1232.55 (M+H calcd for 1232.56 Cs9H70N21O10).

Tn-Hz-Py-Py-y-Im-Py-Py-Py-p-Dp (31):  (Tn-HzOMe-OH) was incorporated as
described above for Im-Hz-OH (polyamide 30) to provide Tn-Hz-Py-Py-y-Im-Py-Py-
Py-B-Dp (31) (1.1 mg, 3.0 % recovery) as a fine white powder under lyophilization of the
appropriate fractions. MALDI-TOF-MS 1248.55 (M+H caled for 1248.53

CsoH70N19010S).
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Ct-Hz-Py-Py-y-Im-Py-Py-Py-B-Dp (32): (Ct-HzOMe-OH) was incorporated as
described above for Im-Hz-OH (polyamide 30) to provide Ct-Hz-Py-Py-y-Im-Py-Py-Py-
B-Dp (32) (1.1 mg, 2.9 % recovery) as a fine white powder under lyophilization of the
appropriate fractions. MALDI-TOF-MS 126947 (M+H caled for 1269.47

CsoHg7CIN | 19010S).

Is-Hz-Py-Py-y-Im-Py-Py-Py-B-Dp (33): (Is-HzOMe-OH) was incorporated as described
above for Im-Hz-OH (polyamide 30) to provide Is-Hz-Py-Py-y-Im-Py-Py-Py-B-Dp (33)
(0.8 mg, 2.2 % recovery) as a fine white powder under lyophilization of the appropriate

fractions. MALDI-TOF-MS 1233.55 (M+H calcd for 1233.55 CsoHgoN2¢O11).

No-Hz-Py-Py-y-Im-Py-Py-Py-B-Dp (34):  (No-HzOMe-OH) was incorporated as
described above for Im-Hz-OH (polyamide 30) to provide No-Hz-Py-Py-y-Im-Py-Py-
Py-B-Dp (34) (1.5 mg, 4.1 % recovery) as a fine white powder under lyophilization of the
appropriate fractions. MALDI-TOF-MS 1233.54 (M+H caled for 1233.55

CsoHgoN2¢O11).

Deprotection of the O-Methyl-Protected Polyamides. O-Methyl protected
polyamides were cleaved from resin, purified, deprotected and subject to further
purification using the following general procedure. Upon completion of solid phase
synthesis, Dp (500 pL) was added to the synthesis vessel containing the resin (50 mg).
The mixture was allowed to stand for 2 h at 85 °C with occasional agitation. The resin
was then filtered and the solution diluted to 8 mL using 0.1% TFA. The sample was
purified by reversed phase HPLC and lyophilized to provide polyamides containing the

O-methyl protected hydroxybenzimidazole unit (-HzOMe-) as a dry solid. The
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polyamides were then dissolved in DMF (200 ul) and added to a suspension of sodium
hydride (40 mg, 60% oil dispersion) and thiophenol (200 pl) in DMF (400 pl) that was
pre-heated for 5 min at 85 °C. The mixture was heated for 2 h at 85 °C. The mixture was
then cooled to 0 °C and 20% TFA (7.0 mL) was added. The aqueous layer was washed
three times with diethyl ether (8 mL) and then diluted to a total volume of 9.5 mL using
0.1% TFA. The mixture was then purified by reverse-phase HPLC to give the

deprotected Hz-containing polyamides 30-34.
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Chapter 7

Targeting Poly G Tracts of DNA

The text of this chapter was taken in part from a manuscript in preparation with David

Chenoweth, Michael A. Marques and Professor Peter B. Dervan (Caltech).

(Chenoweth, D.; Marques, M. A.; Doss, R. M.; and Dervan, P. B.)
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Abstract.

The evolution of pyrrole (Py), hydroxypyrrole (Hp) and imidazole (Im) based
polyamides into DNA-binding oligomers has greatly expanded the targetable range of
DNA sequences. Incorporation of the hydroxybenzimidazole (Hz), benzimidazole (Bi),
and imidazopyridine (Ip) 6-5 fused rings into these minor groove binding compounds has
resulted in systems with improved binding affinities, levels of specificity and stability. In
addition to displaying improved molecular recognition properties, these new oligomers
posses a unique level of curvature which may be useful for targeting DNA sequences
which continue to be problematic. Because the microstructure of DNA has been shown
to vary markedly depending on sequence, we are interested in seeing if Ip containing
oligomers will be able to match the wide, shallow and undercurved minor groove of
DNA tracts containing several consecutive guanines. While previously synthesized
polyamides containing four consecutive imidazoles designed to target 5°-GGGG-3" were
unsuccessful are targeting their match sites with useful affinities, we believe that
compounds containing the 6-5 fused recognition elements Ip and Bi may have improved

binding properties.
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7.1 Introduction.

Current DNA-binding oligomers have been rationally evolved from the natural
products netropsin and distamycin. These small, minor groove biding molecules are
capable of targeting A, T tracts of DNA and discriminating against guanine thanks to a
clash between the protruding C-H of the pyrrole ring and the exocyclic amine of guanine.
The ability to target guanine was achieved by replacing the steric bulk of the pyrrole C-H
with a lone pair donated from the N3 of imidazole. This substitution not only relieved
the steric clash, but also allowed for the formation of the energetically favorable

hydrogen bond between Im and the N-H of guanine.

Previous work has shown that recognition elements with heteroatoms presented in
the minor groove tend to be overcurved with respect to DNA. This phenomenon can be
explained by the fact that the small heteroatom on the DNA recognition side of the ligand
“pulls” the polyamide crescent into a tighter semicircle.” A single atomic change can
have marked effects on the overall shape of the ligand due to the rigidity of the
conjugated system — a characteristic which is exacerbated in polyamides containing
multiple Im residues. Such overcurvature manifests itself in a rapid drop in binding
affinity which, in turn, limits the usefulness of the compounds. When targeting a
sequence such as 5-GGGG-3" — one which has been shown to be undercurved — it

becomes clear that Im containing polyamides are not suitable ligands.

With this in mind, compounds containing a varying amount of undercurved 6-5
fused ring systems were designed and their ability to target G-rich sequences of DNA in
the minor groove tested by DNAse I footprinting analysis. In designing compounds to

target 5'-GGGG-3°, several 6-5 system containing oligomers were designed to improve
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upon the original, unsuccessful four Im polyamide. These new oligomers were designed
to replace all four “bottom strand” pyrroles with two Bi-Py dimers in order to decrease
the overall curvature of the compounds and match the unique microstructure of the poly-

G tract (Figure 7.1). In addition to the introduction of the Bi-Py dimers, Ip-Im dimers

S'"-WGGX X T-3! 5'"-W GG X X T-3"
+ H-OBIOI@IO
3I'"-WCCYY A-5 3I'-WCCYY A-5!
5"T-WG G X X T-3¢ 5'"- W GG X X T-3"
H-OEIOIGIO] D-NEOIEIO
3'-WCCYY A-5" 3'-WCCYY A-5!
B'-W G X X T-3! G'"-WGG X X T-3"
eide)
H-oEI0IEIO >OBIOIBIO)
I'-WCCYY A-5' 3I'-WC CYY A-5!
W=AT

XY =GC, AT

Figure 7.1 Ball and stick models of oligomers in the context of a variable DNA sequence.
Examination of flanking sequence effects on oligomer binding are tested by varying W to both A and T
Watson-Crick bases. Examination of mismatch specificity is tested by varying XeY in the core binding
sequence to both GeC and AeT respectively. Imidazole is indicated by a dark circle. Pyrrole is
indicated by a white circle. Imidazopyridine-imidazole (Ip-Im) and benzimidazole-pyrrole (Bi-Py)
dimers are indicated by dark and light rectangles, respectively. P-alanine is depicted as a diamond and
y-aminobutyric acid is depicted as a half circle.

were introduced into the top strands in various positions in order to probe for the best
combination of guanine-specific recognition elements. Recently, Renneberg et al.
reported the utility of imidazopyridine/pyrrole pair (Ip/Py) as a functional
imidazole/pyrrole (Im/Py) pair mimic.” A fused 6-5 bicycle, Ip is able to present the
same recognition face to the DNA minor groove, coding for the exocyclic amine of
guanine via hydrogen bond formation, while offering a significantly different geometry.

While we believe that the relaxed shape of the 6-5 systems will be the most important
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characteristic of the newly developed ligands, it remains unclear as to whether the best
approach would be to replace all eight recognition elements or to employ a combination

of traditional and new ring systems (Figure 7.2).
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Figure 7.2 Chemical structure of oligomers 1-6 shown with imidazopyridine-imidazole (Ip-Im) dimers
in bold. With each chemical structure is the accompanying ball and stick model for the oligomer.
Imidazopyridine-imidazole (Ip-Im) and benzimidazole-pyrrole (Bi-Py) dimers are indicated by dark
ation of 5&apos;-GGGG-3&apos;, 5&apos;-alanine is depicted as a diamond and y-aminobutyric acid is
depicted as a half circle.
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7.2 Results

It should be noted that a major portion of the following synthetic efforts were made
possible by synthetic contributions from graduate student David Chenoweth while the
procedural write-up was compiled by graduate student Michael Marques.

