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Chapter 4: Oligomerization Route to Polyamide Macrocycles

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

Peter B. Dervan®* (Caltech)

(Chenoweth, D.M., Harki, D.A., Dervan, P. B. In Preparation.)
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Abstract

Cyclic pyrrole—imidazole polyamides are sequence-specific DNA-binding small molecules
that are cell permeable and can regulate endogenous gene expression. Syntheses of cyclic polyamides
have been achieved by solid-phase and more recently, solution-phase methods. We report a rapid
solution-phase oligomerization approach to cyclic polyamides that yields 8, 12, and 16 membered
macrocycles. A remarkable preference for DNA binding by the 8 and 16 membered oligomers
was observed over the 12-ring macrocycle, which we attributed to a conformational constraint not

present in the smaller and larger systems.
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4.1 Introduction

Pyrrole-imidazole polyamides are a class of cell-permeable small molecules that bind
to the minor groove of DNA in a sequence specific manner.'” Antiparallel arrangements of
N-methylpyrrole (Py) and N-methylimidazole (Im) carboxamides (Im/Py) recognize GeC from CeG
base pairs, whereas Py/Py specifies for both T¢A and A*T.? Hairpin Py-Im polyamides have been
programmed for a broad repertoire of DNA sequences with high affinities.* These cell permeable’
ligands can influence gene transcription by disrupting protein-DNA interfaces,” and have been
shown to control transcription of genes important in human disease.® Py-Im polyamides have also
been used for a variety of applications ranging from DNA detection’ and transcriptional activation®
to the self-assembly of higher order structures.” Conjugation of polyamides to functional domains
have yielded artificial transcription factor mimics,? fluorescent sequence-specific DNA probes,” and

DNA nano-architectures.’

We recently reported solution-phase methods for the synthesis of hairpin'® and cyclic

polyamides.!" Key to the cyclic polyamide synthesis was a highly efficient macrocyclization

that yielded polyamide 1z (Figure 4.1)

0 o A o from an acyclic precursor. Activation of

g’« "E >J( M HM N 7 the C-terminal Py amino acid of 1z as a

y bj pentafluorophenyl ester allowed efficient

P—GV ﬂ HT H :r . macrocyclization by the y-NH, on the turn

(n=1,23,..) moiety under dilute reaction conditions.

: z(F(‘Fjl:é S;1 rl ) _— (88%)'"”“ Our studies of polyamide 1, the deprotected

x analogue of 1z, revealed it possessed

2 (R=H, n=2) 2 extremely high DNA binding affinities, was

2z (R=Cbz, n=2) cell permeable, and could disrupt androgen

receptor-activated gene expression in cell

culture. Additionally, preliminary studies

3 (R=H, n=3) of the in vitro ADMET properties of 1
3z (R=Cbz, n=3)

revealed excellent metabolic stability.!!2

An orthogonal polymerization/

Figure 4.1 Structures of macrocyclic polyamides
1z-3z and 1-3, and their ball-and-stick models.
Polyamide shorthand code: closed circles, Im; open
circles, Py monomers. (Z = benzyl carbamate protect-

ing group)

oligomerization strategy for the synthesis
of 1 and related polyamides is reported

here. This method delivers symmetrical Py-
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Im polyamide macrocycles from simple Py-Im building blocks in a rapid and convergent manner
(Figure 4.2). Separable higher-order oligomers, such as the 12-membered (2) and 16-membered
(3) cyclic polyamides are also produced by this method. In addition to describing the synthetic
chemistry to prepare 1-3, we report for the first time the DNA binding properties of such expanded

polyamide macrocycles.

4.2 Results and Discussion

Our strategy for this oligomerization route relied on the palindromic nature of polyamide 1.
Disconnection of 1 at both y-amino turns affords two identical halves of the molecule. Bimolecular
coupling between two molecules, followed by intramolecular ring closure delivers cyclic Py-Im
polyamides. Bifunctional monomer 4 contains every atom needed to construct cyclic polyamides
1-3 by this process (Figure 4.2).

The pentafluorophenyl ester 4 was prepared in one step from the previously reported
carboxylic acid of 4. Acidic deprotection of the y-amino functionality of 4 followed by drying

in vacuo yields intermediate 5 which is
NHBoc

PipO Q,..NHCW the substrate for the homodimerization/
HT >r4T H]’ 7 T

oligomerization reaction. To initiate this

A
4 sequence, the protected trifluoroacetate
i CF,CO,HIGH,CI, _ ‘

salt 5 was diluted with DMSO, then treated

NH,*TFA
PO er r—(j’“ ),-—(j' -+NHCbz with an organic base (DIEA) to unmask the
o N o] highly nucleophilic primary y-amine. The

