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Appendix A: Next Generation Hairpin Polyamides with (R)-3,4-

Diaminobutyric Acid Turn Unit

The text of this chapter was taken in part from a manuscript coauthored with Christian Dose, 

Michelle E. Farkas, and Peter B. Dervan* (Caltech)

(Dose, C., Farkas, M.E., Chenoweth, D.M., and Peter B. Dervan J. Am. Chem. Soc., 2008, 130, 

6859-6866.)
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Abstract

 The characterization of a new class of pyrrole–imidazole hairpin polyamides with β-amino-

γ-turn units for recognition of the DNA minor groove is reported. A library of eight hairpins 

containing (R)- and (S)-3,4-diaminobutyric acid (β-amino-γ-turn) has been synthesized, and the 

impact of the moleculesn on DNA-duplex stabilization was studied for comparison with the parent 

γ-aminobutyric acid (γ-turn) and standard (R)-2,4-diaminobutyric acid (α-amino-γ-turn)-linked 

eight-ring polyamides. For some, but not all, sequence compositions, melting temperature analyses 

have revealed that both enantiomeric forms of the β-amino-γ-turn increase the DNA-binding 

affi nity of polyamides relative to the (R)-α-amino-γ-turn. The (R)-β-amine residue may be an 

attractive alternative for constructing hairpin polyamide conjugates. Biological assays have shown 

that (R)-β-amino-γ-turn hairpins are able to inhibit androgen receptor-mediated gene expression in 

cell culture similar to hairpins bearing the standard (R)-α-amino-γ-turn, from which we infer they 

are cell-permeable.
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A.1 Introduction

 The ability to modulate the expression of eukaryotic gene networks by small molecules 

is a challenge in the fi eld of chemical biology. Hairpin pyrrole-imidazole polyamides are a class 

of programmable small molecules that bind to the minor groove of DNA with affi nities similar to 

transcription factors and have been shown to inhibit gene expression in living cells by interfering 

with transcription factor/DNA interfaces.1 The DNA sequence specifi city of polyamides arise from 

interactions of pairs of the aromatic amino acids N-methylpyrrole (Py), N-methylimidazole (Im), 

and N-methylhydroxypyrrole (Hp) with the edges of the Watson-Crick base pairs.2 The generality 

of the polyamide pairing rules has been demonstrated by numerous studies3 and applications of 

polyamide conjugates include DNA alkylations,4 DNA-templated ligations,5 sequence-specifi c 

DNA intercalators,6 fl uorescent DNA paints,7 DNA nanoarchitectures,8 and transcription factor 

mimics.9 Efforts have been made to improve the DNA-binding properties of hairpin polyamides 

with modifi ed turn units.10 Substitution of γ-aminobutyric acid (γ-turn) by (R)-2,4-diaminobutyric 

acid (α-amino-γ-turn) increases the DNA-binding affi nity by ~15-fold.10b,11 In contrast, hairpins 

containing the opposite enantiomer, (S)-α-amino-γ-turn, result in diminished binding affi nities. 

This decrease is most likely caused by an unfavorable steric clash of the amine residue with the 

DNA minor groove.10b Sugiyama and co-workers have introduced polyamides containing the 

α-hydroxy-γ-turn.10c These hairpins provide discrimination for A•T/T•A base pairs at the turn 

position, although a ~70-fold reduced DNA-binding affi nity relative to analogue (R)-α-amino-γ-

turn-linked polyamides has been observed.

 Here we introduce a new class of hairpin polyamides which are linked by 3,4-diaminobutyric 

acid which results in a β-amine residue at the turn unit (β-amino-γ-turn) (Figure A.1). DNA-binding 

affi nities of four different eight-ring polyamide core sequences (with incrementally increasing Im/

Py pairs) have been investigated and were compared to analogue hairpins bearing the parent γ-turn 

and the standard (R)-α-amino-γ-turn. We show that, for certain series of hairpin polyamides, both 

enantiomers of the β-amino-γ-turn are able to increase the relative DNA-binding affi nity. However, 

this is sequence context dependent. Biological assays revealed that hairpin polyamides bearing the 

(R)-β-amino-γ-turn are able to inhibit specifi c gene expression in cell culture, which is taken as 

evidence for cell permeability.

