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Minor-groove binding hairpin polyamides (PAs) bind specific DNA sequences. Synthetic modifications can

improve PA–DNA binding affinity and include flexible modules, such as β-alanine (β) motifs to replace pyr-

roles (Py), and increasing compound charge using N-terminal cationic substituents. To better understand

the variations in kinetics and affinities caused by these modifications on PA–DNA interactions, a compre-

hensive set of PAs with different numbers and positions of β and different types of N-cationic groups was

systematically designed and synthesized to bind their cognate sequence, the λB motif. The λB motif is

also a strong binding promoter site of the major groove targeting transcription factor PU.1. The PA

binding affinities and kinetics were evaluated using a spectrum of powerful biophysical methods: thermal

melting, biosensor surface plasmon resonance and circular dichroism. The results show that β inserts

affect PA–DNA interactions in a number and position dependent manner. Specifically, a β replacement

between two imidazole heterocycles (ImβIm) generally strengthens binding. In addition, N-terminal cat-

ionic groups can accelerate the association between PA and DNA, but the bulky size of TMG can cause

steric hindrance and unfavourable repulsive electrostatic interactions in some PAs. The future design of

stronger binding PA requires careful combination of βs and cationic substituents.

Introduction

Polyamides (PA) are heterocyclic cations that consist of
N-methylpyrrole (Py) and N-methylimidazole (Im) aromatic
rings linked by amide bonds.1–4 They are potentially useful in
applications such as gene therapeutics and inhibiting protein–
DNA interactions.5–7 Derived from the natural DNA minor
groove binding agents, netropsin and distamycin, PAs have
been developed extensively over the years to enhance their
DNA-binding affinity and specificity. Even though targeting
the relatively narrow DNA minor groove, distamycin was found
to form 2 : 1 antiparallel stacked dimer complexes with AT-rich
DNA.8 The finding led to the concept of covalently linking two
PA monomers by a flexible linker that can mimic the bend of a
hairpin. Therefore, hairpin PAs can form a 1 : 1 side-by-side

complex with the two strands of DNA minor groove at higher
affinity and specificity than traditional PAs.1,9–11 Based on the
hydrogen bonding interactions of the complex and its pairwise
heterocycle stacking properties, general PA–DNA recognition
rules were developed and have advanced molecular
design.3,10,12 However, challenges still exist, since elongating
hairpin PAs to eight or more rings leads to an over-curved
structure which no longer matches the minor groove shape of
B-form DNA. The resulting shape mismatch for long PAs
causes a loss of hydrogen bonding strength that erodes both
binding affinity and specificity.13,14 Incorporating a flexible
motif such as β-alanine (β) to serve as a replacement of
internal Py moieties has been reported to help compensate for
the structural incompatibility and improve binding.15–18

However, some literature results show a variety of binding
affinity effects of β-inserts, including a decrease in binding
affinity of some PAs by the introduction of βs. It is quite impor-
tant to notice that the insertion of β at different positions of
the same molecule has been shown to have very diverse effects
on binding affinity.17,19–21 It is essential, therefore, to under-
stand the complex role of β insertion in PA–DNA interactions
to guide the molecular design of better PAs.

Another challenge of large size hairpin PAs which contain
more than six heterocyclic rings is aggregation and low solubi-
lity at high concentrations.20,22,23 The natural product, netrop-
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sin, contains a cationic guanidine moiety at its N-terminus,
which presumably enhances both the solubility and its affinity
to anionic DNA sequences.24 A previous study has demon-
strated that the replacement of the monocationic Dp group
[3-(dimethylamino)propylamine] by a dicationic Ta group (3,3′-
diamino-N-methyldipropylamine) could maintain the DNA
binding mode and affinity of eight-ring hairpin PAs as well as
significantly reduce PA aggregation.20 Bashkin and coworkers
have also reported that guanidinyl-substituted PAs have better
antiviral activities against human papillomavirus (HPV) than
traditional PAs.25 Thus, it is important to incorporate cationic
substituents into PA, explore their effects on PA–DNA binding
interactions, and better understand how to modulate the solu-
tion properties of PAs.

