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Pyrrole-imidazole (PI) polyamides are a novel group of gene-silencing compounds, which bind to a
minor groove of double stranded (ds)DNA in a sequence-specific manner. To explore the RNA binding prop-
erties of PI polyamides targeting rat transforming growth factor-f1 (TGF-f1 Polyamide) and influenza A
virus (PA polyamide), we designed dsRNAs with an identical sequence to the target DNA and analyzed RNA
binding properties of the polyamide. Biacore assay showed fast binding of TGF-£1 Polyamide to the dsRNA,
whereas mismatch polyamide did not bind to the dsRNA. Dissociation equilibrium constant (KD) value was
6.7%1077 of the target dsRNA. These results indicate that PI polyamide could bind to RNA with a 2 log lower
binding affinity than its DNA-binding affinity. We designed a PI polyamide targeting the panhandle stem re-
gion of influenza A virus. KD value of the PI polyamide to dsRNA targeting influenza A virus was 4.6x107".
Gel-shift assay showed that TGF-f1 and PA polyamides bound to the appropriate dsDNA, whereas these PI
polyamides did not show obvious gel-shift with the appropriate dsRNA. Structural modeling suggests that PI
polyamide binds to the appropriate B-form dsDNA in the minor groove, whereas it does not fit in the minor
groove to dsSRNA. Thus PI polyamides have a lower binding affinity with target dsSRNA than they do with
dsDNA. The distinct binding properties of PI polyamides to dsSRNA and dsDNA may be associated with dif-
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ferences of secondary structure and chemical binding properties between target RNA and DNA.
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Engineered inactivation of gene function is important for
elucidating the function of particular genes and may be used
in gene therapy, treatment of viral infection, cancer and other
diseases caused by aberrant gene expression. Gene function
can be inactivated at the DNA level by nucleic acid medicines
such as anti-gene! or antisense peptide nucleic acid, or at the
RNA level by antisense oligodeoxynucleotides,” ribozymes,”
small interfering RNA (siRNA),” and aptamers.”

Since these nucleic acid agents are easily degraded by
nucleases, suitable chemical modifications or drug-delivery
systems, including vectors, are required for their therapeutic
applications. Transcriptional regulation is essential for gene
expression. Initiation of transcription requires binding of
transcription factors to the cognate DNA response elements in
the gene promoter. Thus, we developed pyrrole-imidazole (PI)
polyamides as a novel gene-suppressing agent. PI polyamides
were first identified from duocarmycin A and distamycin A
and are small synthetic molecules that are composed of the
aromatic rings of N-methylpyrrole and N-methylimidazole
amino acids.”” Synthetic PI polyamides can bind to specific
nucleotide sequences in the minor groove of double-stranded
(ds)DNA with high affinity and specificity. PI polyamides are
completely resistant to nucleases and could be delivered into
tissues without any drug-delivery systems. Thus PI polyam-
ides will be useful tools for molecular biology and, potentially,
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medicine. Binding site specificity is dependent on the side-by-
side pairing of pyrrole (Py) and imidazole (Im): the Py/Im pair
targets the CG base pair, Py/Im recognizes the GC base pair,
and Py/Py binds both AT and TA base pairs.””

We demonstrated that PI polyamides targeting transforming
growth factor-f1 (TGF-f1) potentially and transcriptionally
improved progressive renal diseases,'®'? arterial stenosis and
hypertrophic scars.”” We also developed PI polyamides target-
ing lectin-like oxidative low-density lipoprotein (LDL) recep-
tor-1 for atherosclerotic diseases.'¥ These PI polyamides were
designed to bind to the transcription factor binding region in
the promoter region of dsDNA and powerfully suppress the
transcription of the target genes. It remains to be elucidated
whether the pairing rules of PI polyamide for the DNA double
helix are also available to bind to double-helical RNA. At the
time of writing there have been no reports on the RNA bind-
ing properties of PI polyamides.

Influenza A virus, a member of the Orthomyxoviridae fam-
ily, causes the most prevalent infection of the respiratory tract
in humans."” The current study was undertaken to explore the
RNA binding properties of PI polyamides targeting TGF-£1
and influenza A virus compared to their DNA binding proper-
ties.