Heterocycle Synthesis (Figure 7.3)

Y O.N
T, - X
T N
X X HNT SN e
—TX=Cl 2
[ g X =B
iii)
3N
ON
PN F iv) N
1 -~ g
x HaN7T SN NCOaMe
HNT N NCo,Me B 2
1 10

J
: N
’ — T,
Vi) [ N OH
16

N/ N
Y /
I '}_(Ij\bwu-m
R/l:/ N N7 CoMe —I-IH |\
N N 7 co
19

BocHN

Figure 7.3 Synthesis of imidazopyridine-imidazole dimers Im-Ip-OH (16) and Boc-Im-Ip-OH (19). i)
30% HBr in AcOH, NaBr, H,SOy; ii) NH; in MeOH; iii) Pd(OAc),, MeOH, CO; iv) H,, Pd/C, DMF; v)
Im-CHO (12) or NO,-Im-CHO (13), NO,Ph; vi) 4N KOH, MeOH; vii) H,, Pd/C, DMF; viii) (Boc),0,
DIEA, DMAP, DMF; ix) 4N KOH, MeOH.

Dimeric units Im-Ip-OH (16) and Boc-Im-Ip-OH (19) were synthesized starting
from commercially available 2,6-dichloro-3-nitropyridine (7). Nitropyridine (7) was
converted to its dibromo derivative (8) by halogen exchange at both ortho-positions using
a combination of HBr in acetic acid and anhydrous HBr.* Regioselective amination of
(8) using a saturated solution of NH; in MeOH provided (9).> Continuous bubbling of
anhydrous NH; into the reaction vessel provides improved yields. Palladium-catalyzed

carbonylation of (9) provided (10) in moderate yield as previously described.> ©
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Reduction of 10 using Pd/C in the presence of hydrogen provided the corresponding
diamine (11) cleanly and in near quantitative yields. It is noteworthy that increased
hydrogen pressure (~500 psi) is not necessary and complete conversion of starting

material can be accomplished by equipping the reaction flask with a hydrogen balloon.

From 11, a variety of conditions can be employed to effect the transformation to
fused bicyclic derivatives such as 14 and 15. First, heterocyclic carboxylic acids can be
activated and mixed with their corresponding diamine coupling partners to form the
initial amide bond, followed by cyclodehydration to provide the fused benzimidazole

®  This initial approach did not allow access to the desired

system.7’ 8 system.7’
imidazopyridine intermediate 14. A second approach, mixing diaminopyridine
intermediate (11) and commercially available imidazole aldehyde (12) in the presence of
an oxidant such as FeCl; or benzoquinone was only moderately successful, providing 14
in low yield following chromatography.” Ultimately, mixing 12 and 11 in refluxing
nitrobenzene overnight provided 14 in excellent yield without the need for

chromatography.'®'* 14 was then saponified using a mixture of KOH (4M) in MeOH

under heating to provide the final Im-Ip-OH dimer (16).

Nitroimidazole (13) was synthesized from 12 using a mixture of oleum and neat
red fuming nitric acid.”® All attempts at nitration using a variety of other conditions,
such as 70% nitric acid or 90% nitric acid with sulfuric acid in acetic anhydride over a
broad range of temperatures (-30-60 °C) were unsuccessful. Nitronium reagents were
also unsuccessful. 13 was then added to a mixture of 11 in nitrobenzene and refluxed at
140 °C open to the atmosphere overnight to provide NO,-Im-Ip-OMe (15) cleanly. 15

was reduced using Pd/C in the presence of hydrogen to provide 17. The amine (17) was
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then Boc-protected using a mixture of Boc anhydride and DMAP in DMF to give 18. It
is noteworthy that the amine 17 is sufficiently unreactive and must be heated with excess
(Boc),0 in the presence of DMAP for the reaction to procede. Following a single

chromatography, saponification of 18 provided the final dimer Boc-Im-Ip-OH (19).

7.3 Oligomer Synthesis (Figure 7.4)

a) b) N
- / O,
BocHN™" 7 ~CO;Bt BocH N/)“~cozﬂ M
Boc-Py-(2Bt (203 Roc-tn-OH (21)
] o
\/\iﬂ § /
BocHN ” (\_{‘ H N/)\co;ﬂ
Boc-3OH (22) Im-1m-0OH (23)
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Figure 7.4 Solid phase synthesis of oligomers. a) heterocyclic and aliphatic monomers and dimers
used to synthesize oligomers 1-6. b) solid phase synthesis of oligomer 6: i) 80% TFA in DCM; ii)
Boc-Py-Bi-OH, HBTU, DIEA, DMF; iii) Ac,O, DIEA, DMF; iv) 80% TFA in DCM; v) Boc-Py-Bi-
OH, HBTU, DIEA, DMF; vi) Ac,O, DIEA, DMF; vii) 80% TFA in DCM; viii) Boc-y-OH, HBTU,
DIEA, DMF; ix) Ac,0, DIEA, DMF; x) 80% TFA in DCM; xi) Boc-Im-Ip-OH, HBTU, DIEA, DMF;
xii) Ac,0, DIEA, DMF; xiii) 80% TFA in DCM; xiv) Im-Ip-OH, HBTU, DIEA, DMF; xv)
dimethylaminopropylamine (Dp) 2h 80 °C.

Oligomers 1-6 were synthesized using manual solid phase synthesis methodology
on commercially available B-Ala-PAM resin as previously described.'*  Starting from

base resin, monomeric and dimeric heterocyclic units were appended onto the resin in
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stepwise fashion using HBTU activation. Couplings were allowed to proceed for several
hours between 25-40 °C. Unreacted amines were acylated between coupling rounds
using acetic anhydride. Deprotection of the Boc-protected amines was accomplished
using 80% TFA in DCM. After completion of solid-phase synthesis, the resin was
treated with dimethylaminopropylamine (Dp) and the oligomers were purified by reverse
phase preparatory HPLC: Im-Im-Im-Im-y-Py-Py-Py-Py-B-Dp (1), Im-Im-Im-Im-y-PyBi-
PyBi-B-Dp (2), ImIp-Im-Im-y-PyBi-Py-Bi-B-Dp (3), Im-Im-ImIp-y-PyBi-PyBi-B-Dp (4),
Im-ImIp-Im-y-PyBi-PyBi-B-Dp (5), Imlp-Imlp-y-PyBi-PyBi-p-Dp (6). Oligomers were

characterized using MALDI-TOF spectrometry.

7.4 DNA Affinity and Sequence Specificity. Quantitative DNase-I-footprinting
titrations were carried out for oligomers 1-6 on the PCR product of plasmid pEF16
(Figure 7.6). Plasmid pEF16 was constructed containing two designed match sites (5°-
XGGGGT-3" X = A, T) and two mismatch sites (5'-AGGGAT-3" and 5’-AGAGGT-3")

(Figure 7.5). Careful attention was devoted to designing a plasmid which would probe

jzpﬂ-—w pEF[ﬁ -
= L

r L
5'-GATCCTCTCG x;‘TGG‘GT ACGGCTCTCG |AAGGGET| ACGGCTCTCG [ATGG ACGGCTCTCG GGT ACGGCT-3"'
3" -CTAGGAGAGC CCCCA| TGCCGAGAGC |TIMCCCCA| TGCCGAGAGC |TACC TGCCGAGAGC QrCch] TGCCGA-5"'

Figure 7.5 Sequence of plasmid pEF16 used for DNasel footprinting titrations. The four designed
binding sites are shown boxed with the variable base pair depicted in yellow.

not only the match and mismatch sequences of the designed oligomers, but would also
look at the effect of flanking sequences. In particular, we were curious to see if an “AG”

tract of DNA would present itself as a more problematic sequence to target when
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compared to a “TA” tract. It has been shown in previous studies that DNA sequences
containing 5°-AG-3’ tracts are more difficult to target at high affinities.”>'”  The
remaining two binding sites, 5’-AGGGAT-3" and 5’-AGAGGT-3" were designed to
elucidate the specificity of the oligomers for single base-pair mismatch sites. In this case,
mismatch evaluation involves determining the energetic penalty for the loss of a
favorable hydrogen bond between the exocyclic amine of guanine and the lone pair

nitrogen on the oligomer in question.
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Figure 7.6 DNase I footprinting titrations for control compound 1 and oligomers 2 and 3. (Top) Ball and
stick structure of each oligomer. Imidazopyridine-imidazole (Ip-Im) and benzimidazole-pyrrole (Bi-Py)
dimers are indicated by dark and light rectangles, respectively. [-alanine is depicted as a diamond and y-
aminobutyric acid is depicted as a half circle. (Middle) DNase I footprinting titration shown with lanes from
left to right: Intact, G and A sequencing lanes, DNase [ control, lanes 5-15 oligomer concentrations 1pM to
100 nM. (Bottom) Quantitative isotherms depicting the affinity and specificity of each oligomer. Isotherms
were generated using previously published methods.’
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Figure 7.7 DNase | footprinting titrations for oligomers 4-6. (Top) Ball and stick structure of each
oligomer. Imidazopyridine-imidazole (Ip-Im) and benzimidazole-pyrrole (Bi-Py) dimers are indicated
by dark and light rectangles, respectively. B-alanine is depicted as a diamond and y-aminobutyric acid
is depicted as a half circle. (Middle) DNase 1 footprinting titration shown with lanes from left to right:
Intact, G and A sequencing lanes, DNasel control, lanes 5-15 oligomer concentrations 1pM to 100 nM.
(Bottom) Quantitative isotherms depicting the affinity and specificity of each oligomer. Isotherms
were generated using previouslv published methods.'