Compound design

In order to evaluate the effects of β inserts and cationic substi-
tuents on PA–DNA interactions, a series of hairpin PAs was

systematically designed that covered reasonable internal
exchanges of Py to β (Fig. 1A). In parallel, cationic substituents
were also added to each counterpart with the exception of two
molecules that have β inserts close to the C-terminus (Fig. 1A,
KA2114 and KA2115). This is because β-alanine confers more
flexibility to PAs when inserted close to a terminus than when
positioned internally. With one positive charge at the
N-terminus and two positive charges at the C-terminus, strong
electrostatic repulsions would be expected to disrupt stacking
of PA heterocycles and interfere with binding to the targeted
DNA site. For this reason, KA2114 and KA2115 do not have cat-
ionic substituted counterparts.

The molecules in Fig. 1A are categorized into two groups:
β-alanine inserts and cationic substituents, based on their
modifications. To further assist data interpretation, all the het-
erocycles were numbered from 1 to 8 starting from the
N-terminus. The parent PA, KA2035, contains eight hetero-
cyclic rings and an N-terminal formamido group that is identi-

Fig. 1 (A) Systematically designed polyamides that are categorized into two modified groups: β-alanine inserts (red) and cationic substitutions
(blue). The illustration above KA2035 is the simplified representative of KA2035. The open and closed circles stand for pyrrole and imidazole,
respectively. The diamond represents β-alanine. The numbering starting from N-terminus to C-terminus applies to all PAs. B) The biotinylated
cognate binding sequence of the PAs: λB DNA. The predetermined PA binding site is highlighted in the green frame.

Organic & Biomolecular Chemistry Paper

This journal is © The Royal Society of Chemistry 2017 Org. Biomol. Chem., 2017, 15, 9880–9888 | 9881

Pu
bl

is
he

d 
on

 0
6 

N
ov

em
be

r 
20

17
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
N

ew
ca

st
le

 o
n 

29
/1

1/
20

17
 1

3:
55

:1
7.

 
View Article Online

http://dx.doi.org/10.1039/c7ob02513k


cal to that found in natural product Distamycin A. In the
β-alanine inserts group, analogs of KA2035 that contain a
single β replacement (KA2034 at ring 3, KA2041 at ring 6, and
KA2114 at ring 7) and two βs (KA2040 at rings 3 and 6, and
KA2115 at rings 3 and 7) at three different Py positions have
been developed and synthesized. In the cationic substituents
group: KJK6162 has the same heterocyclic rings as KA2035 but
incorporates tetramethylguanidine (TMG) at the N-terminus.
The TMG cationic N-terminal containing molecules also
include FH1026 and FH1028, both of which have a single β
insert, but at rings number 6 and number 3, respectively.
Another member in this group is FH1024, which possesses the
same composition with KA2040 and a TMG at the N-terminus.

The designed PA–DNA binding site is AGTGA. The binding
site is contained in the λB promoter region, to which transcrip-
tion factor PU.1 binds. Therefore, λB sequence is chosen as
the target DNA sequence in this study to screen potential
PU.1–DNA inhibitors in the future. This is important in that
PU.1 is involved in many physiological diseases such as auto-
immune diseases and acute myeloid leukemia (AML).26,27

Extensive biophysical studies were carried out with the system-
atically designed compounds and their cognate and mutant
DNAs. The results showed that β-inserts affect PA–DNA
binding affinity in a manner that is dependent on PA compo-
sition and β position. For the current set of PA, a clear binding
pattern between β-inserted PA and DNA was developed. The
effects of flanking base pairs on PA–DNA binding were also
investigated.