MATERIALS AND METHODS

Designing of PI Polyamides The structures of the PI
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(A) PI polyamide targeting rat transforming growth factor-f1 (TGF-f1 Polyamide) was designed to span the boundary of the AP-1 binding site (—2303 to —2297) of rat
TGF-p1 promoter. Mismatch polyamide was designed to bind not transcription factor binding sites of the promoter. (B) PI polyamide targeting the polymerase acidic (PA)
genes of influenza type A genome consisting of 8 segments of single stranded RNA with negative sense (PA polyamide) was designed as a replication site for the influenza

virus.

polyamides used in this study are shown in Fig. 1. Polyamide
targeting rat TGF-f1 (TGF-f1 Polyamide) was designed to
span the boundary of the AP-1 binding site (—2303 to —2297)
of rat TGF-B1 promoter.!” Mismatch Polyamide was designed
to not bind transcription factor binding sites of the promoter
(Fig. 1A). PI polyamide targeting the polymerase acidic (PA)
genes of influenza type A genome consisting 8 segments of
single-stranded RNA with negative sense'® (PA Polyamide)
was designed to the replication site of influenza virus (Fig.
1B).

Synthesis of PI Polyamides Machine-assisted automatic
synthesis of hairpin type PI polyamides was performed with
a continuous-flow peptide synthesizer (PSSM-8, Shimadzu,
Kyoto, Japan) on a 0.lmmol scale (200mg of Fmoc-b-
alanine-CLEAR Acid Resin, 0.50meq/g, Peptide Institute,
Osaka, Japan). Automatic solid phase synthesis was under-
taken with the following series of steps: washing with di-
methylformamide (DMF); removal of the Fmoc group with
20% piperidine/DMF; washing with methanol; coupling
with a monomer in the presence of 1-[bis(dimethylamino)-
methylene]-5-chloro-1H-benzotriazolium 3-oxide hexafluoro-
phosphate (HCTU) and diisopropylethylamine (4eq each) for
60min; washing with methanol; protection with acetic anhy-
dride/pyridine; and a final DMF washing step. After removal
of the Fmoc group from the Fmoc-fS-alanine-Wang resin, the
resin was washed successively with methanol. The coupling
step was performed with Fmoc-amino acid followed by wash-

A
TGF-p1 DNA 5’ Biotin GGAAACTTGAGTCAGGTGGGCTT
3 CCTTTGAACTCAGTCCACCCG TT
TGF-f1 RNA 5 Biotin GGAAACUUGAGUCAGGUGGGCY U
3’ CCUUUGAACUCAGUCCACCCG | u
B
PA DNA 5’-Biotin-AGTAGAAACAAGGTACTTTT T
3-TCGTTTTCGTCCATGACT A A
PA RNA 5‘-Biotin-AGUAGAAACAAGGUACUUUU U
3-UCGUUUUCGUCCAUGACU AA
Fig. 2. Sequence and Structure of Biotin-Labeled Target Double-

Stranded DNA or Double-Stranded RNA Corresponding to (A) Rat
Transforming Growth Factor-f1 (TGF-f1) Promoter and (B) Influenza A
Virus Panhandle (PA) Region

Binding site of PI polyamides are indicated with bold typeface.

ing with methanol. These steps were repeated until the entire
sequencing was complete. After the coupling steps were com-
pleted, the N-terminal amino group was protected and washed
with DMF, and the reaction vessel was drained. The synthetic
polyamides were isolated after the cleavage step (SmL of 91%
trifluoroacetic acid (TFA)-3% triisopropylsilane (TIS)-3%
5 dimethylsulfide (DMS)-3% water/0.l mmol resin) by cold
ethyl ether precipitation. The synthetic polyamides were iso-
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Fig. 3. Typical Surface Plasmon Resonance Sensorgrams (Biacore Assays) for the Interaction of PI Polyamides Targeting Rat Transforming Growth
Factor-f1 (TGF-£1) Promoter with Double-Stranded (ds)DNA and dsRNA

Biacore assays for bindings of (A) PI polyamide targeting TGF-f1 and (B) mismatch polyamide to target dsDNA, and (C) PI polyamide targeting TGF-f1 and (D)
mismatch polyamide to target dSRNA. Biotin-labeled oligonucleotides without loop region were annealed for dsSDNA or dsRNA and were immobilized on a streptavidin-
functionalized sensor chip SA. The kinetics of interaction between PI polyamides and biotin-labeled ds-oligonucleotides were measured using a Biacore 2000 system. The
data of binding responses were fitted to Langmuir double molecular interaction model with mass transport.

