Chapter 3
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Polyamides
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Abstract

A hairpin polyamide-chlorambucil conjugate linked by a-diaminobutyric acid (a-
DABA) has been shown to have interesting biological properties in cellular and small
animal models. Remarkably, this new class of hairpin polyamides has not been
previously characterized with regard to energetics and sequence specificity. Herein we
present a series of pyrrole-imidazole hairpin polyamides linked by a-DABA and compare
them to polyamides containing the standard y-DABA turn unit. The a-DABA hairpins
have overall decreased binding affinities. However, a-DABA polyamide-chlorambucil
conjugates are sequence-specific DNA alkylators with increased specificities. Affinity
cleavage studies of a-DABA polyamide-EDTA conjugates confirmed their preference for
binding DNA in a forward hairpin conformation. In contrast, an unsubstituted glycine-
linked polyamide prefers to bind in an extended binding mode. Thus, substitution on the

turn unit locks the a-DABA polyamide into the forward hairpin binding motif.
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Introduction

Pyrrole-imidazole polyamides are a class of synthetic ligands that can be
programmed to bind a broad repertoire of DNA sequences with affinities and specificities
similar to DNA-binding proteins (1,2). Eight-ring hairpin polyamides have been shown
to localize to the nuclei of living cells (3,4) and regulate transcription by interfering with
transcription factor-DNA interfaces in the promoters of endogenous genes (5-9).
Conjugation of polyamides to the DNA alkylating agent chlorambucil produces
molecules capable of sequence-specific covalent reaction with DNA (10), which has been
previously demonstrated for targeted sequences in the HIV-1 promoter, simian virus 40,
and the histone H4c gene (11-13).

DNA recognition by polyamides depends on side-by-side, aromatic amino acid
pairings in the minor groove. Pairing rules have been established for DNA base pair
recognition: an N-methylpyrrole/N-methylimidazole (Py/Im) pair recognizes C+G, the
reverse (Im/Py) specifies G*C, and a Py/Py pair targets both AT and T*A (2). For some
sequences, replacement of Py with a flexible [B-alanine () residue can enhance
polyamide binding affinity by relaxing ligand curvature, affording a more optimal fit in
the minor groove of DNA (14).

Although Py-Im polyamides will bind in the minor groove as anti-parallel
dimmers (15), polyamides bind DNA optimally as a single oligomer in a hairpin structure
(16). Early studies demonstrated the optimal length for the turn element is three
methylene units, via the use of y-aminobutyric acid as the turn residue (16). The
polyamide hairpin binds in the ‘forward’ direction N—C with respect to the 5°—3’

direction of the DNA strand (17). Utilization of the substituted turn (R)-2,4-
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diaminobutyric acid (y-DABA) further enhances DNA binding affinity (18). Notably,
employment of a linkage containing one methylene unit — provided by the use of glycine
as the turn amino acid — resulted in polyamides that bound DNA in an extended 2:1
binding mode, rather than as a 1:1 hairpin complex (16,19-21). In contrast, the y-
aminobutyric acid linkage appears to prefer the U-shaped conformation rather than an
extended dimeric conformation (20).

We recently reported a new turn unit with remarkable properties in small animal
models: (R)-o-diaminobutyric acid (a-DABA), which is formally a substituted glycine
linkage since it also includes a single methylene unit within the hairpin turn (22). This
initial study characterized an a-DABA polyamide-chlorambucil conjugate and compared
its biological activity to its y-DABA analog. A dramatic difference in toxicity was
observed for the two conjugates: normal mice treated with the a-DABA polyamide-
chlorambucil conjugate did not differ significantly from control, while the analogous -
DABA conjugate was lethal (22). Notably, only the a-DABA conjugate has been
demonstrated to arrest cancer growth in a SW620 xenograft nude mouse tumor model
without apparent toxicity (13).

Given the striking in vivo effects demonstrated by the a-DABA polyamide
conjugate, this new turn unit merits further study. In particular, a-DABA polyamides
appear to bind in a hairpin conformation and not as an extended dimer, as would be
expected based on studies of glycine-linked polyamides.

We report herein the characterization of a-DABA polyamides. A series of a-
DABA polyamides and their chlorambucil conjugates were synthesized, along with their

v-DABA analogs. DNA binding properties of the parent molecules were established by
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DNase I footprinting titration experiments, and DNA alkylation properties of the
chlorambucil conjugates were determined by thermal cleavage assay experiments.
Importantly, we study the binding orientation of a-DABA polyamides and address their

ability to bind as hairpins by comparing them to their glycine-linked analogs.

Results and Discussion
Synthesis of the Polyamide Series

Three core ring sequences were selected for characterization (Figure 3.1). Two
standard eight-ring hairpin sequences, as well as a hairpin containing a /Py pair, were
chosen. Six parent hairpin polyamides were thus prepared: three molecule pairs which
code for different sequences according to the pairing rules. For each pair, one molecule
was linked via the a-DABA turn unit (polyamides 1, 3, and 5), and the other was
connected with the y-DABA turn (polyamides 2, 4, and 6). Polyamides were synthesized
on Pam resin using standard solid phase methods (22,23). The chlorambucil conjugates

of the six parent hairpin polyamides were also prepared based on previously published

methods (22).

Plasmid Design

Polyamides 1 and 2 were designed to bind the sequence 5’-WWGGWGW-3’
(where W = A or T). The plasmid pMFST2 was designed with an insert containing a
single match site (‘M’ = 5’-TAGGTGT-3") and two single base pair mismatch sites (‘A’
= 5-TAGGTCT-3" and ‘B’ = 5’~-TAGCTGT-3") for polyamides 1 and 2 (Figure 3.2A)

(22).
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Figure 3.1. Chemical and ball-and-stick structures of polyamides 1-6 and their Chl conjugates. (Left) o-
diaminobutyric acid-linked hairpin polyamides. (Right) y-diaminobutyric acid-linked hairpin polyamides.
The ball and stick symbols are defined as follows: an open circle denotes a pyrrole ring, a filled circle
denotes an imidazole, and a diamond shape denotes B-alanine.