Results
Quantitative evaluation of PA–DNA binding kinetics and
affinity

β-Inserts. Biosensor-Surface Plasmon Resonance (SPR) is a
label-free technique with excellent sensitivity that can quanti-
tatively monitor biomolecular binding interactions in real
time. Representative SPR sensorgrams are shown in Fig. 2. It is
noticeable that the dissociation rate is getting faster from

strong to weak binders. The other sensorgrams are listed in
ESI, Fig. S1.† The kinetic rate constants and equilibrium
binding affinities of eleven designed PAs were determined
using SPR and summarized in Table 1. The six PAs in the
β-insert group have a formamido (F) group at the N-terminus
and β at different positions. KA2115, with two βs replacing Py
rings at positions 3 and 7, leads the group with the highest
binding affinity (0.49 ± 0.01 nM). KA2040, another PA with two
βs but at rings 3 and 6, binds to the cognate sequence essen-
tially equally as strong (0.54 ± 0.01 nM). A single β inserted PA
at ring 3, KA2034, displayed a slightly weaker but quite com-
parable binding affinity (0.67 ± 0.01 nM) to KA2115 and
KA2040. These results suggest that the position and number of
β inserts in the lower strand (rings 5–8) is not a dominant
factor for this hairpin PA–DNA interaction, and do not contrib-
ute significantly to binding affinity enhancement. The unmo-
dified parent molecule, KA2035, exhibits a moderate affinity
(1.30 ± 0.01 nM) with regard to the last three molecules. This
is primarily caused by its relatively lower association rate (ka).
KA2035, however, has the second lowest dissociation rate (kd)
among all the PAs tested, which compensated for its low ka
and rendered KA2035 a relatively strong binder. KA2041, with
only one β-alanine at position 6, binds the cognate DNA with a
higher ka but a much higher kd compared to KA2035, resulting
in weakened overall interactions. Nonetheless, this situation
worsened when the replacement was moved to position 7, as
in KA2114. The kd of KA2114 is so high, around 20 times
higher than the parent molecule KA2035, that it cannot obtain
high binding affinity even with a higher ka value than KA2035.

Cationic substitutions. Relative to the β insertion group, in
which all molecules conserve an unmodified N-terminus, four
PAs were designed with further modification at the N-terminus
with the specific cationic substituent, tetramethylguanidinyl
(TMG). The binding affinities and kinetics of these PAs have
been evaluated (Table 1). FH1028, the PA with a single β insert
at ring 3 and a TMG at the N-terminus leads all the other PAs
in binding affinity to the cognate DNA (0.16 ± 0.02 nM). The
high affinity is attributed to its high ka and relatively low kd.
Compared to its analog KA2034 which has the identical β

Fig. 2 Representative SPR sensorgrams of PAs binding to λB DNA. From left to right, there are strong (KD = 0.67 nM), intermediate (KD = 1.62 nM),
and weak (KD = 4.1 nM), binders. The colored lines are experimental sensorgrams. The black overlays are 1 : 1 global kinetic fits.
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modification but different N-terminal substituents,
FH1028 has a five-fold higher ka which contributes to the
strengthened binding affinity. This result indicates that the
TMG group can accelerate PA–DNA binding. Similarly, FH1024
(N-TMG) and KA2040 (N-F) were compared to each other
because they have identical β-inserts at positions 3 and 6. The
N-TMG attached FH1024 has a ka that is around two times
higher than KA2040 (N-F), but its drastically increased kd
makes it non-competitive with KA2040. Interestingly, KJK6162,
modified directly from the parent, KA2035, by substituting F
with TMG at the N-terminus, binds the λB sequence so weakly
(60 times weaker than KA2035) that its kinetic rate constant
cannot be determined. Similarly, FH1026, the N-TMG analog
of KA2041, has a 20 times weaker binding affinity than
KA2041, well out-of-range kinetic constants by SPR.

Screening of relative binding affinities with cognate and
mutant DNAs by thermal melting (Tm)

Thermal melting is an effective way to evaluate the relative
binding affinity and the selectivity of a particular PA among
several DNA sequences. Tm of the cognate DNA and DNA
mutants and their complexes with PAs are determined at
1 : 1 molar ratio. The difference between Tm values of the
complex and DNA, ΔTm, reflects the thermal stability of the
complex, thus the binding affinity of PA. The values are listed
in Table 2.

