Solid Phase Synthesis of DNA-Binding
Small Molecules

Thesis by

Eldon Eugene Baird

In Partial Fulfillment of the Requirements
for the Degree of
Doctor of Philosophy

California Institute of Technology
Pasadena, California
1999
(Submitted August 25, 1998)



© 1999
Eldon Eugene Baird
All Rights Reserved

ii



To Sarah
and

to my family (past, present & future)

1ii



iv

Acknowledgments

I would first like to thank my teachers (who have all become friends as well); Mr. Pik
who first taught me to love chemistry, biology, and mushrooms; Dr. Tessi Kanavarioti and
Prof. Claude F. Bernasconi who introduced me to chemical research; Prof. John D.
Baldeschwieler who has introduced me to business, and Prof. Peter B. Dervan, who has
provided friendship, teaching, freedom, and support that has made my time at Caltech
gratifying and simply an amazing learning experience.

I thank the people who have supported me through the years at Caltech. First my
relationship with Sarah White Baird, has shaped my life both in and out of the lab. Our trips
to Santa Cruz and Monterey have been some of the best times during graduate school. 1 value
very much the time we have shared together the last few years and the time that we will share
in years to come. I thank Joe Hacia, who took the time to share some beers and teach me a
lot of science; Matt Taylor, who was always excited by new ideas; Ramesh Baliga, who was
always excited about science; Jim Turner, who was a great colleague and friend; Ryan Bremer,
who always believed; and Jason Szewczyk, who has provided loyal support. I would like to
thank Pete Beal, Scott Priestly, John Trauger, David Herman, Aileen Chang, and Nick Wurtz
for making the third floor of Church more pleasant; and Milan Mrksich for providing a great
inspiration to all of us on the minor groove project.

The last few years have provided an amazing opportunity to meet and work with an
incredible group of scientists from a diverse group of fields. The results described here are the
product of many collaborations, and I would like to thank some of the people who I have had
the pleasure to work with, both at Caltech and elsewhere. It has been an especially great
pleasure and honor to work with John Trauger, whose skill as a researcher and thoughtful
approach to science were inspirational; and Joel Gottesfeld, whose excitement about
polyamides, creative experimental designs, and numerous visits have contributed greatly to

the excitement of the Caltech research projects over the past three years.



\%

Footprinting experiments in the Dervan group, have been conducted in collaboration
with Will Greenberg, David Herman, Jim Kelly, Michelle Parks, Sue Swalley, Jason Szewczyk,
John Trauger, Jim Turner, and Sarah White.

Biology experiments have been conducted primarily in collaboration with Prof. Joel
Gottesfeld and members of his research group. Joel has told many of his friends at Scripps
about polyamides and experiments have been done with Prof. Don Mosier, Prof. Pete Ghazel,
Prof. Peter Vogt and Masa Aoki. We have also collaborated with Prof. Mel Simon and Pam
Eversol at Caltech and Prof. Julie Nyborg and Brian Lenzmier at Colorado State.

For structure studies we have had a great collaboration with Prof. Doug Rees and Clara
Kielkopf at Caltech. Clara and Doug have been wonderful to work with, and have contributed
greatly to the field’s understanding of minor groove recognition. I have also had the pleasure
of working with David Wemmer and his research group on continuing NMR collaborations.

For physical chemistry studies we have had a great collaboration with Dan Pilsch and
Ken Breslauer at Rutgers University.

I also have to thank the support staff at Caltech, who have put up with large purchase
orders, late night waxing of floors, large quantities of chemical and radioactive waste, big piles
of trash, and enormous numbers of library and photocopy orders. Your patience and help
through the years is appreciated. I would especially like to thank Tom Dunn, who has always
provided thoughtful wisdom about life and electronics; Margot Hoyt, who keeps things
organized and provides a pleasant ideology; and Gary Hathaway (and Dirk) who processed
many hundreds of polyamide mass specs and provided great conversation to go with them.

I would like to thank the members of my committee, Prof. R. H Grubbs, Prof. J. D.
Baldeschwieler, Prof. D. C. Rees, and Prof. P. B. Dervan for their time and helpful comments
through the years.

Finally, I would like to thank my family for always supporting whatever I am doing,
and who didn’t complain even though there were some years when I didn’t have much time

to come home and visit.



vi

Abstract

Small molecules that bind to any predetermined DNA sequence in the human genome
are potentially useful tools for molecular biology and human medicine. A twenty year
research effort led by Dr. Peter B. Dervan at the California Institute of Technology has led
to the development of “pairing rules” to control rationally the sequence-specificity of
polyamides that bind in the DNA minor groove. During the course of my Ph.D. research,
methodology was developed for the machine-assisted solid phase synthesis of these DNA-
binding polyamides (Chapter 2). The large number of polyamides made available by the solid
phase synthetic methodology has greatly accelerated the development of this class of
molecules. Polyamides prepared by solid phase synthetic methodology have been used by a
variety of collaborators to: extend the targetable binding-site size (Chapter 3), recognize
predetermined DNA sequences with subnanomolar affinity (Chapter 6), regulate gene
expression in human cells (Chapter 7), and recognize all four base pairs in the DNA minor

groove (Chapter 8).
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CHAPTER 1

Introduction



Discussion of the Background.

In every human cell, the genetic information is stored on a string-like DNA polymer
which is approximately 1 meter in length and contains 3 x 10° units of information in the form of
base pairs, within which is encoded approximately 80,000 to 100,000 genes or sets of
instructions.' The specific interaction of proteins such as transcription factors with DNA controls
the regulation of genes and hence cellular processes (Figure 1.1).2 A wide variety of human
conditions ranging from cancer to viral infection arise from malfunctions in the biochemical
machinery that regulates gene-expression.” Designed small molecules which target specific DNA
sequences offer a potentially general approach for gene-specific regulation.* Such molecules
could be powerful therapeutics for combating life-threatening diseases which result from
misregulation in transcription.

The genetic information is, in fact, stored on two strands of DNA (in antiparallel-
orientation) in a structure termed the double helix.’ The DNA double helix consists of A,T and
G,C base pairs held together by specific Watson-Crick hydrogen bonds like rungs on a twisted
ladder (Figure 1.2).° The common B-form of DNA is characterized by a wide (12A) and shallow

major groove and a deep and narrow (4-6 A) minor groove.

Transcription Complex
> 2,000,000 MW

Figure 1.1. Model of protein regulation of gene transcription. A combinatorial assembly of
transcription factors (> 2,000,000 MW) is required for initiation of gene-transcription.
Inhibition of transcription factor binding by small molecule DNA-ligands provides a potential

approach for the control of gene transcription in living cells.



Figure 1.2. B-form double helical DNA. Antiparallel strands are indicated in dark and
light gray. (left) space filling CPK model, (right) ribbon representation.
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Figure 1.3. A schematic model for recognition of the minor groove, with hydrogen bond

donors represented as (H) and hydrogen bond acceptors represented as two dots. This

schematic underscores the potential coded reading of the DNA helix.

Individual sequences may be distinguished by the pattern of hydrogen bond donors and acceptors
displayed on the edges of the base pairs (Figure 1.3).” In the minor groove, the A,T base pair
presents two symmetrically placed hydrogen bond acceptors in the minor groove, the purine N3
and the pyrimidine O2 atoms. The G,C base pair presents these two acceptors, but in addition

presents a hydrogen bond donor, the 2-amino group of guanine.®
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Chromomycin « 5°-GGCT-3’ Distamycin * 5’-(A,T),-3°

Cal ey,
SEAR T aany ;
o o
9 HN NH ‘ s/gi/o
5 1
a I3
o oMe OH mom
H 0 QL NH o OMe o
H H
N, NH; MeG ~N Q

OH
MeO

Actinomycin D « 5’-GC-3’ Calicheamicin oligosaccharide ¢ 5°-TCCT-3’

Figure 1.4 The structures of four small molecules isolated from natural sources.
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Small molecules isolated from natural sources which bind DNA are found to be a
structurally diverse class, as evidenced by consideration of four representative molecules,
chromomycin, distamycin, actinomycin D, and calicheamicin.”'® There is no natural recognition
code for the readout of specific sequences of DNA (Figure 1.4). Among these DNA-binding
molecules, distamycin is distinguished by its structural simplicity, having no chiral centers and an
oligopyrrolecarboxamide core structure.”  Structural studies of distamycin-DNA complexes
reveal modular complexes in which adjacent pyrrolecarboxamides makes similar contacts with

adjacent DNA base pairs (Figure 1.5)."° The relative simplicity of distamycin, with respect both

H,oN
*NH,

5 3t

1:1 Distamycin*DNA Complex 2:1 DistamycineDNA Complex

Figure 1.5. A schematic representation of recognition of A,T rich sequences in the minor

groove by 1:1 and 2:1 complexes of Distamycin.

to its chemical structure and its complexes with DNA, guided the initial decision to use
distamycin as a basis for designed polyamides having novel DNA-binding sequence specificity."
Two distinct DNA binding modes exist for Distamycin A. In the first binding mode, a
single molecule of Distamycin binds in the middle of the minor groove of a 5 base pair A,T rich
sequence (Figure 1.5). The amide hydrogens of the N-methylpyrrole-carboxamides form

bifurcated hydrogen bonds with Adenine N3 and thymine O2 atoms on the floor of the minor
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groove.' In the second binding mode, two distamycin ligands form an antiparallel side-by-side
dimer in the minor groove of a 5 base pair A,T rich site.”” In the 2:1 model each polyamide
subunit forms hydrogen bonds to a unique DNA strand in the minor groove (Figure 1.5).

A twenty year search for a general DNA-recognition code, led by Prof. Peter B. Dervan
of Caltech, led to the development of pairing rules to guide polyamide design for recognition of
double helical DNA. Polyamides containing N-methylpyrrole (Py) and N-methylimidazole (Im)
amino acids provide a model for the design of artificial molecules for recognition of double
helical DNA. For side-by-side complexes of Py/Im-polyamides in the minor groove of DNA, the
DNA binding sequence specificity depends on the sequence of side-by-side amino acid pairings."*
A pairing of Im opposite Py targets a G*C base pair while a pairing of Py opposite Im targets a
C+G base pair.'* A Py/Py combination is degenerate targeting both AT and T+A base pairs
(Figure 1.6).">" Specificity for G,C base pairs results from the formation of a putative hydrogen
bond between the imidazole N3 and the exocyclic amine group of guanine. Validity of the pairing

rules is supported by a variety of footprinting, NMR, and x-ray structure studies."

