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ABSTRACT

To investigate the binding of 5'-CpG-3' sequences
by small molecules, two pyrrole (Py)-imidazole (Im)
hairpin polyamides, PylmPylm-y-PylmPylm-$-Dp (1)
and Pylm-p-Im-y-Pylm-p-Im-p-Dp (2), which recog-
nize the sequence 5'-CGCG-3', were synthesized.
The binding affinities of the 5'-CGCG-3' sequence to
the Py-Im hairpin polyamides were measured
by surface plasmon resonance (SPR) analysis.
SPR data revealed that dissociation equilibrium
constants (Ky) of polyamides 1 and 2 were 1.1
(+ 0.3)x10°M and 1.7 (+ 0.4) x 10°M, respec-
tively. Polyamide 2 possesses great binding affinity
for this sequence, 65-fold higher than polyamide 1.
Moreover, when all cytosines in 5-CpGpCpG-3’
were replaced with 5-methylcytosines ("Cs), the K4
value of polyamide 2 increased to 5.8 (& 0.7) x 107°
(M), which indicated about 3-fold higher binding
than the unmethylated 5'-CGCG-3’ sequence. These
results suggest that polyamide 2 would be suitable
to target CpG-rich sequences in the genome.

INTRODUCTION

N-Methylpyrrole (Py)-N-methylimidazole (Im) polyam-
ides can recognize pre-determined DNA sequences in the
minor groove of B-DNA (1,2). All four Watson—Crick
base pairs can be recognized using different pairings of
three aromatic amino acids oriented in the aminocarboxyl
(N-C) direction with respect to the 5-3’ direction of
the DNA helix, i.e. with a pairing of Im/Py or Py/Im
specifying G-C or C-G base pairs, respectively, a pairing of
3-hydroxypyrrole (Hp)/Py or Py/Hp specifying T-A or

A-T base pairs, respectively, and a Py/Py pairing being
able to degenerately recognize A-T or T-A base pairs (1,2).
Aliphatic B-alanine can be replaced with Py. Py/p and
B/Py pairings are found to recognize A-T/T-A pairs
relative to G-C/C-G pairs. The Im/f pairing is found to
target G-C relative to C-G, A-T, and T-A, while the /Im
pair targets C-G relative to G-C, AT, and T-A. (3,4).
As Py-Im polyamides bind to DNA with affinity and
sequence-specificity comparable to DNA-binding pro-
teins, gene expression can be regulated by competitive
displacement of transcription factor from DNA target
sequences (5). Several approaches have been reported for
targeting DNA sequence at transcription factor binding
sites in a promoter region (6-9). This region is highly GC
rich and possesses high relative densities of 5-CpG-3'
sequences, called CpG islands (10-12). In addition,
cytosines in this 5-CpG-3’ sequences can be methylated
to S-methylcytosines (5-meCs) in post-replication pro-
cesses. Methylation of DNA is closely associated with
transcriptional regulation (13,14). Methylated DNA bind-
ing proteins (MDBs) recruit histone deacetylases
(HDACS) and form heterochromatin structures to inacti-
vate gene expression. Aberrant methylation of CpG
islands in promoter regions of tumor suppressor genes
(such as Rb, pl6 and other genes) causes cancer
proliferation (15-20). Although targeting 5-CpG-3’
sequences has great potential for controlling biological
activities, there are few examples of hairpin polyamides
recognizing regions including 5—CpG-3" sequences (1-3).
In this article, two Py-Im hairpin polyamides that
recognize 5~CGCG-3’ sequences 1 and 2 were synthe-
sized. Polyamide 2 possesses two B-alanine units, replacing
the Py units of 1 (Figure 1a). The binding affinities of these
polyamides to unmethylated and methylated 5-CGCG-3'
sequences were investigated using surface plasmon reso-
nance (SPR) analysis.
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Figure 1. Synthetic scheme of Py-Im polyamides 1 and 2 recognizing 5-CGCG-3’ sequence.