Table 1. Kinetic Constants for the Interaction of TGF-A1 Polyamide with Target dsSDNA®

KD (m) KA (1/m) ky (1/s) k, (1/ms) Specificity”
Polyamide binding 2.41x107° 4.15x10* 1.89x107* 7.84X10* 68.5
(TGF-p1 polyamide)
Mismatch binding 1.65%1077 6.06X10° 3.14X107 1.90x10*

TGF-p1: transforming growth factor-f1, a) KD: dissociation equilibrium constant; KA: association equilibrium constant; k,: association rate constant; k,: dissociation rate
constant. b) Specificity is defined as KA (Polyamide binding)/KA (Mismatch binding).

Table 2. Kinetic Constants for the Interaction of TGF-£1 Polyamide with Target dsSRNA®

KD (m) KA (1/m) ky (1/s) k, (1/ms) Specificity”
Polyamide binding 6.69x1077 1.49%10° 1.56x107" 2.33x%10° 54.6
(TGF-p1 polyamide)
Mismatch binding 3.66X107° 2.73%10* 1.13x1072 3.09x10%

TGF-p1: transforming growth factor-f1, a) KD: dissociation equilibrium constant; KA: association equilibrium constant; k,: association rate constant; k,: dissociation rate
constant. b) Specificity is defined as KA (Polyamide binding)/KA (Mismatch binding).

lated after the cleavage step (SmL of N,N-dimethylaminopro- were evaluated by the surface plasmon resonance technique
pylamine/0.1 mmol resin, 50°C overnight) by cold ethyl ether ~with a molecular interaction model. Biotin-labeled dsDNA
precipitation. Polyamides were purified by high performance or dsRNA corresponding to rat TGF-£1 promoters and to the
liquid chromatography (HPLC) with a PU-980 HPLC pump, a influenza A virus panhandle region were synthesized (Figs.
UV-975 HPLC UV/VIS detector (Jasco, Easton, MD, U.S.A.), 2A,B). Biotin-labeled oligonucleotides were annealed for
and a Chemcobound 5-ODS-H column (Chemco Scientific, dsDNA or dsRNA and were immobilized on a streptavidin-
Osaka, Japan). functionalized sensor chip SA (Biacore Life Sciences, Tokyo,

Surface Plasmon Resonance Technique The kinetics for Japan). The kinetics of interaction between PI polyamides
the binding of PI polyamides to the target dsSDNA and dsRNA and biotin-labeled ds-oligonucleotides were measured using
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Fig. 4. Gel Mobility Shift Assays for Double-Stranded (ds)DNA or dsRNA with PI Polyamides Targeting Rat Transforming Growth Factor-f1
(TGF-p1) Promoter

(A) One micromole of biotin-labeled dsDNA or dsRNA was incubated with 5 to 100um PI polyamide targeting TGF-f1 (TGF-f1 Polyamide) and mismatch polyamide
(Mismatch) for 1h at 37°C. Those resulting complexes were separated by electrophoresis and visualized by luminescent image analyzer LAS-3000. ss(S): single-stranded

sense, ss(AS): single-stranded antisense.
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Fig. 5.
handle (PA) Region with dsDNA and dsRNA

Typical Surface Plasmon Resonance Sensorgrams (Biacore Assays) for the Interaction of PI Polyamides Targeting Influenza A Virus Pan-

Biacore assays for bindings of PA polyamide e to target (A) dsDNA or (B) dsRNA. Biotin-labeled oligonucleotides without loop region were annealed for dsDNA or
dsRNA and were immobilized on a streptavidin-functionalized sensor chip SA. The kinetics of interaction between PI polyamides and biotin-labeled ds-oligonucleotides
were measured using a Biacore 2000 system. The data of binding responses were fitted to Langmuir double molecular interaction model with mass transport.

Biacore 2000 system (Biacore Life Sciences). The data of
binding responses were fitted to a Langmuir double molecular
interaction model with mass transport.

Gel Mobility Shift Assay Fluorescein-labeled DNA or
RNA corresponding to —2289 to —2310 (including the AP-1
binding site on rat TGF-f1) and to the PA genes of the influ-

enza type A genome were synthesized for gel mobility shift
assays. One micromole of the DNA or RNA was incubated
with 5 to 100 um TGF-f1 Polyamides and Mismatch Polyam-
ides or 0.1 to 200 um PA polyamides for 1h at 37°C. The re-
sulting complexes were separated by electrophoresis and visu-
alized by luminescent image analyzer LAS-3000 (FUJIFILM,
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Table 3. Kinetic Constants for the Interaction of PA Polyamide with Tar-
get dsDNA and dsRNA

KD (m) KA (1/m) ky (1/s) k, (1/ms)
dsDNA 3.44x10°% 2.91x107 441%x107° 1.28%10°
dsRNA 457107 2.19%10°  925x10°  2.02x10*

PA: influenza virus panhandle resion; a) KD: dissociation equilibrium constant;
KA: association equilibrium constant; k,: association rate constant; ky: dissociation
rate constant.