[ n—
....................... NQS: <—1 Py/Imtargets C*G
o

- HN

-

5 3 AN

Figure 1.6 A schematic representation of the polyamide pairing rules.
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In parallel with the elucidation of the scope and limitations of the pairing rules, efforts
have been made to increase the DNA-binding affinity and specificity of pyrrole-imidazole

polyamides by covalently linking polyamide subunits.'®"’

A hairpin polyamide motif with y-
aminobutyric acid (y) serving as a turn-specific internal-guide-residue provides a synthetically
accessible method of linking polyamide subunits within the 2:1 motif (Figure 1.7). The head-to-
tail linked polyamide ImPyPy-y-PyPyPy-Dp was shown to specifically bind the designated target

site 5°-TGTTA-3’ with an equilibrium association constant of K, = 8 x 10’ M, an increase of

300-fold relative to the unlinked three-ring polyamide pair ImPyPy and PyPyPy." The hairpin

18,19

polyamide model is supported by footprinting, affinity cleaving and NMR structure studies.

t ' H. +
+NH2 5 3 /N\
ImPyPy-Dp / PyPyPy « TGTTA ImPyPy-y-PyPyPy-Dp « TGTTA
K, ~2x 10> M1 K, =8x 107 M!

Figure 1.7 A schematic representation of recognition of a 5’~-TGTTA-3" sequence by unlinked

subunits (left) and y-aminobutyric acid linked “hairpin’ subunits (right).

Closing the ends of the hairpin to form a cyclic polyamide increases the overall
energetics for DNA-binding presumably by restricting conformational space for the molecule.!” A

cyclic polyamide cyclo-(ImPyPy-y-PyPyPy-y-) was shown to specifically bind the designated
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target site 5’-TGTTA-3’ with an equilibrium association constant of K, = 2.9 x 10° M’!, an

increase of 40-fold relative to the corresponding hairpin polyamide of sequence composition
ImPyPy-y-PyPyPy. The sequence-specificity versus single base pair mismatch sites drops from

30-fold for the hairpin polyamide to 2-fold for the cyclic polyamide.

ImPyPy-y-PyPyPy-Dpe5-TGTTA-3' cyclo-(ImPyPy-y-PyPyPy-y-)5'-TGTTA-3'
K,=7x10" M K,=2x10"M"!
specificity: 30-fold specificity: 2-fold

Figure 1.8 A comparison of cyclic-polyamide and hairpin-polyamide motifs for recognition of

the minor groove of DNA.

Despite the design breakthrough in molecular recognition of DNA, the binding affinities
of linked and unlinked polyamide dimers of the prior art are modest when compared to those
found with natural DNA binding proteins.? For example DNA-binding transcription factors
recognize their cognate sites at subnanomolar concentrations.”’ 6-ring hairpin polyamides require
concentrations greater than 10 nM to occupy their target sites. The only class of polyamides
described in the prior art with affinities similar to DNA-binding proteins are the 6-ring cyclic
polyamides; however, this class of molecules lacks the sequence-specificity of proteins (i.e., an
energetic penalty for binding a single base pair mismatch site) and therefore currently has no

potential for therapeutic applications.
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Two prior approaches for the development of synthetic transcriptional antagonists have
been reported. Oligodeoxynucleotides which recognize the major groove of double helical DNA
via triple helix formation bind a broad sequence repertoire with high affinity and specificity.”
Although oligonucleotides and their analogs have been shown to interfere with gene expression,”
the triple helix approach is limited to purine tracks and suffers from poor cellular uptake. There
are a few examples of cell-permeable carbohydrate based ligands that interfere with transcription
factor function.”! However, oligosaccharides are not yet amenable to recognition of a broad range
of predetermined DNA sequences.

Because of the small size and hydrophobic nature of polyamides (MW = 1200) and
because the parent ligand Distamycin is itself cell-permeable, these ligands have the potential to
underpin a new field of small molecule regulation of gene expression. It remained to be
determined if low molecular weight pyrrole-imidazole polyamides could be constructed which
recognize predetermined DNA sites at subnanomolar concentrations without compromising
sequence-selectivity.

Methodology is described here for the machine-assisted solid phase synthesis of the
DNA-binding polyamides developed by Peter Dervan. The new synthetic procedures have
enabled biological and biophysical studies of the polyamides by reducing the time required for
preparation of polyamides from months to days. Using the solid phase methodology, the Dervan
group has recently completed the DNA recognition code (Figure 1.9), preparing polyamides that
achieve affinities and specificities comparable to natural DNA-binding proteins. Studies
performed in collaboration with the Gottesfeld and Mosier groups at the Scripps Research
Institute have demonstrated that these synthetic ligands inhibit HIV-1 transcription in cell-free

assays and virus replication in isolated human peripheral blood lymphocytes.
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<=7 Py/Im targets C*G

<1 Py /Hp targets AT

<—— Hp/Py targets TeA

<—— Im/Py targets GC

Figure 1.9. (Above) Small molecule polyamide, reads each of the four base-pairs in the DNA
minor groove. (Next page) Space filling representation of the polyamide dimer ImHpPyPy-B-Dp
bound in the minor groove of DNA. The figure was prepared using InsightIl software and is
derived from a high-resolution x-ray co-crystal structure of a polyamide dimer bound to DNA

which was obtained in collaboration with the Rees group at the California Institute of

Technology.
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CHAPTER 2

Solid Phase Synthesis of DNA-Binding Polyamides

Containing Aromatic Amino Acids

Abstract: The solid phase synthesis of sequence specific DNA binding polyamides containing N-
methylimidazole (Im) and N-methylpyrrole (Py) amino acids is described. Two monomer
building blocks, Boc-Py-OBt ester and Boc-Im acid, are prepared on a 50 g scale without column
chromatography. Using commercially available Boc-f-alanine-Pam resin, cycling protocols
were optimized to afford high stepwise coupling yields (> 99%). Deprotection by aminolysis
affords up to 100 milligram quantities of polyamide. Solid phase methodology increases both the
number and complexity of minor groove binding polyamides which can be synthesized and
analyzed with regards to DNA binding affinity and sequence specificity. The solid phase

synthesis of a representative eight-residue polyamide is reported.

Publication: Baird & Dervan J. Am. Chem. Soc. 1996, 118, 6141-6146.
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Introduction. Recent efforts to discover a universal set of simple chemical rules for the digital
readout of double helical DNA by artificial molecules have met with encouraging success."> The
natural products netropsin and distamycin A are crescent shaped polyamides that bind in the
minor groove of DNA at sites of at least four successive A«T base pairs.” Efforts to design
distamycin analogs specific for G,C containing sequences were completely unsuccessful® until
the recent discovery that polyamides containing N-methylimidazole (Im) and N-methylpyrrole
(Py) amino acids can be combined in antiparallel side-by-side dimeric complexes with the minor
groove of DNA.>>® The DNA-binding sequence-specificity of these small molecules can be
controlled by the linear sequence of Py and Im amino acids. An Im ring on one ligand
complemented by a Py ring on the second ligand recognizes a G°C base pair, while a Py/Im
combination targets a C+G base pair.”® A Py/Py pair is degenerate for A*T/T+A base pairs.>>"°
The utility of the 2:1 model is demonstrated by the four-ring polyamide ImPyIlmPy-Dp (Dp =
dimethylaminopropylamine) which binds the four base pair core sequence 5'-GCGC-3', a
complete reversal of the natural specificity of netropsin and distamycin.”

Covalently linking polyamide heterodimers and homodimers within the 2:1 motif has led
to designed ligands with both increased affinity and specificity.*’ A polyamide "hairpin” motif
with y—aminobutyric acid (y) serving as a “turn monomer” provides a synthetically accessible
method of linking polyamide units within the 2:1 motif.” The polyamide ImPyPy-y-PyPyPy-Dp
(1) was found to bind the designated target site 5’-TGTTA-3’ with a 300-fold binding
enhancement over the individual unlinked polyamide pair; ImPyPy and PyPyPy.’

While exploring the limits of the 2:1 model for the design of polyamides for the
recognition of any sequence of any site size, the synthetic effort emerged as a limiting step. The
process of expanding the 2:1 motif to include longer sequences recognized by increasingly
complex polyamides is demanding. For example, using previously described multi-step solution
phase chemistry, the total synthesis of hairpin polyamides such as ImPyPy-y-PyPyPy-Dp 1 and
ImPyPy-y-PyPyPy-B-Dp 2 (B = B - alanine) would require more than a month's effort for each

polyamide (Figure 2.1). We report here general protocols for manual and machine-assisted Boc-
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Figure 2.1. (Left) ImPyPy-y-PyPyPy-Dp prepared by multi-step solution phase synthesis and the solid
phase analog (Right) ImPyPy-y-PyPyPy--Dp containing a C-terminal B-alanine residue to facilitate

synthesis.

chemistry solid phase synthesis of the pyrrole-imidazole polyamides that reduce this synthetic
investment from months to days.

Synthesis of Pyrrole- Imidazole Polyamides. Distamycin and its analogs have previously been
considered targets of traditional multi-step synthetic organic chemistry,” not solid phase
synthesis. This is because the repeating amide of distamycin is formed from an aromatic
carboxylic acid and an aromatic amine, both of which have proven problematic for solution phase
coupling reactions. The aromatic acid is often unstable to decarboxylation and the aromatic
amines have been found to be air and light sensitive." It seemed likely that the variable coupling
yields, long reaction times (often > 24 h), numerous side products, and reactive intermediates
(acid chlorides and trichloroketones) characteristic of the traditional solution phase coupling
reactions would make the solid phase synthesis of the aromatic carboxamides problematic."
Therefore, it might not be possible to achieve the high yields required to prevent failure
sequences from accumulating, precluding either the synthesis or purification of the desired
polyamides.