MATERIALS AND METHODS
Synthesis of Fmoc—Py—Im—COOH dimer unit

Py—-Im hairpin polyamides that recognize 5—CpG-3’
sequences are limited because of the difficulty of coupling
Py after Im on solid phase (21). To solve this problem,
the Fmoc—Py-Im—COOH dimer unit (4-[9-fluorenyl-
methoxycarbonyl-{(4-amino-1-methylpyrrole-2-yl)—carbo-
nylamino}]-1-methylimidazole-2-carboxylic acid) was
prepared from methyl-{4-(4-nitro-1-methylpyrrole-2-yl)—
carbonylamino}]-1-methylimidazole—2-carboxylate  (22).
To a solution of starting material in methanol/
dichloromethane (v/v: 2/1), Pd/C was added and stirred
overnight at room temperature under H, gas pressure
(3.0atm). After the completion of the reaction, as
determined by TLC, Pd/C was filtered, and the filtrate
was concentrated under reduced pressure. To the resultant
red oil product, aqueous NaOH solution was added and
stirred overnight at 45°C under an argon atmosphere.
After the completion of hydrolysis, as determined by TLC,
the solution was neutralized with dilute hydrochloric acid
and concentrated under reduced pressure. The resultant
yellow solid was dissolved in saturated aqueous sodium
hydrogen carbonate and 1,2-dimethoxyethane. The
9-fluorenylmethyl-succimidyl carbonate was added and
stirred overnight at room temperature under an argon
atmosphere. After the completion of the reaction,
as determined by TLC, the solution was concentrated,
and dilute hydrochloric acid was added. The orange

precipitation was filtered to obtain 4.0g (69% yield) of
product. The compound was identified by ESI-MS using
an API165E (Applied Biosystems) and '"H-NMR using
a JEOL JNM-FX 400 nuclear magnetic resonance
spectrometer (JEOL). '"H NMR (400 MHz, DMSO-d6) &
10.61 (s, 1H; NH), 9.47 (s, 1H; NH), 7.89 (d, J = 6.8 Hz,
2H; Ph-H), 7.73 (d, J = 6.8 Hz, 2H; Ph-H), 7.59 (s, 1H;
Im-H), 7.42 (t, J = 7.2 Hz, 2H; Ph-H), 7.34 (t, / = 7.2 Hz,
2H; Ph-H), 7.00 (s, H; Py-H), 6.94 (s, H; Py-H), 4.40
(d, J=5.6Hz, 2H; CH,), 4.27 (t, /= 6.0Hz, 1H; CH),
3.91 (s, 3H; NCH3), 3.90 (s, 3H; NCHj;). ESI-MS m/z
caled for C,sH»oNeOs [M + H] © 486.17, found 486.2.

Synthesis of PyImPyIm—y—PyImPyIm—p-Dp (1)

Py—Im polyamide 1 was synthesized by Fmoc-based solid-
phase methods on Fmoc-B-Alanine-CLEAR-Acid resin
(Peptides International), as described previously (22,23).
After completion of the synthesis, polyamides were
cleaved from the resin using N,N-dimethylamino-
3-propaneamine to afford 1. A product was purified by
reverse-phase HPLC, and 1 was obtained as 26 mg (22%
yield) of yellow powder. The structures of polyamides 1
and 2 were identified by '"H-NMR using a JEOL INM-FX
400 nuclear magnetic resonance spectrometer (JEOL)
and ESI-TOFMS using a BioTOF II (Bruker Daltonics)
mass spectrometer. UV-visible spectra were measured
with a NanoDrop spectrophotometer (NanoDrop
Technologies) and the concentrations of the polyamides



were determined. '"H NMR (400 MHz, DMSO-d6) § 10.44
(s, 1H; NH), 10.36 (s, 1H; NH), 10.30 (s, 2H; NH),
9.80 (s, 1H; NH), 9.79 (s, 1H; NH), 7.92 (br, SH; NH),
7.48 (s, 2H; Im-H), 7.39 (s, 2H; Im-H), 7.24 (s, 1H; Py-H),
7.23 (s, 1H; Py-H), 6.89 (s, 2H; Py-H), 3.93 (s, 6H; NCH3),
3.90 (s, 6H; NCH3), 3.80 (s, 6H; NCH3), 3.50 (br, 4H;
CH,), 3.41 (q, / = 6.0Hz, 2H; CH»), 3.04 (q, J/ = 6.0 Hz,
2H; CH,), 2.58 (q, J=6.0Hz, 4H; CH,), 2.32
(t, J=6.0Hz, 2H; CH,), 2.26 (br, 4H; CH,), 2.14
(s, 6H; NCHj), 1.95 (s, 3H; COCHj;), 1.78 (qui,
J =17.2Hz, 2H; CH,), 1.51 (qui, J = 7.2Hz, 2H; CH,);
ESI-TOFMS WI/Z caled for C57H71N25011 [M + H]Jr
1179.57, found 1179.55. UV (DMSO): 310 (78,400).

