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ABSTRACT: The N-terminal formamido group on imidazole- and pyrrole-containing polyamides causes
stacked polyamides to bind in the minor groove of DNA in the staggered motif, and it also increases the
binding affinity compared to those of non-formamido compounds. To further investigate the role of the
N-terminal acylamido in affecting sequence specificity and binding affinity, six polyamide analogues containing
the core triheterocyclic structure IPI were designed and synthesized, and the acylamido moiety reported herein
includes the following: formamido (f-IPI, 1), acetamido (Ac-IPI, 2), trifluoroacetamido (Tf-IPI, 3),
N-methylureido (Mu-IPI, 4), N-methylpyrrole-2-carboxamido (PIPI, 5), and the '*C-labeled formamido-IPI
compound ("*C-f-IPI, 6). In addition, two nonacylated IPI compounds were also synthesized and examined,
namely, the amino-containing (NH,-IPI, 7) and non-formamido (nf-IPI, 8) compounds. The binding
characteristics of compounds 1—8 were investigated using methods of molecular biology and biochemistry,
which included biophysical techniques, such as DNA melts, circular dichroism, isothermal titration
calorimety, and surface plasmon resonance and DNase I footprinting. With the exception of nf-IPI and
NH,-IPI, all other compounds preferentially interacted with the cognate sequence, 5-ACGCGT-3'. The
biophysical results suggest that all six compounds bind within the minor groove at their cognate DNA
sequence as stacked, staggered, antiparallel dimers. The order from highest to lowest binding affinities is as
follows: f-IPI > P-IPI > Ac-IPI > Mu-IPI > Tf-IPI > NH, and nf-IPI. Hence, having an acylamido moiety
at the N-terminus is important for the binding of polyamides to DNA in a stacked and staggered motif.
According to footprinting analysis, P-IPI (5), Ac-IPI (2), Mu-IPI (4), and Tf-IPI (3) exhibited some
enhancement in sequence preference for their cognate 5-ACGCGT-3' over f-IPI (12. NMR analysis of the
[*CJf-IPI-CGCGnmr complex showed a slight downfield shift in the formamido "*C signal indicating that
the moiety remained intact. The trend in binding affinity suggests that steric factors play a role, in which small
and planar aromatic acylamido units such as f, Ac, and P are preferred. Polar groups, such as in Mu-IPI (4)

and Tf-IPI (3), afforded negative effects on binding affinity, compared to that of Ac-IPI (2).

Distamycin is a crescent-shaped, pyrrole-containing polya-
mide isolated from Streptomyces, found to successfully bind to
the minor groove of DNA (1, 2). It has been found to target A/T-
rich sequences of DNA and preferentially binds as a stacked
antiparallel dimer with the 5-AAATTT-3' sequence in a 2:1
fashion (3). It was discovered that stacked imidazole (I) and
pyrrole (P) polyamides were capable of recognizing specific base
pairs; a stacked P/P pairing recognizes either an A/T or T/A base
pair, but a stacked I/P pairing recognizes a G/C base pair
specifically (4—7). Subsequent studies, by the authors’ labora-
tory, further revealed that the nature of the two core heterocycles
had a dramatic effect on the binding affinity of the polyamide,
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with the following trend: IP > PP > PI ~ II (§). Most notably,
the molecule f-IPI (1) bound to its cognate sequence (5'-
ACGCGT-3') with a binding affinity exceeding that of the other
compounds studied, including the binding of distamycin to 5'-
AAATTT-3 (Koq = 1.9 x 10° M™' vs 1.7 x 10" M7,
respectively). This trend concurs with a previous observation
made by Dervan and co-workers with hairpin polyamides, in
which they noted that a central IP pairing binds to DNA with a
greater binding affinity than other hairpins studied with different
heterocyclic cores (9).

Crucial to the binding of 1 is the N-terminal formamido group,
which is also present in the natural product distamycin. This
moiety has been found to favor stacking in a staggered fashion
when two antiparallel monomers bind within the minor groove of
DNA (10). The formamido group also has a dramatic effect in
enhancing the binding affinity of the polyamide, up to 1000-fold
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FIGURE 1: Structures of N-terminally modified IPI polyamides (1—8) used in this study.

higher when comparing formyl triamides with their non-forma-
mido counterparts (/0). However, although these effects on
DNA binding have been well established, the underlying mole-
cular nature of such effects is unclear. Thus, to further probe the
nature of such effects, this report describes a systematic study
performed with various N-termini (X) on the polyamide frame-
work X-IPI (Figure 1).

In selecting the various N-terminal acylamido moieties, we
considered several factors: steric requirements, polarity effects,
and hydration. Considering sterics, the formamido group is
relatively small and planar; thus, moieties with more or less bulk
and nonplanar configurations were investigated, as well as
removal of the acylamido group altogether. Dipole moments of
polyamides have been demonstrated to affect how polyamides
interact with DNA (/7). Thus, groups with different polarities
through the incorporation of halides and nitrogen atoms in the
acylamido moiety were included in this study. Accordingly, the
following molecules were chosen for this study: formamido
(f-IPI, 1), acetamido (Ac-IPI, 2), trifluoroacetamido (Tf-IPI, 3),
N-methylureido (Mu-IPI, 4), N-methylpyrrole-2-carboxamido
(PIPI, 5), and the '*C-labeled formamido-IPI compound
("“C-f-IPI, 6). This compound was designed to probe the
possibility of hydration of the formamido group upon binding
of 6 (or f-IPI, 1) to DNA. Hydration of formamides and
acetamides has been reported previously (/2). In addition, two
nonacylated IPI compounds were also studied, namely, the
amino-containing NH,-IPI (7) and non-formamido nf-IPI (8).