A single plasmid, pMFST, was prepared to characterize polyamides 3—6 (Figure
3.2B). Polyamides 3 and 4 were targeted to the sequence 5’-WWGGWCW-3’, and
polyamides 5 and 6 were designed to bind 5’-WWGWGGW-3". The designed insert for
pMFST contains match sites for each set of polyamides (‘M1° = 5’-TAGTGGT-3’,
targeted to 5 and 6, and ‘M2’ = 5’-ATGGTCA-3’, targeted to 3 and 4), as well as two
single base pair mismatch sites for each (‘A’ = 5’-ATATGGT-3’ and ‘B’ = 5’-
TAGTCGT-3’ for § and 6, and ‘C’ = 5’-AACGACT-3’ and ‘D’ = 5>-TAGCACA-3’ for

3 and 4). The chlorambucil moiety is expected to alkylate at adenines proximal to the
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polyamide binding site (11,22). Thus, for the purposes of the thermal cleavage assays,
adenines were placed next to the 3’ end of the match sites and at least one of the

mismatch sites.

PMFST2
280 bp

Pvull i EcoRI
]

JQP

5'"-CGCCCTT |TAGGTGT| TACGT AGTGGTG CCG |TAGGTCT| TAGCCG |TAGCTGT| TGCCGT AAGGGCGAATTCTG-3'
3'-GCGGGAA |ATCCACA| ATGCA TCACCAC GGC |[ATCCAGA|ATCGGC |ATCBGACA| ACGGCA TTCCCGCTTAAGAC-5'*

PMFST
284 bp

Pvull r y EcoRI
{ 1 =l F I 32p

5'"-TACAATCAT |TAGTGGT| TACAATC |ATATGGT| CATACAATCAT |TAGTCGT| TACAATCAT TAGCACA CACAATCAT-3'
3'"-ATGTTAGTA |[ATCACCA| ATGTTAG |TATACCA| GTATGTTAGTA |ATCAGCA| ATGTTAGTA ATCGTGT GTGTTAGTA-5'*

M2 c D
5"-TRACAATCAT TAGTGGT TACAATCAT |ATGGTCA| TACRATCATT |AGTCGTT| ACARATCAT |TAGCACA| CACRATCAT-3"'
3'-ATGTTAGTA ATCACCA ATGTTAGTA |TACCAGT| ATGTTAGTAA |TCAGCAA| TGTTAGTA |ATCGTGT| GTGTTAGTA-5"'*

Figure 3.2. Illustration of the ECORI/PvUII restriction fragments derived from plasmids (A) pMFST2 and
(B) pMFST. Polyamides 1 and 2 were characterized on pMFST2. Polyamides 3—6 were characterized on
pMFST. The designed polyamide binding sites are indicated by boxes. Single base pair mismatches are
indicated by shaded regions. For pMFST, the designed insert is shown twice with binding sites for (B,
bottom) polyamides 3 and 4, and (B, top) polyamides 5 and 6.

DNA Binding Affinity and Sequence Specificity

Quantitative DNase [ footprinting titrations were performed with the parent
polyamides to measure their binding site affinities and specificities (Figure 3.3 and Table
3.1). The a-DABA polyamide 1 and its y-DABA analog 2 were footprinted on the 5° **P-

labeled 280 base pair PCR product of plasmid pMFST2 (Figure 3.3A-B). a-DABA
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polyamide 1 bound the match site M with K,= 3.0 x 10®M™" and the mismatch site A with
K.=8.5x 10"M" (Table 3.1). Binding of 1 at the mismatch site B was not detected. In
contrast, the y-DABA polyamide 2 bound the match site M with K, = 4.4 x 10'°M™" and
the mismatch sites A and B with Ko=1.1 x 10"°M™ and K,= 1.1 x 10° M, respectively.
The y-DABA polyamide 2 displays a 147-fold increased binding affinity over the a-
DABA polyamide 1 for their match site M.

The o-DABA polyamides 3 and 5 and their y-DABA analogs 4 and 6,
respectively, were footprinted on the 5’ **P-labeled 284 base pair PCR product of plasmid
pMFST (Figure 3.3C—F). a-DABA polyamide 3 bound its match site M2 with K, = 4.4 x
10° M! and the mismatch site C with K, = 1.5 x 10® M"!. There was no detectable
binding at mismatch site D. However, the analogous y-DABA polyamide 4 bound the
match site M2 with K, = 4.9 x 10'° M and the mismatch sites C and D with K.=1.8x
10"°°M™" and K, = 3.9 x 10° M, respectively. The a-DABA polyamide 3 binds its match
site with 11-fold decreased affinity relative to the analogous y-DABA polyamide 4.

a-DABA polyamide 5 bound its match site M1 with K, = 8.0 x 10* M and its
mismatch site B with K, = 6.2 x 10’ M, Binding was not observed at mismatch site A.
In comparison, the y-DABA polyamide 6 binds the match site M1 with K, = 4.3 x 10"°
M and the mismatch sites A and B with K,=99x 10] M and K,=62x 10° M'l,
respectively. The a-DABA polyamide 5 shows a 54-fold decreased affinity for its match

site compared to the analogous y-DABA polyamide 6.