A.2 Results and Discussion

A.2.1 Thermal stabilization of DNA duplexes by hairpin polyamides



229

 Hairpin polyamides 1-16 were 

synthesized with different Im/Py and 

Py/Py compositions targeted to the 

four DNA sequences with increasing 

G/C content 5’-TGTTCA-3’, 

5’-TGGTCA-3’, 5’-TGGGCA-3’, and 

5’-TGGGGA-3’ (Figure A.2). The 

energetics of DNA-binding properties of 

polyamides are typically characterized 

by quantitative DNase I footprint 

titrations.12 These measurements 

provide precise information regarding 

the affi nity and specifi city of DNA/

polyamide complexes. Unfortunately, 

quantitative footprinting experiments 

revealed similar equilibrium association 

constants (K
a
 values ~ 2 × 1010 M-1) for 

hairpins 1-8, reaching an upper limit of 

the standard procedure12,13 (see Section 

A.6 Supplemental Information). Prior 

results have shown that the increase 

in melting temperature (ΔT
m
) of DNA 

duplexes bound by hairpin polyamides correlates with DNA-binding affi nity and can be utilized 

to detect single base pair mismatched DNA/polyamide complexes.14 Accordingly, we have used 

melting temperature analysis for dissecting differences in DNA affi nities of hairpin polyamides. 

Spectroscopic analyses were performed on 12mer DNA duplexes containing the appropriate match 

sequence in the absence and presence of polyamides in order to derive the desired ΔT
m
 values 

(Figure A.3). Table A.1 shows that all hairpins provided an increase in melting temperature, relative 

to the individual DNA duplexes, confi rming the formation of DNA/polyamide complexes. As 

expected, spectroscopic analysis with (R)-α-amino-γ-turn hairpins revealed stronger stabilizations 

than the parent γ-turn analogues; for example, achiral polyamide 1 targeted to DNA sequence 

5’-TGTTCA-3’ resulted in a ΔT
m
 value of 15.9°C, while chiral hairpin (R)-α-2 led to a 3.6°C higher 

Figure A.1 Schematic representation of hairpin poly-
amides with increased DNA-binding affi nity caused by 
different γ-turn units. Hairpin polyamides targeted to 
DNA sequence 5'-TGGTCA-3' are shown as ball-and-
stick models. Ball-and-stick representation legend: black 
and white circles represent N-methylimidazole and N-
methylpyrrole units, respectively, half-circles represent 
γ-aminobutyric acid, white diamonds represent β-alanine 
units, and half-circles containing a cross represent 
3-(dimethylamino)-1-propylamine (Dp) as tail.
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melting temperature (ΔT
m
 = 19.5°C). 

Remarkably, melting temperature 

analyses in the presence of β-amino-γ-

turn hairpins (S)-β-3 (ΔT
m
 = 20.9°C) 

and (R)-β-4 (ΔT
m
 = 22.2°C) revealed 

higher ΔT
m
 values compared to those 

for the α-series hairpin (R)-α-2 (ΔT
m
 = 

19.5°C). The same trend was observed 

for hairpins 5-8 targeted to DNA 

sequence 5’-TGGTCA-3’ (Table A.1, 

Figure A.2). First, it is noteworthy that 

both the (R)- and (S)-β-amino-γ-turn 

generated higher melting temperatures 

than the standard (R)-α-amino-γ-turn. 

Second, the enhancement (relative to 

achiral hairpins) observed for the (R)-

β-series is almost twice that of the (R)-

α-series targeted to DNA sequences 

5’-TGTTCA-3’ and 5’-TGGTCA-3’; 

for example, polyamide (R)-β-8 

provided a ΔΔT
m
 value of 6.9°C, 

while the α-series (R)-α-6 led to a 

ΔΔT
m
 value of 3.5°C relative to achiral 

hairpin 5. Interestingly, by further 

increasing the amounts of Im/Py 

pairs in the polyamides, signifi cantly 

less DNA duplex stabilizations have 

been observed. For example, achiral 

polyamide 9 and chiral hairpin (R)-

α-10 targeted to DNA sequence 

5’-TGGGCA-3’ yielded ΔT
m
 values 

of 8.6 and 13.2°C, while the β-series 

Figure A.2 Chemical structures for hairpins 1-16 tar-
geted to DNA sequences: (A) 5'-TGTTCA-3', (B) 5'-TG-
GTCA-3', (C) 5'-TGGGCA-3', and (D) 5'-TGGGGA-3'.
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(S)-β-11 and (R)-β-12 led to ΔT
m
 values 

of 13.3 and 13.6°C, respectively (Table 

A.1). Even lower melting temperatures 

were observed for hairpins 13-16 designed 

to bind DNA sequence 5’-TGGGGA-3’. 