Control compound 1 bound both 4-G match sequences (5’-XGGGGT-3°, X =
A,T) with comparably low affinity (K, ~ 10® M), showing no bias for either site. 1
distinguished against mismatch sequences (5’-AGGGAT-3" and 5’-AGAGGT-3") with
roughly 10-fold specificity (Figure 7.6). Oligomer 2 demonstrated a large increase in

affinity (Ko ~ 10'© M) as compared to 1 for both match sites but showed lower
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specificity (4-fold) over the designed mismatch sites. Oligomers 3 and 4 showed a
moderate increase in affinity (K, ~ 10° M™") but demonstrated only minor selectivity over
mismatch sites. Oligomer 5 demonstrated high affinity for the 4-G match sequences (K,
~ mid 10° M) with a 5-fold selectivity over mismatch sequences (5’-AGGGAT-3’ and
5’-AGGAGT-3") (Figure 7.7). 6 bound all designed sequences with similar affinity.

Thermodynamic data for oligomers 1-6 is summarized in Table 7.1.

b

Table 7.1. Oligomers Turgeting Guanine Rich Sequences K, [M™']

Oligomer §-ATGGGGT-3' 5-AAGGGGT-3 S-ATGGGAT-3 S-ATGAGGT-3'

1 +}08888) 1.4¢x 1L.OX 10° 2.6¢= L.hx 10 2.3¢:0.8x 107 <10x 107
2 SO IE 1.9 L4 10" 2.01= .1 10" 480+ LIk 10° 3602095 107
i S D]
Y
3 + 2.6(£05x 10" 2.9(£0.2x 10" 8.6(£2.0x 10 2.50(£0.8)x 1OF
e BN o]
"
4 £ 0[@‘"‘;@3'." 26206 1O 2.7(x0.4)x 10° 26(:0.2) 10° 2 9(+0.1)x 10°
St W\
] +><>m 4409 10" 4112x 10° 8.1(23)x 10" 8.2(= L3 10*

Y, r
SLEGLE

6 HOBLNSLY

1.6(£02x 107 LI=04) [0 1.3 0.0 107 LIt 107

a) Values reported are the mean values from at least three DNase | footprinting titration experiments, with the standard deviation given in parentheses,
b3 Assays were performed at 22 °C in a buffer of 10 mM Tris HCL 10 mM KCEL 10 mM MCly, and 3 mM CaCl, at pH 7.0,

7.5 Molecular Modeling.

Modeling calculations were preformed with the Spartan Essential software
package. Ab initio calculations were done using a Hartree-Fock model and a 6-31G*
polarization basis set. Four-ring subunits containing the sequences Im-Im-Im-Im, ImIp-
Im-Im, Im-Im-Imlp, Im-ImIp-Im and ImIp-ImIp were constructed to examine
respective overall ligand geometry and relative location of the nitrogen lone pair
presented to the DNA minor groove (Figure 7.8). Because of the importance of the

hydrogen bonding interactions between the exocyclic amine of guanine and the G-
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recognizing ring systems, we were very interested to see how adding 6-5 fused ring
systems in various positions of the oligomer would affect the positioning of the hydrogen
bond accepting nitrogen lone pair. To get a sense of the lone pair placement, the
nitrogens on the oligomer were exaggerated as large spheres and overlaid to show a

comparative oligomer analysis (Figure 7.8b).

a)

b)

Figure 7.8 Ab initio modeling of oligomeric top strands. a) differential curvature of: Im-Im-Im-Im
(black), Im-Im-IpIm (blue), IpIm-Im-Im (yellow), Im-IpIm-Im (red), and IpIm-IpIm (green). b)
Overlay of oligomeric top strands with position of hydrogen bond accepting nitrogen shown. Color
scheme is the same as described above.



225

7.6 Discussion

The weak binding affinity of the four imidazole compound 1, prompted the search
for oligomers that could target four consecutive guanines in the minor groove. By
designing compounds with better shape complementarity with the uniquely shaped
binding site, we have seen that it is possible to improve the average affinity of the
ligands. Unfortunately what is gained by a boost in affinity is mitigated by the fact that
the first round of compounds are not capable of targeting their match sites with

appreciable levels of specificity.

Of the five oligomers we examined, oligomer 5§ was the most successful at
discriminating against its mismatch sites with a 5-fold level of specificity. This system
places an Ip-Im recognition system in the middle of the top strand. It may be possible
that the specificity of the compound stems from the fact that the placement of the 6-5
element generates two crescents which are closely related with regards to curvature. One
can imagine that a single eight ring oligomer, comprised of two strands sitting adjacent to
each other in the minor groove, would be better able to situate itself in its binding site if
its components were similar in curvature. Binding data for oligomer 6, a compound
comprised completely of 6-5 ring systems and would have very similar curvature for both
of its strands, seems to counter this hypothesis and it shows no preference for its match
site whatsoever. With only five characterized oligomers, however, it is difficult to draw

conclusions from the limited data set.

One issue encountered by oligomers consisting of less curved recognition

elements is that the decrease in curvature is met with a less intimate level of contact
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between the ligand and the minor groove floor. The level of contact becomes especially
important when dealing with systems designed to target poly guanine stretches of DNA.
Here, binding site recognition is based completely upon the ability of the compound to
hydrogen bond with the exocyclic amine of guanine. Ring systems designed to recognize
guanine exhibit a higher binding affinity for their match sites because of their ability to
form an energetically favorable hydrogen bond. That is, systems recognizing guanine
exhibit a boost in affinity when binding their match sites as opposed to systems like Py
which exhibit a decrease in binding affinity thanks to steric clashes with the atoms in the
minor groove. Knowing this, one can imagine that ligands demonstrating a decreased
level of curvature may have a diminished capacity to hydrogen bond. This phenomenon
may explain why the oligomers in this study demonstrated a mild, at best, preference for

their match sites.

One striking characteristic of oligomers 2-6, however, is their marked increase in
binding affinity. This phenomenon may be attributed to the fact that the 6-5 fused
benzimidazole analogues have a larger hydrophobic surface. Such a surface could
explain their preference for binding in the minor groove where they are removed from the
surrounding aqueous solution.'® In addition, the benzimidazole derivatives are a more
rigid structure with a lower degree of rotational freedom. Such pre-organization may
decreases the entropic cost of DNA complexation. Finally, the overall geometry of
oligomers incorporated with benzimidazole derivatives is less curved, possibly allowing a

more complementary fit with the DNA helix.
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7.7 Conclusion

The current study has laid the groundwork for future investigations. The initial
round of oligomers has demonstrated that it is possible to design compounds that bind
traditionally difficult sequences to target such as 5-GGGG-3". This new development
can be attributed to a better ligand/DNA fit with regards to shape, an increase in the
degree of ligand pre-organization and the large hydrophobic surface associated with the

benzimidazole-based recognition elements.

Improving the specificity of oligomers designed to target guanine rich sequences
is currently the biggest challenge that faces these types of ligands. Second generation
compounds may look to varying the positioning of the benzimidazole rings in the bottom
strand of the oligomers. Replacing all four pyrroles on that strand may not be the most
effective methodology and care should be given to finding the appropriate balance
between traditional 5-membered ring systems and the new 6-5 fused recognition

elements.