The comparison of mutant DNAs are made with each PA–
cognate DNA complex and are categorized according to their
extent of binding. ΔTm values in ±5% relative to the ΔTm of
cognate DNA are designated as equal and uncolored, dark gray

Table 1 Kinetic rate constants and equilibrium binding constants for all PAs

PAs in the β-inserts group are ranked according to their binding affinities from strong to weak. FH1026 and KJK6162 have very fast binding
kinetics that are beyond the limitation of instrument detection. Thus no binding kinetics are reported here (ND). The equilibrium binding
affinities were measured using steady state fitting. Note that KA2035 is included into β-inserts group for ease of comparison. Diamond, open
circle and close circle represent β-alanine, pyrrole and imidazole respectively; red diamond denotes β-alanine that replaced Py; F means
formamido group and TMG means tetramethylguanidinyl group. Dp is short for 3-(dimethylamino)propylamine and Ta is short for 3,3′-diamino-
N-methyldipropylamine.

Table 2 ΔTm values of PAs with cognate and five mutant sequences

The error of the ΔTm values are within 5%, based on experimental reproducibility.
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means slightly stronger (≤120%, >105%), gray means slightly
weaker (<95%, ≥80%), light gray is categorized as weaker
(<80%, ≥50%) and lightest gray is much weaker (<50%). The
determined ΔTm values of PAs with cognate DNA are in good
agreement with the SPR results.

The first mutant sequence evaluated is a Py recognizing T
that is mutated to A. Both in β-insert and the cationic substitu-
ent group, the affinity is not affected significantly and is either
equal or slightly higher or lower, even for the molecules where
Py is replaced by β (single-β or double-β replacement).
Particularly, KA2034 (f-PyIm Im-γ-PyPyPyPy-β-Dp) showed
slightly weaker binding when β/Py targeting T·A is switched to
A·T. In a similar case, KA2041 (f-PyImPyIm-γ-Py PyPy-β-Dp)
who has Py/β targeting T·A exhibited slightly higher affinity to
the A·T mutant. These results indicate that T·A prefers β/Py to
Py/β, and vice versa. The second mutant is made by switching
the terminal amine recognizing A to T. In both groups, most
molecules are not affected by this change and the binding
affinity stays comparable to that of the cognate DNA. What is
interesting is, KA2040 and FH1024, both of which have
double-β replacement where Py/Py is substituted by β/β, have
slightly elevated binding affinities. The third mutant is con-
sidered as a more dramatic mutation, in which the Im recog-
nizing G is mutated to T. As a result, an apparent drop of
binding affinity is observed for most PAs. However, as a strong
binder to cognate DNA, FH1028 and KA2115 still binds to
mutant 3 quite strongly, ΔTm = 14.8, and 10.5, respectively.
Interestingly, the binding of KA2041 and KA2114 to mutant
3 is comparable to that of cognate DNA, especially KA2114.
This result indicates that even though Im recognizes G specifi-
cally, it can still tolerate T to some extent, so that the complex
can still be formed. Mutants 4 and 5 are made by switching G
to C. Much weaker binding appeared at this level of mutation.
Since in this case, Py is designated to target G, which is known
with either one-β or two-β replacement, the Im/Py or Im/β com-
bination is not very tolerant with C·G base pairs.