Both β-amino-γ-turns, as in (S)-β-15 (ΔT
m
 

= 6.7°C) and (R)-β-16 (ΔT
m
 = 6.8°C), 

resulted in signifi cantly lower ΔT
m
 values 

than the α-series analogue (R)-α-14 (ΔT
m
 

= 9.1°C). These results imply that the 

impact of polyamide turn units on DNA-

duplex stabilization is sequence context 

dependent.

 The general increase in DNA-binding 

affi nity for polyamides containing the (R)-α-substitued γ-turn, relative to achiral hairpins, is most 

likely caused by a superposition of favorable noncovalent interactions of the positively charged 

substituent and conformational preferences of the turn unit.10b The (R)-α-amino-γ-turn can exist in 

two different conformations, one orienting the α-ammonium in a pseudoequatorial position (Figure 

A.4A), which directs the substituent toward the wall of the minor groove with the potential of 

steric interactions. The alternate conformation places the α-amine residue in a pseudoaxial position 

out of the minor groove, orienting the β-methylene to the fl oor of the double helix (Figure A.4B). 

Modeling of the (S)-β-amino-γ-turn conformations suggests that the -ammonium in a pseudoaxial 

position is directed out of the minor groove (Figure A.4C) relieving the potential steric interactions 

with the wall in comparison to the α-series. In contrast, the (S)-β-amine in a pseudoequatorial 

orientation is following the curvature of the minor groove (Figure A.4D). The possibility for 

favorable noncovalent interactions should exist in both conformations without the detriment of steric 

interactions. As shown in Figure A.4E, the pseudoequatorial β-amine residue of the (R)-β-amino-γ-

turn is well accommodated in the DNA minor groove, while the pseudoaxial position should result 

in a steric clash of the substituent with the groove fl oor (Figure A.4F). Previous results have shown 

that polyamides constructed with several continuous Im/Py pairs are overcurved with respect to the 

DNA minor groove, signifi cantly infl uencing the DNAbinding affi nity and sequence specifi city.15 

We assume that this curvature affects the alignment of the turn units in the DNA minor groove. 

Figure A.3 Normalized UV denaturation profi les 
of 12mer DNA duplex 5'-CGATGGTCAAGC-3'/5'-
GCTTGACCATCG-3' in the absence and
presence of hairpin polyamides 5-8.
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This is supported by the observation 

that the presence of fewer continuous 

Im’s improves the DNA affi nity of 

β-amino-γ-turns while diminishing the 

affi nity for α-amino-γ-turns, and vice 

versa. However, illustrative modeling 

is not suffi cient to explain the sequence 

context dependence of chiral hairpin 

polyamides, highlighting the pressing 

need for highresolution structural 

studies.

A.2.2 Sequence apecifi city at the turn 

position

 Hairpin polyamides containing 

the γ-turn have been shown to possess 

an equal preference for A•T/T•A over 

G•C/C•G base pairs at the turn position, 

presumably for steric reasons.16 

Sugiyama’s α-hydroxy-γ-turns have 

been demonstrated to discriminate A•T 

versus T•A at the turn position.10c In 

order to study the sequence specifi city 

for polyamides 5-16, we performed 

melting temperature analyses in the 

presence of DNA duplexes bearing 

a T•A base pair at the turn position. 