The synthesis of polyamides 1—8 is reported here together
with their characteristics of binding to the cognate sequence
(5-ACGCGT-3) when the molecules bind in a stacked—
staggered motif. The T/G mismatch-containing sequence
(5-T/G-A-G/T-3') contains the cognate site for the stacked—
overlapped binding motif. Two other noncognate sequences
(5-ACCGGT-3 and 5-AAATTT-3) are also included in the
study (Figure 2). Binding characteristics were determined by
thermal denaturation (AT},), circular dichorism (CD), isothermal
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FiGURE 2: DNA sequences used to study the binding affinity and
selectivity of the polyamides ACGCGT, ACCGGT, AAATTT, and
AT*AG*T.

titration microcalorimetry (ITC), surface plasmon resonance
(SPR), and DNase I footrpinting.

MATERIALS AND METHODS

Synthesis. Polyamides 1, 5, and 8 were synthesized according
to previously published methods (13, /4). Solvents and organic
reagents were purchased from Aldrich or Fisher and were used
without further purification with the exception of DCM (P,05)
and DMF (BaO) which were distilled prior to use. Melting points
(mp) were performed using a Mel-temp instrument and are
uncorrected. Infrared (IR) spectra were recorded using a Midac
M1700 FT-IR instrument as films on NaCl disks. NMR spectra
were recorded on a Varian INOVA 400 MHz instrument.
Chemical shifts (0) are reported at 20 °C in parts per million
downfield from internal tetramethylsilane. High-resolution mass
spectra (HRMS) and low-resolution mass spectra (LRMS) were
provided by the Mass Spectrometry Laboratory of the University
of South Carolina (Columbia, SC). Reaction progress was
assessed by thin-layer chromatography (TLC) using Merck silica
gel (60 F»s4) on aluminum plates. Visualization was achieved with
UV light at 254 and/or 366 nm, I, vapor staining, and ninhydrin
spray.

(i) Ac-IPI (2).NO,-IPI(9) (50 mg, 0.11 mmol) was reduced
to amine 7 in the presence of hydrogen over 5% Pd/C (50 mg,
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100% by weight) using a previously published method (15).
Acetic anhydride (0.1 mL, 0.98 mmol) was then added dropwise
to a chilled (ice—water bath) stirring solution of the amine
containing DIPEA (80 mg, 0.62 mmol), DMAP (1.5 mg, 0.012
mmol), and dry DCM (5 mL). The reaction mixture was allowed
to warm to room temperature (RT) overnight and then rechilled
in an ice—water bath, and the reaction was quenched with a
dropwise addition of MeOH (2 mL). The mixture was evaporated
to dryness and redissolved in CHCl; (75 mL) and water (15 mL).
The aqueous layer was basified to a pH of ~12 with 1 M NaOH,
and the CHCI; layer was collected. The aqueous layer was
re-extracted with CHCl; (50 mL) and EtOAc (2 x 50 mL). The
combined organic extracts were dried over anhydrous Na,SO4
and reduced in vacuo. The residue was then purified via flash
column chromatography [silica gel, gradient from 0% CHCls
and 100% MeOH to 100% CHCl; and 0% MeOH (v/v)] to yield
compound 2 as a brown solid (19.7 mg, 36%): mp 129—134 °C;
R, = 0.18 [80:20 (v/v) CHCl3/MeOHJ; 'H NMR (400 MHz,
CDCl;) 0 9.33 (br s, 1H), 9.28 (br s, 1H), 8.40 (br s, 1H), 7.39
(s, 1H),7.36(d,J = 1.6 Hz, 1H), 7.35 (s, 1H), 6.81 (d, / = 1.6 H,
1H), 4.02 (s, 3H), 3.98 (s, 3H), 3.93 (s, 3H), 3.53 (t, J/ = 6.0 Hz,
2H), 2.71 (t, J = 6.0 Hz, 2H), 2.43 (s, 3H); IR (neat) 3300,
2943, 2857, 1652, 1556, 1385, 1148, 1090 cm™'; MS (ES™) m/z
(relative intensity) 499 (M + H], 70%), 250 (20%); HRMS for
CyH;31N;(O4 caled 499.2529, observed 499.2518.

(ii) Tf-IPI (3). NO,-IPI (103 mg, 0.21 mol) was reduced
with 5% Pd/C (52 mg, 50% by weight) to yield amine 7 which was
then dissolved in dry DCM (3 mL). TFA (1 mL) was added to
acetic anhydride (2 mL) and the mixture stirred over ice before
being heated to 50 °C for 50 min and then recooled to 0 °C. This
acetic trifluoroacetic anhydride solution was then added drop-
wise to the amine solution at 0 °C and allowed to stir for ~18 h
(from 0 °C to RT). The reaction was then quenched with the
addition MeOH (30 mL), with stirring at 0 °C for ~1 h. After
basic-aqueous extraction, as described for 2, the residue was
purified over silica gel [gradient from 0% CHCl; and 100%
MeOH to 100% CHCl; and 0% MeOH (v/v)] to yield compound
3 asa cream crystalline solid (36 mg, 31%): mp 167 °C; R, = 0.14
(80:20 CHCl;/MeOH); 'H NMR (400 MHz, CDCLy) 6 7.47
(s,1H),7.42(d,J = 2.0Hz, 1H), 7.42 (s, 1H), 6.83 (d, J = 2.0 Hz,
1H), 4.08 (s, 3H), 4.00 (s, 3H), 3.96 (s, 3H), 3.55 (t, / = 6 Hz, 2H),
245 (br s, 2H); IR (neat) 3272, 3152, 3014, 2947, 2916, 1669,
1538, 1442, 1407, 1207, 1185, 1127, 1064, 1021 cm™"; MS (ES™)
553 (M + H], 100%); HRMS for C,HygF3N;(O4 caled
533.2247, observed 553.2244.