7.8 Experimental

General. N ,N-dimethylformamide (DMF), N,N-diisopropylethylamine (DIEA),
thiophenol (PhSH), N,N-dimethylaminopropylamine (Dp), triethylamine (TEA),
nitrobenzene (NO,Ph), 2-formyl-N-methylimidazole, red fuming nitric acid, 1,3-dichlo-
4-nitroropyridine, 30% bromine in acetic acid, palladium acetate (Pd(OAc);), and 10%

palladium on carbon, were purchased from Aldrich. Boc-B-alanine-(4-

carbonylaminomethyl)-benzyl-ester-copoly(styrene-divinylbenzene)resin ~ (Boc-B-Pam-
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resin), dicyclohexylcarbodiimide (DCC), hydroxybenzotriazole (HOBt), 2-(1H-
benzotriazol-1-y1)-1,1,3,3-tetramethyluronium  hexafluorophosphate (HBTU), N,N-
dimethylaminopyridine (DMAP), and Boc-B-alanine were purchased from NOVA
Biochem. Trifluoroacetic acid (TFA) was purchased from Halocarbon. All other
solvents were reagent-grade from EM. Oligonucleotide inserts were synthesized by the
Biopolymer Synthesis Center at the California Institute of Technology. Precoated silica
gel plates 60F;s4 for TLC and silica gel 60 (40 um) for flash chromatography were from
Merck. Glycogen (20 mg/mL), dNTPs (PCR nucleotide mix), and all enzymes, unless
otherwise stated, were purchased from Boehringer-Mannheim. pUC19 was purchased
from New England Biolabs, and deoxyadenosine [y->*P]triphosphate was provided by
ICN. Calf thymus DNA (sonicated, deproteinized) was from Amersham Pharmacia.
DNasel (7500 units/mL, FPLC pure) was purchased from Roche. AmpliTag DNA
polymerase was from Perkin-Elmer and used with the provided buffers. Tris. HCIL, DTT,
RNase-free water, and 0.5 M EDTA were from United States Biochemical. Calcium
chloride, potassium chloride, and magnesium chloride were purchased from Fluka. Tris-
borate-EDTA was from GIBCO and bromophenol blue was from Acros. All reagents

were used without further purification.

NMR spectra were recorded on a Varian spectrometer at 300 MHz in DMSO-d6
or CDCl; with chemical shifts reported in parts per million relative to residual solvent.
UV spectra were measured on a Hewlett-Packard Model 8452A diode array
spectrophotometer. High resolution FAB and EI mass spectra were recorded at the Mass

Spectroscopy Laboratory at the California Institute of Technology. Matrix-assisted, laser
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desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) was

conducted at the Mass Spectroscopy Laboratory at the California Institute of Technology.

Heterocycle Synthesis. Heterocyclic monomers Boc-Py-OBt (20), Boc-Im-OH
(21) and dimer Boc-Py-Bi-OH (25) were synthesized as reported.’ Im-Im-OH (21) and
Boc-Im-Im-OH (24), dimers were prepared using solution-phase dimerization

methodology previously described.?

1-methyl-4-nitro-1H-imidazole-2-carbaldehyde (NO,-Im-CHO) (13). A cooled
flask (0°C) of 1-methyl-2-imidazole-carboxaldehyde (12) (8g, 72.6 mmol, Aldrich) was
treated dropwise with a precooled (0 °C) solution of red fuming nitric acid (75 ml) in
conc. HySO4eS0; (30%) (75 ml). The mixture was warmed to room temperature and
stirred for 12 hours open to the atmosphere. Next, the mixture was poured over ice,
neutralized with solid sodium carbonate, extracted four times with dichloromethane,
dried over anhydrous sodium sulfate, and concentrated in vacuo to give a brownish-
yellow oil. The oil was recrystallized from iPrOH/Et,;O or EtOH/Et,0O to give 1-methyl-
4-nitro-1H-imidazole-2-carbaldehyde (13) as a tan crystalline solid (4.5 g, 40% Yield).
TLC (1:1 EtOAc/Hex) Ry 0.4; '"H' NMR (300 MHz, DMSO-ds) 8 9.74 (s, 1H), 8.71 (s,
1H), 3.99 (s, 3H); °C (75 MHz, DMSO-dy) & 182.31, 146.14, 140.56, 127.33, 35.70; HR-

MS (EI+): caled. for CsHsO3N3: 155.033; found: 155.035.

2-(1-Methyl-4-nitroimidazol-2-yl)-3H-imidazo[4,5-b |pyridine-5-carboxylic  acid
methyl ester (NO,-Im-Ip-OMe) (15). 1-Methyl-4-nitro-1H-imidazole-2-carbaldehyde
(2.01 g, 13.0 mmol) (13) and methyl 5,6-diaminopyridine-2-carboxylate (11) (2.17 g,

13.0 mmol) suspended in 120 ml of nitrobenzene was heated to 140 °C for 48 hours open
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to the atmosphere. The reaction mixture was cooled to 23 °C and the precipitate collected
by vacuum filtration. The solid was washed with diethyl ether and dried under high
vacuum to provide 2-(1-methyl-4-nitroimidazol-2-yl)-3H-imidazo[4,5-b]pyridine-5-
carboxylic acid methyl ester (15) (3.6 g, 92% Yield) as a powdery tan solid. 'H NMR
(300 MHz, DMSO-ds) & 14.02 (broad s, 1H), 8.03-8.06 (m, 2H), 4.27 (s, 3H), 3.91 (s,
3H); C (75 MHz, DMSO-ds) 8 166.01, 146.44, 142.95, 136.59, 135.80, 130.36, 127.35,
123.81, 121.17, 121.04, 52.85, 37.43; HR-MS (EI+): calcd. for C;2H;oNgOy4: 302.076;

found: 302.076.

2-{4-amino-1-methylimidazol-2-yl)-3H-imidazo[4,5-b |pyridine-5-carboxylic acid
methyl ester (H;N-Im-Ip-OMe) (17). 2-(1-methyl-4-nitroimidazol-2-yl)-3H-imidazo[4,5-
b]pyridine-5-carboxylic acid methyl ester (15) (3 g, 9.9 mmol) was dissolved in
anhydrous DMF (150 ml) and the solution was degassed with Ar. After the addition of
Pd/C (10 wt. %, 600 mg) the reaction mixture was purged three times with hydrogen and
then left to stir at 23°C for 9 hours under a hydrogen balloon atmosphere. After filtering
through a pad of Celite and washing with copious amounts EtOAc the filtrate was
concentrated in vacuo to give 2-{4-amino-l-methylimidazol-2-yl)-3H-imidazo[4,5-
b]pyridine-5-carboxylic acid methyl ester (17) without further purification (2.7 g, 100%
Yield). 'H NMR (300 MHz, DMSO-dy) & ; "*C (75 MHz, DMSO-ds) & 166.17, 149.03,
148.21, 141.40, 131.50, 120.12, 107.77; HR-MS (EI+): caled. for C;2H1oNgO,: 272.102;

found: 272.103.

2-{4-[(tert-Butoxy)carbonylamino]-I-methylimidazol-2-yl)-3H-imidazo[4, 5-
b]pyridine-5-carboxylic acid methyl ester (Boc-Im-Ip-OMe) (18). 2-{4-amino-1-

methylimidazol-2-yl)-3H-imidazo[4,5-b]pyridine-5-carboxylic acid methyl ester (17) (2.0
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g, 7.3 mmol) dissolved in DMF (25 ml) was treated with Boc20 (5.3 g, 24.3 mmol),
DIEA (5.2 ml), and DMAP (95 mg, 0.73 mmol). The reaction mixture was then heated
to 80 °C for 72 hours, cooled to 23 °C, and flashed through a plug of silica gel eluting
with EtOAc to give a mixture of mono- and di-bocked (2-{4-[(tert-
Butoxy)carbonylamino]-1-methylimidazol-2-yl)-3-[(tert-Butoxy)carbonylamino]-

imidazo[4,5-b]pyridine-5-carboxylic acid methyl ester) products which were carried on

for saponification.

2-{4-[(tert-Butoxy)carbonylamino]-I-methylimidazol-2-yl)-3H-imidazo[4,5-

b]pyridine-5-carboxylic (Boc-Im-Ip-OH) (19). 2-{4-[(tert-Butoxy)carbonylamino]-1-
methylimidazol-2-yl)-3-[(tert-Butoxy)carbonylamino]-imidazo[4,5-b]pyridine-5-

carboxylic acid methyl ester dissolved in MeOH (10 ml) and NaOH (1 N, 25 ml) was
heated to 50 °C for 4 hours. The reaction mixture was cooled to 0 °C and the pH
adjusted slowly to pH = 4 with I N HCI. The reaction mixture was then extracted with
ethyl acetate (four times), dried over anhydrous sodium sulfate, concentrated in vacuo,
and dried wunder high vacuum to give 2-{4-[(tert-Butoxy)carbonylamino]-1-
methylimidazol-2-yl)-3H-imidazo[4,5-b]pyridine-5-carboxylic (19) (258 mg, 60% Yield)
as a light yellow solid. 'H NMR (300 MHz, DMSO-dg) & 13.19 (broad s, 2H), 9.53 (s,
1H), 8.00 (m, 2H), 7.36 (s, 1H), 4.15 (s, 3H), 1.47 (s, 9H); *C (75 MHz, DMSO-ds) &
166.61, 152.92, 147.81, 142.48, 138.38, 132.01, 128.91, 119.74, 113.50, 79.07, 35.35,

28.12; HR-MS (EI+): caled. for C;sH gN¢O4: 358.139; found: 358.137.