Tokyo, Japan).

Molecular Modeling Studies on Bindings of PI Poly-
amide to dsDNA and dsRNA Minimizations were per-
formed with the Discover (MSI, San Diego, CA, U.S.A.) pro-
gram using CFF force-field parameters. The starting dsDNA
structure was constructed using builder module of program
Insight II using standard bond lengths and angles. Where
the every three upper and lower sides of Watson—Crick base
pairs were fixed, TGF-f1 Polyamide was inserted in B-form
dsDNA. Ideal A-form RNA was also generated using the
Insightll/Discover program. Coordinates of Pl polyamide to
A-form dsRNA docked in the minor groove of the putative
position.

RESULTS

Bindings of TGF-f1 Polyamide with Target RNA or
DNA Figure 3 shows the kinetics of TGF-£1 Polyamide and
Mismatch Polyamide bindings with target dSRNA or dsDNA
obtained from fitting resulting sensorgrams (Biacore assay).
Fast binding of TGF-pA1 Polyamide to the target dsDNA oc-
curred relative to that of Mismatch Polyamide to allow match
binding to reach equilibrium at high concentrations (Fig. 3A).
Biacore assay revealed that TGF-f1 Polyamide also showed
fast binding to double-stranded RNA, whereas Mismatch
Polyamide did not bind to dsRNA (Fig. 3B).

Tables 1 and 2 show the kinetic constants for the interaction
of TGF-f1 Polyamide and Mismatch Polyamide with the target
dsDNA and dsRNA. Dissociation equilibrium constant (KD)
was 2.4%107? and association rate constant (k,) was 7.8X10*
for the interaction of TGF-S1 Polyamide with the target DNA
(Table 1), while KD was 6.7X10 7 and k, was 2.3X10° with the
target RNA (Table 2). The KD of Mismatch Polyamide was
1.7X1077 for the target DNA and 3.7X1075 for the target RNA
(Tables 1, 2). These results indicate that TGF-f1 Polyamide
bound RNA with a 2 log lower binding affinity than its DNA-
binding affinity.

Figure 4 shows gel mobility shift assays for bindings of
TGF-f1 Polyamide to dsDNA and dsRNA. TGF-$1 Polyam-
ides (5 to 100 um) bound to the appropriate dsDNA, whereas
Mismatch Polyamide did not bind to the appropriate DNA
(Fig. 4A). Concentrations of 5 to 100um TGF-f1 PI polyam-
ides and Mismatch Polyamide did not show obvious gel-shift
with the appropriate dsSRNA (Fig. 4B).

Bindings of PA PI Polyamide on Target RNA or DNA
Next, we evaluated the bindings of PA Polyamide with dsDNA
and dsRNA, targeting the PA genes of influenza type A virus.
Biacore assay showed fast binding of PA Polyamide to the
target dsDNA, compared to that of Mismatch Polyamide, al-
lowing match binding to reach equilibrium at high concentra-
tions (Fig. 5A). Biacore assay revealed that PA Polyamide also
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Fig. 6. Gel Mobility Shift Assays for Double-Stranded (ds)DNA or
dsRNA with PI Polyamides Targeting the Influenza A Virus PA Region

(A) One micromole of dsDNA or dsRNA was incubated with 0.1 to 200 um PA
polyamides for 1h at 37°C. Those resulting complexes were separated by electro-
phoresis and visualized by luminescent image analyzer LAS-3000 (FUJIFILM,
Tokyo, Japan).
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showed fast binding to dsRNA (Fig. 5B). For the interaction of
PA polyamide with a model DNA of the PA gene, the KD was
3.4x107® and the k, was 1.3X10° (Table 3). For the interaction
of PA polyamide with a model RNA of the PA gene, the KD
4.6x1077 and the k, was 2.0X10* (Table 3).