Solid Phase Synthesis. The solid phase approach has been successfully developed for the
synthesis of a variety of proteins,” oligonucleotides," peptoids," oligosacharides,'® and small
non-polymeric molecules.” In order to implement an efficient solid phase methodology for the
synthesis of the pyrrole-imidazole polyamides the following components were developed: (1) a

synthesis which provides large quantities of appropriately protected monomer or dimer building
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Figure 2.3. (i) ethyl chloroformate, TEA,
CH;CN, -20°C; (ii) H,SOs (conc.), 90% nitric
acid; (iii) 1 atm of H,, 10% Pd/C, EtOAc/EtOH;
(iv) HCI, ethy! ether; (v) Boc-anhydride, DIEA,
DMF, 40°C; (vi) IM NaOH (aq.).
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Figure 2.4. (i) 500 psi H,, 10% Pd/C, DMF; (ii)
Boc-Pyrrole-acid (activated in situ with
DCC/HOBY), DIEA, DMF, 40°C; (iii)) NaOH,
MeOH, water, 60°C; (vi) Boc-y-aminobutyric
acid (activated in situ with DCC/HOBt), DIEA,

DMF, 40°C; (vii) NaOH, MeOH, water, 60°C.
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blocks in high purity, (2) optimized protocols

for forming an amide in high yield from a
support bound aromatic amine and an
aromatic carboxylic acid, (3) methods for
monitoring reactions on the solid support, (4)
a stable resin linkage agent that can be cleaved
in high yield upon completion of the synthesis.
Monomer Syntheses. The synthesis of Boc-
Py-OBt ester 7 and Boc-Im acid 11" has

been previously described.  Available

18-23
procedures

provide only milligram to gram
quantities of monomer while requiring
difficult column chromatography and the use
of toxic chlorofluorophosgene for introduction
of the Boc group. An optimized synthesis,
using inexpensive starting materials, has been
developed allowing Boc-Py-OBt ester 7 and
Boc-Im acid 11 monomers to be prepared on
50 g scale without the use of column
chromatography (Figure 2.2 and 2.3). Two
dimeric building blocks have also been
prepared, Boc-Py-Im acid 12 and Boc-y-Im
acid 13 (Figure 2.4).

Resin Linkages. For solid phase synthesis,

the polyamide is attached to an insoluble

matrix by a linkage that is cleaved by a single
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Figure 2.5. Protocol for the solid phase synthesis

of a pyrrole-imidazole polyamide.
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step process that introduces a positive charge
into the polyamide.

The addition of an aliphatic amino
acid at the C-terminus of the pyrrole-
imidazole polyamides allows the use of Boc-

B-alanine-Pam-Resin resin which is

commercially available (Available in bulk from: Peptides International, Louisville, Kentucky) in

appropriate substitution levels (0.2 mmol/gram) (Figure 2.1).* Aminolysis of the resin ester

linkage provides a simple and efficient method for cleaving the polyamide from the support.

Attempts to isolate polyamides by direct aminolysis of Pyrrole-Pam resin were unsuccessful. The

DNA binding affinity and sequence-specificity of polyamides containing a C-terminal -alanine

spacer such as ImPyPy-y-PyPyPy-B-Dp 2 are not greatly altered from solution phase polyamides

such as ImPyPy-y-PyPyPy-Dp 1. Detailed thermodynamic characterization is described elsewhere

(see Chapter 2).”

Table 1.1.

Pyrrole- Imidazole Polyamides.

Standard Protocol for Manual Solid Phase Synthesis of

Synthesis Cycle

Time/mode

1) Deprotect

80% TFA/DCM, 0.5M PhSH

1 min shake

30 s flow
20 min shake
2) Wash DCM 1 min flow
DMF 30 s flow
(take resin sample for monitoring)
3) Couple -OBt ester, DIEA 45 min shake
(take resin sample for monitoring)
4) Wash DMF 2 x 30 s flow
DCM 30 s flow
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Solid Phase Polyamide Synthesis Protocols. Solid phase polyamide synthesis protocols were
modified from the in situ neutralization Boc-chemistry protocols recently reported by Kent and
coworkers.” Coupling cycles are rapid, 72 min. per residue for manual synthesis or 180 min. per
residue for machine-assisted synthesis, and require no special precautions beyond those used for
ordinary solid phase peptide synthesis. Manual solid phase synthesis of a pyrrole-imidazole
polyamide consists of a dichloromethane (DCM) wash, removal of the Boc group with
trifluoroacetic acid (TFA)/DCM/thiophenol (PhSH), a DCM wash, a DMF wash, taking a resin

sample for analysis, addition of activated monomer, addition of DIEA if necessary, coupling for

(@]

BocHN (0] <:> JiN
N
\/\]c])/ N

1TFA

2) BocPy-OBt, DMF, DIEA

N
Ty

Figure 2.6. Solid phase synthetic scheme for ImPyPy-y-PyPyPy-B-Dp starting from commercially
available Boc-B-Pam-resin: (i) 80% TFA/DCM, 0.4M PhSH; (ii) BocPy-OBt, DIEA, DMF; (iii) 80%
TFA/DCM, 0.4M PhSH; (iv) BocPy-OBt, DIEA, DMF; (v) 80% TFA/DCM, 0.4M PhSH; (vi) BocPy-
OBt, DIEA, DMF; (vii) 80% TFA/DCM, 0.4M PhSH; (viii) Boc-y-aminobutyric acid (HBTU, DIEA);
(ix) 80% TFA/DCM, 0.4M PhSH; (x) BocPy-OBt, DIEA, DMF; (xi) 80% TFA/DCM, 0.4M PhSH;
(xii) BocPy-OBt, DIEA, DMF; (xiii) 80% TFA/DCM, 0.4M PhSH; (xiv) Imidazole-2-carboxylic acid
(HBTU/DIEA); (xv) N,N- dimethylaminopropyl-amine, 55°C.
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45 min, taking a resin sample for analysis, and a final DMF wash (Figure 2.5, Table I). In
addition, the manual solid phase protocol for synthesis of pyrrole-imidazole polyamides has been
adapted for use on a ABI 430A peptide synthesizer.
Monitoring the synthesis. The aromatic amine of the pyrrole and imidazole do not react in the
quantitative ninhydrin test.”  Stepwise cleavage of a sample of resin and analysis by HPLC
indicates that high stepwise yields (> 99%) are routinely achieved. We note that acylation of
imidazole amine with Boc-Py-OBt ester was not satisfactory. However, acylation with Boc-Py
symmetrical anhydride/DMAP ester (DCC, DMAP, DCM) proceeds to completion within 3 h.
Alternatively, the preparation of a Boc-Pylm-OBt dimer unit avoids the difficult coupling of
pyrrole to imidazole.
Synthesis of Eight Residue Polyamide 2. ImPyPy-y-PyPyPy-f-Dp was prepared in 14 steps
using the protocols described in the Experimental Section (Figure 2.6). The yield of each
individual coupling step was established as >98% by HPLC analysis. The resin was cleaved in
high yield ( > 90%) by aminolysis with N,N-dimethylaminopropylamine. A single HPLC
separation of the eight residue polyamide was sufficient to obtain a final purity greater than 98%
as determined by a combination of analytical HPLC, "H NMR and mass spectroscopy.

Rates and Efficiency of Coupling Reactions. Under the standard coupling conditions

the efficiency of coupling reactions appears to be as follows (activated ester/free amine). Py/Gly

= Im/Gly > Gly/Py > Im/Py > Py/Py > Gly/Im > Im/Im > Py/Im. All couplings except for Im/Im

and Py/Im are > 99.8% complete in the recommended 42 min. coupling times. The faster
couplings are more than 99.8% complete within 5 min. For the Im/Im and Py/Im couplings,
extended reaction times are recommended in order to assure complete reaction. Coupling rates are
estimated based on picric acid titration data, and ninhydrin tests when possible.

No correction is made for the change in substitution of the resin resulting from the
addition of a monomer, because the effect is very small for the low substitution resins used for
synthesis here. For the Py/Py, Im/Py, Py/Gly, and Gly/Py couplings it was attempted to measure

rates using the picric acid test at 1 min. time intervals. The Im/Py, Py/Gly, and Gly/Py couplings
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Figure 2.7. Monitoring the time course of coupling Boc-Py-OBt to PyNH, by Picric acid
titration. Linear curve fit through data obtained during the first 15 min. of the coupling

reaction.
all reached completion too rapidly to measure an accurate rate. For the Py/Py coupling,
reasonably accurate data was obtained for monitoring the disappearance of amine. From the slope
of a plot of In (meq. amine) v time, it is possible to estimate a rate of reaction of 0.18h™ which
corresponds to a 3.9 min. half life, and indicates that 25.6 min. are required for 99% reaction, and
38.4 min. for 99.9% reaction. The 45 min. coupling time recommended here is chosen to be
conservative. The short length of the peptides synthesized here, combined with an inaccurate
method of monitoring coupling yeilds beyond 90% (as can clearly be seen from the scatter in the

picric acid data after 15 min. of reaction), both support the use of long reaction times.

Conclusion. Pyrrole-imidazole polyamide-DNA complexes provide a potentially general model
for the design of non-natural ligands for the sequence-specific recognition of the minor groove of
DNA. The large number of polyamides made available by solid phase synthetic methodology

should accelerate the elucidation of the scope and limitations of this approach.
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Figure 2.8. Characterization of the
synthesis of ImPyPy-y-PyPyPy-B3-Dp. (a)
Analytical HPLC analysis of crude
synthesis products from the machine-
assisted solid phase synthesis, (b)
Analytical HPLC analysis of purified
polyamide, C18 chromatography, 0.1%
(wt/v) TFA, gradient elution 1.25%
CH;CN/min monitored at 254 nm. (c¢)
MALDI-TOF mass spectral analysis of
purified polyamide.
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Experimental
Materials. Boc-B-alanine-(-4-carboxamidomethyl)-benzyl-ester-copoly(styrene-divinylbenzene)
resin (Boc-B-Pam-Resin), dicyclohexylcarbodiimide (DCC), hydroxybenzotriazole (HOBt), 2-
(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-fluorophosphate (HBTU), Boc-glycine,
and Boc-B-alanine were purchased from Peptides International. N, N-diisopropylethylamine
(DIEA), N,N-dimethylformamide (DMF), N-methylpyrrolidone (NMP), and DMSO/NMP were
purchased from Applied Biosystems. Boc-y-aminobutyric acid was from NOVA Biochem,
dichloromethane (DCM) and triethylamine (TEA) was reagent grade from EM, thiophenol
(PhSH), dimethylaminopropylamine, trichloroacetyl chloride, N-methylpyrrole, and N-
methylimidazole from Aldrich, and trifluoroacetic acid (TFA) from Halocarbon. All reagents
were used without further purification.