Effect of N-terminal cationic group on PA selectivity of DNA
flanking sequences

To further evaluate the effect of the N-terminal cationic group on
PA–DNA interactions, binding affinities of the same set of PAs to
DNAs that have different mutated flanking sequences were
measured and compared. The three DNAs used here are λB DNA
(5′-biotin-CCAAATAAAAGG ACCAAGC̲T̲C̲T̲CTTGGTTTCA-
CTT CCTTTTATTTGG-3′), SC1 DNA (5′-biotin-CGGCCAAGCCG-
G TGCCT̲C̲T̲C̲GGCACTCACTTCCGGCTTGGCCG-3′), and
GAGA mutant DNA (5′-biotin-CCAAATAAAAGA ACCAA-
GC̲T̲C̲T̲CTTGGTTTC ACTCTCTTTTATTTGG-3′). In λB DNA, the PA
binding site -AGTGA- is surrounded by A on both 5′ and 3′ ends.
The SC1 sequence has a G flanking at the 3′ side, while GAGA
sequence has a G at the 5′ end. The binding to the DNAs was eval-
uated by SPR as described above and the SPR sensorgrams and
binding results are shown in ESI Fig. S2† and Table 3. By compar-
ing binding of λB and SC1 DNA, the N-F molecules (KA2035 plus
β-inserts group) have very similar binding affinities to both
sequences. For the N-TMG molecules, the binding affinities to λB

DNA are fairly strong. However, when tested against the SC1 DNA,
their binding affinities significantly decreased, even to the point
of no detectable binding. Interestingly, when we compare the
binding to GAGA sequence with λB DNA, the N-TMG group of PAs
show strong and comparable binding in general, and binding of
FH1024 is even stronger to GAGA than λB DNA. Fig. 3B shows the
binding affinity of PAs to λB, SC1 and GAGA mutant sequences. It
is clear that each PA in the β-inserts group has very close binding
strength to all three DNAs, except that KA2115 has a slightly
larger deviation. But in the cationic substitution group, hardly any
traces of PA-SC1 binding (black column) can be seen. These
results suggest that N-TMG PAs are quite sensitive and selective to
the 3′ flanking base pairs of -AGTGA-, but not 5′, and they prefer
A to G.

Evaluation of the PA binding mode by CD

In Fig. 4, the large positively induced CD signals upon PA–
DNA binding at around 300 nm to 370 nm, where PAs absorb
while DNA signals do not interfere indicate a DNA minor
groove binding mode as expected for hairpin PAs.28

Discussion
Quantitative evaluation of PA–DNA binding kinetics and
affinity

SPR has greatly facilitated the quantification of kinetics
between small molecules and DNA. As important, sequence-
specific DNA minor groove binders, polyamides have been

Table 3 Equilibrium binding affinities of all PAs with DNAs that have
mutated flanking sequences

No means no binding was detected between PA and the corresponding
DNA. Errors for these equilibrium constant values are standard errors
for the fitting and are within 2% for kinetic fitting, within 6% for
steady state fitting.
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extensively studied over the decades and are seen as potential
drug targets for antiviral, antitumor and antibacterial thera-
peutics. Yet the position and number dependence of
β-modified PA–DNA interaction still have many uncertainties
and their features play a critical role in designing more specific
and stronger binding PAs.

β-Inserts. As shown in Fig. 1B, along the λB sequence, the 5′
side of PU.1 binding site is an AT rich region. Previous litera-
ture has employed the A·T specific minor groove targeting
compounds to bind to the 5′ side A·T base pairs in order to
inhibit PU.1 binding.29 The efficient allosteric inhibition
activity demonstrated by these compounds has encouraged us
to further extend our target binding site to the 3′ side. A com-
bination of 5′ side binding minor groove heterocyclic cations
and 3′ targeting PAs should provide a very powerful inhibition
potential.

The parent PA, KA2035 was thus designed, according to the
recognition rules, to target the 3′ side AGTGA sequence. The
PA has a strong binding affinity of 1.30 nM, and was able to
successfully and precisely recognize the target sequence.
β-Alanine is a building block that is incorporated into PAs to
increase their flexibility. In a successful effort to improve
binding affinity, KA2035 was modified by replacing internal Py
at different positions with β inserts. The SPR binding affinities
of modified PAs vary in a β insert number-and-position depen-
dent manner.