(iii) Mu-IPI (4). NO»-IPI (9) (62 mg, 0.13 mmol) was
reduced as described above, and the resulting amine 7 was
dissolved in DCM (5 mL). Methyl isocyanate (500 mg) was
dissolved in dry DCM (2 mL) and added to the reaction mixture
at 0 °C, and then the mixture was allowed to stir at RT for 19 h.
The crude product was purified as described above to yield
compound 4 as a brown solid (65.9 mg, 21%): mp 83—85 °C;
R, = 0.14 [70:30 (v/v) CHCl3/MeOH]; 'H NMR (400 MHz,
CD;0D) ¢ 7.83 (s, 1H), 7.41 (s, 1H), 7.41 (s, 1H), 7.32 (d, J =
1.6 Hz, 1H), 7.04 (d, J = 2.0 Hz, 1H), 6.95 (s, 1H), 4.02 (s, 3H),
4.02 (s, 3H), 3.94 (s, 3H), 3.62 (t, J = 5.6 Hz, 2H), 2.99 (t, J =
5.6 Hz, 2H), 2.83 (s, 6H); IR (neat) 3300, 2924, 2852, 1658, 1538,
1469, 1405, 1249, 1207, 1121, 1061, 1019, 753 cm ™ '; MS (ES ") m/z
(relative intensity) 514 (M + H], 60%), 273 (100%), 258 (40%);
HRMS for C22H32N1 104 caled 5142638, observed 514.2657.

(iv) PC-f-IPI (6). The synthesis of this compound was
conducted as described for 1 (I4), except a 99% '*C-labeled
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formic acid was used to generate the acetic formic anhydride. The
target compound 6 was isolated as a tan crystalline solid (81 mg,
78%): mp 100 °C; R, = 0.30 [90:10 (v/v) CHCl;/MeOH]; 'H
NMR (400 MHz, CDCl3) 6 8.86 (br s, 1H), 8.63 (br s, 1H), 8.30
(brs, 1H),8.13 (brs, 1H), 7.72 (br t, 1H), 7.45 (s, 1H), 7.42 (s, IH),
7.29 (d, 1H, J = 2.0 Hz), 6.80 (d, 1H, J = 2.0 Hz), 4.07 (s, 3H),
4.02 (s, 3H), 3.96 (s, 3H), 3.54 (q, J = 6.0 Hz, 2H), 2.55 (t, J =
6.0 Hz, 2H), 2.31 (s, 6H); '*C NMR (CDCly) 6 157.71 (s); IR
(neat) 3282, 3173, 2951, 2860, 2824, 2779, 1657, 1534, 1469, 1443,
1405, 1250, 1121, 754 cm™'; MS (ES ") m/z (relative intensity) 486
(IM + H], 100%).

(v) NH»-IPI (7). Compound 9 (127 mg, 0.28 mmol) was
reduced as described above and dried over P,Os in vacuo to yield
7 asa yellow solid (protected from light) (95 mg, 75%): mp 114 °C
dec; Ry = 0.07[80:20 (v/v) CHCl3/MeOH]; 'H NMR (400 MHz,
CDCly) 6 8.87 (br s, 1H), 8.08 (br s, 1H), 7.57 (br s, 1H), 7.41
(s, IH), 7.25 (s, 1H), 6.78 (s, 1H), 6.34 (s, 1H), 4.04 (s, 3H), 4.01
(s,3H),3.97(s,3H),3.48(q,J = 5.2Hz, 2H), 2.53 (t,J = 5.2 Hz,
2H), 2.32 (s, 6H); IR (neat) 3337, 2953, 2827, 1655, 1537, 1468,
1446, 1406, 1366, 1256, 1206, 1122, 1056, 1022 cm™"; MS (ES™)
m/z (relative intensity) 457 (M + H], 100%), 448 (50%), 229
(70%), 115 (35%); HRMS for CpoH9N;oO;3 caled 457.2424,
observed 457.2424.

Thermal Denaturation. The synthetic DNA hairpins used in
these studies were obtained from Operon (Huntsville, AL) with
no HPLC purification: ACGCGT, 5¥-GAACGCGTCGCTCT-
CGACGCGTTC; ACCGGT, ¥-GAACCGGTCGCTCTCGA-
CCGGTTC; AAATTT, 5-CGAAATTTCCCTCTGGAAAT-
TTCG; and AT*AG*T, 5-GTGATAGTCGCTCTCGATTG-
TCAC. Thermal denaturation data were obtained using a Cary
Bio 100 spectrophotometer and cells with a 10 mm path length
using a previously reported method (/6). Duplicate experimental
data were analyzed using KaleidaGraph (Synergy Software,
Reading, PA) and the melting temperature (7,,) values deter-
mined as the maximum of the first derivative.

Circular Dichroism (CD ). CD studies were performed on
an OLIS (Bogart, GA) DSM20 spectropolarimeter using a | mm
path length cuvette and a band-pass of 2.4 nm as described
previously (17) with the exception of the integration time, which
was set to integrate as a function of PMT high volts. Experiments
were conducted in duplicate and the data analyzed using
KaleidaGraph.