"H NMR were recorded on a GE 300 instrument operating at 300 MHz. Chemical shifts
are reported in ppm relative to the solvent residual signal. UV spectra were measured on a
Hewlett-Packard Model 8452A diode array spectrophotometer. IR spectra were recorded on a
Perkin-Elmer FTIR spectrometer. High-resolution FAB mass spectra were recorded at the Mass
Spectroscopy Laboratory at the University of California, Riverside. Matrix-assisted, laser
desorption/ionization time of flight mass spectrometry was carried out at the Protein and Peptide
Microanalytical Facility at the California Institute of Technology. HPLC analysis was performed
either on a HP 1090M analytical HPLC or a Beckman Gold system using a RAINEN Cig,
Microsorb MV, 5um, 300 x 4.6 mm reversed phase column in 0.1% (wt/v) TFA with acetonitrile
as eluent and a flow rate of 1.0 mL/min, gradient elution 1.25% acetonitrile/min. Preparatory
HPLC was carried out on a Beckman HPLC using a Waters DeltaPak 25 x 100 mm, 100pm C
column equipped with a guard, 0.1% (wt/v) TFA, 0.25% acetonitrile/min. 18ME water was
obtained from a Millipore MilliQ water purification system, and all buffers were 0.2um filtered.
Thin-layer chromatography (TLC) was performed on silica gel 60 F,s4 precoated plates. Reagent-

grade chemicals were used unless otherwise stated.
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Monomer Syntheses

4-Nitro-2-trichloroacetyl-1-methylpyrrole (3). To a well stirred solution of trichloroacetyl
chloride (1 kg, 5.5 mole) in 1.5 liter ethyl ether in a 12 liter flask was added dropwise over a
period of 3 h a solution of N-methylpyrrole (0.45 kg, 5.5 mole) in 1.5 liter anhydrous ethyl ether.
The reaction was stirred for an additional 3 hours and quenched by the dropwise addition of a
solution of 400 g potassium carbonate in 1.5 liters water. The layers were separated and the ether
layer concentrated in vacuo to provide 2-(trichloroacetyl)pyrrole (1.2 kg, 5.1 mol) as a yellow
crystalline solid sufficiently pure to be used without further purification. To a cooled (-40°C)
solution of 2-(trichloroacetyl) pyrrole (1.2 kg, 5.1 mol) in acetic anhydride (6 L) in a 12 L flask
equipped with a mechanical stirrer was added 440 mL fuming nitric acid over a period of 1 hour
while maintaining a temperature of (-40°C). The reaction was carefully allowed to warm to room
temperature and stir an additional 4 h. The mixture was cooled to -30°C, and isopropyl alcohol (6
L) added. The solution was stirred at -20°C for 30 min during which time a white precipitate
forms. The solution was allowed to stand for 15 min and the resulting precipitate collected by
vacuum filtration to provide 3 (0.8 kg, 54% yield) TLC (7:2 benzene/ethyl acetate) Rf 0.7; 'H
NMR (DMSO-d¢) & 8.55 (d, 1 H,J=1.7 Hz), 7.77 (d, 1 H, J=1.7 Hz), 3.98 (s, 3 H); *C NMR
(DMSO-dg) 6 173.3, 134.7, 133.2, 121.1, 116.9, 95.0, 51.5; IR (KBr) 1694, 1516, 1423, 1314,
1183, 1113, 998, 750. FABMS m/e 269.936 (M +H 269.937 calc. for C;HsN,O5Cls).

Methyl 4-nitropyrrole-2-carboxylate (4). To a solution of 3 (800 g, 2.9 mol) in 2.5 L methanol
in a 4 L Erlenmeyer flask equipped with a mechanical stirrer was added dropwise a solution of
NaH (60% dispersion in oil) (10g, 0.25 mol) in 500 mL methanol. The reaction was stirred 2 h. at
room temperature, and quenched by the addition of conc. sulfuric acid (25 mL). The reaction was
then heated to reflux, allowed to slowly cool to room temperature as 4 crystallizes as white
needles which were collected by vacuum filtration and dried in vacuo. (450 g, 47% yield). TLC
(ethyl acetate) Rf 0.8; 'H NMR (DMSO-de) 8 8.22 (d, 1 H, J= 1.7 Hz), 7.22 (d, 1 H, J= 1.6 Hz),

3.88 (s, 3 H), 3.75 (s, 3 H); °C NMR (DMSO-d) § 37.8, 52.2, 112.0, 123.0, 129.9, 134.6, 160.3:
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IR(KBr) 3148, 1718, 1541, 1425, 1317, 1226, 1195, 1116, 753. FABMS m/e 184.048 (M + H

184.048 calc. for C;HgN,O,).

Methyl 4-amino-1-methyl-pyrrole-2-carboxylate hydrochloride (5). Methyl-4-nitropyrrole-2-
carboxylate 4 (450g, 2.8 mol) was dissolved in ethyl acetate (8 L). A slurry of 40 g of 10% Pd/C
in 800 mL ethyl acetate was then added and the mixture stirred under a slight positive pressure of
hydrogen (c.a. 1.1 atm) for 48 h. Pd/C was removed by filtration through Celite, washed 1 x 50
mL ethyl acetate, and the volume of the mixture reduced to c.a. 500 mL. 7 L of cold ethyl ether
was added and HCI gas gently bubbled through the mixture. The precipitated amine
hydrochloride was then collected by vacuum filtration to yield (380 g, 81.6%) of 5 as a white
powder. TLC (ethyl acetate) Rf(amine) 0.6, Rf salt (0.0), '"H NMR (DMSO-d,) & 10.23 (br s, 3H),
724 (d, 1H J = 1.9), 6.79 (d, 1H, J = 2.0), 3.83 (s, 3H), 3.72 (s, 3H) *C NMR (DMSO-d;) &
160.8, 124.3, 121.2, 113.4, 112.0, 51.8, 37.1; IR (KBr) 3095, 2693, 1709, 1548, 1448, 1266,
1102, 802, 751. FABMS m/e 154.075 (154.074 calc. for C;H,(N,0,).
4-[(zert-Butoxycarbonyl)amino]-1-methylpyrrole-2-carboxylic acid (6). The hydrochloride salt
of the pyrrole amine 5 (340 g, 1.8 mol) was dissolved in 1 L of 10% aqueous sodium carbonate in
a 3 L flask equipped with a mechanical stirrer, di-t-butyldicarbonate (400 g, 2.0 mmol) slurried in
500 mL of dioxane was added over a period of thirty min maintaining a temperature of 20°C. The
reaction was allowed to proceed for three h and was determined complete by TLC, cooled to 5°C
for 2 h and the resulting white precipitate collected by vacuum filtration. The Boc-pyrrole ester
contaminated with Boc-anhydride was dissolved in 700 mL MeOH, 700 mL of 2M NaOH was
added and the solution heated at 60°C for 6 h. The reaction was cooled to room temperature,
washed with ethyl ether (4 x 1000 mL), the pH of the aqueous layer reduced to c.a. 3 with 10%
(v/v) HySOy, and extracted with ethyl acetate (4 x 2000 mL). The combined ethyl acetate extracts
were dried (sodium sulfate) and concentrated in vacuo to provide a tan foam. The foam was
dissolved in 500 mL of DCM and 2 L petroleum ether added, the resulting slurry was
concentrated in vacuo. The reaction was redissolved and concentrated three additional times to

provide (320 g, 78% yield) of 6 as a fine white powder. TLC (7:2 benzene/ethyl acetate v/v) Rf



26
(ester) 0.8, Rf (acid) 0.1. (ethyl acetate), Rf (acid) 0.6, 'H NMR (DMSO-d,) 8 12.10 (s, 1H), 9.05

(s, 1H), 7.02 (s, 1H), 6.55 (s, 1H), 3.75 (s, 3H), 1.41 (s, 9H) *C NMR (DMSO-d;) § 162.4, 153.2,
123.3, 120.1, 119.2, 107.9, 78.9, 36.6, 28.7.; IR(KBr) 3350, 2978, 1700, 1670, 1586, 1458, 1368,
1247, 1112, 887, 779. FABMS m/e 241.119 (M +H 241.119 calc. for C;;H;;N,O4).

1,2,3-Benzotriazol-1-yl 4-[(fert-butoxycarbonyl)-amino]-1-methylpyrrole-2-carboxylate (7).
Boc-Py-acid 6 (31 g, 129 mmol) was dissolved in 500 mL DMF, HOBt (17.4 g, 129 mmol) was
added followed by DCC (34 g, 129 mmol). The reaction was stirred for 24 h and then filtered
dropwise into a well stirred solution of 5 L of ice water. The precipitate was allowed to sit for 15
min at 0°C and then collected by filtration. The wet cake was dissolved in 500 mL DCM, and the
organic layer added slowly to a stirred solution of cold petroleum ether (4°C). The mixture was
allowed to stand at -20°C for 4 h and then collected by vacuum filtration and dried iz vacuo to
provide (39 g, 85% yield) of 7 as a finely divided white powder. TLC (7:2 benzene/ ethyl acetate
v/v) Rf 0.6, "H NMR (DMSO-d) §9.43 (s, 1H), 8.12 (d, 1H, J = 8.4 Hz), 7.80 (d, 1H, J =
8.2Hz), 7.64 (t, 1H, J = 7.0 Hz), 7.51 (m, 2H), 7.18 (s, 1H), 3.83 (s, 3H), 1.45 (s, 9H) , *C NMR
(DMSO-dg) 6 156.5, 153.3, 143.2, 129.6, 129.2, 125.7, 125.2, 124.6, 120.3, 112.8, 110.3, 109.8,
79.5, 36.8, 28.6.; IR (KBr) 3246, 3095, 2979, 1764, 1711, 1588, 1389, 1365, 1274, 1227, 1160,
1101, 999, 824, 748.; FABMS m/e 358.152 (M +H358.151 calc. for C;H,,N50,).

Ethyl 1-methylimidazole-2-carboxylate (8). N-methylimidazole (320 g, 3.9 mol) was combined
with 2 L acetonitrile and 1 L triethylamine in a 12 L flask equipped with a mechanical stirrer and
the solution cooled to -20°C. Ethyl chloroformate (1000 g, 9.2 mol) was added with stirring,
keeping the temperature between -20°C and -25°C. The reaction was allowed to slowly warm to
room temperature and stir for 36 h. Precipitated triethylamine hydrochloride was removed by
filtration and the solution concentrated in vacuo at 65°C. The resulting oil was purified by
distillation under reduced pressure (2 torr, 102°C) to provide 8 as a white solid (360 g, 82%
yield). TLC (7:2 benzene/ ethyl acetate v/v) Rf 0.2; "H NMR (DMSO-d) § 7.44 (d, 1 H,J = 2.8
Hz), 7.04 (d, 1 H, /=2.8 Hz), 426 (q, 2 H, J= 3.5 Hz), 3.91 (s, 3 H), 1.26 (t, 3 H, J = 3.5 Hz);

PC NMR (DMSO-dg) § 159.3, 129.1, 127.7, 61.0, 36.0, 14.5; IR(KBr) 3403, 3111, 2983, 1713,
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1480, 1422, 1262, 1134, 1052, 922, 782, 666; FABMS m/e 155.083 (M +H 155.083 calc. for

CHiN,O,).