55

: :
' 1
LLL)
L-H 4 .
RER ] .
pes 1| |l|t||0----- .
-
M - oML -
R AL LLLL b :
HITITIIIne Sesbs 5y 1 :
af--muRRERRENe R . Hepeps 'l ’
T LT T MR T T T $
_I:Illlllllllll i 5_[ HII!!!!! '. 1
BEEESEEEBEES ] 11y V senisid M
...-ai..-a-. - ML T :
JoESaaSERaEss 2 LGES 1111 3
y - e i tl!lil'!= ¢ .~
s i
ses - .
Qessessannes 0 seserageneee sipsasesias & 'i
gepsstnannns ¢ HHRRRRERNRY : i
12 12 12
RESH HEL ] JEE]
08 084 0.84
[T 08 0.6
E
504 EOL 2 04
@ gz @ 4. @ a2
o4 o 04 -
02 02 0.2
04 044 0.4, 04
LU SRET T ST T ST T R 10" 107 10" 10" 10 w0 w0’ 10t AT T T ST AT ST R o o 10 10" w0 Wt w1 et
14

23488 78 14 15 23 5 T § 10 2
|-
-
.
a5 =
- 8
“f E
. ‘-
™ ws
- == s
- EEsEE 3_
- SEmEs L 11
- ~eEasE=s 8-
- B . e
- I T TT1111T ._
- T=
== -
-! -
ESsssEsEs2gs -
fEasssssssss= -
z
12 1
] ;
o8 L
§OG EDQ.
204 5 041
L H @ gz
04 01
0z 02
o4 044
w" w? " e w0t et w owt 1™ ™ ™ e oae® et 1wt ot
18] 6]

Figure 3.3. Quantitative DNase I footprinting titration experiments for polyamides (A) 1 and (B) 2 on the
280 base pair, 5’-end-labeled PCR product of plasmid pMFST2; and for polyamides (C) 3, (D) 4, (E) 5,
and (F) 6 on the 284 base pair, 5’-end-labeled PCR product of plasmid pMFST: lanes 1-11, 100 nM, 30
nM, 10 nM, 3 nM, 1 nM, 300 pM, 100 pM, 30 pM, 10 pM, 3 pM, and 1 pM polyamide, respectively; lane
12, DNase I standard; lane 13, intact DNA; lane 14, A reaction; lane 15, G reaction. (Below) Each
footprinting gel is accompanied by its respective binding isotherms.
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Match Mismatch Mismatch
Polyamide  Site Ka (M) Site Ka (M) Site Ka (M)
1 5-TAGGTGT-3' 3.0 (+1.3) x 10° 5-TAGGTCT-3' 85 (+3.1)x 107 5-TAGCTGT-3' -
[147] [129]
2 5-TAGGTGT-3 4.4 (+0.4)x 10" 5-TAGGTCT-3 1.1 (+0.8)x 10" 5-TAGCTGT-3' 1.1(x0.3)x10°
3 5-ATGGTCA-3' 4.4 (06)x 10° 5-AACGACT-3  1.5(x0.3)x10° 5-TAGCACA-3' =
[12
4 5-ATGGTCA-3 4.9 (x0.7)x 10" 5-AACGACT-3 18 (+0.3)x 10" 5-TAGCACA-3' 3.9 (1.0) x 10°
5 5-TAGTGGT-3 8.0 (+06)x 10° 5-ATATGGT-3' = 5.TAGTCGT-3' 6.2 (+3.0)x 10"
[54] [100]
6 5.-TAGTGGT-3 4.3 (£0.3)x 10" 5-ATATGGT-3 9.9 (+0.3)x 10° 5-TAGTCGT-3' 6.2 (+0.2)x 10°

Table 3.1. Binding affinities (M) for parent polyamides on plasmid pMFST2 (1-2) and plasmid pMFST
(3-6). Equilibrium association constants reported are mean values from three DNase I footprinting titration
experiments. Standard deviations are shown in parentheses. Bolded numbers in brackets indicate fold
decrease in match site binding affinity for a-DABA-linked versus y-DABA-linked polyamides. Mismatch
base pairs are indicated in bold.

These results indicate that, in general, a-DABA polyamides are proficient DNA
binders, with decreased affinity and comparable or improved specificity relative to y-
DABA molecules. The decrease in affinity is dependent on the polyamide core ring
sequence. Further comparison of other molecules corroborates these conclusions (Figure
3.4). The binding affinities of four additional a-DABA polyamides were measured and
the results further emphasize the importance of the polyamide core ring sequence in the
ability of the molecules to bind DNA (Figure 3.5) and show some ring sequences do not
bind. Varying the heterocyclic order of polyamides has also been shown to affect

binding affinities in y-DABA molecules (24).
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8 5.TAGCTGCT-3' 2.9 (£ 0.3)x 10" 5-TAGGTGCT-3' 2.2 (+0.3) x 10 5-TAGCTGTT-3' 5.2 (+0.5) x 10°

Figure 3.4
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Figure 3.4. (A) Chemical and ball-and-stick structures for polyamides 7 and 8 and their Chl conjugates.
(B) Ilustration of the EcCORI/Pvull restriction fragment derived from plasmid pMFST3. The designed
polyamide binding sites are indicated by boxes. Single base pair mismatches are indicated by shaded
regions. (C) Quantitative DNase I footprinting titration experiments for polyamides (left) 7 and (right) 8
on the 288 base pair, 5’-end-labeled PCR product of plasmid pMFST3: lanes 1-11, 100 nM, 30 nM, 10
nM, 3 nM, 1 nM, 300 pM, 100 pM, 30 pM, 10 pM, 3 pM, and 1 pM polyamide, respectively; lane 12,
DNase I standard; lane 13, intact DNA; lane 14, A reaction; lane 15, G reaction. (Below) Each
footprinting gel is accompanied by its respective binding isotherms. (D) Thermal cleavage assay
experiments with polyamide-chlorambucil conjugates (left) 7-Chl and (right) 8-Chl on the on the 288 base
pair, 5’-end-labeled PCR product of plasmid pMFST3: lane 1, A reaction; lane 2, G reaction; lanes 3—13,
100 nM, 30 nM, 10 nM, 3 nM, 1 nM, 300 pM, 100 pM, 30 pM, 10 pM, 3 pM, and 1 pM polyamide,
respectively; lane 14, intact DNA. Putative major sites of alkylation on the DNA fragments are indicated
by arrows on the sequences adjacent to each gel. (E) Table of binding affinities (M™) for parent
polyamides 7 and 8 on plasmid pMFST3. Equilibrium association constants reported are mean values from
at least three DNase I footprinting titration experiments. Standard deviations are shown in parentheses.
Bolded numbers in brackets indicate fold decrease in match site binding affinity for a-DABA-linked versus
v-DABA-linked polyamides.
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Figure 3.5. (A) Chemical and ball-and-stick structures for polyamides 9-12 and their Chl conjugates. (B)
[lustration of the ECORI/Pvull restriction fragment derived from plasmid pMFST6. The designed
polyamide binding sites are indicated by boxes. Undesigned additional match and single base-pair
mismatch sites are not indicated. (C) Table of binding affinities (M) for parent polyamides 9-12 on
plasmid pMFST6. Equilibrium association constants reported are mean values from at least three DNase |
footprinting titration experiments. Standard deviations are shown in parentheses. Polyamides for which no
binding was measured are indicated by a “--” (D) Thermal cleavage assay experiments on the 5’-end-
labeled PCR product of pMFST6 with conjugates 9-Chl-12-Chl (left to right). Each conjugate was
assayed at 1 pM, 100 nM, and 10 nM. (E) Putative major sites of alkylation on the resolved portion of
pMFST6 are indicated by arrows under the plasmid sequence. All match sites and single base-pair
mismatch sites are indicated for each polyamide. Single base-pair mismatch sites are indicated by shaded
regions.
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We previously reported the 0-DABA polyamide of sequence ImImBIm-(R)"o-