Pylm—p—Im—y—-PyIm—3—Im—f—Dp (2)

Py-Im polyamide 2 was synthesized according to a
procedure similar to that for polyamide 1. A product
was purified by reverse-phase HPLC, and 1 was obtained
as 6.0mg (4.7% yield) of yellow powder. 'H NMR
(400 MHz, DMSO-d6) 6 10.33 (s, 1H; NH), 10.27 (s, 1H;
NH), 10.26 (s, 2H; NH), 9.88 (s, 1H; NH), 9.85 (s, 1H;
NH), 9.84 (s, 1H; NH), 9.81 (s, 1H; NH), 8.01
(t, J = 6.0Hz, 1H; NH), 7.93 (br, 2H; NH), 7.54 (s, 2H;
Im-H), 7.50 (s, 1H; Im-H), 7.49 (s, 1H; Im-H), 7.38 (s, 1H;
Py-H), 7.37 (s, 1H; Py-H), 7.26 (s, 1H; Py-H), 7.23
(s, 1H; Py-H), 7.14 (s, 2H; Py-H), 6.92 (s, 2H; Py-H), 3.97
(s, 6H; NCHs;), 3.93 (s, 6H; NCH3), 3.86 (s, 3H; NCH3),
3.85 (s, 3H; NCHj), 3.83 (s, 6H; NCHj), 3.44
(q, J = 6.4Hz, 2H; CH;), 3.37 (q, J = 6.4Hz, 2H; CH,),
3.07 (q, J = 6.4Hz, 2H; CH,), 2.34 (t, J = 6.4Hz, 2H;
CH,), 2.26 (br, 4H; CH,), 1.96 (s, 6H; NCHj;), 1.90
(s, 3H; COCHjy), 1.81 (t, J=7.2Hz, 2H; CH,), 1.56
(t, J=72Hz, 2H; CH,); ESI-TOFMS m/z calcd for
CssH73N2,Op; [M + H]' 1281.59, found 1281.96. UV
(DMSO): 295 (58 800).

Measurement of binding constants by SPR

SPR experiments were performed using a BIACORE X
instrument (GE Healthcare), as described in previous
studies (24,25). Biotinylated hairpin DNA ODNI
(5-Biotin-GGCCGATCGCGATGCTATAGCATCGC

GATCGGCC-3) and ODN2 (5-Biotin-GGCCGAT
TCG"CGATGCTATAGCAT"CG"CGATCGGCC-3')

and ODN3 (5-Biotin-GGCCGATCGAGATGCTAT
AGCATCICGATCGGCC-3'), including one base mis-
match base pair for recognition by polyamide 2, were
purchased from Sigma—Genosys (Figure 2). ODNs were
immobilized to streptavidin-coated sensor chip SA at a
flow rate of 5pul/min to obtain the wanted immobilization
level (up to approximately 1400 RU rise). Experiments
were accomplished using HBS-EP (10mM HEPES,
150mM NaCl, 3mM EDTA, and 0.005% Surfactant
P20) buffer with 0.1% DMSO at 25°C, pH 7.4. A series of
sample solutions with various concentrations were pre-
pared in HBS—EP buffer with 0.1% DMSO and injected at
a flow rate of 20 pul/min. In order to measure dissociation
equilibrium constants (Ky), data processing was per-
formed with an appropriate fitting model using the
BIAevaluation 4.1 program (26). The sensorgrams of
polyamides 1 (Figure 3) and 2 (Figure 4) for ODNI and
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- G

X = Biotin  MC = 5-methylcytosine

Figure 2. Sequences of 5-biotinylated hairpin DNA (ODNI1- 3). X
represents biotin, and ™C represents 5-methylcytosine. The binding
sequences of the polyamides are shown in bold. The mismatch-
recognition bases are denoted in italics and underlined.