Experiments involving hairpins 1-4 

have been omitted due to the palindromic core sequence specifi ed by the polyamides. As shown in 

Table A.1, most γ-turn and (R)-α-amino-γ-turn hairpins provided similar ΔT
m
 values for T•A and 

A•T base pairs. In contrast, signifi cantly lower thermal stabilizations for T•A over A•T base pairs 

were observed for β-amino-γ-turn-linked polyamides targeting DNA sequences 5’-TGGTCA-3’ 

Table A.1 Melting temperatures of DNA/polyamide 
complexes for A•T and T•A base pairs at the turn posi-
tion of hairpin polyamides.a 

a All values reported are derived from at least three 
melting temperature experiments with standard 
deviations indicated in parentheses (n.d. = not de-
termined). ΔT

m
 values are given as T

m
(DNA/polyamide) – 

T
m

(DNA).
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Figure A.4 Illustrative models of different turn conformations for hairpin polyamides containing 
the (R)-α-amino-γ-turn (A and B), (S)-β-amino-γ-turn (C and D), and the (R)-β-amino-γ-turn (E 
and F) bound to the minor groove of DNA (dark gray = carbons, white = hydrogen, blue = nitrogen, 
red = oxygen).
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(5-8) and 5’-TGGGCA-3’ (9-12). Even more diminished duplex stabilizations were observed in 

presence of C•G and G•C base pairs (see Section A.6 Supplemental Information). These observations 

suggest that polyamides containing β-amino-γ-turns prefer A•T > T•A >> C•G > G•C base pairs 

at the turn position. However, sequence specifi city studies by thermal denaturation measurements 

require binding enthalpies (ΔH
b
) of DNA/polyamide complexes in order to determine equilibrium 

association constants.14a One could also imagine using six-ring hairpin polyamides with lower DNA-

binding affi nities in order to discriminate sequence specifi cities at the turn position by quantitative 

DNase I footprint titration methods.

A.2.3 Acetylated chiral hairpin polyamides

 Several approaches 

have been reported wherein 

the (R)-α-amino-γ-turn was 

utilized as a position for 

synthetic modifi cations of 

hairpin polyamides.4,5,17 It has 

been shown that acetylation 

of the (R)-α-amine in six-ring 

hairpin polyamides results 

in ~15-fold reduced DNA-

binding affi nity.10b To study 

the tolerance of synthetic 

modifi cations for eight-ring 

polyamides containing the 

-amino-γ-turns, we examined 

acetylated hairpins 17-19 by 

melting temperature analysis 

(Figure A.5). Indeed, hairpin 

17 containing the acetylated 

(R)-α-amino-γ-turn yielded 

a markedly lower ΔT
m
 value 

(12.8°C) than nonacetylated 

Figure A.5 Chemical structures and ball-and-stick models of 
acetylated hairpin polyamides 17-19 targeted to DNA sequence 
5'-TGGTCA-3'.
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analogue 6 (ΔT
m
 = 16.9 °C, Table A.2). Even more pronounced was the decrease in DNA duplex 

stabilization for acetylated (S)-β-amino-γ-turn hairpin 18 leading to a ΔT
m
 value of 11.7°C. 

Remarkably, the opposite enantiomer (R)-β-19 resulted in signifi cantly less destabilization (ΔT
m  

= 17.8°C). All hairpins lose the positive charge at the turn unit by acetylation. This implies that 

the cationic state of the amine residue is not the 

only contribution impacting the energetics of the 

DNA/polyamide complexes, as evidenced by 

the differences in melting temperatures between 

hairpins 17-19. Increased steric demands of the 

acetylated substituents may also be responsible 

for differing binding affi nities, due to the 

restricting DNA minor groove and alternate 

conformations of the γ-turn units (Figure A.4).

A.2.4 Biological assay for cell permeability

 Hairpin polyamide conjugates bearing 

the standard (R)-α-amino-γ-turn have been 

shown to modulate the expression of certain 

gene pathways in living cells by interfering 

with transcription factor/DNA interfaces.1 

Recently, a hairpin designed to bind DNA 

sequence 5'-AGAACA-3', found in the 

androgen response element (ARE), has been 

demonstrated to inhibit androgen receptor-

mediated expression of prostate specifi c 

antigen (PSA) in LNCaP cells (Figure A.6).1b 

We utilized this cell culture transcription 

assay to investigate the cell permeability of 

(R)-β-amino-γ-turn hairpins because small 

structural changes within polyamides can 

infl uence nuclear uptake properties.18 Hairpin 

polyamide 21 was examined in comparison to 

the previously used (R)-α-amino-γ-turn hairpin 

a All values reported are derived from at least three 
melting temperature experiments with standard devi-
ations indicated in parentheses. ΔT

m
 values are given 

as T
m

(DNA/polyamide) – T
m

(DNA).