Gel mobility shift assays for bindings of PA polyamide to
dsDNA and dsRNA are shown in Fig. 6. PA Polyamides (0.1
to 200 um) bound to the appropriate dsDNA (Fig. 6A), whereas
the same concentrations of PA PI polyamides did not show ob-
vious gel-shift with the appropriate dsSRNA (Fig. 6B).

Structural modeling for bindings of TGF-£1 polyamide to
dsDNA and dsRNA are shown in Fig. 7. TGF-f1 polyamide
was demonstrated to bind to the appropriate B-form dsDNA
in the minor groove (Fig. 7A), whereas TGF-f1 Polyamide did
not fit in the minor groove to appropriate A-form dsRNA (Fig.
7B).

DISCUSSION

Since present vaccines and drug therapy are of limited
value in influenza prevention, RNA targeting nucleic medi-
cines such as ribozyme and siRNA''® have been developed
for the influenza virus. However, these nucleic acid medicines
have not been established as standard therapies.

RNA targeting compounds bind to RNA in a variety of
manners. Antisense oligonucleotides and ribozymes hybrid-
ize specifically to complementary RNA sequences via Wat-
son—Crick base pairing. The RNA binding proteins interact
with two successive minor grooves and across the intervening
major groove on one face of a primarily A-form RNA helix.'”
Antibiotics such as aminoglycosides, tobramycin and kana-
mycin A bind to GA pairs, GG pairs and the pyrimidine-rich
region in RNA internal loop, respectively.”® Most of these
RNA-binding compounds show structure-based specificity,
targeting combinations of non-paired elements such as hair-
pins, bulges, and internal loops in RNA structure.”"

It has been reported that the minor-groove-binding natural
products netropsin and distamycin, and the dye Hoechst show
low affinity for RNA, whereas aminoglycosides and intercala-
tors do not distinguish between binding to DNA and RNA.??
The binding of PI polyamide to dsDNA, Py and Im 1:1 com-
plex is considered to be by way of shape-selective recognition,
with the crescent Py—Py binding snugly with the walls of the
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Fig. 7. Putative Binding Structures of dsDNA (A) and dsRNA (B) with PI Polyamide Targeting Rat Transforming Growth Factor-f1
DNA complexes were calculated to minimize by InsightII/Discover. DNA and RNA are indicated by grey color. PI polyamides are indicated by orange color.

narrow minor groove of an A-T tract of DNA. The NHs of
the carboxamides pointed toward the minor groove floor of
the helix making specific hydrogen bonds with the A-T and
T—A base pairs as N; of A and O, of T. Thus, Im-replacing
Py rings read the exocyclic NH, of G, C base pairs in the 1:1
complex in the steric mechanisms.?¥ In the present study, we
evaluated the RNA binding ability of PI polyamides according
to their DNA binding principles.

In the present experiments, the Biacore assay showed obvi-
ous binding of TGF-f1 Polyamide to dsSRNA. The KD value
(7X1077) was two log lower than KD value (2.4X107%) to
dsDNA. PA polyamide also showed fast binding to dsRNA.
These results indicate that TGF-f1 Polyamide bound RNA
with a 1 to 2 log lower binding affinity than its DNA-binding
affinity. The gel shift assay, however, did not show an obvious
shift of PI polyamide with target RNAs. The binding constant
of PI polyamide with target dsSRNA was 107’m compared to
10 °m in DNA binding, indicating a very weak bind between
TGF-f1 Polyamide and the target RNA.

A recent study investigated the binding of PI polyamides
to RNA by thermal melting temperature analysis to compare
the ability of three distinct structural PI polyamide molecules
to bind to helical DNA and RNA, and found that the distinct
structural PI polyamides show a large thermal stabilization to
dsDNA, which is not affected by the structural differences,
whereas PI polyamides did not show the thermal stabilization
to dsRNA. The authors of the study structurally analyzed pu-
tative binding sites of PI polyamides on A-form target dsSRNA
and demonstrated a lack of shape complementarity for RNA
with the PI polyamides, whose Py and Im subunits are known
to be slightly overcurved relative even to a DNA helix.??

Taken together with the present experimental results that
show a certain but lower affinity of PI polyamides to target
dsRNA, it seems possible that the lower affinity of PI polyam-
ides on dsRNA is associated with the shape of helical RNA,
which results from the 2'-OH on the ribose sugar of RNA.>)
The structure of A-form RNA has a shallower minor groove
compared to DNA, which may be incompatible with many of
the criteria required for PI polyamides. In addition, the base
pairs of A-form RNA are inclined and displaced from the
helix axis causing an overall expansion of the helix width,
leading to a shallow curvature of the minor groove floor.