PyPyPyPy-BDp (where Dp = 3-(dimethylamino)-propylamine) binds the match site M of
pPMFEST2 with K,= 6.7 x 10° M (22). Polyamide 1 has an identical structure except for
the replacement of a B residue in the core sequence with a Py, and it binds the same
match site M of pMFST2 with 22-fold decreased affinity. Polyamide S also has the same
structure except for the movement of the 3 residue from the third position in the sequence
to the second, and it binds its designed match site with 8-fold decreased affinity. These
results suggest the presence and position of the  residue is important in determining the
DNA binding affinities of a-DABA polyamides. We hypothesize that the shortened a-

DABA turn unit requires the flexibility provided by the B to optimize binding.

DNA Alkylation Properties

Thermal cleavage assays were performed with the polyamide-chlorambucil
conjugates to determine their DNA alkylation properties (Figure 3.6). Previous studies
have shown conjugates to alkylate at N3 of adenines proximal to DNA binding sites
(11,13). Attachment of the chlorambucil moiety to the parent polyamide does not appear
to affect DNA binding properties (11).

The a-DABA conjugate 1-Chl and its y-DABA analog 2-Chl were assayed on the
5° 3?P-labeled 280 base pair PCR product of plasmid pMFST2 (Figure 3.6A). Alkylation
was only observed in the designed insert of pMFST?2 at the match site M for the a-DABA
conjugate 1-Chl, whereas the y-DABA conjugate 2-Chl is more promiscuous, alkylating

at the match site M and both of the mismatch sites A and B, as well as at additional,
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unexpected sites. y-DABA conjugate 2-Chl also alkylates at lower concentrations than

conjugate 1-Chl (Figure 3.6A, lanes 9).
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Figure 3.6. (A) Thermal cleavage assay experiments with polyamide-chlorambucil conjugates (left) 1-
Chl and (right) 2-Chl on the on the 280 base pair, 5’-end-labeled PCR product of plasmid pMFST2: lane
1, A reaction; lane 2, G reaction; lanes 3—13, 1 uM, 300 nM, 100 nM, 30 nM, 10 nM, 3 nM, 1 nM, 300 pM,
100 pM, 30 pM, and 10 pM polyamide, respectively; lane 14, intact DNA. (B-C) Thermal cleavage assay
experiments with polyamide-chlorambucil conjugates (B, left) 3-Chl and (B, right) 4-Chl and (C, left) 5-
Chl and (C, right) 6-Chl on the on the 284 base pair, 5’-end-labeled PCR product of plasmid pMFST: lane
1, A reaction; lane 2, G reaction; lanes 3—13, 100 nM, 30 nM, 10 nM, 3 nM, 1 nM, 300 pM, 100 pM, 30
pM, 10 pM, 3 pM, and 1 pM polyamide, respectively; lane 14, intact DNA. Putative major sites of
alkylation on the DNA fragments are indicated by arrows on the sequences adjacent to each gel.
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Conjugates 3-Chl and 4-Chl were assayed on the 5> **P-labeled 284 base pair
PCR product of plasmid pMFST (Figure 3.6B). While parent polyamide 3 binds at site
M2 and site C, a-DABA conjugate 3-Chl only alkylates at match site M2 in the designed
insert. Alkylation is observed at both the match site M2 and the mismatch site C for the
v-DABA conjugate 4-Chl. Although the parent polyamide 4 binds mismatch site D,
alkylation would not be expected to occur there because an AT base pair is not located
adjacent to the turn unit upon conjugate binding. Again, alkylation is observed at lower
concentrations for the y-DABA conjugate 4-Chl than the a-DABA conjugate 3-Chl
(Figure 3.6B, lanes 7).

Conjugates 5-Chl and 6-Chl were also assayed on the PCR product of plasmid
pMFST (Figure 3.6C). For the a-DABA conjugate 5-Chl, strong alkylation is only
observed at match site M1 in the designed insert, with minor alkylation occurring at
mismatch site B. In contrast, the y-DABA conjugate 6-Chl strongly alkylates at both
match site M1 and mismatch site B, as well as at other unexpected sites. As previously,
alkylation is not expected at mismatch site A since an AT base pair is not located next to
the turn unit upon conjugate binding. In addition, y-DABA conjugate 6-Chl is able to
alkylate at a lower concentration than a-DABA conjugate 5-Chl (Figure 3.6C, lanes 9).

These results indicate a-DABA conjugates to be alkylators with increased
specificity and decreased reactivity relative to y-DABA conjugates. Thermal cleavage
data from additional conjugates further support these conclusions (Figure 3.4).
Additional a-DABA polyamide-chlorambucil conjugates were also able to alkylate DNA

(Figure 3.5).
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Polyamide Binding Orientation
Previous footprinting studies indicated that glycine-linked polyamides bind

DNA in extended, dimeric 2:1 complexes (16,20), and the structures were confirmed by
NMR studies (19,21). Two possible binding modes were established (Figure 3.7). In the
“overlapped” binding mode, the two polyamides bind directly opposite one another with
each heterocycle paired to another on the other strand. In the “slipped” binding mode,
the polyamides integrate the 2:1 and 1:1 polyamide-DNA binding motifs at a single site.