Table A.2 Melting temperatures for DNA com-
plexes containing nonacetylated and acetylated 
hairpin polyamides targeted to DNA sequence 
5'-TGGTCA-3'.a 

Figure A.6 Schematic representation of the 
androgen receptor (AR)-mediated transcription 
complex with the androgen response element 
(ARE).
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20 (Figure A.7A). Chiral polyamides 22 and 23, designed to target different DNA sequences, have 

been used as controls. Melting temperature analyses for polyamide conjugates 20-23 confi rmed 

the results obtained for hairpins 1-4, revealing highest DNA-duplex stabilizations for (R)-β-

amino-γ-turn hairpins (see Section A.6 Supplemental Information). The induction of PSA mRNA 

by dihydrotestosterone (DHT) in LNCaP cells for matched and mismatched polyamides 20-23 

was measured by quantitative real-time RT-PCR. As shown in Figure A.7B, hairpin 21 provided 

signifi cant inhibition of AR-mediated expression of PSA mRNA, KLK2, FKBP5, and TMPRSS2 

mRNA (see Section A.6 Supplemental Information) which supports cell-permeable properties for 

(R)-β-amino-γ-turn hairpins.

Figure A.7 (A) Chemical structures and ball-and-stick models of matched and mismatched poly-
amides 20-23, targeted to DNA sequence 5'-AGAACA-3'. (B) Inhibition of DHT-induced PSA and 
KLK2 expression by 20-23 measured by quantitative real-time RT-PCR
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A.3 Conclusion

 Herein we have introduced (R)- and (S)-β-amino-γ-turn hairpin polyamides. Eight new 

polyamides targeting different DNA-binding motifs have been synthesized, and their impact on 

DNA duplex stabilization in relation to hairpins containing the parent γ-turn and the standard (R)-

α-amino-γ-turn was investigated. It was found that changing the turn unit from the (R)-α-amino-

γ-turn to either enantiomeric forms of the β-amino-γ-turn increases the relative DNA-binding 

affi nity of polyamides targeted to 5'-TGTTCA-3' and 5'-TGGTCA-3' but not to 5'-TGGGCA-3' 

and 5'-TGGGGA-3' sequences, rendering the impact of -amino-substituted γ-turns sequence 

context dependent. Acetylation of the (S)-β-amino-γ-turn has been demonstrated to signifi cantly 

impact the DNA-binding affi nity but has minimal effect for the (R)-β-amino-γ-turn, which makes 

the (R)-β-amino residue attractive for synthetic modifi cations and conjugate design. Upper limits 

presented by DNase I footprinting titrations of high affi nity binders rendered melting temperature 

analysis a more practical choice for dissecting improvements by structural changes of new turn 

units in hairpin polyamides. Due to the strong thermal stabilizations, reported for eight-ring hairpin 

polyamides 1-8 targeted to 5'-TGTTCA-3' and 5'-TGGTCA-3' sequences, it is not unreasonable to 

estimate that the DNA-binding equilibrium association constants are markedly higher than K
a
 ~ 2 

× 1010 M-1. Biological experiments have demonstrated that (R)-β-amino-γ-turn hairpins possess 

biological activity to inhibit AR-mediated gene expression within a human cancer cell line and may 

have similar uptake properties as polyamides bearing the standard (R)-α-amino-γ-turn. Ongoing 

work is focused on the use of the next generation hairpins in biological investigations as well as 

turn unit sequence specifi city and high-resolution crystallographic studies for DNA/chiral hairpin 

polyamide complexes. These efforts will be reported in due course.