The functional form of RNA frequently requires a specific
tertiary structure. The scaffold for this structure is provided
by secondary structural elements in the form of hydrogen
bonds within the molecule. This leads to several recognizable
domains of secondary structure like hairpin loops, bulges, and
internal loops to induce the stem and loop structure.’® The
double-stranded panhandle structure of influenza virus RNA
is important for replication, transcription and packaging into
the virion of virion RNA. The partially complementary RNA
forms a double helical structure that is close to the A-form.
The stem containing bulges form a Watson—Crick base pair.?”
In the present experiments, we examined the binding ability
of PI polyamides targeting the panhandle stem region of in-
fluenza A virus. BiaCore assay revealed that the affinity of PI
polyamide to RNA is one log lower than to DNA (KD value
of PA polyamide was around 1077 to dsRNA compared to
DNA (3.4x10°%), indicating the low affinity of PI polyamides
to target dsRNA.

From the results of the present experiments, it is sug-
gested that PI polyamides have lower binding ability for target
dsRNA than for dsDNA. The distinct binding properties of PI
polyamides for dsRNA and dsDNA may be associated with
differences between target RNA and DNA in secondary struc-
ture and chemical binding properties.

REFERENCES

1) Héléne C. The anti-gene strategy: control of gene expression by
triplex-forming-oligonucleotides. Anticancer Drug Des., 6, 569-584
(1991).

2) Stein CA, Cohen JS. Oligodeoxynucleotides as inhibitors of gene
expression: a review. Cancer Res., 48, 2659-2668 (1988).

3) _Vaish NK, Kore AR, Eckstein F. Recent developments in_the ham-

merhead ribozyme field. Nucleic Acids Res., 26, 52375242 (1998).
4) Paddison PJ. Hannon GJ. RNA interference: the new somatic_cell
genetics? Cancer Cell, 2. 17-23 (2002).

5) Ellington AD. Conrad R. Aptamers as potential nucleic_acid_phar-
maceuticals. Biotechnol. Annu. Rev.. 1. 185-214 (1995).
modulates the sequence specificity of DNA alkvlation by duocarmy-
cin A. Proc. Natl. Acad. Sci. U.S.A.. 93, 1440514410 (1996).
7)__Trauger JW. Baird EE. Dervan PB. Recognition_of DNA by de-
signed ligands at _subnanomolar_concentrations. Nature, 382, 559—



http://dx.doi.org/10.1093/nar/26.23.5237
http://dx.doi.org/10.1093/nar/26.23.5237
http://dx.doi.org/10.1016/S1535-6108(02)00092-2
http://dx.doi.org/10.1016/S1535-6108(02)00092-2
http://dx.doi.org/10.1016/S1387-2656(08)70052-8
http://dx.doi.org/10.1016/S1387-2656(08)70052-8
http://dx.doi.org/10.1073/pnas.93.25.14405
http://dx.doi.org/10.1073/pnas.93.25.14405
http://dx.doi.org/10.1073/pnas.93.25.14405
http://dx.doi.org/10.1038/382559a0
http://dx.doi.org/10.1038/382559a0

1158

361 (1996).

8) White S, Szewczyk JW. Turner JM, Baird EE, Dervan PB. Dervan
PB. Recognition of the four Watson—_Crick base pairs_in_the DNA
minor_groove by svnthetic ligands. Nature, 391, 468_471 (1998).

9)_Dervan_PB. Molecular_recognition_of DNA_by_small_molecules.
Bioorg. Med. Chem.. 9. 2215-2235 (2001).

10) _Lai YM, Fukuda N, Ueno T, Matsuda H. Saito S. Matsumoto K

Ayame H. Bando T. Sugivama H. Mugishima H. Serie K. Syn-
thetic pyrrole-imidazole polyamide inhibits expression of the human
transforming _growth factor-betal gene. J. Pharmacol. Exp. Ther.,
315, 571575 (2005).

1) __Matsuda_H. Fukuda N, Ueno T, Tahira Y, Avame H. Zhang W,
Bando T, Sugivama H, Saito S. Matsumoto K, Mugishima H. Serie

Vol. 36, No. 7

NV, Naroditsky BS. Inhibition of influenza A virus reproduction by
a_ribozyme targeted against PB1 mRNA. Antiviral Res., 42, 47-57
(1999).