Formally, the a-DABA moiety is a substituted glycine turn, as glycine-linked
polyamides also contain a single methylene group linking the heterocyclic subunits.
Yet, based on their footprinting data (i.e., binding site sequence and size, and
cooperativity as measured in the binding isotherms), a-DABA polyamides bind in a 1:1
hairpin conformation (22). In addition, although it is well-established that y-DABA
polyamides bind in the forward direction (17), there is still ambiguity as to the preferred
binding orientation of a-DABA polyamides.

5'- WWGGWCW -3'

$oSS3 &
3'- WWCCWGW -=5"
Forward Match

‘/7 Folded Hairpin ‘\\‘

5" WWWWWNWGGCCWNWWWWW -3' 5'- WWGGWCWGWCCWW -3
R R
R 000000000 - [ T Jelo leleleres]
3'- WWWWWNWCCGGWNWWWWW -5" 3"- WWCCWGWCWGGWW -5
Slipped Overlapped
Extended Dimer Extended Dimer

R= H or ‘}HJ\/\NH;‘

Figure 3.7. Illustration of the binding modes for polyamides 3 and 13. W signifies A or T; N represents
any nucleotide. Sequence specificity for the slipped binding mode has been presumed based on the
polyamide literature.
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We hypothesized that a polyamide with the unsubstituted glycine linkage would
favor the extended conformation, whereas substitution of the turn using the a-DABA
moiety would force the polyamide to bind in a forward hairpin conformation. A similar
phenomenon has been observed by Boger and coworkers, who studied a series of a-
substituted B-linked polyamides and found that a polyamide linked by (R)-a-methoxy-f3
preferentially adopts a hairpin conformation, versus the unsubstituted molecule which
binds in an extended conformation (25). Interestingly, other substitutions disrupted
binding affinity.

a-DABA polyamide 3 was chosen as the parent molecule for study. To verify its
binding orientation, the EDTA conjugate EDTA-3 was synthesized for affinity cleavage
studies (Figure 3.8). Polyamide 13 — the glycine-linked analog of 3 — was prepared, as
well as its EDTA conjugate, EDTA-13.

Four binding orientations are possible for polyamides 3 and 13. The expected
match site for the molecules binding as forward hairpins is 5’>-WWGGWCW-3’, whereas
for reverse-binding hairpins the expected match site is 5>-WCWGGWW-3". In the
overlapped binding mode, the expected target sequence is 5’-WWGGWCWGWCCWW-
3’. It should be noted that the overlapped match site is inherently ambiguous because it
contains two side-by-side copies of the forward hairpin match site. Binding affinity in
the slipped mode is sensitive to the particular sequence of the 1:1 binding portion, and
there are multiple slipped binding modes for a given polyamide core ring sequence (20).
Since an Im/Im pair is disfavored (26), we studied the slipped orientation for 3 and 13

believed to be preferred for binding. We expect this binding model to give an 18 base
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pair match site with sequence 5’-WWWWWNWGGCCWNWWWWW-3” where N = A,

T, G, or C (20,27).

EDTA-3: X = EDTA-R | o M

13: X=Dp I o
EDTA-13: X =EDTA-R riJ w

Dp = EDTA-R =
OH H |

H
| H Hoj\’N \/\N/\H/NWNH/“VN){
ANHZA~ N HO o

o]

Figure 3.8. Chemical and ball-and-stick structures of EDTA-3, and of the glycine-linked polyamide 13
and its EDTA conjugate EDTA-13

Plasmid pMFSTS5 was prepared to study the binding preferences of the selected
molecules (Figure 3.9A). The designed insert contains four match sites for each of the
possible binding modes for polyamides 3 and 13: slipped extended binding (‘S’ = 5°-
ATTAACAGGCCACAATTA-3’), overlapped extended binding (‘O° = 5’-
ATGGTCAGACCAT-3’), reverse hairpin binding (‘R’ = 5’-ACTGGTA-3"), and forward

hairpin binding (‘M’ = 5’-ATGGTCA-3").
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Figure 3.9. (A) Illustration of the ECORI/PvuII restriction fragment derived from plasmid pMFST5. The
designed polyamide binding sites are indicated by boxes. Binding models are illustrated below the DNA
sequence by ball-and-stick structures of EDTA-13. (B) Quantitative DNase [ footprinting titration
experiments for polyamides (left) 3 and (right) 13 on the 301 base pair, 5’-end-labeled PCR product of
plasmid pMFSTS5: lanes 1-11, 100 nM, 30 nM, 10 nM, 3 nM, 1 nM, 300 pM, 100 pM, 30 pM, 10 pM, 3
pM, and 1 pM polyamide, respectively; lane 12, DNase I standard; lane 13, intact DNA; lane 14, A
reaction; lane 15, G reaction. Site X indicates an undesigned match site inherent in the plasmid sequence.
(Below) Each footprinting gel is accompanied by its respective binding isotherms. (C) Affinity cleavage
experiments with polyamide-EDTA conjugates (left) EDTA-3 and (right) EDTA-13 on the 301 base pair,
5’-end-labeled PCR product of plasmid pMFST5: lane 1, A reaction; lane 2, G reaction; lanes 3—13, 1 puM,
300 nM, 100 nM, 30 nM, 10 nM, 3 nM, 1 nM, 300 pM, 100 pM, 30 pM, and 10 pM polyamide,
respectively; lane 14, intact DNA. (D) Summary of affinity cleavage patterns for (top) EDTA-3 and
(bottom) EDTA-13. Bar heights are proportional to the relative cleavage intensities at each base pair,
normalized to each gel. Ball-and-stick structures illustrating their respective proposed modes of binding
are shown using EDTA-13 for clarity. Designed binding sites are indicated in bold in the DNA sequence.
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Polyamide M (0] S
3 98*13)x10¥ 47@*1.3)x10°
13 70*1.0)x10®° 59@*21)x10® 1.3(*0.2)x10°

Table 3.2. Binding affinities (M™") for parent polyamides 3 and 13 on plasmid pMFST5. Equilibrium
association constants reported are mean values from three DNase I footprinting titration experiments.
Standard deviations are shown in parentheses.