Ethyl 1-methyl-4-nitroimidazole-2-carboxylate (9). Compound 8 was carefully dissolved in
1000 mL of concentrated sulfuric acid cooled to 0°C. 90% nitric acid (1 L) was slowly added
maintaining a temperature of 0°C. The reaction was then refluxed with an efficient condenser
(-20 °C) in a well ventilated hood for 50 min. The reaction was cooled with an ice bath, and
quenched by pouring onto 10 L ice. The resulting blue solution was then extracted with 20 L
DCM, the combined extracts dried (sodium sulfate) and concentrated in vacuo to yield a tan solid
which was recrystallized from 22 L of 21:1 carbon tetrachloride/ethanol. The resulting white
crystals are collected by vacuum filtration to provide pure 9 (103 g, 22% yield). TLC (7:2
benzene/ ethyl acetate v/v) Rf 0.5, "H NMR (DMSO-dy) & 8.61 (s, 1 H), 4.33 (9,2 H, J= 6.4 Hz),
3.97 (s, 3 H), 1.29 (t, 3 H, J = 6.0 Hz), "C NMR (DMSO-d,) & 158.2, 145.4, 135.3, 127.4, 62.2,
37.3, 14.5; IR(KBr) 3139, 1719, 1541, 1498, 1381, 1310, 1260, 1122, 995, 860, 656.; FABMS
m/e 200.066 (M +H 200.067 calc. for C;H;(N;0,).

Ethyl 4-amino-I-methylimidazole-2-carboxylate hydrochloride (10). The nitro imidazole
ethyl ester 9 (103g, 520 mmol) was dissolved in 5 L of 1:1 ethanol/ethyl acetate, 20g 10% Pd/C
slurried in 500 mL ethyl acetate was added and the mixture stirred under a slight positive pressure
of hydrogen (c.a. 1.1 atm) for 48 h. The reaction mixture was filtered, concentrated in vacuo to a
volume of 500 mL and 5 L of cold anhydrous ethyl ether added. Addition of HCI gas provided a
white precipitate. The solution was cooled at -20°C for 4 h and the precipitate collected by
vacuum filtration and dried in vacuo to provide (75 g, 78% yield) of 10 as a fine white powder.
TLC (7:2 benzene: ethyl acetate) Ry (amine) 0.3, Ry (salt) 0.0. "H NMR (DMSO-dg) 8 10.11 (br s,
3H), 7.43 (s, 1H), 4.28 (q, 2H, J = 7.1 Hz), 3.92 (s, 1H), 1.28 (t, 3H, J = 7.1 Hz) *C NMR
(DMSO-d¢) 6 157.6, 132.6, 117.4, 117.3, 61.8, 36.6, 14.5; IR(KBr) 3138, 2883, 1707, 1655,
1492, 1420, 1314, 1255, 1152, 1057, 837, 776.; FABMS m/e 169.085 (169.084 calc. for

C7Hl 1N3 02)
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4-[(tert-butoxycarbonyl)amino]-1-methylimidazole-2-carboxylic acid (11). The imidazole
amine 10 (75 g, 395 mmol) was dissolved in 200 mL DMF. DIEA (45 mL, 491 mmol) was added
followed by di-t-butyldicarbonate (99 g, 491 mmol). The mixture was shaken at 60°C for 18 h,
allowed to assume room temperature, and partitioned between 500 mL brine, 500 mL ethyl ether.
The ether layer was extracted (2 x 200 mL each) 10% citric acid, brine, satd. sodium bicarbonate,
brine, dried over sodium sulfate and concentrated in vacuo to yield the Boc-ester contaminated
with 20% Boc-anhydride as indicated by 'H NMR. The Boc-ester, used without further
purification, was dissolved in 200 mL 1M NaOH. The reaction mixture was allowed to stand for
3 h at 60°C with occasional agitation. The reaction mixture was cooled to 0°C, and carefully
neutralized with 1 M HCI to pH 2, at which time a white gel forms. The gel was collected by
vacuum filtration, frozen before drying, and remaining water lyophilized to yield 10 as a white
powder (51 g, 54% yield). "H NMR (DMSO-d¢) 8 9.47 (s, 1H), 7.13 (s, 1H), 3.85 (s, 3H), 1.41
(s, 9H). ’C NMR (DMSO-dg) § 160.9, 152.9, 137.5, 134.5, 112.4, 79.5, 35.7, 28.6: IR(KBr)
3448, 2982, 1734, 1654, 1638, 1578, 1357, 1321, 1249, 1163, 799.; FABMS m/e 241.105
(241.106 cale. for CgHsN;Oy).

4-[(tert-butoxycarbonyl)amino]-1-methylpyrrole-2-(4-carboxamido-1-methyl imidazole)-2-
carboxylic acid. 12 was prepared as described below for 13 substituting Boc-Pyrrole acid for
Boc-y-aminobutyric acid (4.1 g, 91% yield). "H NMR (DMSO-d) & 10.58 (s, 1H),9.08 (s, 1 H),
7.57 (s, 1 H), 6.97 (s, | H), 6.89 (s, 1 H), 3.89 (s, 3 H), 3.75 (s, 3 H), 1.35 (s, 9 H); °C NMR
(DMSO-d¢) 6 160.36, 159.1, 153.4, 137.9, 132.3, 122.8, 122.3, 118.5, 115.5, 105.5, 105.4, 78.8,
28.7,24.9; IR 3346, 2929, 1685, 1618, 1529, 1342, 1274, 1179, 997, 761. FABMS m/e 364.161
(364.162 calc. for C;sH,,N;sOs).

v-I(tert-butoxycarbonyl)amino]-butyric acid -(4-carboxamido-1-methyl-imidazole)-2-
carboxylic acid 13. To a solution of Boc-y-aminobutyric acid (10 g, 49 mmol) in 40 mL DMF
was added 1.2 eq HOBt (7.9 g, 59 mmol) followed by 1.2 eq DCC (11.9 g, 59 mmol). The
solution was stirred for 24 h, and the DCU removed by filtration. Separately, to a solution of ethyl

4-nitro-1-methylimidazole-2-carboxylate (9.8 g, 49 mmol) in 20 mL DMF was added Pd/C
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catalyst (10%, 1 g), and the mixture was hydrogenated in a Parr bom apparatus (500 psi H,) for 2

h. The catalyst was removed by filtration through celite and filtrate immediately added to the -
OBt ester solution. An excess of DIEA (15 mL) was then added and the reaction stirred at 37°C
for 48 h. The reaction mixture was then added dropwise to a stirred solution of ice water and the
resulting precipitate collected by vacuum filtration to provide crude ethyl y-[[(tert-
butoxy)carbonyl]amino]-butyric acid -(4-carboxamido-1-methyl-pyrrole)-2-carboxylate (5 g, 14.1
mmol). To the crude ester dissolved in 50 mL methanol was added 50 mL 1M KOH and the
resulting mixture allowed to stir for 6 h at 37°C. Excess methanol was removed in vacuo and the
resulting solution acidified by the addition of 1 M HCL. The resulting precipitate was collected by
vacuum filtration and dried in vacuo to yield a brown powder. (4.4g, 89% yield). '"H NMR
(DMSO-dg) 6 10.50 (s, 1 H), 7.45 (s, 1 H), 6.82 (t, 1 H, J=3.6 Hz), 3.86 (s, 3 H), 2.86 (q, 2 H, J
=4.6 Hz), 2.22 (t, 2 H, J= 7.4 Hz), 1.57 (quintet, 2 H, /= 5.9 Hz), 1.29 (s, 9 H); IR 3416, 2950,
2841, 1650,1538 1449, 1392, 1250, 1165, 1108; FABMS m/e 326.160 (326.159 calc. for

C 1 4H22N4 OS ) -
Resin Synthesis
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Figure 2.9. Linkers prepared for the Synthesis of Pyrrole-PAM resin.

4-(Bromomethyl)benzoic Acid Phenacyl Ester. Triethylamine (16 ml, 115 mmol) and
bromoacetophenone (22.9 g, 115 mmol) were dissolved in 450 ml ethyl acetate. 4-
(Bromomethyl)benzoic Acid (17.5 g, 155 mmol) was added in seven equal portions over a three
hour period to the stirred solution at 50°C. Stirring was continued for an additional 8 hours at the

same temperature. Precipitated triethylaminehydrobromide was removed by filtration, and the
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ethyl acetate solution washed (3 x 150 ml each) 10% citric acid, brine, satd. sodium bicarbonate,
brine. The organic phase was dried, sodium sulfate, and concentrated in vacuo. The residue was
recrystallized from dichloromethane-petroleum ether to give fine white crystals (10.2 g, 27%
yield). 1TH NMR & 7.99 (m, 4H), 7.69-7.54 (m, 5H), 5.74 (s, 2H), 4.77 (s, 2H) 13C NMR
(DMSO-d6) 6 193.7, 165.9, 144.6, 134.9, 131.2, 131.0, 130.7, 130.6, 130.2, 129.9, 128.8, 128.6,
68.2,34.0.

Boc-Pyrrolyl-4-(oxymethyl)benzoic Acid Phenacyl Ester. A solution of Boc-Pyrrole-OH 8 (2.9
g 12 mmol), 4-(bromomethyl)phenylacetic Acid Phenacyl Ester (4 g, 12 mmol), and
diisopropylethylamine (3.0 ml, 16.8 mmol) in 60 ml DMF were stirred at 50°C for 6 hours. The
solution was cooled and partitioned between 400 ml water and 400 ml ethyl ether. The ether layer
was washed (2 x 200 ml each) 10% citric acid, brine, satd. sodium bicarbonate, brine. The
organic phase was dried, sodium sulfate, and concentrated in vacuo to yield a light white foam
which was used without further purification. (5.4g 97% yield) TLC (2:3 hexane/ethyl acetate v/v)
Rf 0.6. '"H NMR (DMSO-dg) 8 9.14 (s, 1H), 8.03 (m, 4H), 7.67 (m, 1H), 7.55 (m, 4H), 7.13 (s,
1H), 6.72 (d, 1H, J = 1.5 Hz), 5.74 (s, 1H), 5.32 (s, 1H), 3.79 (s, 3H), 1.42 (s, 9H) *C NMR
(DMSO-dg) 6 193.2, 165.5, 160.4, 153.2, 143.1, 134.5, 130.1, 129.5, 128.3, 128.2, 123.8, 120.3,
118.8,108.2, 79.1, 67.7, 64.6, 36.7, 28.6.