18) _Ge Q. McManus MT, Nguyen T, Shen CH. Sharp PA, Eisen HN
Chen J. RNA interference of influenza virus production by directly
targeting mRNA_for degradation _and indirectly inhibiting all viral
RNA _transcription, Proc, Natl. Acad. Sci, U.S. 4., 100, 27182723

(2003).
19) Ryter JM. Schultz SC. Molecular basis_of double-stranded RNA—

protein_interactions: structure of a_dsRNA-binding domain_com-
plexed with dsRNA. EMBQ J., 17, 75057513 (1998).

20) _Disney MD. Labuda LP. Paul DJ. Poplawski SG, Pushechnikov A,

K. _Development _of gene_silencing pyrrole-imidazole polyamide
targeting the TGF-betal promoter for treatment of progressive renal
diseases. J. Am. Soc. Nephrol.. 17. 422432 (2006).

12) _Matsuda H. Fukuda N, Ueno T. Katakawa M. Wang X, Watanabe T,
Matsui S. Aoyama T, Saito K, Bando T, Matsumoto Y, Nagase H,
Matsumoto K, Sugiyama H. Transcriptional inhibition of progres-
sive renal disease by _gene silencing pyrrole-imidazole polyamide

targeting of the transforming orowth factor-f#1 promoter. Kidne

Int., 79, 4656 (2011).

13) Washio H, Fukuda N, Matsuda H. Nagase H, Watanabe T, Matsu-
moto Y, Terui T. Transcriptional inhibition of hypertrophic scars by
a_gene silencer, pyrrole-imidazole polyamide, targeting the TGF-g1

promoter. J. Invest. Dermatol., 131, 1987-1995 (2011).
14) Ueno T, Fukuda N, Tsunemi A, Yao EH. Matsuda H, Tahira K

Matsumoto T, Matsumoto K, Matsumoto Y, Nagase H. Sugivama
H, Sawamura T. A novel gene silencer, pyrrole-imidazole polyamide
targeting human lectin-like oxidized low-density lipoprotein recep-
tor-1_gene improves endothelial cell function. J. Hypertens., 27,
308516 (2009).

15) Lamb RA, Krug RM. Fundamental Virology. (Knipe DM, Howley
PM eds.) Lippincott Williams & Wilkins, Philadelphia, pp. 725-770
(2001).

16) _Odagiri T, Tobita K. Nucleotide sequence of the PA gene of influ-
enza A/WSN/33(HINI). Nucleic Acids Res., 18. 654 (1990).

17) Lazarev VN, Shmarov_MM. Zakhartchouk AN. Yurov_GK, Mi-

Tran T, Velagapudi SP. Wu M, Childs-Disney JL.. Two-dimensional
combinatorial _screening identifies _specific_aminoglycoside-RNA
internal loop partners. J. Am._Chem. Soc., 130, 1118511194 (2008).

21) Thomas JR, Liu X, Hergenrother PJ. Size-specific ligands for RNA
hairpin loops. J. Am. Chem. Soc., 127, 1243412435 (2005).

22) Arva DP. Coffee RL Jr, Xue L. From triplex to B-form duplex sta-
bilization: reversal of target selectivity by aminoglycoside dimers,
Bigorg, Med. Chem. Lett., 14, 46434646 (2004).

23) Kopka ML, Yoon C, Goodsell D, Pjura P, Dickerson RE. The mo-
lecular origin of DNA-drug specificity in netropsin and distamycin.
Proc, Natl._Acad. Sci, US.A.. 82, 13761380 (1985).

24) Chenoweth DM, Meier JL, Dervan PB. Pyrrole-imidazole polyam-
ides_distinguish _between_double-helical DNA _and RNA. Angew.
Chem. Int. Ed., 52, 415418 (2013).

25) Chenoweth DM. Dervan PB. Structural basis for cyclic Py-Im
polyamide allosteric_inhibition of nuclear receptor binding. J. Am.
Chem. Soc., 132, 14521-14529 (2010).

26) Mathews DH. Disney MD. Childs JL. Schroeder SJ. Zuker M,

Turner DH. Incorporating chemical modification constraints into a

dynamic programming algorithm for prediction of RNA secondary
structure. Proc. Natl. Acad. Sci. U.S.4., 101, 72877292 (2004).