Isothermal Titration Calorimetry (ITC). ITC analysis
was performed at 25 °C using a VP-ITC micromalorimeter
(MicroCal, Northampton, MA) as previously reported (13).
Origin 7.0 was used to analyze the data, where the integration
of each titration was plotted against ligand concentration. A
linear fit was then employed, and this was subtracted from the
reaction integrations to normalize for nonspecific heat compo-
nents. A two-site, nonsequential model was then fitted to the
curve and used to determine the binding constant, K.q (10, 18).

Surface Plasmon Resonance (SPR). Biosensor chip sur-
face preparations and biotinylated DNA immobilizations were
conducted as previously described (19) with the following biotin-
labeled DNA hairpins: 5'-biotin-GAACGCGTCCTCTGACG-
CGTTC, 5-biotin-GAACCGGTCCTCTGACCGGTTC, and
5'-biotin-CGAAATTTCCTCTGAAATTTCG (purchased from
Midland Certified Reagent Co. with HPLC purification).
Experiments were conducted in a phosphate buffer at 200 mM
Na™ and 0.0005% P20 surfactant on a BIACORE 2000 instru-
ment. Ligand (250 uL) was injected with a flow rate of 50 uL/min
(f-IP1, Ac-IPI, and Mu-IPI) or 20 uL/min (Tf-IPI) followed with
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a 15 min period for dissociation. The sensor chip surface was
regenerated with a glycine pH 2.5 solution or a (.5 min injection
of a 0.4 M NaCl/20 mM NaOH solution followed by multiple
buffer injections. Kinetic analyses were performed for sensor-
grams that did not reach the steady state as previously
described (10), and the averaged binding constants were calcu-
lated from the rate constants. For sensorgrams that reach the
steady state, steady-state analyses were conducted and the
response units were converted to moles of ligand per mole of
hairpin as previously described (8, 10). The data were fitted with
eq 1 to obtain macroscopic binding constants.

r = (Kl Crree + 2K1K2Cfree2)/(1 + K Cree + KIKZCfreez) (1)

Nuclear Magnetic Resonance (NMR). A self-comple-
mentary DNA decamer was purchased from Operon with no
HPLC purification with the sequence 5'-CCACGCGTGG
(termed CGCGnmr). The lyophilized oligonucleotide was sus-
pended in a 10 mM sodium phosphate buffer (pH 7.2) prepared
with 99.96% D-O to give a 0.5 mM solution of double-stranded
DNA. An aliquot of this stock solution was transferred to an
NMR tube such that the tube contained ~30 umol of DNA
(determined more accurately by UV—vis to be 28.6 umol). A
polyamide solution (protonated with 1 molar equiv of HCI,
5mM in 10 mM phosphate D,O buffer) was added to the NMR
tube to yield a 2:1 DNA:polyamide ratio. The sample was
lyophilized and redissolved in 99.96% D,O twice to remove
any H»O and dried thoroughly under vacuum overnight. This
was then resuspended in 100% D,0, and 'H NMR spectra were
acquired and compared to those previously reported for f-IPI
(1) (14). A 1°C spectrum was then acquired using the following
settings: number of full induction decays, 30000; sweep width,
25000 Hz; line broadening, 2; and T, 25 °C. An external CDCls
standard was set to 77 ppm.

DNase I Footprinting: Preparation of the DNA Sub-
strate, Radiolabeling, and Purification and DNase I Foot-
printing Experiments. Two 130 bp fragments were amplified
by using PCR as follows. The forward primer 5-GTCGTTAG-
GAGAGCTCACTTG-3' (4 ng) was radioactively labeled by
treatment with y-**P (3 uL) and 1 uL of T4 polynucleotide kinase
(Invitrogen) following the standard protocols. PCR was per-
formed in thermophilic DNA polybuffer containing dNTPs (50
uL, 125 uM), MgCl, (1 mM), Flexi Taq polymerase (1 unit), and
32P_labeled forward primer, reverse primer ¥-CTCCAGAAAG-
CCGGCAACTCAG-3 and IM18 5-ATGCTCCA GAAAGC-
CGGCACTCAGTCTACAAACGCGTCATCTTGATCATG-
CATGTTCACAGAAATTTCTCTAGATCTTAGCTTAAC-
TCTAGTACTAGTCTTCAAGCAAGTGGAGCTCTCCTA -
ACCGACTTT-3 (20 ng) and IM20 5-AAAGTCGGTTAG-
GAGAGCT CCACTTGCTTGAAGACTAGT ACTAGAGT-
TAAGCTAAGATCTAGAGAAATTTCTGTGAACATGC-
ATGATCAAGATGACGCGTTTGTAGACTGAGTGCCG-
GCTTT CTGGAGCAT-3 (20 ng), or both templates, IM23
5-ATGCTCCAGAAAGCCGGCACTCAGTCTACAAACG-
CGTCATCTTGATCACCGGTGTTCACAGAAATTTCTC-
TAGATCTACGTGTAACTCTAGTAGCGCTCTTCAAGC-
AAGTGGAGCTCTCCTAACCGACTTT-3 (20 ng) and IM24
5-AAGTCGGTTAGGAGAGCTCCACTTGCTTGAAGAG-
CGCTACTAGAGTTACACGTAGATCTAGAGAAATTTC-
TGTGAACACCGGTGATCAAGATGACGCGTTTGTAG-
ACTGAGTGCCGGCTTTCT GGAGCAT-3 (20 ng).

Westrate et al.