Specifically, when compared to KA2035, three PAs (KA2115,
KA2040 and KA2034) have strengthened binding affinities.
A common modification strategy adopted by all the three PAs is
that Py heterocycle 3 is substituted by one β insert. It is highly
likely that this position 3 β insert in the upper strand (rings
1–4) added the flexibility needed to the molecule to adjust to
the cognate DNA minor groove curvature. However, this par-
ticular β also allows for relaxation and realignment of the PA
to compensate for the different positions of H-bond donors
and acceptors in Py and Im components of PAs, where Py uses
an exocyclic amide NH as an H-bond donor to DNA (for A, T
and C) and Im uses a cyclic N as an H-bond acceptor from
G. The H-bonding locations on DNA are in register with each
other, but those on the PA are not. Therefore, the locations of
hydrogen bond donors and acceptors between PA and DNA are
better oriented at more optimized distances and angles, result-
ing in strengthened hydrogen bonding with higher PA–DNA
binding affinity. On the other hand, a single β insert on the
lower strand (rings 5–8), KA2041 and KA2114, gave no
enhanced binding. This is due to the possibility that replace-
ment of Py by a β at position 6 or 7 does not help the PA over-
come its overall rigidity. Instead, a reduction of van der Waals
contacts occurred when substituting Py 6 or 7 with a β.
Interestingly, the β position in double β-substituted KA2115
(KD = 0.49 nM) is a combination of βs in the single
β-substituted KA2034 (KD = 0.67 nM) and KA2114 (KD = 4.1
nM), but the binding affinity of KA2115 is higher than either
of the other two. Very similarly, the double β-substituted
KA2040 (KD = 0.54 nM) also has higher binding affinities than
the single β-substituted KA2034 (KD = 0.67 nM) and KA2041
(KD = 1.62 nM). This is probably because that the combination
of upper strand and lower strand β inserts gives PA even better
flexibility to arrange itself to the optimal orientation for hydro-
gen bonding upon interacting with DNA, and because that
optimal β–β stacking can occur when binding to certain DNA
sequence.

The binding affinity is determined by the association and
dissociation rate constants. From Table 1, it is clear that all
PAs in the β-inserts group have higher association rate con-
stants than the parent PA, KA2035. This is in contrast to a pre-
vious study in which the association rate constants of modified
PAs were generally lower than those of unmodified com-
pounds.20 Of note, the 2014 study focused on the dImImPyIm-
γ-PyPyPyPy-β-Dp/Ta sequence and derivatives while the current
work studies formamidoPyImPyIm-γ-PyPyPyPy-β-Dp/Ta and
derivatives. The extra, in register H-bond provided by the

Fig. 3 (A) Direct comparison of equilibrium affinities of all PAs binding
to λB sequence. The grouped red and blue columns represent molecules
that have the same β modifications but different N-termini. (B) Binding
affinities of all PAs to λB, SC1 and GAGA mutant sequences. The binding
of PAs in β-alanine inserts group to SC1 sequence is comparable to that
of λB and GAGA mutant sequences. While extremely weak, some even
undetectable binding was observed for PAs in the cationic substitutions
group with SC1 sequence. Note that KA2035 is included into β-inserts
group for ease of comparison.
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potentially rotatable formyl group coupled with the disparate
target sequences of the two studies and different minor groove
widths may all contribute to fundamentally different binding
kinetics. The opposite effects of β-alanine inserts on the
association rate of these two (current and previous) sets of PAs
indicate that changes in PA composition (Py and Im hetero-
cycles arrangement and content) and targeted, cognate DNA
sequence respond differently to β inserts. After inserting β, the
previous PAs were too flexible and needed time to adjust them-
selves to DNA upon binding, while the current set of β-inserted
PAs fit better to the curvature of λB sequence than the parent
molecule, resulting in more rapid binding.