Quantitative DNase [ footprinting titrations were performed with a-DABA
polyamide 3 and glycine polyamide 13 (Figure 3.9B and Table 3.2), and affinity cleavage
studies were performed with a-DABA conjugate EDTA-3 and glycine conjugate EDTA-
13 (Figure 3.9C-D) on the 5° *’P-labeled 301 base pair PCR product of plasmid
pMFSTS. A dramatic difference between the two molecules was observed. The a-
DABA polyamide 3 binds the forward hairpin binding site M with K, = 9.8 x 10° M,
while no binding was detected at the slipped binding site S or reverse hairpin site R.
Cleavage by EDTA-3 was observed at match site M at the locus in agreement with
forward binding and is 3’-shifted, consistent with minor groove occupancy (28).

Additional binding of polyamide 3 was observed at the overlapped site O with K,
=4.7x 10° M. Unequal cleavage intensities by EDTA-3 were observed at the 3’ and 5°
ends of the match site. A fully anti-parallel overlapped motif would be expected to afford
equal intensities. Therefore it is likely that polyamide 3 is binding as a hairpin in either
of the adjacent hairpin match sites embedded in the 13 base-pair sequence O (Figure
3.9D, top).

In contrast, the glycine polyamide 13 binds the slipped extended site S with K, =
1.3 x 10°M™, and it binds the forward hairpin site M and overlapped site O with ~ 2-fold
decreased affinities (K,= 7.0 x 10*M™ and K, = 5.9 x 10* M, respectively). No binding

was observed at the reverse hairpin site R. Strong cleavage by EDTA-13 was only
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observed at site S, probably due to the weaker binding affinities at the other sites. The
cleavage pattern was 3’ shifted, verifying minor groove occupancy of the ligand, and the
observed pattern was consistent with dimeric, antiparallel binding in the slipped mode.
There is again ambiguity regarding the binding mode at the overlapped site O.

It is interesting to note that, though polyamide 13 is a relatively small ligand (MW
= 1196), it displays specificity for an 18 base pair sequence. It is likely that the binding
affinity of 13 in the slipped binding mode could be enhanced by modifying the sequence
of the W tracts in the 1:1 binding portions of the molecules to a DNA sequence that
favors a narrower minor groove (20).

These data show a clear distinction in preferred binding modes between a-DABA
polyamide 3 and glycine polyamide 13. The o-DABA polyamide appears to bind
exclusively in a forward hairpin conformation, while the glycine polyamide seems to
exhibit mixed binding motifs, preferring the extended binding mode but also appearing to
be capable of binding as a forward hairpin. Thus, substitution of the glycine turn ‘locks’
the polyamide into a hairpin conformation. Affinity cleavage studies performed on
additional a-DABA polyamides confirm their general binding in the forward hairpin

mode (Figures 3.10-11).
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Figure 3.10. (A) Chemical and ball-and-stick structures for polyamide 14 and its EDTA conjugate
EDTA-14. (B) Illustration of the ECORI/PvuII restriction fragment derived from plasmid pMFST4. The
designed polyamide binding sites are indicated by boxes. (C) Quantitative DNase I footprinting titration
experiments for polyamide 14 on the 283 base pair, 5’-end-labeled PCR product of plasmid pMFST4:
lanes 1-11, 100 nM, 30 nM, 10 nM, 3 nM, 1 nM, 300 pM, 100 pM, 30 pM, 10 pM, 3 pM, and 1 pM
polyamide, respectively; lane 12, DNase I standard; lane 13, intact DNA; lane 14, A reaction; lane 15, G
reaction. (Below) Binding isotherms. Binding affinities for sites M and O are 9.8 (£0.5) x 10* M and 1.1
(£0.6) x 10° M, respectively. (D) Affinity cleavage experiment with EDTA-14 on the 283 base pair, 5’-
end-labeled PCR product of plasmid pMFST4: lane 1, A reaction; lane 2, G reaction; lanes 3—13, 1 pM,
300 nM, 100 nM, 30 nM, 10 nM, 3 nM, 1 nM, 300 pM, 100 pM, 30 pM, and 10 pM polyamide,
respectively; lane 14, intact DNA. (E) Summary of affinity cleavage patterns for EDTA-14. Bar heights
are proportional to the relative cleavage intensities at each base pair. Ball-and-stick structures illustrating
the proposed modes of binding are shown. Designed binding sites are indicated in bold in the DNA

sequence.
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Conclusion.

Herein we present a characterization of a-DABA polyamides. We have
confirmed their ability to bind DNA and established their binding affinities to be
decreased 2-fold to 147-fold relative to y-DABA polyamides. The magnitude of this
reduced affinity appears to be sensitive to the presence and positioning of an internal f3
residue in the polyamide structure. Remarkably, despite the reduced affinity, a-DABA
polyamide-chlorambucil conjugates alkylate DNA with greater specificity and lower
reactivity than y-DABA conjugates. Importantly, we have demonstrated that polyamides
linked by the (R)-a-diaminobutyric acid moiety bind DNA in a forward hairpin binding
mode. Polyamides linked by a glycine amino acid prefer to bind DNA in an extended
binding mode, indicating that it is the substitution of the glycine turn unit that locks the a-
DABA polyamide into the hairpin conformation. While it has been previously shown
that a-DABA polyamide-chlorambucil conjugates are efficacious in cellular and small
animal models (13,22,29), cellular uptake experiments of polyamide-fluorescein
conjugates displayed limited nuclear uptake properties (Figure 3.12 and Table 3.3),

possibly limiting the general use of a-DABA polyamides in vivo.
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Figure 3.12. (A) Chemical and ball-and-stick structures for polyamide-fluorescein conjugates prepared

for studying the cellular uptake properties of a-DABA polyamides.
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microscopy images for the measurement of the nuclear localization of polyamide-fluorescein conjugates.