2-(1-Methylimidazol-2-yl)-3H-imidazo[4,5-b]pyridine-5-carboxylic acid methyl
ester (Im-Ip-OMe (14). 1-Methylimidazole-2-carbaldehyde (12) (214 mg, 1.85 mmol)

and methyl 5,6-diaminopyridine-2-carboxylate (11) ( 310 mg, 1.85 mmol) suspended in
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17 ml of nitrobenzene was heated to 140 °C for 24 hours open to the atmosphere. The
reaction mixture was cooled to room temperature. To the reaction was added diethyl ether
(1 mL), upon which a tan precipitate formed. The precipitate was collected by filtration
and washed with cold diethyl ether. The material was dissolved in hot iso propanol,
cooled to room temperature and re-precipitated with diethyl ether. The solid was washed
with diethyl ether and dried under high vacuum to provide 2-(1-methylimidazol-2-yl)-
3H-imidazo[4,5-b]pyridine-5-carboxylic acid methyl ester (14) (250 mg, 52% Yield) as s
tan solid. "H NMR (300 MHz, DMSO-ds) § 7.99 (s, 2 H), 7.51 (d, 1H, J = 0.9 Hz), 7.20
(s, 1H, J = 0.9 Hz), 4.18 (s, 3H), 3.88 (s, 3H); °C (75 MHz, DMSO-ds) & 147.7, 142.0,
137.1, 131.8, 129.6, 126.9, 119.9, 109.3, 52.8, 35.8; HR-MS (EI+): calcd. for

C12H11N5022 257091, found: 257.092.

2-(1-Methylimidazol-2-yl)-3H-imidazo[4,5-b [pyridine-5-carboxylic acid (Im-Ip-
OH). (16). 2-(1-methylimidazol-2-yl)-3H-imidazo[4,5-b]pyridine-5-carboxylic acid
methyl ester (14) (250 mg, 0.97 mmol) dissolved in MeOH (2 ml) and KOH (4 N, 3 ml)
was heated to 50 °C for 4 hours. TLC showed baseline product formation with some
residual non-polar impurities. The methanol was removed in vacuo and the aqueous
layer washed with EtOAc (2 x 10 mL) to remove any starting material and trace
impurities. The pH of the aqueous layer was then adjusted slowly to pH = 4 with 1 N
HCI upon which time a cloudy beige precipitate formed. The mixture was placed in a
falcon tube and the precipitate concentrated by centrifugation. The supernatant was
decanted and the solid dried under high vacuum to give 2-(1-Methylimidazol-2-yl)-3H-

imidazo[4,5-b]pyridine-5-carboxylic acid (16) (154 mg, 65% Yield) as a brown solid. 'H
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NMR (300 MHz, DMSO-dy) § 7.99 (s, 2H), 7.51 (d, 1H, J = 0.9 Hz), 7.20 (d, 1H, J= 0.9

Hz), 4.18 (s, 3H); HR-MS (EI+): calcd. for C;1HoNsO,: 243.075; found: 243.074.

Oligomer Synthesis. Oligomers were synthesized on solid support using Boc-[3-
PAM resin (0.59 meq/g). Stepwise elongation of the oligomers was done according to
previously published protocols."* The synthesis of compound 1 has been previously

reported.”’

Preparation of Base Resin R-B-BiPy-BiPy-y-NHBoc (BR1): To a manual solid
phase synthesis vessel was added Boc--PAM resin (0.3 g). The resin was washed with
DMF (15 mL) and allowed to swell for 15 minutes while shaking at room temperature.
The resin was then washed with DCM (~30 mL), followed by 80% TFA in DCM (~30
mL) to deblock the Boc-group. The resin was then agitated at room temperature in 8§0%
TFA/DCM for another 25 minutes to provide the deblocked resin bound amine (R—f-
NH;). Following Boc-deprotection, the resin was washed with DCM and 10% DIEA in
DMF to neutralize and prepare for coupling. Simultaneously, in a separate reaction
vessel, Boc-PyBi-OH (23) (189 mg, 531 uM), HBTU (191 mg, 504 uM), DIEA (137 mg,
185 uL, 1.06 mM) and DMF (1.2 mL) was mixed and allowed to activate at room
temperature for 25 minutes. This mixture was then added to the solid-phase synthesis
vessel containing R—B-NH,. Coupling was allowed to proceed at room temperature with
agitation for 3-6 hours. Initial loading of the resin requires elongated coupling times.
Following coupling, the resin was acylated by the addition of acetic anhydride to the
mixture and shaking for 15 minutes. The addition of the next Boc-PyBi-OH (25) dimer

was incorporated and deprotected as described above to provide the resin bound fragment
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(R-B-BiPy-Bi-Py-NH;). To this fragment was added a preactivated mixture of Boc-y-OH
(180 mg, 885 nM), HBTU (319 mg, 841 uM), DIEA (229 mg, 308 plL, 1.77 mM).
Coupling was allowed to proceed for 3 h at room temperature with agitation. The resin
was then caped with acetic anhydride as described above to provide the base resin R-§-
BiPy-Bi-Py-y-NHBoc (BR1). BR1 was then washed with DCM followed by MeOH and

Et;0. The resin was then dried under high vacuum and stored for subsequent use.

Im-Im-Im-Im-y-PyBi-Py-Bi--Dp (2): BR1 (50 mg) was added to a manual solid-
phase synthesis vessel. The resin was washed with DCM (~15 mL), followed by
deprotection with 80% TFA in DCM. The resin was shaken at room temperature in the
80% TFA solution for 25 minutes. The resin was then drained, washed with DCM, and
neutralized with 10% DIEA in DMF. A pre-activated mixture of Boc-Im-Im-OH (24)
(54 mg, 148 uM), HBTU (53 mg, 140 uM), DIEA (38 mg, 52 uL, 295 uM) and DMF
(400 pL) was then added to the reaction vessel and coupling was allowed to proceed for
three hours at room temperature, followed by capping with acetic anhydride as described
for BR1 to give R-B-BiPy-BiPy-y-Im-Im-NHBoc. Following resin deprotection as
described above, Im-Im-OH (23) was activated as described for Boc-Im-Im-OH (24).
Coupling of 23 to the resin was allowed to proceed overnight at room temperature to
provide R-B-BiPy-BiPy-y-Im-Im-Im-Im. The resin was treated with the cleavage
protocol outlined below to provide Im-Im-Im-Im-y-PyBi-Py-Bi--Dp 2 in 5% Yield:

[MALDI-TOF] CssHgeN23O5 1212.55 caled. 1212.5 found. [M+H]"

Imlp-Im-Im-y-PyBi-Py-Bi-f-Dp (3): BR1 (50 mg) was added to a manual solid

phase synthesis vessel and R-B-BiPy-BiPy-y-Im-Im-NHBoc was prepared as described
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above for 2. Following deprotection, washing and neutralization as described above, a
pre activated mixture of Imlp-OH (14) (21.5 mg, 88.5 uM), HBTU (32 mg, 84 uM),
DIEA (23 mg, 31uL, 177 uM), DMF (400 pL) was added to the vessel containing R-f3-
BiPy-BiPy-y-Im-Im-NH,. = Coupling was allowed to proceed overnight at room
temperature to provide R-B-BiPy-BiPy-y-Im-Im-IpIm. The resin was treated with the
cleavage protocol outlined below to provide Imlp-Im-Im-y-PyBi-Py-Bi-£-Dp 3 in 2.2%

Yield: [MALDI-TOF] CsoHg4N2307 1206.54 caled. 1206.60 found. [M+H]"

Im-Im-Imlp-y-PyBi-PyBi--Dp (4): BR1 (50 mg, 0.81 meqg/g) was added to a
manual solid phase synthesis vessel. The resin was treated with the cleavage protocol
outlined below to provide Im-Im-Imlp-y-PyBi-Py-Bi-f3-Dp 4 in 3% Yield: MALDI-TOF-

MS CssHgiNa307 1206.5 caled. 1206.5 found. [M+H]

Im-Imlip-Im-y-PyBi-PyBi-f-Dp (5): BR1 (70 mg, 0.59 meq/g) was added to a
manual solid phase synthesis vessel. The resin was washed with DCM (~15 mL),
followed by deprotection with 80% TFA in DCM. The resin was shaken at room
temperature in the 80% TFA solution for 25 minutes. The resin was then drained,
washed with DCM, neutralized with 50% DIEA in DCM, and washed with DMF. A pre-
activated mixture of Boc-Im-OH (21) (50 mg, 207 umol), HBTU (79 mg, 208 pmol),
DIEA (53 mg, 72 pL, 413 pmol) and DMF (900 ul) was then added to the reaction
vessel and coupling was allowed to proceed for 12 hours at room temperature, followed
by capping with acetic anhydride as described for BR1 to give R-B-BiPy-BiPy-y-Im-
NHBoc. Following resin deprotection as described above, Boc-ImIp-OH (19) was

activated as described for Boc-Im-OH (21). Coupling of 19 to the resin was allowed to
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proceed overnight at room temperature to provide R-B-BiPy-BiPy-y-Im-IpIm-NHBoc.
Following resin deprotection as described above, Im-CCls (2-Trichloroacetyl-1-
methylpyrrole) (47 mg, 207 umol) and DIEA (53 mg, 72 pL, 413 umol) were dissolved
in NMP (900 pl) and added to the reaction vessel. Coupling of Im-CCl; to the resin was
allowed to proceed overnight at 32 °C to provide R-B-BiPy-BiPy-y-Im-IpIm-Im. The
resin was treated with the cleavage protocol outlined below to provide Im-Imip-Im-y-
PyBi-Py-Bi-f3-Dp 5 in 3% Yield: MALDI-TOF-MS CsoHesN3307 1206.54 caled. 1206.5

found. [M+H]