Polymerase chain reaction was conducted as follows: an initial
denaturation step for 3 min at 95 °C and 1 min at 94 °C, I min at
63 °C, and 1 min at 72 °C for 35 cycles. The PCR products were
purified by 2% agarose gel electrophoresis. Finally, DNA was
isolated by using the Mermaid Kit (Q-biogene) according the
manufacturer’s instructions.

Footprinting experiments were performed essentially as de-
scribed previously (20). Briefly, reactions were conducted in a
total volume of 8 uL. For each sample, 200 cpm of radiolabeled
DNA was used. Samples (2 uL) of the labeled DNA fragment
were incubated with 4 uL of the buffered solution [10 mM Tris
base and 10 mM NaCl (pH 7)] containing the drug at the
appropriate concentration. After incubation for 30 min at room
temperature to ensure equilibration of the binding reaction
mixture, the digestion was initiated by the addition of 2 uL of
a DNase I solution [20 mM NaCl, 2 mM MgCl,, and 2 mM
MnCl, (pH 8)] whose concentration was adjusted to yield a final
enzyme concentration of 0.01 unit/mL in the reaction mixture.
The reaction was stopped by freeze-drying the mixture after
3 min. Samples were lyophilized and dissolved in 4 uL of an 80%
formamide solution containing tracking dyes. The DNA samples
were then heated at 95 °C for 3 min and chilled in ice for 3 min
before electrophoresis. Electrophoresis was performed for 2.5 h
(70 W, 50 °C) in TBE buffer [89 mM Tris base, 89 mM boric acid,
and 2.5 mM Na,EDTA (pH 8.3)]. The gel was transferred onto
Whatman 3MM paper and dried under vacuum at 80 °C for 2 h.
The gel was exposed overnight to X-ray film (Super RX, Fuji).

RESULTS AND DISCUSSION

Synthesis. Polyamides f-IPI (1) (14), PIPI (5), and nf-IPI
(8) (13) were synthesized following previously reported methods.
The synthetic strategy for preparing the other compounds
described in this paper is given in Scheme 1. Catalytic hydro-
genation of the nitro group of NO,-IPI (9) over palladium on
carbon afforded the amino product NH,-IPI (7). In separate
reactions, in situ coupling of amine 7 with acetic anhydride,
trifluoroaccetic anhydride, acetic ['*CJformic anhydride, and
methyl isocyanate provided the acetamido-IPI (2), trifluoroace-
tamido-IPI (3), *C-labeled f-IPI (6), and methylureido-IPI (4),
respectively, in reasonable yields. All compounds gave excellent
purity according to '"H NMR analysis, and the structures were
confirmed through NMR, IR, and mass spectral analyses.

Thermal Denaturation Experiments. Thermal denatura-
tion experiments were performed using four different DNA
sequences (Figure 2) to determine if the compounds with alter-
native N-termini were capable of stabilizing the DNA at elevated
temperatures. The DNA sequences included the cognate se-
quence for staggered binding of the IPI core ACGCGT, and
the cognate for overlapped binding of the IPI core AT*AG*T,
where T* and G* indicate T-G and G- T mismatch base pairs,
respectively. Two noncognate sequences were included as nega-
tive controls: the A/T-rich sequence AAATTT and a C/G-rich
sequence ACCGGT. The results listed in Table 1 reveal that only
compounds PIPI (5) and Ac-IPI (2) bound to the staggered
cognate sequence with sufficient affinity to cause stabilization of
the DNA at elevated temperatures (A7, = 3 and 2 °C,
respectively). Additionally, both 2 and 5 demonstrated selectivity
for the staggered cognate with this technique as AT, values of
0°C were obtained with the other DNA sequences. In comparison,
thermal denaturation studies have shown that f-IPI (1) binds
with a higher level of affinity to the staggered cognate sequence,



Article Biochemistry, Vol. 48, No. 24, 2009 5683

Table 1: AT, Values, Concentrations of Ligand at Which Footprint Appears, SPR-Derived Binding Constants, and AH Values Obtained from ITC for
Compounds 1-5, 7, and 8 with ACGCGT

compound ATy, (°C) footprint (uM)* Kog MY AG# (kcal/mol) AH" (kcal/mol) TAS' (kcal/mol)
£-IPI (1)° 9 0.05 1.9 x 108 —-11.3 -7.6 3.7
Ac-IPI (2) 2 0.1 2.1 % 10° -8.6 -52 34
TE-IPI (3) 0 5 2.6x10° —~74 -3.1 4.3
Mu-IPI (4) 0 1 5.0 x10° -78 no heat -
PIPI (5) 3 0.5 7.1 x10° -9.3 =32 6.1
H,N-IPI (7) 0 10—20 nd¢ - nd“ -
nf-IPI (8) 0 none nd“ - nd“ -

“From ref (/4). ® From ref (13). Not determined because polyamide 7 adhered to the plastic tubing of the Biacore SPR instrument. ¢Not determined
because it did not show any indication of binding by all other methods. “Lowest dose at which footprinting at the cognate 5-ACGCGT-3' sequence was
observed. ’Keq = (K,K»)'?. 8AG = —RT'In Keq- "AH = (AH, + AH>)2 (experiment run in duplicate). ‘Calculated from AG = AH — TAS .

Scheme 1: Synthetic Scheme for the Synthesis of Compounds 2—4, 6, and 7¢
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(1) 5% Pd/C, cold MeOH, H,, RT, 18 h; (ii) for Ac-IPI (2), aceticanhydride, Hunig’s base, DM AP, dry DCM, from 0 °Cto RT, 18 h; for
T£-IPI (3), acetic trifluoroacetic anh?/dride, dry DCM, from 0 °C to RT, 18 h; for Mu-IPI (4), methyl isocyanate, dry DCM, from 0 °C to
RT, 18 h; for '*C-f-IPI (6), acetic ['°C]formic anhydride, dry DCM, from 0 °C to RT, 18 h. Syntheses of 1 (/4), 5, and 8 (/3) have been

reported.