.r'
5 ensuing oligomerization/macrocyclization
i DIEA/DMSO

,E i L)’“ ,IZ)J(
trace amounts of unisolated higher-order
Tr‘(j’ m »,_(j' )I’< :r oligomers. A distribution of uncyclized

n intermediates corresponding to the dimer

1z, 2z, 32, and higher order cycles (8-ring cycle, 1z), trimer (12-ring cycle,

process provides benzylcarbamate

o
@]

protected cyclic polyamides 1z, 2z, 3z, and

=

lCFGCC)zH;‘CFGSOSH 27), tetramer (16-ring cycle, 3z), and

1,2, 3, and higher order cycles higher order adducts can be observed at

Figure 4.2 Synthesis of macrocyclic polyamides carly time points, as evidenced by HPLC

1-3 and higher order cycles by oligomerization of bi- analysis at 2 hr (Figure 4.3). Extended
functional intermediate 5.
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Figure 4.3 (Top) Reverse phase HPLC analysis (2
hr time point) of the oligomerization reaction show-
ing 1z, 2z, 3z, and acyclic intermediates. (Bottom)
Analysis (20 h time point) of the oligomerization
reaction revealing 1z, 2z, 3z, and consumption of
uncyclized intermediates. Peaks were identified by
high-resolution mass spectrometry following separa-
tion and Cbz-deprotection.
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reaction times (20 hours) reveals cyclized
polyamides 1z, 2z, and 3z in a ratio of
6.6:2.6:1 almost exclusively (Figure 4.3).
Isolation of 1z (13.9%), 2z (5.5%), and 3z
(2.1%) by preprative HPLC, followed by
Cbz-deprotection under acidic conditions
(CF,CO,H/CF,SO,H) provides polyamide
macrocycles 1-3.

With polyamide macrocycles 2 and 3
in hand we evaluated their ability to bind
duplex DNA relative to previously reported
cycle 1." Polyamide 1 increases the
dsDNA melting temperature by 23.6 °C. To
our surprise, trimeric macrocycle 2 failed
to bind its target double stranded DNA
sequence as evidenced by the complete lack
of ligand-promoted thermal stabilization
of duplex DNA melting (Table 4.1).
This result is presumably due to inherent
geometrical constraints of 2, preventing
the side-by-side antiparallel alignment
of the PyPyPylm strands, a motif well
accomodated by the DNA minor groove.
In the case of tetrameric macrocycle 3,
dsDNA binding and thermal stabilization

was completely restored to a comparable

value to dimer 1. We hypothesize that an even number of PyPyPylm strands allows 3 to possess a

collapsed or folded tetramer geometry, with two adjacent, antiparallel PyPyPyIm strands followed

by an identical repeat of this motif linked through two intervening turn units.

4.3 Conclusion

In summary, we have demonstrated that macrocyclic polyamides can by synthesized by
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oligomerization of a bifunctional
Table 4.1 T_ values for cycles 1-3 in the presence of DNA
polyamide to yield a distribution

5'-TTGC TGTTCT GCAA-3’

dsDNA sequence = ., ., ACAAGA CGTT-5' of cyclic polyamide oligomers.
Polyamide cycle T,/°C AT, /°C Additionally, we show that certain
60.0 (+0.3) — cyclic polyamide geometries are

completely devoid of the ability to

'“r-“""(go%"'““s' (1) 83.5 (+0.5) 23.6 (+0.6)
OO0
. bind dsDNA, a result which could

be utilized in the design of highly

f% (2) 60.1 (+0.6) 0.1 (+0.6) specific molecules for targeting
i)OOO non-B-form DNA structures or

o My
% & other higher-order nucleic acid
(000, motifs.
(3) 83.0 (+0.3) 23.1 (x04)
o~ I, 4.4 Experimental Section

aAll values reported are derived from at least three melting temperature  4.4.1 General
experiments with standard deviations indicated in parentheses. ATm
values are given as Tm®N/polyamide) _ T ONA) The propagated error in
ATm measurements is the square root of the sum of the square of the Sigma-Aldrich and were used
standard deviations for the 7m values.

Chemicals were purchased from

without  further  purification.

(R)-3,4-Cbz-Dbu(Boc)-OH  was
purchased from Senn Chemicals AG (code number 44159). Bulk grade solvents were from Fisher
Scientific. Analytical HPLC analysis was conducted on a Beckman Gold instrument equipped with
a Phenomenex Gemini analytical column (250 x 4.6 mm, 5 wm), a diode array detector, and the
mobile phase consisted of a gradient of acetonitrile (MeCN) in 0.1% (v/v) aqueous CF,CO,H.
Preparative HPLC was performed on an Agilent 1200 system equipped with a solvent degasser,
diode array detector, and a Phenomenex Gemini column (250 x 21.2 mm, 5 pm). A gradient of
MeCN in 0.1% (v/v) aqueous CF,CO,H was utilized as the mobile phase. NMR spectroscopy
was performed on a Varian instrument operating at 499.8 MHz (for 'H) at ambient temperature.
All NMR analyses were performed in DMSO-d,, and chemical shifts are reported in parts per
million relative to the internal solvent peak referenced to 2.49 (for 'H). High-resolution mass
spectrometry (HRMS) was recorded in positive-ion mode by fast-atom bombardment (FAB+) on
a JEOL JMS-600H instrument or by matrix-assisted, LASER desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) on an Applied Biosystems Voyager DE-Pro spectrometer
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using a-cyano-4-hydroxycinnamic acid as matrix.