A.4 Experimental

A.4.1 General

Chemicals and solvents were purchased from Sigma-Aldrich and were used without further 

purifi cation. Boc-γ-Abu-OH was purchased from Novabiochem. (R)-2,4-Fmoc-Dbu(Boc)-OH and 

Boc-β-Ala-PAM resin were purchased from Peptides International. (R)-3,4-Cbz-Dbu(Boc)-OH 

and (S)-3,4-Cbz-Dbu(Boc)-OH were purchased from Senn Chemicals AG. All DNA oligomers 

were purchased HPLC purifi ed from Integrated DNA Technologies. Water (18 MΩ) was purifi ed 

using a Millipore MilliQ purifi cation system. The pH of buffers was adjusted using a Beckman 

340 pH/temp meter. Analytical HPLC was performed on a Beckman Gold system equipped with a 
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diode array detector using a Phenomenex Gemini column (5 μm particle size, C18 110A, 250 × 4.6 

mm, 5 μm). Preparative HPLC was performed on a Beckman Gold system equipped with a single-

wavelength detector monitoring at 310 nm using a Phenomenex Gemini column (5 μm particle 

size, C18 110A, 250 × 21.2 mm, 5 μm). For both analytical and preparative HPLC, solvent A was 

0.1% (v/v) aqueous trifl uoroacetic acid (TFA) and solvent B was acetonitrile. Solvent gradients 

were adjusted as needed. Polyamide concentrations were measured in 0.1% (v/v) aqueous TFA on a 

Hewlett-Packard diode array spectrophotometer “Model 8452 A” and were determined by using an 

extinction coeffi cient of 69200 M-1 ·cm-1 at λ
max

 near 310 nm. Matrix-assisted, LASER desorption/

ionization time-of-fl ight mass spectrometry (MALDI-TOF MS) was performed on an Applied 

Biosystems Voyager DR Pro spectrometer using α-cyano-4-hydroxycinnamic acid as matrix.

A.4.2 Synthesis of polyamides

Polyamide monomers and oligomers were synthesized as described previously.19 All β-amino-

γ-turn hairpins were synthesized by performing the following procedure: the polyamide was 

cleaved from the resin with 3-(dimethylamino)-1-propylamine, purifi ed by preparative HPLC, 

and characterized by MALDI-TOF MS, UV-vis spectroscopy, and analytical HPLC. A 500 nmol 

fraction of the Cbz-protected hairpin polyamide was dissolved in a 9:1 mixture (500 μL) of TFA 

and trifl uoromethanesulfonic acid (TFMSA). After 5 min reaction time, the solution was fl ash-

frozen by liquid N
2
 and overlaid with N,N'-dimethylformamide (1 mL). The thawed solution was 

diluted with 20% aqueous acetonitrile (8 mL), purifi ed by preparative HPLC, and characterized 

by MALDI-TOF MS, UV-vis spectroscopy, and analytical HPLC. Acetylated polyamides 17-19 

were synthesized by performing the following procedure: A 500 nmol fraction of the polyamide 

was dissolved in N,N'-dimethylformamide (900 μL) and a 9:1 mixture of pyridine/acetic anhydride 

(100 μL) was added. After 5 min reaction time, the solution was diluted with 10% aqueous TFA (8 

mL), purifi ed by preparative HPLC, and characterized by MALDI-TOF MS, UV-vis spectroscopy, 

and analytical HPLC. Polyamide conjugates 20-23 were synthesized as described previously.20 

Polyamide 1: MALDI-TOF [M + H]+ calculated for C
58

H
72

N
21

O
10

+ = 1222.6, observed = 1222.7. 

Polyamide 2: MALDI-TOF [M + H]+ calculated for C
58

H
73

N
22

O
10

+ = 1237.6, observed = 1237.8. 

Polyamide 3: MALDI-TOF [M + H]+ calculated for C
58

H
73

N
22

O
10

+ = 1237.6, observed = 1237.8. 

Polyamide 4: MALDI-TOF [M + H]+ calculated for C
58

H
73

N
22

O
10

+ = 1237.6, observed = 1237.8. 

Polyamide 5: MALDI-TOF [M + H]+ calculated for C
57

H
71

N
22

O
10

+ = 1223.6, observed = 1223.5. 

Polyamide 6: MALDI-TOF [M + H]+ calculated for C
57

H
72

N
23

O
10

+ = 1238.6, observed = 1238.6. 
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Polyamide 7: MALDI-TOF [M + H]+ calculated for C
57

H
72

N
23

O
10

+ = 1238.6, observed = 1238.5. 

Polyamide 8: MALDI-TOF [M + H]+ calculated for C
57

H
72

N
23

O
10

+ = 1238.6, observed = 1238.5. 

Polyamide 9: MALDI-TOF [M + H]+ calculated for C
56

H
70

N
23

O
10

+ = 1224.6, observed = 1224.8. 