ImliIp-Imlp-y-PyBi-PyBi-f-Dp (6): BR1 (50 mg) was added to a manual solid
phase synthesis vessel. The resin was treated with the cleavage protocol outlined below
to provide ImIp-Imlp-y-PyBi-Py-Bi-3-Dp 6 in 2% Yield: MALDI-TOF-MS CgoHs2N2306

1200.52 caled. 1200.5 found. [M+H]"

Resin Cleavage Procedure: A sample of resin (20-100 mg) was washed with
DCM followed by the addition of dimethylaminopropylamine (Dp) (1 mL). The mixture
was heated to 80 °C for 2 h with occasional agitation. The resin was then filtered and
washed with 0.1% TFA in water (7 mL). The combined filtrate was collected and
subjected to purification by reverse phase preparatory HPLC using a Waters C18 column
and 0.1% TFA/ACN solvent system. Appropriate fractions from the HPLC purification
were checked for purity by analytical HPLC and characterized by MALDI-TOF
spectroscopy. Pure fractions were then pooled, flash frozen using liquid nitrogen and

lyophilized to a dry solid for later use.
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Footprinting Experiments. Plasmids pEF16 was constructed using standard methods. "

DNase I footprint titrations were performed according to standard protocols.'
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Chapter 8

Enforcing the Hairpin Motif in Polyamide-DNA Recognition

The text of this chapter was taken in part from a manuscript coauthored with Michael A.

Marques, Adam R. Urbach and Professor Peter B. Dervan ( Caltech)
(Urbach, A. R.; Marques, M. A. and Dervan, P. B. “Enforcing the Hairpin Motif in

Polyamide-DNA Recognition,” in preparation.)
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Abstract.

Polyamides containing imidazole (Im) and pyrrole (Py) amino acids linked by
beta-alanine (f) and gamma-aminobutyric acid (y) target predetermined DNA sequences
in hairpin or extended 1:1 conformations depending on the rules for recognition inherent
to each binding mode. In order to eliminate this ambiguity of sequence targeting based
on conformation, we present design principles for predicting the preferred binding mode
based on the sequence composition of the polyamide. To this end, a series of aliphatic
linkages were employed to confer a preference for hairpin or extended conformation and
the relative preference for each binding mode determined. DNase I and MPE
footprinting experiments were performed for polyamides Im-3-ImPy-B-Im-B-ImPy-3-Dp
(1), Im-B-ImPy-y-Im-B-ImPy-B-Dp (2), Im-B-ImPy-"2"y-Im-B-ImPy-B-Dp (3), and Im-p-
ImPy-*“y-Im-B-ImPy-B-Dp (4) (Dp = dimethylaminopropylamide) in complex with their
target hairpin and extended binding sites, 5-TAGCGCT-3" and 5-AAAGAGAAGAG-3',
respectively. In addition, the preferred binding modes of the eight-ring polyamides
ImPyPyPy-B-ImPyPyPy-B-Dp (5) and ImPyPyPy-y-ImPyPyPy-B-Dp (6) in complex with
their target hairpin and 1:1 binding sites, 5'-“TAGTACT-3" and 5-AAAAAGAAAAG-3',
respectively were assessed. We find for the B-rich series, 1 — 4, that the y-linked
polyamide is least specific. However, by functionalizing the y residue at the prochiral a-
(R)-proton with amino or acetamide moiety, the hairpin conformation is favored over 1:1
by 150- or 560-fold, respectively. Alternatively, a B linker can be employed to favor the
1:1 mode by >150-fold. Therefore we can controllably reverse the DNA sequence
specificity from extended to hairpin conformation by 82,000-fold or ~7 kcal/mol. The y-

linked eight-ring hairpin polyamide exhibits no 1:1 binding and, in fact, prefers binding
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as a hairpin to a single base-pair mismatch site rather than opening up into extended
conformation. These results demonstrate that the hairpin and extended modes of
polyamide-DNA binding, which are dependent on ligand conformation, can be
effectively controlled by incorporating the appropriate linkage between polyamide
subunits. These design principles should greatly improve the overall sequence fidelity of

the next generation of polyamides for DNA recognition in larger, genomic contexts.
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8.1 Introduction.

Polyamides composed of pyrrole (Py), imidazole (Im), hydroxypyrrole (Hp), and
beta alanine () amino acids target predetermined DNA sequences in the minor groove
with affinities and specificities that rival native transcription factors, offering a
potentially powerful weapon against human disease.! There exist 1:1 and 2:1 ligand-
DNA stoichiometries with quite different rules for recognition.'® The 2:1 complex, in
which a pair of polyamide subunits is arranged in antiparallel fashion, allows for
discrimination between the four Watson-Crick base pairs.>® The covalent head-to-tail
linkage of polyamide subunits in a 2:1 complex results in a hairpin structure with
substantially enhanced DNA affinity and sequence specificity over the analogous,

® To date, hairpin polyamides are the most sequence-

unlinked polyamide subunits.”
selective class of minor groove-binding small molecules, due in part to the high density
array of functional groups presented by the closely packed pairs of polyamide subunits.”
Polyamides composed of multiple contiguous heterocyclic residues are
overcurved with respect to the DNA helix.” However, the flexible B-alanine residue (B)
can be incorporated to relax ligand curvature and, in turn, restore ligand-DNA alignment

1911 The B residue has proven useful in the extended 1:1

register and binding affinity.
motif for recognizing purine-rich DNA sequences using polyamides of type -Im-f-ImPy-

B-."2 Analysis of this motif revealed a different set of rules for DNA recognition.”” In
addition, it was found that a polyamide may target different DNA sequences depending
on its mode of binding, i.c., 1:1 or 2:1."* 1In an effort to maximize sequence fidelity in
larger, genomic contexts, it will be necessary to efficiently control the ligand’s choice of

binding modes (Figure 1).
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Figure 8.1 Illustration of the equilibrium between hairpin (left) and extended (right) conformational
binding modes. The cartoons at top represent DNA with polyamide bound in the respective
conformation. DNA is shown as a ladder. Polyamides are shown as dot models, with shaded and non-
shaded circles representing imidazole and pyrrole, respectively, and gray diamonds indicating beta-
alanine. The gamma turn residue is shown both as a semicircle connecting the two subunits and as the

symbol, y.
Control over polyamide binding modes, in order to favor the preferred hairpin

motif, has been demonstrated by increasing the length of the central residue from three
carbons (p) to four (y).15 Solution-phase structural studies showed that p-linked
polyamides can form hairpins, although they are more conformationally constrained than
those linked by v.'"® Boger and coworkers reported that the turn conformation of a f
linker can be reinforced by substituting the prochiral a-(R)-proton of p with -OCH;."”
Prior to this work, Herman et al. demonstrated the use of o-(R)-amino-substituted y

("2%) to increase the binding affinity of hairpin polyamides.'®
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Until now, it was believed that polyamides containing y residues should have a
strong preference for binding in hairpin over extended conformation. We find, however,
that highly B-substituted polyamides can bind with high affinity as a hairpin and in an
extended to 1:1 conformation. For example, the polyamide of sequence Im-B-ImPy-B-
Im-B-ImPy-B-Dp (1) (Dp = dimethylaminopropylamide) targets 5-AAAGAGAAGAG-3'
as a 1:1 complex and 5-TAGCGCAGCGCTA-3' as a 2:1 complex.'* Prior work has
shown that the y-linked analogue, Im-B-ImPy-y-Im-B-ImPy-B-Dp (2), which differs from
1 by a single methylene unit in the central residue, binds with high affinity as a hairpin to
its target sequence, 5-TAGCGCT-3""" Given the structural similarity between 1 and 2, it
was a simple prediction that 2 could also bind in a 1:1 mode. We find that, indeed, 2
binds to 5’-TAGCGCA-3’ in a folded, hairpin conformation and to 5’-AAGAGAAGAG-
3’ in an extended, 1:1 conformation, with surprisingly similar affinities.