The dissociation rate constants of those PAs with increased
affinity are quite comparable to the parent PA, KA2035. For
these tighter-binding PAs, as mentioned above, the upper
strand β modification has greatly optimized hydrogen bond
donor and acceptor orientations and thus strengthened hydro-
gen bonding between PAs and DNA (KA2034). But for the weak
binding KA2041 and KA2114, their dissociation is so much
faster that they can hardly maintain strong binding. It is
noticeable that the single lower strand β replacement resulted
in higher dissociation rate constant. Bashkin et al. built a
docking model to compare a single-β-inserted PA2 (ImImβPy-

γ-PyImPyPy-β-Dp) with an all-ring eight-ring PA1 (ImImPyPy-
γ-PyImPyPy-β-Dp), and found that Py is more effectively
stacked with both the adjacent PA strand and the DNA back-
bone than β-alanine.19 Higher dissociation rate constants for
some β derivatives might be a result of loss of hydrophobic
interactions.

Cationic substitutions. Since DNA is highly negatively
charged, adding positive charges on PAs should help enhance
the electrostatic interactions between the two. More charged
groups can also improve the solubility of PAs. Therefore, in
addition to β inserts, additional cationic groups are attached
to the N-termini to facilitate PA–DNA binding. SPR results
showed varied effects of cationic substitutions on PA–DNA
interactions.

As shown in Fig. 3A, FH1024 and FH1028, compared to
KA2040 and KA2034, their analogs with formamido N-termini
(N-F), exhibited slightly different binding affinities. FH1024
binds about three times weaker than KA2040 and FH1028
binds around three times tighter than KA2034. Interestingly,
both TMG derivatives have higher association rate constants
than their formamido analogs. The results implied that
N-TMG can help promote PA–DNA binding by adding extra
charge–charge interactions. On the other hand, the binding

Fig. 4 CD spectra of PA titration with short λB sequence (5’-GGAA ̲G̲T̲G ̲A̲ACCTCTGTTCACTTCC-3’).
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affinities of N-TMG KJK6162 and FH1026 dropped to dramati-
cally low values for eight-ring PAs and cannot compete with
their N-F analogs. This is probably because when the forma-
mido group is substituted by the bulky TMG at the N-terminus
while not having β inserts on the top strand, molecules like
FH1026 and KJK6162 are not flexible enough to accommodate
either the repulsive electronic interactions or the steric hin-
drance between the two termini. As a result, the free molecules
tend to be less stacked, making it harder to form hairpin and
conform ideally to the minor groove of cognate DNA upon
binding. Interestingly, unlike KA2040 or KA2115, the affinity of
the double β-substituted TMG compound FH1024 (KD = 1.65
nM) is between the two single-β-substituted FH1028 (KD = 0.16
nM) and FH1026 (KD = 35 nM). The much higher dissociation
constants of FH1024 than KA2040 plays an important role in
lowering its binding affinity, indicating that the N-TMG can
affect optimal β–β stacking and that the extra flexibility does
not always optimally orient the PA upon binding to DNA, while
the loss of hydrophobic interactions can overshadow the effort
to enhancing hydrogen bonding strength.

Effect of N-terminal cationic group on PA selectivity of DNA
flanking sequences

The selective properties of the cationic TMG group over the
immediate flanking sequence of DNA binding site can be uti-
lized as an important tool for drug design. The binding of the
β-insert group molecules to SC1 sequence are in good agree-
ment with their binding to λB sequence, meaning that β
inserts have similar effects on the binding to both DNA
sequences. However, the selective impacts of TMG oversha-
dowed the β-insert effects in the cationic group, making it a
determinant factor upon binding to SC1 sequence. For GAGA
sequence, β modification did not significantly increase the
affinity among formamido group PAs, yet a single β replace-
ment at position 3 (KA2034) still showed stronger binding
than the parent PA, KA2035. Especially, both KA2115 and
KA2040 showed weaker binding to GAGA than to the other two
sequences, while the other molecules in the group have com-
parable affinities to all three sequences. The N-TMG FH1024,
on the other hand, is around 12 times more favorable to GAGA
sequence than λB sequence. The difference in binding
strength of those molecules caused by alteration in flanking
sequences, together with the selectivity of the TMG group,
indicates that the DNA context can affect some PA–DNA
binding, thus increasing the selectivity of those PAs. This pro-
vides a way to target one specific transcription factor among a
transcription factor family, for which all proteins have consen-
sus binding site with different flanking sequences for the
different specific targets. A larger DNA pool is required for
further tests of this selectivity.