Boc-Pyrrolyl-4-(oxymethyl)phenylacetic Acid Phenacyl Ester. Prepared as described for Boc-
Pyrrolyl-4-(oxymethyl)benzoic Acid Phenacyl Ester. Product purified by crystallization hexane -
ethyl acetate (3:1, v/v) as long needles (6.1 g, 44.5%) TLC (3:1 hexane/ethyl acetate) Rf 0.2 'H
NMR (DMSO-d4) 6 9.11, (s, 1H), 7.93 (d, 2H, J=8.2), 7.67 (t, IH J = 7.0), 7.52 (t, 2H, J = 7.9),
7.35 (m, 4H), 7.10 (s, 1H), 6.67 (s, 1H), 5.50 (s, 2H), 5.22 (s, 2H), 5.19 (s, 2H), 3.83 (s, 3H), 1.42
(s, 9H) C NMR (DMSO-dq) & ©3.1, 171.2, 160.6, 153.2, 135.7, 134.4, 130.1, 129.4, 128.5,
128.3,123.7, 120.0, 119.0, 108.0, 79.0, 67.4, 65.1, 36.7, 28.6.
Boc-Pyrrolyl-4-(oxymethyl)benzoic Acid (14) Zinc dust was activated as previously described.
Boc-Pyrrolyl-4-(oxymethyl)benzoic Acid Phenacyl Ester (3 g, 5.9 mmol) was dissolved in 90 ml

Acetic acid/water (80:20, v/v). Zinc dust (9.6g 147 mmol) was added and the reaction stirred for
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18 hours at room temperature, the zinc removed by filtration, and the reaction mixture partitioned
between 200 ml ethyl ether and 200 ml water, the layers separated, and the aqueous layer
extracted with 200 ml ethyl ether, the combined ether layers are washed (5 x 100 ml) with water.
The combined organics were dried, sodium sulfate, concentrated in vacuo, and azeotroped (6 x
100 ml benzene). The product, contaminated with acetophenone, was purified by flash
chromatography, with a gradient of 2:1 hexane ethyl acetate to ethyl acetate to give a yellow oil.
(1.9 g, 54%) TLC ethyl acetate Rf 0.7

Boc-Pyrrolyl-4-(oxymethyl)phenylacetic Acid was prepared in a manner analogous to (14) as a
yellow oil in 78% yield.

Boc-aminoacyl-Pyrrolyl-4-(oxymethyl)-BAM-resin. Bam linker acid (1 g, 2.6 mmol) was
dissolved in 6.5 ml DMF. HOBt (382 mg, 2.8 mmol) followed by DCC (735 mg, 2.8 mmol) was
added and the reaction mixture shaken for 4 hours at room temperature. The precipitated DCU
was filtered and the reaction mixture added to 3 grams aminomethyl-polystyrene-resin (0.7
mmol/gram substitution) previously swollen for 30 min. in DMF. Diisopropylethylamine (913pl,
5.3 mmol) was added and the reaction shaken for 12 hours. The resin was determined by
ninhydrin test to be approximately 0.3 mmol/gram substituted at this point, the resin was washed
with DMF and the remaining amine groups capped by acetylation (2x) with excess acetic
anhydride capping solution. The resin was washed with DMF, DCM, and MeOH and dried in
vacuo.

Boc-aminoacyl-Pyrrolyl-4-(oxymethyl)-Pam-resin. Pyrrole Pam resin was prepared in 0.3
mmol/g substitution as described for Bam resin.

Cleavage from the resin. Acetylated tripyrrole was chosen as the target compound for
experiments involving resin cleavage.® Successful cleavage was achieved from PAM and BAM
pyrrole resin with Pd(Ac), in DMF under a pressurized atmosphere of hydrogen (100psi, 8 hours)
(Figure 3.10). The palladium black is then filtered, and the pyrrole acid activated with

DCC/HOBt and reacted with a large excess of dimethylaminopropyl amine to give the HPLC
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purified acetylated tripyrrole in 5% overall yield, Figure 3.10. This approach may be limited by

the potential insolubility of longer peptide-acids.
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Figure 3.10. Synthesis of AcP; by a 2 step cleavage/activation procedure, hydrogenolysis to liberate
AcP;COOH, followed by DCC/HOBt coupling to the amine side chain.

Cleavage from PAM and BAM resins by amminolysis was unsuccessful at 37°C and
100°C in 1:1 amine:DMF or neat amine for 24 hours. Treatment of BAM resin with neat amine at
100°C for 3 days resulted in a 12% recovery of acetylated tripyrrole. The presence of a large
number of decomposition products indicates that cleavage at 100°C for 3 days is too harsh to be
generally useful.

As a control the Boc-pyrrole-Pam linker was coupled to Boc-Gly-Pam-Resin in a manner
analogous to the synthesis of Boc-Py-Pam-Resin, Figure 8. Two additional pyrroles were then
added to the resin with the standard protocols to give 16. The 'safety catch’ resin was subjected to

treatment with a 1:1 mixture of dimethylaminopropyl amine: DMF at 37°C for 12 hours. Two
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Figure 3.11. Selective cleavage of a glycine benzyl ester in the presence of a

pyrrole benzyl ester. 37°C, 1:1 RNH,:DMF.



33
products AcPyPyPy-PAM-Gly-DMAPA 17 (98% of products) and the failure sequence AcPyPy-

PAM-Gly-DMAPA (2%) were identified by '"H NMR. Recovery of the product was very high,
almost 50% of the theoretical yield, indicating that the glycine-PAM, aliphatic benzy! ester is
cleaved with much higher recovery than the pyrrole-PAM aromatic benzyl ester.

AcPy;-PAM-Gly-DMAPA. 16 180 mg (29 umole) of AcPy;-PAM-Gly-PAM-Resin was treated
with 1.5 ml DMF followed by 1.5 ml dimethylaminopropylamine and the reaction mixture shaken
for 12 hours, and purified by prep HPLC to give AcPyPyPy-PAM-Gly-DMAPA in 49% yield. 'H
NMR (DMSO-ds) 6 990 (m, 2H), 9.83 (s, 1H), 9.3 (br s, 1H), 8.37 (t, 1H, J = 5.7 Hz), 8.05 (t,
IH, J=5.8 Hz), 7.44 (d, 1H, J= 1.7 Hz), 7.32 (q, 4H, J= 8.2 Hz), 7.20 (d, 1H, J= 1.7 Hz), 7.13
(d, IH, J= 1.7 Hz), 7.04 (d, 1H, /= 1.7 Hz), 6.95 (d, 1H, J= 1.9 Hz), 6.83 (d, 1H, /= 1.8 Hz),
5.19 (s, 2H), 3.82 (s, 3H), 3.82 (s, 3H), 3.81 (s, 3H), 3.63 (d, 2H, J = 6.1 Hz), 3.48 (s, 2H), 3.11
(g, 2H, J= 6.1 Hz), 2.96 (m, 2H), 2.67 (d, 6H, J= 4.8 Hz), 1.95 (s, 3H), 1.71 (quintet, 2H, J = 7.4
Hz) A failure sequence was also isolated from the reaction mixture. '"H NMR (DMSO-dq) § 9.91
(m, 2H), 9.80 (s, 1H), 9.3 (br s, 1H), 8.40 (t, 1H, /= 5.7 Hz), 8.08 (t, IH, J = 5.8 Hz), 7.44 (d,
IH, J=1.7 Hz), 7.38 (q, 4H, J = 8.4 Hz), 7.15 (d, 1H, J= 1.7 Hz), 6.96 (d, 1H, /= 1.8 Hz), 6.85
(d, 1H, J= 1.7 Hz), 5.15 (s, 2H), 3.84 (s, 3H), 3.82 (s, 3H), 3.69 (d, 2H, J = 5.4 Hz), 3.51 (s, 2H),

3.19 (m, 2H), 3.04 (m, 2H), 2.74 (d, 6H, J = 4.2 Hz), 1.97 (s, 3H), 1.77 (m, 2H).

Solid Phase Syntheses

Activation of Imidazole-2-carboxylic acid, y-aminobutyric acid, Boc-glycine, and Boc-f3-
alanine. The appropriate amino acid or acid (2 mmol) was dissolved in 2 mL. DMF. HBTU (720
mg, 1.9 mmol) was added followed by DIEA (1 mL) and the solution lightly shaken for at least 5
min.

Activation of Boc-Imidazole acid. Boc imidazole acid (257 mg, 1 mmol) and HOBt (135 mg, 1
mmol) were dissolved in 2 mL DMF; DCC (202 mg, 1 mmol) is then added and the solution

allowed to stand for at least 5 min.
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Activation of Boc-y-Imidazole acid and Boc-Pyrrole-Imidazole acid. The appropriate dimer (1
mmol) and HBTU (378 mg, 1 mmol) are combined in 2 mL DMF. DIEA (I mL) is then added
and the reaction mixture allowed to stand for 5 min.

Activation of Boc-Pyrrole acid. (for coupling to Imidazole amine) Boc-Pyrrole acid (514 mg,
2 mmol) was dissolved in 2 mL dichloromethane, DCC (420 mg, 2 mmol) added, and the solution
allowed to stand for 10 min, DMAP (101 mg, 1 mmol) was added and the solution allowed to
stand for 1 min.

Acetylation Mix. 2 mL DMF, DIEA (710 pL, 4.0 mmol), and acetic anhydride (380 uL, 4.0
mmol) were combined immediately before use.

Manual Synthesis Protocol. Boc-B-alanine-Pam-Resin (1.25 g, 0.25 mmol) is placed in a 20 mL
glass reaction vessel, shaken in DMF for 5 min and the reaction vessel drained. The resin was
washed with DCM (2 x 30 s.) and the Boc group removed with §0% TFA/DCM/0.5M PhSH, 1 x
30 s., 1 x 20 min. The resin was washed with DCM (2 x 30 s.) followed by DMF (1 x 305.). A
resin sample (5 - 10 mg) was taken for analysis. The vessel was drained completely and activated
monomer added, followed by DIEA if necessary. The reaction vessel was shaken vigorously to
make a slurry. The coupling was allowed to proceed for 45 min., and a resin sample taken. The
reaction vessel was then washed with DCM, followed by DMF.