(AT, = 9 °C); however, the AT, values for 1 binding to
ACCGGT and AAATTT were found to be 1 °C in both cases.
3C-£-IPI (6) behaved identically to f-IPI (1) as anticipated. Non-
formyl-IPI (8), which should bind in an overlapped fashion, did
not stabilize the AT*AG*T sequence or any of the other
sequences. Neither did amino-IPI (7), Tf-IPI (3), or MU-IPI (4).

Circular Dichroism (CD ). CD experiments were conducted
with the five novel compounds (2—4, 6, and 7) and the four DNA
sequences outlined above, and the results were compared to
results obtained previously for 1, 5, and 8. The polyamide
solution was titrated into the DNA in 1 molar equiv increments
until past the point of saturation of the induced peak at ~320 nm,
which is indicative of binding of the ligands in the minor
groove (21). Moreover, the properly defined isodichroic points
on the titration spectra further suggest that the ligands bind to the
DNA through a single mechanism, presumably minor groove
binding. Figure 3 shows the CD plots of Ac-IPI (2), Tf-IPI (3),
Mu-IPI (4), H,N-IPI (7), and f-IPI (1). Plots of PIPI (5) have been
previously published (13); '*C-f-IPI (6) gave results identical to
those of 1, and nf-IPI (8) showed very little or no binding to any
of the sequences, including the T/G mismatched sequence
(AT*AG*T). Thus, spectra for these compounds are not shown
in this report. It can be observed that titration of Ac-IPI (2) to the
cognate sequence ACGCGT gave the highest DNA-induced
ligand band at ~320 nm (saturation observed at a molar ratio
of 2:1 for ligand to DNA) which is comparable to the parent
molecule 1. It is closely followed by Tf-IPI (3), which showed a
saturation of the DNA-induced band at a 3:1 ligand:DNA molar
ratio. Although Mu-IPI (4) and H,N-IPI (7) yielded a similar CD
response to 2 and 3, they did not show saturation with the
cognate sequence. This implies that they may not bind as strongly
to this DNA as polyamides 1—3 and PIPI (5) (8, 20). Moderately

strong induced bands were also observed for 2—4 with the
noncognate sequence ACCGGT, which was also the case with
f-IPI (1). Less moderate bands were also recorded for AAATTT,
however, to a lesser degree than the parent molecule, potentially
corroborating the increased selectivity of these compounds also
seen in the thermal denaturation experiments. None of the
compounds tested bound to the T/G mismatch-containing
sequence (AT*AG*T) with any significance, suggesting that
the alternate N-acylamido moieties do not compromise the
ability of the monomers to bind in the staggered motif. Remo-
val of an acylamido group significantly compromised binding
affinity.

Biosensor Surface Plasmon Resonance (SPR). SPR
analysis was carried out on compounds 2—4 and 7 to determine
their binding affinity (K.,) with three DNA sequences
(ACGCGT, ACCGGT, and AAATTT), and selected results
are given in Figure 4 along with the previously published f-IPI (1)
sensorgrams for comparison (/4). It is immediately apparent
from these results that compounds 2—4 bind preferentially to
their cognate sequence (ACGCGT) over the noncognate se-
quence (ACCGGT). It can also be observed that these com-
pounds demonstrate a higher degree of selectivity than the parent
f-IPI (1) which shows some binding to ACCGGT. Also of interest
are the binding kinetics. Notably, the dissociation rate of f-IPI (1)
is quite slow; rates for Ac-IPI (2), Mu-IPI (4), and PIPI (5) (13)
are intermediate, while the rate for Tf-IPI (3) is quite fast.
Unfortunately, SPR analysis could not be carried out on NH,-
IPI (7) as this polyamide had a propensity to stick to the plastic
tubing and other surfaces of the instrument. Since nf-IPI (8) did
not show significant DNA binding affinity by the other methods
(including DNase I footprinting which will be described later), it
was not tested by SPR.
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FIGURE 3: CD spectra of compounds 1, 3—5, and 7 binding to the four DNA sequences. Polyamides were titrated to a 9 uM DNA solution in
aliquots of 1 molar equiv (through 6 molar equiv) in 10 mM phosphate buffer [l mM EDTA and 50 mM Na™ (pH 6.2)]. Data were obtained using

an OLIS DSM20 spectropolarimeter.