4.4.2 BocHN-(R)P<*#Ny-ImPyPyPy-CO,H

Synthesized as previously described in Chapter 3 of this thesis.

4.4.3 BocHN-(R)"<*Ny-ImPyPyPy-CO,Pfp (4)

A solution of BocHN-(R)F<**Ny-ImPyPyPy-CO,H (100 mg, 0.119 mmol) and DCC (49 mg,0.238
mmol) in CH,Cl, (5.2 mL) was stirred at 23 °C for 45 min. The solution was then treated with
DMAP (1.4 mg,0.012 mmol) followed by pentafluorophenol (131.2 mg, 0.713 mmol) and stirred
at 23 °C for 12 h. The reaction mixture was then loaded onto a silica gel column with CH,CI, and
eluted with step gradients of 100% CH,CI, to 100% acetone with incremental steps of 5% acetone.
The product was concentrated in vacuo to yield BocHN-(R)F**Ny-ImPyPyPy-CO,Pfp (4) as an
off-white solid (84 mg, 71%). 'H NMR (500 MHz, DMSO-d,): 6 10.16 (s, 1H), 10.08 (s, 1H), 9.99
(s, 1H),9.97 (s, 1H), 7.74 (d,J = 1.8 Hz, 1H), 7.44 (s, 1H), 7.33 — 7.30 (m, 5H), 729 (d,J = 1.9
Hz,1H),7.27(d,J=1.8 Hz, 1H),7.25(d,J =18 Hz, 1H),7.14 (d,J = 1.8 Hz, 1H),7.13 (d,J = 1.8
Hz,1H),7.03 (d,J =8.4 Hz, 1H), 6.80 (t,J = 5.8 Hz, 1H), 4.98 (s, 2H), 3.95 (m, 4H), 3.89 (s, 3H),
3.860 (s, 3H), 3.856 (s, 3H), 3.03 (m, 2H), 2.46 (m, 2H), 1.36 (s, 9H). HRMS (FAB+) calc’d for
C,H,N, O F, [M+H]* 1008.343, found 1008.342.

4.4 .4 Oligomerization procedure

A glass vial (1 dram) was charged with 4 (5.0 mg, 4.96 umole) and treated with a solution of
CF,CO,H in CHCI, (1:1 CF,CO,H:CH,Cl,, 1 mL) and stirred at 23 °C for 10 min. The solvent
was removed in vacuo and the residual solid was dried under high vacuum for 20 min. The solid
was diluted with DMSO (500 pL) followed by DIEA (80 uL) and the solution was stirred at 23
°C for 20 h. After 20 h the reaction was complete by analytical HPLC analysis. The reaction was
diluted to a final volume of 10 mL by addition of a solution of DMF in aqueous CF,CO,H (2:3
DMF:0.1% aqueous CF,CO,H). NOTE: A small amount of yellow insoluble material was observed
and discarded. Purification by RP-HPLC yielded 1z (13.9% yield), 2z (5.5% yield), and 3z (2.1%
yield). The yield of 1z is calculated from the mass of the purified and isolated material (0.5 mg).
Yields for 2z and 3z were calculated based on 1z using the relative product distribution as measured
by integration of the preparative HPLC chromatogram at 310 nm (product distribution: 6.6:2.6:1.0

ratio of 1z:2z:3z; UV integral values were normalized to the number of ImPyPyPy strands contained
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in each cyclic oligomer). The benzyl carbamate (Cbz) protecting groups of 1z-3z were removed as
previously described.’® Characterization data for dimer 1 has been reported previously in Chapter 3

of this thesis.!! Trimer 2 HRMS (MALDI-TOF) calc’d for C, H N..O . [M+H]* 1768.7607, found

8177947 33715

1768.7566. Tetramer 3 HRMS (MALDI-TOF) calc’d for C,, H_ N, O, [M+H]*2358.0112, found

108771257 44720

2358.0143.

44.5 UV Absorption Spectrophotometry

Melting temperature analysis was performed on a Varian Cary 100 spectrophotometer equipped
with a thermo-controlled cell holder possessing a cell path length of 1 cm. A degassed aqueous
solution of 10 mM sodium cacodylate, 10 mM KCl, 10 mM MgCl,, and 5 mM CaCl, at pH 7.0 was
used as analysis buffer. DNA duplexes and hairpin polyamides were mixed in 1:1 stoichiometry
to a final concentration of 2 uM for each experiment. Prior to analysis, samples were heated to 90
°C and cooled to a starting temperature of 23 °C with a heating rate of 5 °C/min for each ramp.
Denaturation profiles were recorded at A = 260 nm from 23 °C to 90 °C with a heating rate of 0.5
°C/min. The reported melting temperatures were defined as the maximum of the first derivative of

the denaturation profile.
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Figure 4.4 'H NMR BocHN-(R)**#Ny-ImPyPyPy-CO Pfp (4)