ODN2 were fitted by using a 1:1 Langmuir binding model
with mass transfer effect. The sensorgrams of polyamide 2
for ODN3 (Figure 5) were fitted using a general fitting
mode because of non-kinetic curves resulting from
the rapid dissociation (26). The values of Ky for ODNI,
ODN2 and ODN3 are summarized in Table 1.

RESULTS AND DISCUSSION
Design and synthesis of Py—Im polyamides

Py-Im polyamides 1 and 2, which bind to a target
5'-CGCG-3’ sequence, are shown in Figure 1. Replace-
ment of Py with a B-alanine can increase binding affinity
(3). B-alanine was introduced to polyamide 2 to provide
flexibility in the polyamide structure. Both polyamides
were prepared by Fmoc-based solid-phase synthesis.
Because of the difficulty of coupling Py after Im (21),
Fmoc-Py-Im—COOH dimer units were prepared and used
for the solid-phase synthesis of 1. After completion of the
synthesis, the polyamides were cleaved from the resin
using N,N-dimethylamino-3-propancamine to afford 1
and 2. Products were purified by reverse-phase HPLC,
and the structures of polyamides 1 and 2 were identified by
"H-NMR and ESI-TOFMS.

Binding to the unmethylated 5'-CGCG-3' sequence
(ODN1) by polyamides 1 and 2

For the measurement of binding by polyamides 1 and 2,
SPR  experiments were performed. 5'-Biotinylated
hairpin DNA (ODN1) containing a single match site
(5-TCGCGAT-3') was prepared. DNA was immobilized
to a streptavidin-coated sensor chip, and the polyamide
solutions were injected. The SPR sensorgrams obtained
are shown in Figure 3a and b. In the case of polyamide 1,
modest response curves were observed, even at micro-
molar concentrations (Figure 3a). The K4 was determined
at 1.1 (£0.3)x 107°M. Compared with 1, the res-
ponse curve was observed from 2.5 nM (Figure 3b).
Polyamide 2 has an affinity high enough to bind DNA at
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Figure 3. SPR sensorgrams for the interaction of polyamides with ODN1 in HBS-EP buffer (pH 7.4) with 0.1% DMSO at 25°C. (a) Sensorgrams of
1 at concentrations from 50 to 10000 nM. (b) Sensorgrams of 2 at concentrations from 2.5 to 160 nM.
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Figure 4. SPR sensorgrams for the interaction of polyamides with ODN2 in HBS-EP buffer (pH 7.4) with 0.1% DMSO at 25°C. (a) Sensorgrams of
1 at concentration from 50 to 10000 nM. (b) Sensorgrams of 2 at concentration from 2.5 to 160 nM.
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Figure 5. (a) SPR sensorgrams for the interaction of polyamides 2 with
ODN3. Sensorgrams of polyamide 2 at concentration from 25 to
1450 nM.

nanomolar concentrations. The Ky was determined at 1.7
(£0.4) x 10 M, 65-fold lower than for 1. These results
showed that polyamide 2 exhibited higher binding affinity
relative to polyamide 1 for this sequence. The increased
binding affinity of 2 can be explained as in the case of
binding to 5-GCGC-3’ sequence by hairpin polyamides.

Dervan and coworkers demonstrated that the polyamide
Im—B-ImPy—y—Im—B-ImPy—B-Dp has a 100-fold greater
binding affinity over the polyamide ImPylmPy—y—
ImPyImPy—B-Dp for the sequence 5-GCGC-3’ (3). The
aliphatic B-alanine unit gives flexibility to the polyamide
structure and optimizes the positioning of the imidazole
amino acids on binding to the 5-CGCG-3" sequence.
Therefore, polyamide 2 binds the 5-CGCG-3" sequence
with good affinity.