This finding prompted us to develop design principles for polyamides that would

favor the hairpin binding mode. We hypothesized that the H2Ny turn could be used to

disfavor the extended 1:1 binding mode, while favoring the hairpin mode. Accordingly,
the polyamide Irn—B—ImPy—HzNy—Im-B—ImPy—B—Dp (3) and its acetamide analogue, Im-p-

ImPy—A ‘y-Im-B-ImPy-B-Dp (4), were prepared (Figure 2). In addition to B-rich
polyamides, we were interested in studying conformational preferences in eight-ring
polyamides, such as ImPyPyPy-B-ImPyPyPy-3-Dp (5) and ImPyPyPy-y-ImPyPyPy-B-Dp
(6). Based on established recognition rules for the 1:1 and 2:1 motifs,"*!%" we
constructed a plasmid containing the sequences 5-TAGCGCT-3' and 5'-

AAAGAGAAGAG-3', for compounds 1 — 4, as well as 5-TAGTACT-3"' and 5'-

AAAAAGAAAAG-3', for compounds 5 and 6 (Figure 3). Equilibrium association
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constants and binding site sizes for compounds 1 — 6 at their target sites were determined

in order to derive the relative preference of each compound for hairpin versus 1:1 binding

modes.
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Figure 8.2 Chemical structures of polyamides 1 — 6.

B—linked
-TGACCAAAGAGAAGAGACTGACTGACTAGCGCTGACTGA-3"

HCOSCOTOO® IR 94%53

-ACTGGTTTCTCTTCTCTGACTGACTGATCGCGACTGACT -5

contiguous 4 rings
5'-GGCCAAAAAGAAAAGACTGACTGACTAGTACTGACTGAC-

3'-CCGGTTTTTCTTTTCTGACTGACTGATCATGACTGACTG-

Figure 8.3 The designed insert cloned into plasmid pAU27. The targeted recognition sites are shown
in bold type. Two sets of polyamides are shown as dot models. The two at left represent compounds 5
and 6 bound in the predicted extended and hairpin conformations. The two at right represent
compounds 1 — 4 bound in the predicted extended and hairpin conformations. Polyamides are shown as
dot models, with shaded and non-shaded circles representing imidazole and pyrrole, respectively, and
gray diamonds indicating beta-alanine. The variable linker position is shown as a square containing the
letter X.
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8.2 Results.

DNA Binding Affinity and Sequence Specificity. Quantitative DNase I footprint
titrations" were performed for polyamides 1 — 6 on the 288 bp PCR product of pAU27,
in order to compare the equilibrium association constants for the resulting complexes.
Polyamides 1 — 4 were designed to bind at DNA sites 5-“TAGCGCT-3' (hairpin) and 5'-
AAAGAGAAGAG-3' (extended 1:1) (Figure 4). The [3-linked compound, 1, bound to
the extended site with very high affinity (K, = 1.5 x 10" M"") and more than 150-fold
preference over the hairpin site (K; = 9.7 x 107 M‘l) (Table 1). The y-linked compound,
2, bound with similar affinity to the hairpin (K, = 7.6 x 10° M) and extended (K, = 1.3 x
10® M) sites. The "My-linked polyamide 3 bound to the hairpin site with an almost
exact reversal of specificity in comparison to compound 1, very high affinity (K, =1.2 x
10'° M") and more than 150-fold specificity versus the extended site (K, = 7.6 x 10’ M’
1. Polyamide 4 (*‘y-linker) also bound with very high affinity to the hairpin site (K, =
8.5 x 10° M), but with greater than 500-fold specificity versus the extended site (K, =
1.6x 10" M™).

Eight-ring polyamides 5 and 6 were designed to bind DNA sites S-TAGTACT-3'
(hairpin) and 5-AAAAAGAAAAG-3' (extended 1:1) (Figure 5). The p-linked
compound, 5, bound with similar affinity (K, ~ 3 x 10° M'l) to both designed sites (Table
1). The y-linked polyamide, 6, bound the hairpin site with very high affinity (K, = 1.0 x
10" M") but only 5-fold selectivity over its single base-pair mismatch hairpin site, 5'-
AAGAAAA-3' (K, = 1.8 x 10° M'") (mismatch base bolded), which is located within the
extended site (see MPE results below). All binding isotherms fit well to an n = 1 Hill

equation, supporting 1:1 polyamide:DNA stoichiometry (Figures 4 and 5).
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Figure 8.4 (A — D) Quantitative DNase I footprinting® for polyamides 1 — 4, respectively, on the 288

bp, 5'-end-labeled PCR product of plasmid pAU27:

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, | nM, 3
nM, 10 nM, 30 nM, 100 nM polyamide, respectively. Each footprinting gel is accompanied by the
following: (right top) Schematic illustrating the observed protection pattern derived from the MPE
footprinting experiment, with the polyamides shown in the observed conformation; (right bottom)
binding isotherms derived from the DNase I footprinting experiment for the two designed sites, 5™
AAAGAGAAGAG-3' and 5'-TAGCGCT-3), as determined from a non-linear least squares fit.
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Figure 8.5 (A and B) Quantitative DNase I footprinting® for polyamides 5 and 6, respectively, on the
288 bp, 5-end-labeled PCR product of plasmid pAU27: 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, 100 nM polyamide, respectively. Each footprinting gel is accompanied by the
following: (right top) binding isotherms derived from the DNase I footprinting experiment for the two
designed sites, 5'-~AAAAAGAAAAG-3" and 5-TAGTACT-3', as determined from a non-linear least
squares fit; (right bottom) schematic illustrating the observed protection pattern derived from the MPE
footprinting experiment, with the polyamides shown in the observed conformation.
Binding Site Size Determination. Binding modes were deduced from methidium propyl-
EDTA (MPE) footprinting'® on the basis of previously characterized hairpin and 1:1
complexes for polyamides 1, 2, and 6 at identical sites.*'>" For example, the eight-ring
hairpin, 6, occupies a seven base-pair binding site,” whereas the prototypical extended
binder, 1, occupies an eleven base-pair binding site.” Figures 4 and 5 display
occupation histograms, which are derived from the MPE gels (not shown), depicted at the
right of the respective DNase gel. In all cases, polyamides occupied their target hairpin
sites as hairpins. Polyamides 1 — 5 bound to their target 1:1 sites in an extended 1:1

binding mode. However, polyamide 6 occupied a smaller site within its designed 1:1

site. Closer inspection of the occupied site suggests that 6 binds as a hairpin to a single
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base-pair mismatch site (Figure 5 and Table 1). Inspection of the relative footprint sizes

in the DNase gels further supports the MPE results.

Table 1. Equilibrium Association Constants, K, (M™')*

Polyamide Linker Hairpin 1:1 Specificity (Hairpin/1-1)
Im-B-lmPy- 5-TAGCGCT-3' 5-AAAGAGAAGAG-3'

(1) B 9.7(+0.8)x 10’ 1.5(x05)x 10" 0.0063

) v 7.6(=0.6)x 10° 1.3(£0.5) x 10° 58

3) HaNy 1.20402)x 10" 7.6(202)x 107 160

) Acy 8.5(+ 0.5 x 10" 1.6(£0.4)x 107 530

a

ImPyPyPy- 5-TAGTACT-3' 5-AAAAAGAAAAG-3'"**

5 B 3.9(x07)x 10° 270 x 10" ¢ 14

() ¥ 1.0(z0.2)x 10" 1.8(:02)x 10" 56

* Values reported are the mean salues from at least three DNase 1 footprint tiration experiments, with the standard deviation given in
parcntheses. Assays were performed at 22 °C in a buffer of 10 mM TrisYHCL, 10 mM KC1, 10 mM MgCla. and 3 mM CaCl, atpli 7.0
** Obscerved binding sites arc indicated as boxes @ and b,

8.3 Discussion.

Previous studies of polyamide 1 demonstrated its high affinity for the extended
1:1 binding mode.*'" The >150-fold specificity of 1 for 1:1 versus hairpin binding sites,
presented here, may be attributed to steric destabilization incurred when the f residue
adopts a hairpin conformation.'® Structural studies of 1:1 and 2:1 complexes support the
preference of P to extend in order to allow optimal alignment between amino acids

111620 mspection of the DNase gel reveals that 1 bound

residues and DNA base pairs.
with very high affinity to the 5~ AAAAAGAAAAG-3' site, in accordance with the rules
for recognition in the 1:1 motif.”> The y-linked polyamide, 2, discriminates the least
between the hairpin and 1:1 sites. This is problematic because hairpin polyamides, which
are the most sequence-specific class of DNA binding polyamides, most commonly

contain y as the turn residue. Therefore, a linker that favors hairpin formation over

alternative binding modes would be of great utility.
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Based on molecular modeling using available solution structures,'®*® we

postulated that incorporation of 2Ny at the turn position should promote hairpin binding

while disfavoring extended binding due to unfavorable steric interactions of the a-(R)-
amino group with the wall of the minor groove. Indeed, this result was observed for the

H2Ny-linked polyamide 3, which shows >150-fold preference for hairpin versus extended

binding—a complete reversal of preference from compound 1. It is worth noting that 3
contains a truncated tail in order to maintain a single positive charge. We have also
tested the doubly charged Dp-tail analogue of 3 and find that its recognition properties
are virtually identical (data not shown). Compounds 1 — 3 are relatively non-specific,
binding with high affinity to many other sites on the plasmid. Compound 4, which has an
acetylated Herman turn and a Dp tail, binds with high affinity as a hairpin but with
markedly reduced nonspecific binding. Moreover, 4 exhibits >500-fold preference for
hairpin versus extended binding modes, which is an effective 82,000-fold or ~7 kcal/mol
reversal of specificity in comparison to 1. The exceptional specificity of 4 may be
attributed to the limited mobility of the acetamide group in the hairpin conformation,
which should disfavor alternative binding modes.