Polyamide 10: MALDI-TOF [M + H]+ calculated for C
56

H
71

N
24

O
10

+ = 1239.6, observed = 1239.6. 

Polyamide 11: MALDI-TOF [M + H]+ calculated for C
56

H
71

N
24

O
10

+ = 1239.6, observed = 1239.5. 

Polyamide 12: MALDI-TOF [M + H]+ calculated for C
56

H
71

N
24

O
10

+ = 1239.6, observed = 1239.6. 

Polyamide 13: MALDI-TOF [M + H]+ calculated for C
56

H
70

N
23

O
10

+ = 1224.6, observed = 1224.6. 

Polyamide 14: MALDI-TOF [M + H]+ calculated for C
56

H
71

N
24

O
10

+ = 1239.6, observed = 1239.7. 

Polyamide 15: MALDI-TOF [M + H]+ calculated for C
56

H
71

N
24

O
10

+ = 1239.6, observed = 1239.4. 

Polyamide 16: MALDI-TOF [M + H]+ calculated for C
56

H
71

N
24

O
10

+ = 1239.6, observed = 1239.5. 

Polyamide 17: MALDI-TOF [M + H]+ calculated for C
59

H
74

N
23

O
11

+ = 1280.6, observed = 1280.6. 

Polyamide 18: MALDI-TOF [M + H]+ calculated for C
59

H
74

N
23

O
11

+ = 1280.6, observed = 1280.7. 

Polyamide 19: MALDI-TOF [M + H]+ calculated for C
59

H
74

N
23

O
11

+ = 1280.6, observed = 1280.6. 

Polyamide 20: MALDI-TOF [M + H]+ calculated for C
65

H
77

N
22

O
12

+ = 1357.7, observed = 1357.6. 

Polyamide 21: MALDI-TOF [M + H]+ calculated for C
65

H
77

N
22

O
12

+ = 1357.6, observed = 1357.7. 

Polyamide 22: MALDI-TOF [M + H]+ calculated for C
64

H
76

N
23

O
12

+ = 1358.6, observed = 1358.6. 

Polyamide 23: MALDI-TOF [M + H]+ calculated for C
64

H
76

N
23

O
12

+ = 1358.6, observed = 1358.6.

A.4.3 UV Absorption Spectrophotometry

Melting temperature analysis was performed on a Varian Cary 100 spectrophotometer equipped 

with a thermocontrolled cell holder possessing a cell path length of 1 cm. The buffer for the 

spectroscopic measurements was chosen to match as closely as possible the conditions of DNase I 

footprinting experiments. We used 10 mM sodium cacodylate since the temperature dependence of 

Tris-HCl makes it poorly suited for melting temperature analyses.14a A degassed aqueous solution 

of 10 mM sodium cacodylate, 10 mM KCl, 10 mM MgCl
2
, and 5 mM CaCl

2
 at pH 7.0 was used 

as analysis buffer. DNA duplexes and hairpin polyamides were mixed in 1:1 stoichiometry to a 

fi nal concentration of 2 μM for each experiment. Prior to analysis, samples were heated to 90 

°C and cooled to a starting temperature of 25°C with a heating rate of 5°C/min for each ramp. 

Denaturation profi les were recorded at λ = 260 nm from 25 to 90°C with a heating rate of 0.5°C/

min. The reported melting temperatures were defi ned as the maximum of the fi rst derivative of the 

denaturation profi le.
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A.4.4 Molecular Modeling

DNA/polyamide models are based on coordinates derived from NMR structure studies using 

standard bond length and angles.3c The molecular graphics images are nonminimized and have 

been created by introducing ammonium residues to the appropriate position of the turn unit using 

the UCSF Chimera package from the Resource for Biocomputing, Visualization, and Informatics at 

the University of California, San Francisco (supported by NIH P41 RR-01081).21

A.4.5 Measurement of Androgen-Induced PSA mRNA

Experiments were performed as described previously.1b
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A.6 Supplemental Information

Construction of Plasmids pCDMF-1 and pCDMF-2: Oligonucleotides were purchased from 