Fitting the normalized responses versus ligand concentration
and using a two-site model (Figure 5B), we ascertained the
binding constants for compounds 2—4, and they are listed in
Table 1. It can be observed that none of the compounds
synthesized with the alternative N-terminal acylamido groups
display a higher binding constant than {-IPI (1). However, it
should be noted that compounds 2—5 exhibited a higher level of
selectivity for ACGCGT than the formamido parent molecule
f-IPI. According to the binding constants, the order of descend-
ing strength is as follows: f-IPI (1) > PIPI (5) > Ac-IPI (2) >
Mu-IPI (4) > Tf-IPI (3). Interestingly, compared to the acetyl
moiety, addition of polar groups to the acylamido group (Tf and
Mu) negatively impacted binding affinity. However, binding of
the stacked polyamides to ACGCGT was found to be positively
cooperative, in which the binding constant of the “second”
molecule is greater than that of the “first” molecule (K, >
K1) (8, 13, 14). This is an interesting discovery because “Ac,”
“Mu”, and “Tf” groups are bulkier than the formamido group
yet are capable of binding to the minor groove as a staggered and
stacked dimer. This is consistent with earlier reports showing that
Ac-containing polyamides, including hairpin polyamides, are
able to bind in the “stacked” configuration in the minor groove,
albeit with reduced affinity compared to their formamido
counterparts (22). The authors have suggested using results
obtained from an NMR study on complexes of hairpin poly-
amides with DNA that N-terminal acetylation leads to an
intramolecular steric clash for hairpin ligands bound in the minor
groove, promoting rotation of the spatially close C-terminal
heterocycle (22). This could explain the reduced affinity of the
bulkier polyamides 2—4 versus f-IPI (1). To gain further insight
into the steric hindrance—affinity relationship, we calculated the
molar volumes of four acylamido groups found in polyamides
1—4 using Molinspiration (23). The values are 42.907, 59.468,
74205, and 71.870 A%, respectively. The values provided a
linear and inverse relationship (data not shown) between molar

volumes and binding affinities (see Table 1) expressed in In K.y; as
the molar volume increased, affinity decreased. The pyrrole-2-
carboxamido-containing compound (PIPI, 5) was not included in
this analysis because it is structurally quite different from the
simpler acylamido groups found in compounds 1—4; hence, the
results would not be directly comparable.

Finally, although SPR studies were not conducted on amino-
IPI (7) and nf-IPI (8), on the basis of DNA melts, CD, and ITC
studies, as well as DNase I footprinting studies, it can be
extrapolated that their binding constants would be significantly
lower than those noted above.

Isothermal Titration Microcalorimetry (ITC). The ther-
modynamic parameters that govern the interactions of poly-
amides with DNA can be evaluated using ITC. Experiments were
conducted with the five novel compounds (2—4, 6, and 7) and the
four DNA sequences outlined above, and the results were
compared to results obtained previously for 1 and 5. ITC analyses
were not conducted for nf-IPI 8 as it did not show significant
binding with the previous techniques. Of the novel compounds,
only 2, 3, and 6 registered heat release, and only on binding to the
staggered cognate sequence. Compound 6 yielded a thermogram
comparable to that previously published for 1 (/4) as anticipated
and is thus not shown here, and the thermogram for PIPI (5) has
been published previously (/3). The thermograms for Ac-IPI (2)
and Tf-IPI (3) are depicted in Figure 5, and the enthalpy values
are listed in Table 1. It is noteworthy that alteration of the
formamido group has a significant effect on the enthalpic
component of the binding thermodynamics. As the N-acylamido
group becomes bulkier, such as Tf and P (molar volume of
1-methylpyrrole-2-carboxamide is 116.244 A%), the entropic
component of the binding predominates. The same trend was
observed for Mu-IPI (4), in which Mu is bulkier than Tf and Ac.
It has negligible enthalpy of binding; hence, the thermodynamics
of binding as evidenced by SPR studies must come almost
entirely from entropic gains. These results provide information
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Binding isotherms for Ac-IPI, Tf-IPI, and Mu-IPI with the ACGCGT hairpin as seen in panel A.

that shows that the formamido group must interact with DNA
through a mechanism that garners favorable enthalpy. Even
though the mechanism of interaction is unclear, it was thought
that there might be a possibility that the formamido group might
become hydrated when bound to DNA.

NMR Studies. To gain further insight into what the
N-formamido group of IPI might undergo upon binding to
ACGCGT, a "“C-labeled f-IPI (6) polyamide was synthesized
and studied. The impetus for this is the suggestion that in
the presence of water, the formamido moiety could form a
hydrate (12). Accordingly, hydration of the N-terminal forma-
mido of polyamide could alter the planar sp® hybridized geome-
try of the carbonyl group to a more “tetrahedral-like” state. Such

a change could cause the two stacked polyamide units to align in
a staggered format, which would increase the level of interactions
between the polyamides and DNA. By labeling the formamido
carbon atom, we are able to investigate this idea using '°C NMR
techniques. The '*C-labeled molecule 6 behaved identically to
f-IPI 1 in all of the experiments described above. NMR analyses
were performed with 6 using a decamer containing the staggered
cognate sequence ACGCGT (CGCGnmr) as used in previous
NMR studies of f-IPI (1) (/4). The "H NMR spectrum of the 2:1
complex of polyamide 6 with CGCGnmr was identical to that
reported for f-IPI (1) bound to the same decamer (data not
shown). The '*C NMR spectrum of the 2:1 complex of '*C-f-IPI
(6) and ACGCGT (CGCGnmr) gave only one signal at 162 ppm
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F1GURE 5: ITC thermograms (top) and integrated data (bottom) of (A) Ac-IPI (2) and (B) Tf-IPI (3) for binding to ACGCGT.

(external reference was CDCl; at 77 ppm). In comparison, the *C
NMR signal of the ligand dissolved in the same phosphate buffer
was recorded at 158 ppm (data not shown). These results provide
evidence that binding of f-IPI (1 or 6) to ACGCGT is not likely to
involve the formation of a hydrated formamido group, as that
would have resulted in an upfield shift of the signal. The *C NMR
signal for an acetal carbon is in the range of 90—100 ppm (24).