Binding to methylated 5'-CGCG-3' sequence (ODN2)

Mammalian promoter regions contain highly methylated
5'-CpG-3’ sequences. Therefore, we investigated whether
cytosine methylation may influence DNA binding by
Py—Im hairpin polyamides. We measured the binding
affinities of 1 and 2 by using ODN2, which contains four
"MCs in place of cytosines in the binding site of ODNI1. The
obtained SPR sensorgrams are shown in Figure 4a-b.
From the SPR data, the Ky of polyamides 1 and 2
were determined at 8.6 (£3.1)x107’M and 5.8
(£0.7) x 1072 M, respectively. As with the results with
ODN1, the binding affinity of polyamide 2, with B-alanine
introduced, was much higher (over 100-fold, Table 1)
than polyamide 1. Interestingly, the binding affinity of



Table 1. Dissociation equilibrium constants (M) for polyamides 1-2
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Polyamide 1 Kp (M)

Affinity®

Polyamide 2 Kp (M) Affinity?

5——=T CGCGAT
ODNI S2$8¢ ) 11@ox10® 1
33— AGCGCTA
5—TCGCGAT
ODN2 W )  8.6(@3.1)x107 1.3
s»—acGc™cGccTaA
ODN3

§——TCGCGAT
S2e%¢ ) 17@0g)x10® 65
33—A GCGCTA

5——TTCGECGAT
S28%¢ ) sseo7x10° 190

y—AGCGCTA

5=—TCGAGAT
Qe38 ) 26¢0mx107 42
3 —p G C E' CTA

Kp values are shown as the average and standard derivative from two experiments for each sample.
“Affinity indicates the relative binding affinity to polyamide 1 for ODNI1. White circles represent pyrroles, black circles imidazoles, diamondes
B-alanine, and the terminal moiety is N,N-dimethylamino-3-propanediamine.

polyamide 2 to ODN2 increased 2.9-fold over ODNI.
Conversely, polyamide 1 binding to ODN?2 is comparable
to ODNI. These results suggest that cytosine methylation
does not disrupt the binding of Py-Im polyamides and
would positively contribute to the binding of polyamide 2.
This result was somewhat surprising because methylation
of cytosines is assumed to cause little effect on the global
structure of the B form of DNA, and the methyl groups of
the ™Cs protrude into the major groove of DNA, which is
located opposite to the polyamide binding site in the
minor groove. However, it is known that the reactivities
of some DNA-interacting drugs are affected by cytosine
methylation. For example, benzo[a]pyrene and mitomycin
C show increased covalent adduct formation (27-30),
while bleomycin gives a decreased cleavage reaction (31),
although these drugs act in the DNA minor groove.
The precise reason for the stronger binding of polyamide
to the methylated DNA is not clear, however, hydro-
phobic and electronic factors would contribute to this
phenomenon.

Binding to a mismatch sequence (ODN3)

To confirm the sequence-specificity of polyamide 2, we
measured the binding affinities of 2 using ODN3, which
contains a single mismatch in the binding site of ODNI.
The average K4 of polyamide 2 to ODN3 was determined
to be 2.6 (£0.1) x 107" M from the steady-state binding
levels of the fitting curves, because it was inaccurate to
evaluate the Ky value from kinetic parameters as a
result of the rapid dissociation. This Ky value indicated
that the binding of polyamide 2 is 15 times weaker to a
single mismatch sequence ODN3 than to match sequence
ODNI, and polyamide 2 binds almost 45 times more
strongly to methylated ODN2 than to a single
mismatch ODN3. This result suggests that polyamide 2
has a great affinity for the methylated 5-CGCG-3’
sequence.

CONCLUSION

We synthesized and evaluated Py—Im hairpin polyamides
that bind the sequence 5-CGCG-3'. Polyamide 2 has a
high affinity to this sequence at nanomolar concentrations.
Methylation of cytosines in the binding site affected the
binding of polyamide 2, with about a 3-fold increase. The
influence of binding by Py—Im polyamides on subsequent
cytosine methylation was not investigated. These results
suggest that proteins that bind to unmethylated and
methylated CpG sequences may be inhibited by Py—Im
polyamides such as 2. Methylation of CpG islands and
binding to methylated 5-CpG-3’ sequences by methyl-
ated DNA-specific binding proteins play significant roles
in transcriptional regulation and maintenance of genomic
stability (32-36). Novel biological phenomena may be
observed by regulating binding in this region using Py—Im
polyamides.
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