Machine-Assisted Protocols. Machine-assisted synthesis was performed on a ABI 430A
synthesizer on a 0.18 mmol scale (900 mg resin; 0.2 mmol/gram). Each cycle of amino acid
addition involved: deprotection with approximately 80% TFA/DCM/0.4M PhSH for 3 min.,
draining the reaction vessel, and then deprotection for 17 min.; 2 dichloromethane flow washes;
an NMP flow wash; draining the reaction vessel; coupling for 1 hour with in situ neutralization,
addition of dimethyl sulfoxide (DMSO)/NMP, coupling for 30 min., addition of DIEA, coupling
for 30 min.; draining the reaction vessel; washing with DCM, taking a resin sample for evaluation
of the progress of the synthesis by HPLC analysis; capping with acetic anhydride/DIEA in DCM
for 6 min.; and washing with DCM. A double couple cycle is employed when coupling aliphatic

amino acids to imidazole, all other couplings are performed with single couple cycles.
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The ABI 430A synthesizer was left in the standard hardware configuration for NMP-

HOBt protocols. Reagent positions 1 and 7 were DIEA, reagent position 2 was TFA/0.5M
thiophenol, reagent position 3 was 70% ethanolamine/methanol, reagent position 4 was acetic
anhydride, reagent position 5 was DMSO/NMP, reagent position 6 was methanol, and reagent
position 8 was DMF. New activator functions were written, one for direct transfer of the
cartridge contents to the concentrator (switch list 21, 25, 26, 35, 37, 44), and a second for transfer
of reagent position 8 directly to the cartridge (switch list 37, 39, 45, 46).

Boc-Py-OBt ester (357 mg, 1 mmol) was dissolved in 2 ml DMF and filtered into a synthesis
cartridge. Boc-Im acid monomer was activated (DCC/HOBY), filtered, and placed in a synthesis
cartridge. Imidazole-2-carboxylic acid was added manually. At the initiation of the coupling cycle
the synthesis was interrupted, the reaction vessel vented and the activated monomer added
directly to the reaction vessel through the resin sampling loop via syringe. When manual addition
was necessary an empty synthesis cartridge was used. Aliphatic amino acids (2 mmol) and
HBTU (1.9 mmol) were placed in a synthesis cartridge. 3 ml of DMF was added using a
calibrated delivery loop from reagent bottle 8, followed by calibrated delivery of 1 ml DIEA from
reagent bottle 7, and a 3 minute mixing of the cartridge.

The activator cycle was written to transfer activated monomer directly from the cartridge to
the concentrator vessel, bypassing the activator vessel. After transfer, 1 ml of DIEA was
measured into the cartridge using a calibrated delivery loop, and the DIEA solution combined
with the activated monomer solution in the concentrator vessel. The activated ester in 2:1
DMIE/DIEA was then transferred to the reaction vessel. All lines were emptied with argon before
and after solution transfers.

ImPyPy-y-PyPyPy-3-Dp (2). ImPyPy-y-PyPyPy-B-Pam-Resin was prepared by machine-
assisted synthesis protocols. A sample of resin (1 g, 0.17 mmol[Resin substitution is caclulated as
Ly (mmol/g) = Lyg/(1 + Log(Whew - Woig) X 107); L is the loading, and W is the molecular weight
of the polyamide attached to the resin]*®) was placed in a 20 mL glass scintillation vial, 4 mL of

dimethylaminopropylamine added, and the solution heated at 55°C for 18 h. Resin is removed by
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filtration through a disposable propylene filter and 16 mL of water added. The polyamide/amine
mixture was purified directly by preparatory HPLC and the appropriate fractions lyophylized to
yield a white powder. (103 mg, 61% recovery) HPLC r.t. 24.1, UV A,,(H,0) (), 234 nm
(39,300), 304 nm (52,000); 'H NMR (DMSO-dg); 10.47 (s, 1 H), 9.91 (s, 1 H), 9.89 (s, 1 H), 9.87
(s, 1 H),9.84 (s, 1 H), 9.2 (brs, 1 H), 8.08 (m, 3 H), 7.38 (s, | H), 7.26 (d, 1 H, J= 1.0 Hz), 7.20
(d, 1 H,/=1.0Hz), 7.14 (m, 4 H), 7.04 (d, 1 H, /= 1.1 Hz), 7.02 (d, 1 H, J = 1.1 Hz), 6.89 (d, 1
H, /= 1.0 Hz), 6.85 (m, 2 H), 3.97 (s, 3 H), 3.82 (m, 6 H), 3.81 (s, 3 H), 3.77 (m, 6 H), 3.34 (m,
2H,J=39Hz),3.18 (m, 2 H, J= 5.5 Hz), 3.06 (m, 2 H, J=5.7 Hz), 2.95 (m, 2 H, J = 4.9 Hz),
2.71 (d, 6 H, J= 4.6 Hz), 2.30 (m, 6 H), 1.75 (m, 4 H); MALDI-TOF MS 978.0 (978.1 calc. for

M+H).

Stepwise HPLC analysis. A resin sample (c.a. 4 mg) was placed in a 4 mL glass test tube, 200
uL of N,N-dimethylaminopropylamine was added and the mixture heated at 100°C for 5 min. The
cleavage mixture was filtered and a 25 pL. sample analyzed by analytical HPLC at 254 nm.

This method suffers from the possibility of impurities with unusually large extinction coefficients
providing misleading results. On more than one occasion a major side product, as indicated by
analytical HPLC, has been found when isolated to constitute less than 1% of the sample by
weight. Stepwise HPLC analysis has been applied to a large number of the syntheses reported
here, and would indicate that very high yields (> 99%) are routinely achieved in most coupling
reactions. HPLC does indicate that failures and side reactions up to 5% (beyond the detection
limit of the picric acid titration) still occasionally occur. The use of stepwise HPLC analysis is an
effective way to obtain detailed information on the progress of a synthesis, allowing the exact

step that results in a side reaction or deletion product to be readily identified (Figure 3.12).
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Figure 3.12. Monitoring the synthesis of AclmImPy-y-PyPyPy-G-Dp by analytical HPLC. Reverse Phase
C,s chromatography, 0.1% TFA (wt/v), 1.5%/min. CH;CN.
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Picric Acid Titration. For coupling
to aromatic amines, the Picric acid
titration has proven useful for
estimating coupling yields. The picric
acid titration involves washing a resin
sample (c.a. 5 mg) successively with
5% TEA/DCM, DCM, 0.1M picric
acid/DCM, followed by DCM. The
picrate salt thus formed is eluted with
5% DIEA/DCM, and quantitated from
the reported extinction coefficient,
Figure 3.13. The picric acid test is
tnaccurate for low concentrations of

amine, thus it is only possible to tell if

a reaction is >90% complete. The picric acid test is useful for immediate monitoring of coupling

reactions, but not applicable for accurately documenting reaction yields.
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CHAPTER 3

Extending the Binding Site Size Limit of the 2:1
Pyrrole-Imidazole Polyamide-DNA Motif

Abstract: Polyamides containing Imidazole (Im) and Pyrrole (Py) amino acids can be combined
in antiparallel side-by-side dimeric complexes for sequence-specific recognition in the minor
groove of DNA. For polyamides containing three to eight rings, affinity maximizes and is similar
at ring sizes of five, six, and seven. Sequence specificity decreases as the length of the polyamides
and the corresponding DNA-binding sites increases. A B-alanine residue is found to join
polyamide subunits in an extended conformation, providing a structural motif for the design of
new polyamides targeted to sequences longer than 7 base pairs. It is found that there exists at
least a 20-fold preference for placement of the B/ pair opposite AT/T*A relative to GeC/CG.
These results implicate the /B combination as both a flexible spacer unit and a sequence-specific
DNA binding element. A high-resolution x-ray crystal structure of a four-ring Py-Im polyamide
specifically bound as a dimer to a six-base DNA site reveals that the polyamide rise-per-aromatic
amino acid residue matches the pitch of the B-DNA helix. However, the curvature of the
polyamide is over-wound with respect to the DNA consistent with unfavorable interaction for
complexes comprised of more than five consecutive rings. The resulls described here expand the
binding site size targetable with Py-Im polyamides and provide structural elements that will
facilitate the design of new polyamides targeted to a variety of DNA sequence.

Publications: Kelly, Baird, & Dervan Proc. Natl. Acad. Sci. U.S.A. 1996, 93, 6981.
Trauger, Baird, Mrksich & Dervan J. Am. Chem. Soc. 1996, 118, 6160.
Swalley, Baird & Dervan Chem. Eur. J. 1997, 3, 1600.
Trauger, Baird & Dervan J. Am. Chem. Soc. 1998, 120, 3534.
Keilkopf, Baird, Rees & Dervan Nat. Struct. Biol 1998, 5, 104.
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Binding Site Size Limit of the 2:1 Pyrrole- Imidazole Polyamide-DNA Motif. Recent
examples of 2:1 polyamide-DNA complexes have created new models for the design of
nonnatural ligands for recognition of a broad sequence repertoire in the minor groove of DNA.'
The side-by-side combination of one Im ring on one ligand and a Py on the second ligand is
specific for GeC, while a Py/Im pair targets a C*G base pair."> A Py/Py pair is partially
degenerate and binds AT or TeA base pairs."” The DNA sequence specificities of these small
molecules can be controlled by the linear sequences of Py and Im amino acids. The three-ring
polyamide Im-(Py),-Dp was shown to specifically bind 5 base pair 5'-(A,T)G(A,T)C(A,T)-3'
sequences while the four-ring polyamide ImPyImPy-Dp was shown to bind 6 base pair 5'-
(A,T)YGCGC(A,T)-3' sites as side-by-side antiparallel dimers in the minor groove.'”