Conclusions

Taken together, a binding pattern has been developed that
links the modification with binding affinity compared to the

parent PA, KA2035: (1) for single-β-containing PA, β/Py
increases binding affinity when targeting T·A; Py/β decreases
binding affinity when targeting T·A. Im/β decreases binding
affinity when targeting G·C. (2) For double-β-containing PA,
Imβ/βPy increases binding affinity when targeting GT·CA. β/β
can increase or decrease binding affinity when targeting T·A.
(3) When compared to the TMG-PA KJK6162, any β modifi-
cation can increase the binding affinity (in the above, a slash
“/” separates pairs of PA building blocks from opposite strands
of the hairpin).

Overall, when Py between two Im is replaced by β, the
binding affinity tends to go up, while if β appears on a lower
strand consisting of four Py, the binding affinity tends to go
down. Fortunately, a combination of the two positions can
bring the affinity back to even higher levels. Sugiyama et al.
has shown that Im heterocycles are more planar than Py rings,
which makes an Im-derived molecule more rigid than a corres-
ponding Py-polyamide, e.g. when binding to DNA.30 This could
partially account for the slow association rate of the unmodi-
fied parent PA, KA2035. However, when we substitute the Py in
the middle (number 3) with β, the whole molecule, especially
the upper strand, becomes more flexible and more able to
adjust to the curvature of DNA’s minor groove upon binding.
The finding that replacing Py between two imidazoles with β
increases affinity is consistent with Turner et al. results, where
PA10 (Im ImPyPyPy-γ-ImPyPyPyβPyβ-Dp) had ca. five times
stronger binding affinity to its cognate DNA than the non
β-inserted PA9 (ImPyImPyPyPy-γ-ImPyPyPyPyPyβ-Dp), and
PA12(Im ImPy-γ-Im ImPyβ-Dp), with two ImXIm (X = β, Py)
groups involved, is 100 times stronger than its unsubstituted
analog PA11 (ImPyImPy-γ-ImPyImPyβ-Dp) in binding to its
cognate DNA.17 Similarly, Dickinson et al. also showed an
increase in affinity when substituting Py in PA1 (ImPyImPy-
γ-PyPyPyPy-β-Dp) with β in PA2 (Im ImPy-D-PyPyPyPy-β-Dp,
where D denotes diaminobutyric acid).31 Other studies also
showed increased binding affinities of ImβIm to 5′-GCGC-3′
sequence than ImPyIm.32,33

As for the bottom strand, the curvature of four Py fits nicely
with that of DNA with optimal hydrogen bonding. Replacing
Py with β on the other hand would reduce the van der
Waals interaction between PA and DNA without allowing the
PA to form better hydrogen bonds. This is also shown in
Bashkin’s docking model.19 As a result, the overall binding is
weaker than unmodified PA. Interestingly, when two of
the above modifications are combined, the positive binding
effects of the upper strand can reverse the negative binding
effects of the lower strand, especially when Py/Py is replaced
by β/β.

The N-terminal cationic group can have a positive effect on
accelerating the association process of PA and DNA. However,
because of the bulky nature of TMG group, steric clash and
sometimes repulsive electrostatic interactions are generated
upon binding to DNA, resulting in impaired DNA binding
affinity of PAs. Thus, the TMG group has to be carefully com-
bined with β-alanine inserts to achieve optimal PA–DNA
binding strength.
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Materials and methods

The compound synthesis strategies and details, biophysical
experimental procedures and additional results are provided
in the ESI.†
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