Fluorescence is indicated by green.
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Table 3.3. Cellular uptake properties of a-DABA polyamide-fluorescein conjugates in 3 cell lines as
determined by confocal microscopy. ++, Nuclear staining exceeds that of the medium; +, nuclear staining
is less than or equal to that of the medium, but still prominent; -, very little nuclear staining, with the most
fluorescence seen in the cytoplasm and/or medium; --, no nuclear staining. Cells were incubated with 5 uM
polyamide-fluorescein conjugate for 14 h prior to imaging as previously described (3).

Materials and Methods
General

Boc-B-Ala-Pam resin was from Peptides International. Trifluoroacetic acid (TFA)
was purchased from Halocarbon. Dichloromethane (DCM) was from Fisher Scientific.
(Benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP) was
from Novabiochem. Chlorambucil, N,N-diisopropylethylamine, 3-(dimethylamino)-
propylamine, 3,3’-diamino-N-methyl-dipropylamine, N,N-dimethylformamide, and 1-
methyl-2-pyrrolidone (NMP) were purchased from Aldrich. Oligonucleotides were
synthesized by Integrated DNA Technologies. Enzymes were purchased from Roche.

RNase-free water was from USB and used for all footprinting and cleavage reactions.
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Polyamide Synthesis

Polyamides were synthesized on Boc-f-Ala-Pam resin following manual solid-
phase methods using Boc-protected amino acids as previously reported (23). Boc-Py-
OBt (OBt = benzotriazol-1-yloxy), Boc-p-Im-OH, Im-CCl;, Boc-Py-Py-OBt, Boc-Py-Im-
OH, Boc-Im-OH, and Im-Im-OH were used as building blocks. The a-DABA
polyamides 1, 3, 5, 1-Chl, 3-Chl, 5-Chl, and EDTA-3 were synthesized using Boc-D-
Dab(Fmoc)-OH as the turn unit. The y-DABA polyamides 2, 4, 6, 2-Chl, 4-Chl, and 6-
Chl were synthesized using Fmoc-D-Dab(Boc)-OH as the turn unit. The glycine-linked
polyamides 13 and EDTA-13 were synthesized using Boc-Gly-OH as the turn unit.

Boc deprotections were conducted at room temperature for 25 min using 80%
TFA/DCM. Carboxylic acids (3 eq) were activated with DIEA (5 eq) and PyBOP (2.5
eq) for 30-45 min at 37 °C prior to coupling. Couplings were allowed to proceed in
NMP for 2 h at room temperature. Polyamides were cleaved from resin with either 3-
(dimethylamino)-propylamine (Dp) or 3,3’-diamino-N-methyl-dipropylamine (Da) neat
at 55 °C overnight. Products were purified by preparatory reverse-phase high
performance liquid chromatography (prep HPLC) and characterized by analytical HPLC,
UV-visible spectroscopy, and matrix-assisted laser desorption ionization-time-of-flight
(MALDI-TOF) mass spectrometry.

Polyamide-chlorambucil conjugates were generated by activating the
chlorambucil carboxylic acid (4 eq) with PyBOP (4 eq) and DIEA (12 eq) for 30 min at

room temperature followed by addition of the polyamide. The reaction was allowed to
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proceed at room temperature for 1-2 h. Products were purified by reverse-phase prep
HPLC, immediately lyophilized, and characterized as above.

Polyamide-EDTA conjugates were synthesized by slow addition of a 50%
DMEF/DIEA polyamide solution to a solution of EDTA dianhydride (20 eq) dissolved in a
1 DMSO:1 DMF:2 DIEA mixture, vigorously shaking at 55 °C. The reaction was
allowed to proceed an additional 30 min, followed by hydrolysis of the remaining EDTA
dianhydride with 0.1 N NaOH for 10 min. The reaction was diluted and purified by
reverse-phase prep HPLC. Subsequent Boc deprotection was accomplished by dissolving
the dried EDTA conjugate in a minimum volume of neat TFA doped with triethylsilane.
The reaction was allowed to proceed for 10-30 min at room temperature, then
immediately diluted with water and purified by reverse-phase prep HPLC.

Polyamide-fluorescein conjugates were synthesized by dissolving the cleaved
polyamide in DMF, followed by addition of DIEA (50 eq). A solution of 5-fluorescein
isothiocyanate (Molecular Probes) in DMF (4 eq) was added to the polyamide. The
reaction was allowed to proceed for 40 min at r.t. The polyamide was then precipitated
by addition of chilled ether (~90 mL). The dried polyamide precipitate was then
dissolved in a minimal volume of trifluoroacetic acid with triethylsilane addition. The
reaction was allowed to shake at r.t. for 20 min, followed by dilution with water and

acetonitrile and immediate purification by prep HPLC.

1: ImImPyIm-(R)"*Na-PyPyPyPy-pDp MALDI-TOF MS calculated for Cs7H7,N»3010"

[M+H]": 1238.58; found: 1238.82
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2: ImImPyIm-(R)"*Ny-PyPyPyPy-pDp MALDI-TOF MS calculated for Cs7H7,N»010"

[M+H]": 1238.58; found: 1238.59

3: ImImPyPy-(R)"*Na-ImPyPyPy-pDp MALDI-TOF MS calculated for Cs7H7,N2;0;0"

[M+H]": 1238.58; found: 1238.90

4: ImImPyPy-(R)"*y-ImPyPyPy-pDp MALDI-TOF MS calculated for Cs7H7,N530,0"

[M+H]": 1238.58; found: 1238.65

5: ImpImIm-(R)"*Na-PyPyPyPy-pDp MALDI-TOF MS calculated for Cs;H7;N»O1o"

[M+H]": 1188.28; found: 1188.5

6: ImpImIm-(R)"*Ny-PyPyPyPy-pDp MALDI-TOF MS calculated for Cs;H7;N2»O1o"