DNase I Footprinting. To further corroborate the sequence
selectivity of compounds 1—8, DNase I footprinting experiments
on 1 and 3 were performed using a 130 bp 5-**P-radiola-
beled DNA fragment containing the following sequences: 5'-
ACGCGT-3, 5-ATGCAT-3, 5-AAATTT-3, 5-TAGCTT-3,
and 5-ACTAGT-3'. The autoradiogram given in Figure 6 shows
that a footprint appears at the 5-ACGCGT-3' cognate site from
0.05 uM for compound 1 and 5 uM for 3. Secondary binding sites
containing the sequences 5Y-ATGCAT-3' and 5'-TAGCTT-3
were also observed at concentrations of =1 uM only with
compound 1.

DNase I footprinting experiments were performed with com-
pounds 2 and 7 using a second DNA of a 130 bp 5-¥P-
radiolabeled DNA fragment containing the following sequences:
5-ACGCGT-¥, 5-ACCGGT-3, ¥-AAATTT-3, 5-ACGTGT-
3, and 5'-AGCGCT-3'. Binding was observed at the cognate site
(5-ACGCGT-3) for compounds 2 and 7 at 0.1 and 10 uM,
respectively. From 10 M, minor binding sites were also observed
only for2at 5¥-ACCGGT-3, 5¥-ACGTGT-3, and 5-AGCGCT-
3. In contrast, evidence of nonspecific binding was observed for 7
at doses above 10 uM. These results provide an indication that
modification of the N-terminal acylamido can modestly improve
sequence specificity, which affirm the results obtained from the
aforementioned biophysical studies. However, as anticipated
from earlier results (10), changes to the N-terminus significantly
lowered binding affinity (Table 1).

Molecular Modeling Studies. Molecular visualization
studies of the complexes of acyl-IPI with ACGCGT were
conducted using the Tripos SYBYL modeling and visualization
package. On the basis of the published structure of staggered
polyamide binding, e.g., f-IPI (1) (14), the polyamide was docked
as a side-by-side stacked dimer in the minor groove. A short
molecular mechanics minimization (Tripos force field) was used
again to optimze the structure. The N-terminus of the polyamide
was then modified to each acyl group as described in the paper.
After another short molecular mechanics optimization run, the
interatomic distances were evaluated by standard methods in
SYBYL.

Modeling studies clearly show that f-IPI fits nicely into the
minor groove of the cognate ACGCGT sequence and can
hydrogen bond (NH to base acceptors) very effectively with
electron-rich atoms on the floor of the minor groove. The N-
terminal “H” of “f” fits into the groove and approaches the floor
of the groove without steric clash while providing favorable
stacking geometry and energetics with the opposite molecule of
the stacked dimer. With a CH; group in place of the H, some
steric clash with the bases at the floor of the groove occurs and
requires conformational rearrangement. Although rearrange-
ment can occur, it costs energy and can lead to additional clash
within the stacked dimer. A CF; group causes similar problems.
The observed effects with both compounds are basically due to
the polyamide being slightly too curved to match the minor
groove shape as the trimer system is extended. This also causes
some unfavorable interactions with a four-ring system, and the
expected binding enhancement is not seen on extending the trimer
f-IPI polyamide.

With the N-amino and non-f compounds, some of the favor-
able stacking energetics and van der Waals interactions with the
groove walls and opposite molecule in the dimer are lost.



Article

f-IPI Tf-IPI
(1) (uM)

(3) (uM)

T
G
Cc
G
C
A
T
A
Cc
G
T
A
T
T
T
-\ A
A
- A
e e

- - - - -
- e T
Ssoe semmm—. — o
o - - .- &
:. - C R L L L R G
Nees P A

- -

e e Y- - I |

- .

“
N E

-8  swwew
‘: 88. D558 ss

>O0-HA>»0 -

Ll R .—-—.‘..

Biochemistry, Vol. 48, No. 24, 2009 5687

Ac-IPI H2N4PI
(2) (uM) (7) (uM)
= c>c><-lF <Z:<-E (=)
oo'\—log o<t O D(Do*‘gglﬂg
3!

-

G

| c

— &

o}

— ¢

T

G

: —/ G

B o}

- —/ C

! A

g - | _ T

T

-

A

—/ A

A

— T

G

T

G

- €

A

—F

c

G

G

G

A

N

FIGURE 6: DNase I footprinting of compounds 1—3 and 7 using two different 130 bp 5'-**P-radiolabeled DNA fragments showing the sites 5'-
ACGCGT-3, 5-ATGCAT-3, ¥-AAATTT-3, ¥-TAGCTT-3, and 5-ACTAGT-3' (left) or ¥-ACGCGT-3', ¥-ACCGGT-3, -AAATTT-3,
5-ACGTGT-3, and 5-AGCGCT-3 (right). DNA is the undigested control, and G + A is the sequencing lane.

CONCLUSIONS

A number of important conclusions can be deduced from these
results. (1) Having an acylamido group at the N-termini
of polyamides is crucial for improving DNA binding affinity.
Consistent with the formamido group, the N-acylamido groups
also promoted the polyamides to bind ACGCGT through
the stacked and staggered motif. (2) Increasing steric bulk at
the N-terminus (1—4) reduces binding affinity. (3) Adding polar
atoms, such as fluorine atoms to Tf (3) and a N-methylamino
group to Mu (4), to the N-terminal acylamido group has little
effect on binding affinity. (4) Replacing the formamido group can

lead to an enhancement in sequence preference (1—5), but at the
expense of binding affinity. Even though these findings are
important and they add to our understanding of how polyamide
analogues of distamycin bind DNA, the fundamental questions
of why the formamido group has such a dramatic effect in
enhancing the binding constant and why N-acylamido com-
pounds prefer to stack in a staggered fashion remain to be
answered.
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