A major goal of our efforts in evaluating the scope and limitations of the 2:1 polyamide-
DNA motif was to extend specific recognition to larger binding sites. In order to determine the
effect of polyamide length on binding site size, binding affinity, and sequence specificity within
the motif, a series of six Im-Py polyamides containing three to eight rings were synthesized. The
polyamide series is based on Im-(Py),-Dp (1) with pyrrolecarboxamide moieties added
sequentially to the C-termini to afford Im-(Py);-Dp (2), Im-(Py)4-Dp (3), Im-(Py)s-Dp (4), Im-
(Py)s-Dp (5) and Im-(Py);-Dp (6) which are designed to bind five to ten base pair sites,
respectively, as side-by-side antiparallel dimers (Figures 3.1, 3.2 and 3.3). The DNA binding sites
are based on a 5'-TGACA-3' core sequence and contain sequential A,T base pair inserts in the
center of the binding sites that will be recognized by the additional pyrrolecarboxamides. This
combination of polyamides and DNA binding site sequences was chosen to satisfy several
criteria. The presence of GeC and C+G base pairs in the binding sites are expected to lock the
polyamides in the designated binding sites by preventing them from binding in undesired slipped
conformations on the DNA.*’ The alternating A,T tract in the center of the binding sites is
designed to favor 2:1 binding in contrast to pure A-tracts which generally favor 1:1 polyamide-
DNA complex formation.®” The binding site size was determined by MPE«Fe(Il) footprinting®

and the apparent first order binding affinity and sequence specificity of each polyamide was
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Figure 3.1. Structures of the imidazole-pyrrole containing polyamides Im-(Py),-Dp, Im-(Py)s-
Dp, Im-(Py)s-Dp, Im-(Py)s-Dp, Im-(Py)s-Dp, and Im-(Py),-Dp.

determined by quantitative DNase I footprint titration experiments’ on a series of restriction
fragments containing a match site and a single base pair mismatch site for each polyamide.
Polyamides 3-6 were prepared in two steps from previously described intermediates
exemplified for Im-(Py)s-Dp 5 (Figure 3.4). Activation of N-(tert-butoxycarbonyl)-tris(N-
methylpyrrole-carboxamide)'® with HBTU followed by coupling to aminotris(N-methylpyrrole-
carboxamide)'! provided (tert-butoxycarbonyl)-hexa(N-methylpyrrolecarboxamide). The amine
was deprotected by the addition of neat TFA to the crude reaction mixture, and the
ditrifluoroacetate salt of aminohexa(N-methylpyrrolecarbox-amide) isolated by preparatory
HPLC. Capping with 1-methylimidazole-2-carboxylic acid (1) (DCC/HOBt) provided Im-(Py)s-

Dp (5) after HPLC purification.
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Figure 3.3. Histograms of cleavage protection
from MPE«Fe(Il) for Im-(Py),-Dp, Im-(Py);-Dp,
Im-(Py)4-Dp, Im-(Py)s-Dp, Im-(Py)s-Dp and Im-
(Py)7-Dp binding to the Eco RI/Pvu I restriction
fragments from plasmids pJK5, pJK6, pIJK7, pJKS,

{

p 1) !

{

pJK9 and pJK10, respectively. The individual bar
heights are proportional to the protection from
MPE-«Fe(Il) cleavage at each nucleotide. The

match and mismatch sites indicated by boxes.
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BocHN Binding site sizes were determined by

Rf \[x( MPE<Fe(Il) footprinting of 1-6 on six

restriction fragments from plasmids pJK3-

' /CFiCOOH pJK10, respectively (Figure 2.3). Each
w Z‘)\"} X CF’COOH e g restriction fragment contains a match and a
single base pair mismatch site separated by 10
base pairs. The single base pair mismatch is

Figure 3.4. Synthesis of InPyPyPyPyPyPy-Dp:
(a) (i) HBTU, DIEA; (ii) aminotris(1- generated by a G+*C base pair replacing an AT

methylpyrrole-2-carboxamide), DIEA, (b) TFA,  or TeA base pair in the center of the binding
(¢) I-methylimidazole-2-carboxylic acid, HOBY,

i . i MP . M
DCC, DIEA. site. Analysis of the E«Fe(Il) protection

patterns reveals that the sequential addition of
pyrrolecarboxamide moieties to the C-termini of the polyamides increases the preferred DNA
binding site size by one base pair (Figure 3.3). For all six polyamides the observed MPE+Fe(Il)
protection patterns are 3'-shifted consistent with 2:1 polyamide-DNA complex formation in the
minor groove.

The apparent first-order binding affinities'® for the match and single base pair mismatch
sites for the six polyamides was determined by quantitative DNase 1 footprint titration
experiments (10 mM Tris'HCI pH 7.0, 10 mM KCI, 5 mM MgCl,, 5 mM CaCl,, 22°C) in the
absence of unlabeled carrier DNA. The 6,,, points for each polyamide were fit by a cooperative
binding isotherm consistent with 2:1 polyamide-DNA complex formation.” Analysis of the match
site data reveals that Im-(Py),-Dp binds the five base pair 5'-TGACA-3' site with an affinity of
1.3 x 10° M while Im-(Py);-Dp binds the six base pair 5'-TGTACA-3' site with an affinity of 8.6
x 10° M, corresponding to a 66-fold enhancement in affinity (Table I). The five-ring polyamide
Im-(Py),-Dp binds the seven base pair site 5'-TGTAACA-3' with an affinity of 4.5 x 10’ M}, a
five-fold gain in affinity. Binding affinity levels off with Im-(Py)s-Dp binding the eight base pair
5-TGTTAACA-3' site (K, = 5.3 x 10’ M'") and Im-(Py)s-Dp binding the nine base pair 5'-

TGTTAAACA-3' site (K, = 4.7 x 10’ M) with the same affinity as Im-(Py)s-Dp for a seven base



Table 3.1. Apparent First Order Binding Affinities (M™)*’.
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Polyamide Rings Bisniciienng}S);te Match Mismatch Speciﬁcityc
Im-(Py),-Dp 3 5 1.3x10° (0.3) <2x10* d >6.5
Im-(Py);-Dp 4 6 8.5x10°(1.3) 1.6 x 10°(0.2) 5.3
Im-(Py),-Dp 5 7 4.5x 107 (1.1) 7.9 x 10°(1.8) 5.7
Im-(Py)s-Dp 6 8 53x 107 (0.5) <2x1079 >27
Im-(Py)s-Dp 7 9 4.7x107(0.4) 1.7x 107 (0.7) 28
Im-(Py);-Dp 8 10 <2x10° <2 x 10° 1

@ Values reported are the mean values from at least three footprint titration experiments. Numbers in
parentheses indicate the standard deviation for each data set. b The assays were performed at 22°C,

pH 7.0 in the presence of 10 mM Tris*HCl, 10 mM KCl, 10 mM MgCl,, and 5 mM CaCl,. ¢ Defined as

the ratio of the match site binding affinity to the binding affinity of the single base pair mismatch site.

pair site. Binding affinity drops dramatically for Im-(Py),-Dp binding to a ten base pair 5'-
TGTTTAAACA-3' site (K, <2 x 10° M™).

The 66-fold enhancement in apparent first-order binding affinity for Im~(Py);-Dp binding
to a six base pair 5’-TGTACA-3’ site compared to Im-(Py),-Dp binding to a five base pair 5°’-
TGACA-3’ site corresponds to an increase in the free energy of binding (AAG) of 2.4 kcal/mol
(22°C). This increase in the free energy of binding is likely a result of the additional Py/Py pair in
the Im-(Py);-Dp dimer recognizing the T*A base pair in the context of the 5’-TGTACA-3’
sequence. A significant fraction of the increase in binding affinity for Im-(Py);-Dp presumably
results from the hydrogen bonds and van der Waals contacts that likely form when the additional
pyrrolecarboxamides in the ligand bind the additional T*A base pair in the core of the binding
site. The five-fold enhancement in affinity of Im-(Py),-Dp for the seven base pair 5'-TGTAACA-
3" site over Im-(Py);-Dp binding to 5’-TGTACA-3’ corresponds to an increase in the free energy
of binding of 1.0 kcal/mol. This relatively modest change in binding free energy suggests that the
addition of a pyrrolecarboxamide moiety to the four ring Im-(Py)s;-Dp is less favorable. The
observation that the affinities of Im-(Py)s-Dp and Im-(Py)s-Dp for the 8 and 9 base pair 5'-

TGTTAACA-3" and 5-TGTTAAACA-3' sites, respectively, are the same as Im-(Py)s-Dp binding
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Figure 3.5. Effects of polyamide length on DNA-binding affinity. Data taken from table 1. Polyamides
are of the form Im(Py),~Dp, binding sites are of the form 5’-WG(W),.,CW-3".

5'-TGTAACA-3" indicates that further lengthening of the polyamides from five to seven rings and
the DNA binding site from seven to nine base pairs has little energetic benefit. The dramatic
decrease in binding affinity of Im-(Py);-Dp for the ten base pair 5'-TGTTTAAACA-3' site (K, <
2 x 10° M) suggests the presence of an additional pyrrolecarboxamide in the ligand creates an
unfavorable contribution to the binding energy of Im-(Py);-Dp for the 5'-TGTTTAAACA-3' site.
Comparison of the apparent first-order binding affinities for the match and the single base
pair mismatch site for each polyamide demonstrates that the specificity of 2:1 polyamide-DNA
complex formation, defined as the ratio of match site binding affinity to the affinity for the single
base pair mismatch site, generally decreases with increasing polyamide length (Table I). Im-
(Py)2-Dp prefers binding the 5’-TGACA-3’ site over the 5°-TGGCA-3’ site by a factor of at least
6.5. Im-(Py);-Dp and Im-(Py)s-Dp bind the mismatch sites with five- and six-fold lower affinity,
respectively. Im-(Py)s-Dp displays at least a three-fold preference for the match site while Im-
(Py)s-Dp binds the mismatch site with 2.7-fold lower affinity. At concentrations below 1 pM Im-

(Py);-Dp shows no binding to DNA. At concentrations 1 UM and above equal protection from
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cleavage by DNase I of both the match and mismatch sites are observed indicating that the
specificity as defined here is approximately one.

One explanation for these observations is that three and four ring polyamides Im-(Py),-
Dp and Im-(Py);-Dp, respectively, are in phase with their DNA binding sites. For the longer
polyamides beginning with Im-(Py)s-Dp where binding affinities level off at Im-(Py)s-Dp and
ultimately decrease at Im-(Py);-Dp the ligands may be falling out of register with the DNA
binding sites. In these 2:1 complexes the curvature of the polyamides does not match the
curvature of the minor groove surfaces of the longer binding sites.'” One likely consequence
would be that the energetic benefit of the hydrogen bonds and van der Waals interactions that
stabilize the 2:1 complexes would decrease as the lack of correspondence between the binding
surface