[M+H]": 1188.28; found: 1188.86

7:  ImPypImPy-(R)"™a-ImPypImPy-pDp  MALDI-TOF MS calculated for

Ce2HgiN2O1o" [M+H]": 1382.47; found: 1382.15

8:  ImPypImPy-(R)"*“y-ImPypImPy-pDp  MALDI-TOF MS calculated for

Ce2HgiN2O12" [M+H]": 1382.47; found: 1382.58

13: ImImPyPy-Gly-ImPyPyPy-pDp MALDI-TOF MS calculated for CssHg7N2,010"

[M+H]": 1195.54; found: 1195.43



1-Chl:  ImImPyIm-(R)“"o-PyPyPyPy-pDp MALDI-TOF

C71HgoCLN»4O ;" [M+H]™: 1523.65; found: 1523.66

2-Chl:  ImImPyIm-(R)"'y-PyPyPyPy-pDp MALDI-TOF

C71HgoCLN»4O ;" [M+H]™: 1523.65; found: 1523.70

3-Chl:  ImImPyPy-(R)™a-ImPyPyPy-pDp MALDI-TOF

C71HgoCLN»4O ;" [M+H]™: 1523.65; found: 1523.88

4-Chl:  ImImPyPy-(R)“"y-ImPyPyPy-pDp MALDI-TOF

C71HgoCLN,4O1; " [M+H]™: 1523.65; found: 1523.57

5-Chl: ImpImIm-(R)"'a-PyPyPyPy-pDp MALDI-TOF

CesHssC1oN23O 10" [M+H]": 1474.48, found: 1474.95

6-Chl: ImpBImIm-(R)"'y-PyPyPyPy-pDp MALDI-TOF

CesHssC1oN23O0 10" [M+H]": 1474.48, found: 1474.26

MS

MS

MS

MS

MS

MS

calculated

calculated

calculated

calculated

calculated

calculated
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for

for

for

for

for

for

7-Chl:  ImPypImPy-(R)a-ImPypImPy-pDp MALDI-TOF MS calculated for

C76HogC1oN»;013" [M+H]™: 1668.67; found: 1668.37
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8-Chl: ImPypImPy-(R)"y-ImPypImPy-pDp MALDI-TOF MS calculated for

C76HosCLLN»,013" [M+H]™: 1668.67; found: 1668.48

EDTA-3: ImImPyPy-(R)"* a-ImPyPyPy-pDa-EDTA MALDI-TOF MS calculated

for CeoHoiN26O17" [M+H]": 1555.71; found: 1555.73

EDTA-7: ImPypImPy-(R)"*Na-ImPypImPy-pDa-EDTA MALDI-TOF MS calculated

for C74H100N20019" [M+H]": 1698.77; found: 1698.81

EDTA-8: ImPypImPy-(R)"*Ny-ImPypImPy-pDa-EDTA MALDI-TOF MS calculated

for C74H100N20019" [M+H]": 1698.77; found: 1698.58

EDTA-13: ImImPyPy-Gly-ImPyPyPy-pDa-EDTA MALDI-TOF MS calculated for

Ce7HgeN2sO17" [M+H]": 1512.66; found: 1512.54

Construction of Plasmids

Plasmids were constructed by annealing oligonucleotide pairs as follows: for
pMFST — 5’-AGCTGTACAATCATTAGTGGTTACAATCATATGGTCATACAATC-
ATTAGTCGTTACAATCATTAGCACACACAATCATC-3’ and 5’-GATCGATGATT-
GTGTGTGCTAATGATTGTAACGACTAATGATTGTATGACCATATGATTGTAA-
CCACTAATGATTGTAC-3’; for pMFSTS — 5’-AGCTGCGGCTATAATTAACAGGC-
CACAATTATACGATATATGCTAATGGTCAGACCATTACGATACATACTGGTA-

ATCTACTAATGGTCATACGGC-3’ and 5’-GATCGCCGTATGACCATTAGTAGAT-
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TACCAGTATGTATCGTAATGGTCTGACCATTAGCATATATCGTATAATTGTG-
GCCTGTTAATTATAGCCGC-3".

Annealed nucleotides were ligated into the BamHI/HindIII restriction fragment of
pUCI19 using T4 DNA ligase, and the plasmid was transformed into Escherichia coli
IM109 competent cells. Ampicillin-resistant white colonies were selected from 25 mL
Luria-Bertani agar plates containing 50 mg/mL ampicillin treated with XGAL and
isopropyl-B-D-thiogalactopyranoside (IPTG) solutions and grown overnight at 37 °C.
Cells were harvested the following day, and purification of the plasmids were performed
with a Wizard Plus Midiprep DNA purification kit (Promega). DNA sequencing of the
plasmid insert was performed by the sequence analysis facility at the California Institute
of Technology. Plasmid pMFST6 was prepared similarly with oligonucleotides of the

indicated sequences.

Preparation of 5° *’P-End-Labeled DNA
The primer 5’-GAATTCGAGCTCGGTACCCGGG-3’ was **P-labeled at the 5’
end and used with the primer 3’-CAGCCCTTTGGACAGCACGGTC-5’ to PCR amplify

plasmids as described previously (28).

DNase Footprinting Titrations

Polyamide equilibrations and DNase I footprinting titrations were conducted on
the 5 end-labeled PCR product of the appropriate plasmid according to standard
protocols (28). DNA was incubated with polyamide or water (controls) for 12—-16 h at

room temperature prior to reaction. Determination of equilibrium association constants
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were performed as previously described (28). Data points were fitted to a Langmuir
binding isotherm by using the modified Hill equation with n = 1, except for the
quantitation of glycine polyamide 13, where n was optimized to the generated curve for

the slipped site S and the overlapped site O.

Thermal Cleavage Assays
Thermal cleavage assay experiments were conducted on the 5’-end-labeled PCR
products of the designated plasmids as described previously (11). DNA was incubated

with polyamide conjugates or water (control) for 24 h at 37 °C prior to work-up.

Affinity Cleavage Assays

Affinity cleavage experiments were conducted on the 5’-end-labeled PCR product
of plasmid pMFSTS5 as previously described (28). DNA was incubated with polyamide
conjugates or water (control) for 13 h at room temperature prior to addition of ferrous

ammonium sulfate.
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