Polyamides 5 and 6 contain contiguous four-ring subunits, which are inherently
limited in conformational flexibility. It is expected that these compounds should display
different recognition properties than polyamides 1 — 4. The B-linked polyamide (5) binds
in an extended mode to the sequence, 5'-"AAAAAGAAAAG-3', and as a hairpin to the
designed site, 5-"TAGTACT-3". However, unlike the -linked polyamide 1, described
above, 5 shows no preference for hairpin or 1:1 modes, binding both sites with similar

affinities. On the other hand, the y-linked compound (6) binds as a hairpin to both sites,
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tolerating a single base-pair mismatch within the 1:1 binding site, 5-~AAGAAAA-3/,
rather than adopting an extended conformation. This result provides further evidence that
contiguous ring polyamides linked by y are not inclined to adopt an extended
conformation upon binding. "

Implications for the Design of Minor Groove Binding Polyamides. The results
presented here indicate that the hairpin mode of binding can be preferred for both flexible
(B-rich) and rigid (contiguous ring) polyamides. For the B-rich series, the hairpin mode
can be favored by incorporating an amino or acetamide substituent at the o-(R) position
of y. The "y residue substantially favors hairpin binding, while maintaining high
affinity. Alternatively, the extended 1:1 binding mode can be favored by replacing y with
a B residue. For the conformationally rigid, y-linked polyamide 6, we do not observe
binding in an extended 1:1 mode. We are currently most interested in favoring hairpin
binding because of its higher information density and therefore higher capacity for
programmable DNA sequence selection.” The design principles elucidated herein should
greatly improve the fidelity of sequence recognition for hairpin polyamides in larger,

genomic contexts.

8.4 Materials and Methods.

Materials.  Methylamine, piperidine, and dimethylaminopropylamine were
purchased from Aldrich. Dimethylformamide (DMF) and diisopropylethylamine (DIEA)
were purchased from Applied Biosystems. Acetic anhydride and acetonitrile were from
EM. Trifluoroacetic acid (TFA) was from Halocarbon. (R)-2-Fmoc-4-Boc-

diaminobutyric acid was purchased from Bachem. Boc--Pam resin was purchased from
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Peptides International. HPLC analysis was performed on a Beckman Gold system using
a Rainin C;g, Microsorb MV, 5 um, 300 x 4.6 mm reversed phase column in 0.1% (wt/v)
TFA with acetonitrile as eluent and a flow rate of 1.0 mL/min, gradient elution 1.25%
acetonitrile/min. Preparatory reversed phase HPLC was performed on a Beckman HPLC
with a Waters DeltaPak 25 x 100 mm, 100 um C18 column equipped with a guard, 0.1%
(wt/v) TFA, 0.25% acetonitrile/min. Oligonucleotide inserts were synthesized by the
Biopolymer Synthesis Center at the California Institute of Technology and used without
further purification. Plasmids were sequenced by Davis Sequencing (Davis, CA).
Glycogen (20 mg/mL), dNTP's (PCR nucleotide mix), and all enzymes (unless otherwise
stated) were purchased from Boehringer-Mannheim and used with their supplied buffers.
pUC19 was from New England Biolabs. Deoxyadenosine [y-*P] triphosphate was from
ICN. Calf thymus DNA (sonicated, deproteinized) and DNase I (7500 u/mL, FPLC pure)
were from Amersham-Pharmacia. AmpliTaq DNA polymerase was from Perkin Elmer
and used with the supplied buffers. HEPES was from Sigma. Tris-HCI, dithiothreitol
(DTT), RNase-free water (used for all DNA manipulations), and 0.5 M EDTA were from
US Biochemicals. Ethanol (200 proof) was from Equistar. Calcium chloride, potassium
chloride, and magnesium chloride were from Fluka. Formamide and pre-mixed tris-
borate-EDTA (Gel-Mate, used for gel running buffer) were from Gibco. Bromophenol
blue was from Acros. All reagents were used without further purification.

Polyamide Synthesis. Polyamides 1-6 (Figure 2) were prepared according to
solid-phase protocols.23 The synthesis and characterization of polyamides 1, 2, and 6

- 10,13
have been reported prev1ously.8‘ ’
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Im-f-ImPy-(R)"?N y-Im-p-ImPy-p-Me (3). Im-B-ImPy-(R)™"y-Im-B-ImPy-B-Pam
resin was synthesized in a stepwise fashion from Boc-B-Pam resin (0.59 mmol/g)
(Peptides International) using manual solid-phase protocols.'®* The chiral
diaminobutyric acid "turn" residue was incorporated by coupling (R)-2-Fmoc-4-Boc-
diaminobutyric acid (10 equivalents) to 300 mg Boc-Im-B-Im-Py-p-Pam resin in 2 mL
DMF with 1.1 equivalents of DIEA at 37 °C for 2 h, followed by an acetylation wash.?
Subsequent coupling steps used 1.1 equivalents of DIEA and 45 minute coupling times at
room temperature to minimize Fmoc deprotection. Im-p-ImPy-(R)™%y-Im-p-ImPy-p-
Pam resin was treated with piperidine for 20 minutes at room temperature to remove the
Fmoc group. 100 mg (38 umol) of vacuum-dried Im-B-ImPy-(R)*™2"y-Im-B-ImPy-B-Pam
resin was cleaved in 30 mL condensed methylamine in a Parr bomb apparatus at 50 °C
for 2 h, then overnight at room temperature. The methylamine was allowed to evaporate
at ambient pressure and temperature, and the resin was suspended in 2 mL acetonitrile,
followed by 7 mL 0.1% (wt/v) TFA@q. The suspension was filtered, and the filtrate was
purified by reversed phase preparatory HPLC to afford 3 as a white powder (7.1 pmol,
19% recovery) upon lyophilization of the appropriate fractions. MALDI-TOF-MS
(monoisotopic), 1066.49 (1066.48 calcd. for C4sHgoN2 O10").

Im-B-ImPy-(R)*y-Im-p-ImPy--Dp (4). Im-B-ImPy-(R)"2"y-Im-p-ImPy-p-Pam
resin was synthesized as described above for 3. The resin was washed with acetic
anhydride in DMF and DIEA for ten minutes at room temperature and then dried in
vacuo. 100 mg (37 pumol) Im-B-ImPy-(R)"**y-Im-B-ImPy-B-Pam resin was treated with
dimethylaminopropylamine at 100 C for 2 h. The resin was removed by filtration, and

the filtrate was diluted to 10 mL with 0.1 % (wt/v) TFA.q and purified by reversed phase
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HPLC. 4 was obtained as a white powder (4.0 umol, 11% recovery) upon lyophilization
of the éppropriate fractions. MALDI-TOF-MS (monoisotopic), 1179.57 (1179.57 calcd.
for Cs;H71N22011).

ImPyPyPy-3ImPyPyPy-3-Dp (5). 5 was synthesized and purified according to
standard methods.”> MALDI-TOF-MS (monoisotopic), 1208.6 (calcd. 1208.6 for
Cs7H70N2,010").

Construction of Plasmid DNA. Plasmid pAU27 (Figure 3) was constructed by
inserting the hybridized oligonucleotide, 5 GATCCGGGGCCAAAAAGAA
AAGACTGACTGACTAGTACTGACGACTGACCAAAGAGA
AGAGACTGACTGACTAGCGCTGACTGA-3*5-SAGCTTCAG
TCAGCGCTAGTCAGTCAGTCTCTTCTCTTTGGTCAGTCG
TCAGTACTAGTCAGTCAGTCTTTTCTTTTTGGCCCCG-3,
into the BamHI/HinDIII polycloning site in pUC19, with subsequent transformation in to
IJM109 subcompetent cells (Promega), according to standard protocols.”* Plasmid DNA
was isolated using WizardPlus Midi Preps from Promega.

DNA Radiolabeling and Footprinting Experiments. The 5' end-labeling of
plasmid pAU27 as well as DNase I and MPE footprinting experiments were performed
exactly in accordance with published protocols.21 The PCR method was chosen for 5'
end-labeling, employing two primer oligonucleotides, Pp5s-AATTCGAGCTCG
GTACCCGG-3 (forward) and 5-CTGGCACGACAGGTTTCCCG-3
(reverse) to complement the pUC19 EcoRI and Pvull sites, respectively, such that

amplification by PCR generates the 288-bp, 3’-filled EcoRI/Pvull restriction fragment.
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