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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



13

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



| 7 —~

/
sﬁ'/ et

H
vs.
|2 /\l o)
S~ Y
H H

X=C-H, N, C-OH
Y =C-H, N, C-OH

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
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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).
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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).
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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.



49

Polyamides.
i O
o My e
1 O Z/YVJ\N H
AR
W
N N H i\
&,)*N H N N O
N H NAY G
H N
N 7\ o |
oH H Ho N
/N\/\/N\n/\/N N o]
o] o | e
Yo _COH MNH
L BocHN
N I H
BocHN’in{)‘COZH or j_’(?)L E 0N N
X, Xi, xii, xiii, xiv BocHN™ N /‘\S o}
xv, Xvi, xvii, xviii, xix, xx H N
A o |
A N
N
2 at S o
QﬂNJL@_/O\n/\/N N 6]
H o} o |
i, i, fi, v, v,vi, vii, viii, ix
o]
O-ﬂN»u\_Q_/O\[(\/NHBOC
H (e}
XXi, Xxif, xxiii, Xxiv H
n r’\l_\XN\g/\/NHBOC
2 A 7‘/(?‘
Q—\N}L@_/OY\/N N 0]
H e} o |
H N
R
CO,H i ,;)
Y or o Zé?/ 2 H N N o}
BocHN’@)*cozH BocHN"~"n" NTI/«—S 0
H A N
XXV, XXVI, XXiX, XXX Xxvil, xxviit, XXix, XX N N o |
N @Z (0]

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



31

5'-A T G G|X|C A-3'

£
3'-T A CClY|]G T-5

(A) = s (B)
¥ 5k -
Eo<EZ
12345676 000R2B115
£, A A £, AL
H 1 o 2 H o
H Bwe a#‘ﬁn”’"" XY -
- . - E -
Nh ﬁ"' ae Tn 3
o BHSE qn.q*.‘n;u n*
s
12 = 1.2 e b4
10| o g" 2 1ot otml v -
oA - - - 0T | 5 Ew o oo ferfert - R R
ag | a0 o } “~"""'"'“"' :]-«\-T 08 ;/ :::--n-e-iﬂﬁ*—‘“ ]—A-’l‘
e (G J{ 2 - ?x o .
{ - 1
goo i/ 8. Hisas g // g*
T a4 /f ‘,J ool T a4 / +
f ™ Fac bp -
a2 p 02 ‘Z/; L] ]-C-C
- b /
Q - - - ;- OF—8-8-05 ..;'
o =4
b . Y }- R TR I I R
16710 0 1 001910 1% s G mﬂgm,gmlam,n mama sl S E e Jee
| polyamide | . [ polyamide | = &
® SLpeseEBszL. L amsiik Sam
. -
e e -
© ®) : T :
§ z& 7]
Ev<h
12345678 0UDRRMIE

N7 o .
H = e
o & L
Fr 2 Mk eBE LT TA
Eguam—-mnuuuu—}’\ﬂ
‘ﬁ
... EaS
RaBEE LI Fec
- a-»-u'mn }(v( -
# 4
4 »wf:: ] Few
- }CG Pl
el

W W

mmmmmm

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.
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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.



57

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.



63

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.
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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 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
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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,
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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
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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-
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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-



109

S,
o \ /
12 -
M ey
12 jro-ma]
Oﬁo:
08
M u:.: I”
z /
az:
0 i
a2 - R A i S
W e nl ot wt e mt T T T T 10707 10" e 10*] 107 T 107
{ potamide | g poryarsc

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.



129

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 minimiz