Integrated DNA Technologies. The plasmids pCDMF-1 and pCDMF-2 were constructed by 

annealing the oligonucleotides: 5’-AGCTGCGGCTCGAGACGGCTAACCCATCGAGACGGC

TAGCCCATCG-AGACGGCTATCCCATCGAGACGGCTACCCCATCGAGAGGATC-3’ and 

5-GATCGATCCTCT-CGATGGGGTAGCCGTCTCGATGGGATAGCCGTCTCGATGGGCTA

GCCGTCTCGATGGGTTA-GCCGTCTCGAGCCGC-3’; 5’-AGCTGCGAGACGGCTCGAGA

CGGCTTGAACATCGAGACGG-CTCGAGACGGCTTGACCATCGAGACGGCTCGAGAC

GGCTC-3’ and 5-GATCGAGCCGTCTCG-AGCCGTCTCGATGGTCAAGCCGTCTCGAGC

CGTCTCGATGTTCAAGCCGTCTCGAGCCGTCTCGC-3’, respectively, followed by ligation 

into the BamHI/HindIII restriction fragment of pUC19 using T4 DNA ligase. The plasmid was 

then transformed into Escherichia coli JM109 competent cells. Ampicillin-resistant white colonies 

were selected from 25 mL Luria–Bertani (LB) agar plates containing 50 mg/mL ampicillin treated 

with XGAL and isopropyl-β-D-thiogalactopyranoside (IPTG) solutions and grown overnight at 

37°C. Cells were harvested the following day and purifi cation of the plasmid was performed with a 

Wizard Plus Midiprep DNA purifi cation kit (Promega). DNA sequencing of the plasmid insert was 

performed by the sequence analysis facility at the California Institute of Technology. 

 DNase I Footprinting Titrations: Polyamide equilibrations and DNase I footprint titrations 

were conducted on the 5´ end-labeled PCR product of pCDMF-1 and pCDMF-2 according to 

standard protocols.12 DNA was incubated with polyamides or water (control) for 12 h at room 

temperature prior to reaction with DNase I.

Table A.3 Melting temperatures of DNA/polyamide complexes for all four base pair variations at 
the turn position of hairpin polyamides.a  

a All values reported are derived from at least three melting temperature experiments with standard deviations 
indicated in parentheses (n.d. = not determined). ΔT

m
 values are given as T

m
(DNA/polyamide) – T

m
(DNA).
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Table A.4 Equilibrium association constants for hairpin polyamides determined by quantitative 
DNase I footprint titrations.a 

a Equilibrium association constants reported are mean values from at least three quantitative DNase I foot-
print titration experiments. Standard deviations are shown in parentheses. b Equilibrium association constants 
have been reported previously11 (n. d. = not determined). 
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Figure A.8 Quantitative DNase I footprint titration experiments for polyamides 2, 3, and 4 on 
the 285 base pair, 5´ end-labeled PCR product of plasmid pCDMF-2: lanes 1-11, 100 nM, 30 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.
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Figure A.9 Quantitative DNase I footprint titration experiments for polyamides 6, 7, and 8 on 
the 285 base pair, 5´ end-labeled PCR product of plasmid pCDMF-2: lanes 1-11, 100 nM, 30 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.
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Figure A.10 Quantitative DNase I footprint titration experiments for polyamides 10, 11, and 12 
on the 285 base pair, 5´ end-labeled PCR product of plasmid pCDMF-2: lanes 1-11, 100 nM, 30 
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.
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Figure A.11 Quantitative DNase I footprint titration experiments for polyamides 14, 15, and 16 
on the 293 base pair, 5´ end-labeled PCR product of plasmid pCDMF-1: lanes 1-11, 100 nM, 30 
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.
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a All values reported are derived from at least three melting 
temperature experiments with standard deviations indicated in 
parentheses. ΔT

m
 values are given as T

m
(DNA/polyamide) – T

m
(DNA).

Table A.5 Melting temperatures of polyamides target-
ed to DNA-sequence 5´-AGAACA-3´ in complex with 
DNA.a 
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Figure A.12 A) Chemical structures and ball-and-stick models of matched and mismatched 
polyamides 20-23, respectively, targeted to 5´-AGAACA-3´. B) Inhibition of DHT-induced PSA, 
KLK2, FKBP5, and TMPRSS2 expression by 20-23 measured by quantitative real-time RT-PCR.