27) Cheong HK, Cheong C. Choi BS. Secondary structure of the pan-

handle RNA of influenza virus A _studied by NMR_spectroscopy.
Nucleic Acids Res., 24, 4197-4201 (1996).



http://dx.doi.org/10.1038/382559a0
http://dx.doi.org/10.1038/36116
http://dx.doi.org/10.1038/36116
http://dx.doi.org/10.1038/36116
http://dx.doi.org/10.1016/S0968-0896(01)00262-0
http://dx.doi.org/10.1016/S0968-0896(01)00262-0
http://dx.doi.org/10.1124/jpet.105.089086
http://dx.doi.org/10.1124/jpet.105.089086
http://dx.doi.org/10.1124/jpet.105.089086
http://dx.doi.org/10.1124/jpet.105.089086
http://dx.doi.org/10.1124/jpet.105.089086
http://dx.doi.org/10.1681/ASN.2005060650
http://dx.doi.org/10.1681/ASN.2005060650
http://dx.doi.org/10.1681/ASN.2005060650
http://dx.doi.org/10.1681/ASN.2005060650
http://dx.doi.org/10.1681/ASN.2005060650
http://dx.doi.org/10.1038/ki.2010.330
http://dx.doi.org/10.1038/ki.2010.330
http://dx.doi.org/10.1038/ki.2010.330
http://dx.doi.org/10.1038/ki.2010.330
http://dx.doi.org/10.1038/ki.2010.330
http://dx.doi.org/10.1038/ki.2010.330
http://dx.doi.org/10.1038/jid.2011.150
http://dx.doi.org/10.1038/jid.2011.150
http://dx.doi.org/10.1038/jid.2011.150
http://dx.doi.org/10.1038/jid.2011.150
http://dx.doi.org/10.1097/HJH.0b013e3283207fe1
http://dx.doi.org/10.1097/HJH.0b013e3283207fe1
http://dx.doi.org/10.1097/HJH.0b013e3283207fe1
http://dx.doi.org/10.1097/HJH.0b013e3283207fe1
http://dx.doi.org/10.1097/HJH.0b013e3283207fe1
http://dx.doi.org/10.1097/HJH.0b013e3283207fe1
http://dx.doi.org/10.1093/nar/18.3.654
http://dx.doi.org/10.1093/nar/18.3.654
http://dx.doi.org/10.1016/S0166-3542(99)00015-7
http://dx.doi.org/10.1016/S0166-3542(99)00015-7
http://dx.doi.org/10.1016/S0166-3542(99)00015-7
http://dx.doi.org/10.1016/S0166-3542(99)00015-7
http://dx.doi.org/10.1016/S0166-3542(99)00015-7
http://dx.doi.org/10.1073/pnas.0437841100
http://dx.doi.org/10.1073/pnas.0437841100
http://dx.doi.org/10.1073/pnas.0437841100
http://dx.doi.org/10.1073/pnas.0437841100
http://dx.doi.org/10.1073/pnas.0437841100
http://dx.doi.org/10.1093/emboj/17.24.7505
http://dx.doi.org/10.1093/emboj/17.24.7505
http://dx.doi.org/10.1093/emboj/17.24.7505
http://dx.doi.org/10.1021/ja803234t
http://dx.doi.org/10.1021/ja803234t
http://dx.doi.org/10.1021/ja803234t
http://dx.doi.org/10.1021/ja803234t
http://dx.doi.org/10.1021/ja051685b
http://dx.doi.org/10.1021/ja051685b
http://dx.doi.org/10.1016/j.bmcl.2004.07.002
http://dx.doi.org/10.1016/j.bmcl.2004.07.002
http://dx.doi.org/10.1016/j.bmcl.2004.07.002
http://dx.doi.org/10.1073/pnas.82.5.1376
http://dx.doi.org/10.1073/pnas.82.5.1376
http://dx.doi.org/10.1073/pnas.82.5.1376
http://dx.doi.org/10.1002/anie.201205775
http://dx.doi.org/10.1002/anie.201205775
http://dx.doi.org/10.1002/anie.201205775
http://dx.doi.org/10.1021/ja105068b
http://dx.doi.org/10.1021/ja105068b
http://dx.doi.org/10.1021/ja105068b
http://dx.doi.org/10.1073/pnas.0401799101
http://dx.doi.org/10.1073/pnas.0401799101
http://dx.doi.org/10.1073/pnas.0401799101
http://dx.doi.org/10.1073/pnas.0401799101
http://dx.doi.org/10.1093/nar/24.21.4197
http://dx.doi.org/10.1093/nar/24.21.4197
http://dx.doi.org/10.1093/nar/24.21.4197

